
ISSN 1743-5889doi:10.2217/NNM.12.178 © 2013 Future Medicine Ltd Nanomedicine (Epub ahead of print)

ReseaRch aRticleReseaRch aRticle

part of

A fast analysis method to quantify nanoparticle 
uptake on a single cell level

The safety of nanomaterials has caused contro
versial discussions and has evoked a large vari
ety of studies looking into the bioactivity of 
nanoparticles; that is, particles with diameters 
between 1 and 100 nm [1,2,101]. Nevertheless, 
there is evidence that the biological effects of 
particles are not restricted to this size range and 
micro particles of 300 or even 500 nm could 
just as well affect human health [2]. Specificially 
owing to their size, such materials often display 
unique physical and chemical properties creating 
new possibilities for technological applications. 
Nano and microparticles have been synthesized 
for many purposes, ranging from relatively sim
ple particles in food and cosmetics to extremely 
complex particles designed for medical treatment 
[3–8]. Concomitantly, human exposure to small 
particles is growing, motivating a vast variety of 
studies addressing nanoparticle–cell interactions 
[2]. In this work we focus on a new method to 
quantify the uptake of nano and microparticles 
by cells via fluorescence confocal microscopy with 
subsequent digital image analysis. Traditional 
techniques include mass spectroscopy and flow 
cytometry, as well as electron and light micros
copybased uptake studies on the singlecell level 
[9–16]. Mass spectroscopy, particularly inductively 
coupled plasma mass spectroscopy, has been used 
to quantify the nanoparticle uptake by cells with 
very high sensitivity and in a wide detection range. 

Nevertheless, inductively coupled plasma mass 
spectroscopy is sample destructive and therefore 
spatial information is lost. Flow cytometry typi
cally provides good statistics as a large number 
of cells can be evaluated very quickly. However, 
it does not yield direct information about the 
localization of nanoparticles with respect to the 
cell. More over, results are not normally expressed 
in absolute number of particles but rather in 
arbitrary units. As an imaging method, electron 
microscopy on fixed cells overcomes this limita
tion with its superior spatial resolution. However, 
it brings along its own set of downsides, such 
as elaborate sample treatment and relatively low 
throughput. Light microscopy on the other hand 
can be performed on live cells yielding plenty of 
data in a relatively short time. However, optical 
resolution is limited by diffraction in standard 
microscopes, such as widefield and confocal 
laser scanning instruments. Ranging in diameter 
from 1 to 100 nm, nanoparticles unfortunately 
fall within this limit and thus cannot be optically 
resolved, disabling direct absolute quantification 
of nanoparticles. Difficulties to count nanopar
ticles are increased by the fact that they tend to 
agglomerate in biological medium [17]. While 
small agglomerates can be counted as single 
nanoparticles, large agglomerates have a complex 
structure in which the number of nanoparticles 
can hardly be estimated. 

Aim: This study examines the absolute quantification of particle uptake into cells. Methods: We developed 
a novel method to analyze stacks of confocal fluorescence images of single cells interacting with nano- 
and micro-particles. Particle_in_Cell-3D is a freely available ImageJ macro. During the image analysis 
routine, single cells are reconstructed in 3D and split into two volumes – intracellular and the membrane 
region. Next, particles are localized and color-coded accordingly. The mean intensity of single particles, 
measured in calibration experiments, is used to determine the absolute number of particles. Results: 
Particle_in_Cell-3D was successfully applied to measure the uptake of 80-nm mesoporous silica nanoparticles 
into HeLa cells. Furthermore, it was used to quantify the absolute number of 100-nm polystyrene 
nanoparticles forming agglomerates of up to five particles; the accuracy of these results was confirmed 
by super-resolution, stimulated emission depletion microscopy. Conclusion: Particle_in_Cell-3D is a fast 
and accurate method that allows the quantification of particle uptake into cells. 
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In this article we report on a newly devel
oped digital image analysis method to cir
cumvent the aforementioned constraints while 
still being based on standard light microscopy, 
the Particle_in_Cell3D ImageJ macro. It is 
intended to enable absolute quantification of 
particles in a confocal image stack by inferring 
particle numbers from fluorescence intensity 
calibration measurements. Additionally, the 
macro allows semiquantitative uptake studies 
if no calibration data are available. Further
more, a purely qualitative analysis method is 
provided to semiautomatically classify parti
cles as being membrane associated or intracel
lular. Particle_in_Cell3D works with stand
ard diffractionlimited confocal image stacks. 
Deployed as a macro for the opensource image 
analysis software ImageJ [102], the user is guided 
in easytofollow steps through the process of 
correct parameter estimation and data analysis. 
A set of different methods was used to vali
date the macro. First, quenching experiments 
confirmed the correctness of the spatial 3D 
reconstruction of the cell. Second, stimulated 
emission depletion (STED) microscopy was 
employed to check calibration measurements 
and to directly compare absolute numbers of 
100nm nanoparticles counted by the macro 
with superresolved images of the exact same 
imaging area. The results show that the macro 
can infer absolute quantification statistics from 
diffractionlimited confocal images for nano
particles of approximately 100 nm and small 
agglomerates (formed of up to five particles). 
Interestingly, quantification of nanoparticles 
in absolute numbers by confocal microscopy 
was so far considered ‘not achievable’ by the 
scientific community (see for example Elsaesser 
et al. [14]). In this article we demonstrate that 
in fact it is achievable. The ability of Particle_
in_Cell3D to quantify even smaller particles 
(e.g., 50 nm) and their agglomerates has not yet 
been established. It is indeed promising and the 
subject of our current studies.

Methods
�n The Particle_in_Cell-3D 

ImageJ macro
Particle_in_Cell3D was designed to quantify 
the uptake of nano and microparticles into 
cells by processing stacks of images obtained via 
dualcolor confocal fluorescence microscopy. In 
order to be evaluated by Particle_in_Cell3D, 
both the plasma membrane and the particles 
need to be labeled with spectrally separable 
and photostable f luorescent dyes. Control 

experiments to account for unspecific staining 
and crosstalk (bleedthrough) are very impor
tant to guarantee a successful analysis. With 
this prerequisite fulf illed, the f luorescence 
is split into two emission channels (images) 
and can be processed by Particle_in_Cell3D. 
Briefly, our digital method executes a series 
of ImageJ commands to accomplish its goal. 
It uses the image of the plasma membrane 
to segment the cell in 3D and to define two 
subcellular regions of interest (ROIs): intracel
lular and the membrane region. These ROIs 
delineate the regions in which particles will 
be localized and quantified. It is important to 
mention that although devised for quantifying 
the incorporation of nano and microparticles 
by cells, this method has the potential to be 
applied to quantify other fluorescent objects of 
interest (e.g., viruses, molecules and proteins). 
The ImageJ macro Particle_in_Cell3D is freely 
available for download [103].

Routine selection
Particle_in_Cell3D is separated into five dif
ferent routines. The first three are devoted to 
the visualization and quantification of parti
cles in cell uptake experiments. They permit 
quantification with increasing levels of accu
racy: ‘qualitative’, to visualize the intracellular 
distribution of particles; ‘semiquantitative’, to 
measure and compare the amount of particles in 
different cells or regions based on particles’ fluo
rescence intensity; and ‘quantitative’, to count 
the absolute number of particles internalized 
by a cell. The last two routines are aimed at 
the characterization of nanoparticles (NPs), 
microparticles and agglomerates: ‘calibra
tion’, to measure the mean intensity of parti
cles; and ‘only particles’, to count the absolute 
number of particles in cellfree regions. At the 
beginning of the digital evaluation, the user is 
guided through easytofollow dialog boxes and 
is required to select which routine to run, the 
image files to analyze and to choose a directory 
for results.

Fluorescence intensity-based approach 
for quantifying particles
The spatial coordinates of every single object 
(i.e., a single particle or a cluster of particles) 
are specified by its center of intensity. The total 
fluorescence of an object is digitally assessed 
by the sum of all pixel intensities forming 
it. This parameter is named integrated den
sity (IntDens; Equation 1). During the image 
acquisition the photons that are collected at 
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each pixel (e.g., by a chargecoupled device) 
are converted into pixel intensities (PI). For 
example, each 16bit pixel carries an intensity 
value that ranges from 0 to 65,535 correlating 
to the number of fluorophores present in the 
scanned volume [18]. Thus, we assume that the 
IntDens, which is the sum of all pixel intensi
ties in a region, is proportional to the amount 
of particles in that region, and that the self
quenching of fluorescence in particle agglomer
ates is negligible. Particle_in_Cell3D thereby 
does not count individual particles by simple 
counting of bright spots, but accesses the num
ber of particles indirectly by integrating their 
fluorescence intensities. It is therefore able to 
correctly estimate the quantity of particles, 
even if they are agglomerated. The assumptions 
of negligible selfquenching and linear propor
tionality between the IntDens and the number 
of particles were validated for NPs of 100 nm 
and agglomerates of up to five particles. The 
accuracy of these results was proved by com
parative experiments with superresolution 
microscopy.

The IntDens of an object i formed by V pixels 
is calculated in Equation 1, 

IntDens ( )PI
k 1

V

i k=
=

/
(1)

where each pixel is indexed by the letter k. 
The ImageJ plugin 3D Object Counter is 

employed by Particle_in_Cell3D to localize 
fluorescent objects in the image stack of the par
ticles [104]. It delivers a results table containing all 
measured objects with their respective position. 
Our macro automatically and systematically 
uses this information in order to calculate the 
IntDens of all objects.

Routine 1: visualization of the 
intracellular distribution of particles
In this qualitative routine the cell boundaries are 
used to define two cellular regions of interest: the 
intracellular and the membrane region. Particles 
are classified and pseudocolorcoded according 
to their location. The cell and all particles inter
acting with it can be visualized in an intuitive 
3D reconstructed image (FigurEs 1F & 2).

3D reconstruction of the cellular ROI
The spatial position of the cell volume is deter
mined by processing the confocal stacks repre
senting the cellular membrane (FigurE 1a). Parti
cle_in_Cell3D is designed for singlecell and 
multiplecell experiments. If more than one cell 
appears in the image the user has the possibility 
to select the target cell before the segmentation 

process takes place. Likewise, if a single cell 
exists in the image no preselection by the user 
has to be performed. The segmentation starts by 
smoothing the image with a Gaussian filter and 
is followed by an automatic threshold selection 
(for cases in which the automatic threshold is 
not satisfactory, the user can set the threshold). 
Pixels above the threshold are used to convert the 
image stack of the cell into a binary image – the 
mask of the cell membrane (FigurE 1B). Next, the 
user is requested to verify the image stack and 
enter the first and the last slices constraining 
the cell along the Zdirection. Accordingly, the 
image stack of the cell is reduced to a substack. 
In the following, two independent segmenta
tion strategies – segmentation strategy 1 (S1) and 
segmentation strategy 2 (S2) – are applied to 
allow evaluation of a variety of cell shapes. The 
segmentation S1 uses the cell membrane position 
on the top plane of the stack as a seed. This seed 
is used to track down the mask throughout the 
image stack. Slice after slice, the mask of the 
fluorescent membrane is transformed into the 
mask of the whole cell volume by filling closed 
patterns with white pixels and clearing the out
side of the patterns (FigurE 1C). The segmentation 
S2 uses basically the same processes as S1, slice 
after slice, the mask of the fluorescent membrane 
becomes the mask of the whole cell volume. 
Furthermore, before filling closed patterns with 
white pixels, the image of every individual slice is 
copied and then pasted over the following slice. 
S2 is therefore more robust and was devised to 
be an option when the delicate strategy S1 fails. 
The user has the possibility to choose the seg
mentation strategy that best represents the cel
lular boundaries in a particular experiment. The 
outlines of the chosen strategy form the outer 
cellular ROI (outer ROI; FigurE 1C).

In a subsequent step, the outer ROI is shrunk 
by a given distance set by the user (see ‘Input 
of analysis parameters’ section), generating the 
inner ROI. The distance between the inner and 
the outer ROIs defines the width (w) of the 
membrane region. This space can be used as a 
threshold between extracellular and intracellular 
volumes. Hence, particles bound to the apical 
membrane should appear in this region if an ade
quate value for w is set. The position and shape 
of the membrane region depends directly on the 
appearance of the apical plasma membrane. It 
means that experimental conditions, such as the 
choice of the membrane marker, labeling proto
col and cell type might influence the final geom
etry of the membrane region. An easy and good 
procedure to stain the cell membrane is given 
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in the ‘Cell culture & incubation of cells with 
particles’ section, while an example on how to 
estimate the extension of the membrane region is 
presented in the ‘Cell segmentation strategy’ sec
tion. The formation of a membrane region with 
an intracellular space by Particle_in_Cell3D is 
shown in FigurE 1a–D.

The volume of the cell and of the subcellular 
regions are calculated in volumetric pixels (vox
els) and then converted to µm3 according to the 
preset XY and Zscales.

Assignment of particles to different 
cellular regions
Particles are classified and colorcoded according 
to their position with respect to the inner and the 
outer ROIs (FigurE 1E). In order to do so, the spatial 
coordinates describing the center of intensity of 
every single object are automatically measured 
and recorded by the ImageJ plugin 3D Object 
Counter [104]. Particle_in_Cell3D uses this 
information as input data. If the center of inten
sity of an object is located inside the inner ROI, 
it is assigned as intracellular and colorcoded in 
green (the user can also set a different color). In 
addition, if it is positioned between the inner 
and the outer ROI, it is classified as belonging to 
the membrane region and colorcoded in cyan 
(FigurE 1F). It is important to note that only objects 
above the lower threshold for particles and within 
a preselected size range (in number of voxels) are 
analyzed (see the ‘Routine 2: measurement of the 
fluorescence intensity of particles’ section and 
‘Input of analysis parameters’ section).

Finally, a text file is created containing a report 
documenting the input parameters and the 
results. In addition, the main processed images 
and results tables are saved.

Routine 2: measurement of the 
fluorescence intensity of particles
All aspects of routine 1 are present in routine 2. 
Additionally, it is able to quantify the fluorescence 
intensity (IntDens; Equation 1) of all intracellular 
and membraneassociated objects. 

Lower threshold & volume of particles
The lower threshold applied to particles is a key 
parameter for correct quantification. Objects are 
selected for analysis based on this value, that 
is, only pixels with intensity values above the 
threshold enter the calculation. In addition, the 
user is given the possibility to set the minimum 
and maximum volume (number of voxels) of 
thresholded pixels to be considered as an object 
(see the ‘Input of analysis parameters’ section).

Total fluorescence intensity of particles in 
a region
The total IntDens (TIntDens) of a region 
(R) – intracellular or membrane region – is 
defined as the sum of the IntDens over all objects 
belonging to that region (Equation 2),

TIntDens IntDens Ri
i

n

1

=
=

^ h/
(2)

where i indexes all objects from 1 to n.
TIntDens is therefore proportional to the 

number of particles in the region where it is 

Figure 1. Particle_in_Cell-3D processing overview. (A) Representative confocal 
cross-section image of a HeLa cell plasma membrane stained with CellMask™ Deep 
Red. (B) The image of (A) is transformed into a white mask. (C) Further 
segmentation processes form the final mask of the cell. (D) Afterwards, its outer 
border is shrunk to define the enlarged membrane region (in red) and the region 
inside the cell (in white). The procedure occurs throughout the image stack, leading 
to a 3D reconstruction of the system. (E) Membrane region outlines (in yellow) are 
employed to segment the image of the fluorescent particles. (F) Merged image 
with orthogonal views along the yellow lines displaying the entire stack. The cell 
plasma membrane appears in magenta, while the membrane region outlines are 
shown in yellow. Particles are assigned to two different regions: intracellular (in 
green) and the membrane region (in cyan).
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calculated and semiquantitative results can be 
achieved by comparing the TIntDens of different 
region or cells.

Routine 3: counting the absolute 
number of particles
Routine 3 includes all features presented in 
routines 1 and 2. It additionally permits the 
absolute quantification of particle uptake on 
the singlecell level.

Particle number distribution in 
agglomerates
The calculation is straightforward and the num
ber of particles forming an object i is given by 
Equation 3,

No_P
Mean_IntDens

IntDens
i

i=
(3)

The mean IntDens of a single particle can be 
measured via routine 4 (see the ‘Routine 4: cali
bration to measure the mean intensity of single 
particles’ section).

Absolute number of particles taken up 
by cells
The total number of intracellular particles is 
calculated by simple addition over all particles 
within the inner ROI. The same considera
tion holds for the total number of membrane 
associated particles, but this time accounting 

for all particles located within the inner and the 
outer ROIs. The general equation can be written 
as follows (see Equation 4),

No_P No_PR i
i 1

n

R

=
=
^ h/

(4)

where i indexes all objects from 1 to n in the 
cellular region R.

Concentration of particles
The concentration of particles within each region 
is obtained by dividing the number of particles 
by the respective cellular volume (Equation 5).

C_P
V

No_P
R

R

R=
(5)

Concentrationbased approaches can be use
ful for cases in which the volume ratio of the two 
regions differs over time or within cells. Since 
the volume, the concentration and the number 
of particles in each region are automatically 
saved in a report file, it is straightforward to 
calculate new parameters based on the particle 
concentration.

Routine 4: calibration to measure the 
mean intensity of single particles
Routine 4 is used to obtain the distribution of 
IntDens of all objects. This parameter is essen
tial for routines 3 and 5. From this data set one 
can derive the mean IntDens of a single parti
cle. Objects of interest are automatically selected 

Figure 2. Transversal cut of a 3D representation of nanoparticle uptake after evaluation 
with Particle_in_Cell-3D. Cellular boundaries were reconstructed by the membrane region and are 
shown in magenta. The analyzed nanoparticles are color-coded in green if intracellular and in cyan if 
membrane associated; nanoparticles lying outside the cell volume are displayed in gray. The 
projection was created with the ImageJ plugin 3D Viewer [105]. 3D scale bars = 4 µm.
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in the image of the particles and added to the 
ImageJ ROI Manager. One after the other, each 
selected object is measured. In the end, a report 
of results shows the IntDens of all evaluated 
objects. However, analyzed objects are not only 
comprised of single particles but also of agglom
erates. It is necessary to exclude agglomerates 
from the data set to yield just the mean IntDens 
of individual particles. This can be verified by 
other means, for example, superresolution 
microscopy. In this work we use STED micros
copy to accomplish this task (see the ‘Accuracy 
of absolute quantification’ section).

Routine 5: quantifying particles in 
cell-free regions
Routine 5 was designed to characterize the con
centration and agglomeration of particles in con
trol experiments without cells. This information 
is extremely relevant because the exposure of 
particles to cells in a monolayer culture may vary 
with time owing to sedimentation and diffusion 
of particles in the cell medium [19]. The user is 
requested to define the 3D ROI to be analyzed. 
Next, if the mean IntDens is known, the total 
number of particles, their concentration and the 
particle number distribution are calculated within 
the selected region as defined by Equations 3–5.

Input of analysis parameters
The possibility of adapting the analysis param
eters according to experimental conditions 
increases the flexibility of Particle_in_Cell3D. 
The following parameters have to be set by the 
user during analysis and are saved in a final 
report.

XY-scale
This parameter is the image size of each pixel 
in real space. It corresponds to the magnifica
tion calibration of the microscope system. The 
XYscale has to be entered in nm per pixel. This 
value, together with the Zscale, is used to calcu
late the volume of the cell and the concentration 
of particles.

Z-scale or interslice distance
The Zscale is the depth of each volumetric 
pixel (voxel) in real space. It defines the distance 
between two adjacent images in an image stack. 
This parameter is directly given by the interslice 
distance that is set during acquisition in a con
focal microscope. The units to be used are nm 
per pixel. To avoid under and oversampling, 
images should be acquired following the Nyquist 
criterion [20].

Width of the cell membrane region
This parameter defines the distance w in pix
els between the inner and the outer ROIs. It is 
thereby equal to the width of the region between 
the intra and the extracellular environments, 
which is the membrane region (FigurE 1D). The 
membrane region represents a transition space 
every particle has to pass through to be inter
nalized by a cell. One should keep in mind that 
the membrane region is typically much wider 
than the actual membrane. Another point to 
be considered is that the amount of membrane
associated particles depends on how cells are 
exposed to the particles and on how cells are 
treated prior to imaging. For example, particles 
that were loosely bound to the membrane may 
be removed during staining and washing steps. 

Background to be subtracted
This parameter is used to correct for the back
ground present in the image stack of the parti
cles. The entered value is subtracted from the 
intensity value of each pixel. If no subtraction 
is needed (e.g., background was removed by 
another method), this parameter should be 
set to 0.

Lower threshold for particles
Only pixels with intensity values exceeding 
this threshold will be considered particles and 
thus analyzed. When a correct threshold is 
set, the bright spots associated with the fluo
rescent objects form clusters of adjacent pix
els and only these pixels are evaluated. This 
choice is fundamental for the whole analysis 
process as it has major influence on the results. 
If the threshold is set too low, artifacts such as 
background noise and cellular autofluorescence 
might be counted as particles. On the other 
hand, if it is set too high, dimmer particles 
will not be considered and agglomerates will 
be overestimated. In summary, the threshold 
must be set as low as possible, but high enough 
to allow object segmentation. When absolute 
quantification is intended, the lower thresh
old should be the same as the one used during 
calibration.

Minimum & maximum number of voxels
The volume of the objects under investigation 
(in number of voxels, after applying the lower 
threshold) can be used to eliminate background 
noise and to avoid analyzing dimmer or brighter 
objects. If absolute quantification is intended, 
these values should also be the same as the ones 
used during calibration.
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Threshold for segmenting the cell
This is the lower threshold value applied to 
segment the cell and define its position.

Mean IntDens of a single particle
This value characterizes the mean f luores
cence intensity of individual particles. It can be 
obtained from the data set provided by running 
routine 4. The mean IntDens is not necessary 
in routines 1 and 2, but crucial to calculate the 
absolute number of particles in routines 3 and 5. 

�n Experimental details
Preparation of fluorescent mesoporous 
silica nanoparticles
Poly(ethylene glycol) (PEG)ylated colloi
dal mesoporous silica NPs (CMSNPs) of 
50–80 nm in size (ellipsoids) were synthesized 
as described elsewhere [21]. CMSNPs were 
functionalized at their periphery with amino
propyl and PEGgroups through cocondensa
tion, followed by grafting the cyanine dye Cy3 
Nhydroxysuccinimide (NHS) ester. The dye 
labeling was carried out with an ethanolic sus
pension of the particles having a concentration 
of 1 mg/ml by adding 14.2 µl of dye Cy3 NHS 
ester solution (2 mg/ml in dimethyl formamide). 
The reaction solution was stirred for 1 h at room 
temperature in the dark, then the Cy3labeled 
CMS nanoparticles (CMSNPsCy3) were col
lected by centrifugation (14000 rpm for 5 min), 
washed threetimes with ethanol and finally 
redispersed in water to a final concentration of 
0.5 mg/ml.

Preparation of fluorescent polystyrene 
nanoparticles for STED & confocal 
microscopy
Precision cover slips (LH24.1, Carl Roth GmbH) 
were cleaned with ethanol. 50 µl of polyllysine 
0.1% solution (SigmaAldrich) was applied 
onto each cover slip. After 5 min the solution 
was removed with a pipette and the cover slip 
left to dry in air. Commercially available fluo
rescent polystyrene beads with a diameter of 
100 nm (Red FluoSpheres 100 nm, Invitro
gen) were diluted 1:1000 in ethanol and soni
cated for 10 min. 5 µl of this solution was then 
applied to the lysinetreated cover slips. After 
evaporation samples where mounted with 7 µl 
of 2,2 ́thiodiethanol (Sigma Aldrich, diluted 
to 97% in phosphate buffered saline), put on 
an objective slide and sealed with nail varnish. 
Samples were imaged as described in the ‘Super
resolution imaging of 100nm nanoparticles’ 
section.

Cell culture & incubation of cells with 
particles
HeLa cells were grown in DMEM supple
mented with 10% fetal calf serum (Invitrogen) 
in 5% CO

2
 humidified atmosphere at 37°C. 

Cells were seeded 24 or 48 h before imaging 
on collagen A LabTek chamber slides (Thermo 
Fisher Scientific Inc.) in a density of 2.0 × 104 
or 1.0 × 104 cells/cm², respectively.

Cells were incubated with the CMSNPsCy3 
at a final concentration of 120–180 µg/ml. The 
particle solution was prepared in CO

2
independ

ent medium (Invitrogen) with 10% fetal calf 
serum, sonicated for 10 min and heated up to 
37°C. Prior to livecell imaging the membrane of 
the cells was stained with CellMask™ Deep Red 
(Invitrogen) by replacing the particlecontaining 
cell medium by a staining solution. The latter was 
prepared by adding 0.2 µl of CellMask™ into 
400 µl of cell medium. After 1–2 min of incuba
tion, the staining solution was replaced by CO

2


independent medium (Invitrogen) supplemented 
with 10% fetal calf serum. 

Quenching experiments
The quenching experiments were carried out on 
a custombuilt widefield microscope based on 
the Nikon Eclipse Ti microscope, as described 
before [22]. Samples were Köhler illuminated 
through a Nikon Plan APO TIRF 60×/1.45 
oil immersion objective with 532 nm laser light 
with an integration time of 300 ms, exciting 
Cy3. The fluorescence was separated from the 
excitation light and image sequences were cap
tured with an electron multiplier chargecoupled 
device camera (iXon+, Andor Technology). Cy3 
fluorescence was quenched by adding 10 µl of a 
0.4% trypan blue solution into 400 µl medium 
in the observed chamber during image acqui
sition and gently mixed. As trypan blue is a 
cell membraneimpermeable dye it is not able 
to quench particles that have been taken up 
by the cells. By comparing images prior to and 
after quenching, the percentage of internalized 
particles is accessible. Quenching experiments 
were performed to validate Particle_in_Cell
3D performance in segmenting the cell and in 
measuring the fraction of internalized particles 
(see the ‘Cell segmentation strategy’ section and 
the ‘Fraction of particles internalized by single 
cells’ section).

Spinning disc imaging for uptake 
experiments
Uptake experiments with CMSCy3NPs 
were performed on a spinning disc confocal 
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fluorescence microscope based on Nikon Eclipse 
TE 2000E equipped with a Nikon Apo TIRF 
100×/1.49 oil immersion objective. Specimens 
were illuminated with laser light alternating 
between 488 and 633 nm, exciting Cy3 and 
the cell membrane stain, respectively. Image 
sequences were captured with an electron 
multi plier chargecoupled device camera (iXon 
DV887ECCSBV, Andor Technology). Before 
being captured by the camera, the emission sig
nal was split by a dichroic mirror at 592 nm. The 
bandpass detection filters used were 525/50 nm 
(Cy3 channel) and 730/140 nm (cell mem
brane stain channel). Exposure times were set 
to 300 ms. Zstacks of single cells were imaged 
with an interslice distance of 166 nm, following 
the Nyquist criterion [20].

Super-resolution imaging of 100-nm 
nanoparticles
To evaluate the absolute quantification algorithm 
of Particle_in_Cell3D, samples were imaged 
with a custombuilt STED microscope in con
focal and superresolution mode. The setup 
is based around a supercontinuum laser (SC
450PPHE, Fianium Ltd), which emits from 
459 to 2000 nm at a repetition rate of 1 MHz 
[23]. In short, the laser light is split by a dichroic 
mirror (Z660 DCXR, AHF Analysentechnik 
AG). The short wavelength part is sent through 
an emission filter (z568/10×, AHF Analysen
technik AG) to provide the excitation band of 
570 ± 5 nm. The long wavelength part is sent to 
a custombuilt prismbased monochromator to 
yield the spectrum suitable for efficient deple
tion of the excited state in superresolution mode 
(695–713 nm). For the purpose of spatial filter
ing the excitation and depletion beams are cou
pled into singlemode polarization maintaining 
fibers (PMC6304,2NA0103APC200P for 
excitation and PMC6304,6NA0113APC
150P for STED beam, Schäfter & Kirchhoff 
GmbH). After collimation, the excitation beam 
is coupled into the optical path of a 1.4 NA oil 
objective (HCX PL APO 100×/1.40–0.70 oil 
CS, Leica Microsystems GmbH) by a dichroic 
mirror (585 DCXR, AHF Analysentechnik 
AG). The depletion beam first passes through 
a vortex phase plate (VPP1b, RPC Photon
ics) to imprint the phase necessary to yield the 
LaguerreGaussian LG

01
 mode used in STED 

microscopy. Consecutively, the depletion beam 
is coupled into the axis of the objective by a 
dichroic mirror (Q690 SPXR, AHF Analysen
technik AG). Both beams pass through an 
achro matic l/4 retarder (custommade by 

Bernhard Halle Nachfl. GmbH) to yield perfect 
circular polarization for the depletion band. The 
sample is scanned by a highspeed piezo scan
ning stage setup (P733.2DD for XY, P753.11C 
for Z; both controlled by an E712 controller 
with DDL feature enabled, Physik Instrumente 
GmbH & Co. KG). Fluorescence is collected 
by a singlephoton counting module (SPCM
AQRH13FC, Perkin Elmer Inc.) after it has 
passed the two aforementioned dichroic mirrors 
and a detection filter (Brightline HC 629/56, 
AHF Analysentechnik AG). Control of the setup 
is provided by customwritten Labview software 
(Labview 2011, National Instruments Corp.).

The microscope can be operated in two 
modes, namely standard confocal and STED 
mode [23]. In the confocal mode, only the exci
tation beam is active while the depletion beam 
is inactivated by means of a mechanical shutter 
(04RDS501, CVI Melles Griot). Imaging in this 
mode yields diffractionlimited optical resolution 
(~l

Excitation
/[2NA

Objective
]). In STED mode, the exci

tation and STED beams are both focused onto the 
sample rendering a resolution well below its confo
cal counterpart (~40 nm in imaging plane XY as 
opposed to 250 nm in confocal mode).

In confocal mode stacks were recorded with 
an area of 30 × 30 µm, a pixelsize of 100 nm 
and an interslice distance of 220 nm using an 
excitation intensity <1 µW. After recording the 
confocal stack, the focus was set to the position 
of the confocal image yielding the maximum 
signal, the STED beam was turned on (STED 
beam intensity ~1 mW) and another image of 
the exact same area was recorded with a pixel 
size of 20 nm. Pixel dwell time was typically 
280 µs in both modes. The time to switch from 
confocal to STED imaging mode was a couple 
of seconds (limited mainly by refocusing to the 
plane of interest).

Results
�n Cell segmentation strategy

The 3D reconstruction of the cellular ROI 
employed by Particle_in_Cell3D (see the ‘Rou
tine 1: visualization of the intracellular distribu
tion of particles’ section) includes the formation 
of a membrane region. The w of this region is 
a very important parameter (see the ‘Input of 
analysis parameters’ section). It defines the thick
ness of the transition region between extracel
lular and intracellular space and is freely set by 
the user. With the aim of validating the cell seg
mentation strategies S1 and S2 (see ‘Routine 1: 
visualization of the intracellular distribution of 
particles’) and identifying the magnitude of w, 
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quenching experiments were performed with a 
confocal spinning disc microscope. The images 
before and after quenching of CMSNPsCy3 
(see the ‘Preparation of fluorescent mesoporous 
silica nanoparticles’ section) were processed by 
Particle_in_Cell3D using different values for 
the width of the membrane region. By comparing 
the images before and after quenching, we deter
mined w = 1.4 µm (see definition of membrane 

region in the ‘Input of analysis parameters’ sec
tion) as the most suitable value for our experi
ments (data not shown). This was the smallest 
possible w in which intracellular particles were 
never quenched and membraneassociated par
ticles were either quenched or remained fluores
cent. Therefore, the 3D reconstruction of the cell 
performed by our method succeeded to create an 
intracellular space and a transition region.
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Figure 3. Fraction of Cy3-labeled colloidal mesoporous silica nanoparticles internalized by 
HeLa cells as analyzed by Particle_in_Cell-3D and by quenching experiments. (A) The 
fraction of NP uptake of individual cells is plotted with respect to their incubation time. The 
heterogeneity is typical for single-cell experiments. For a better overview, the median values are 
presented in (B). 
NP: Nanoparticle.

Figure 4. Calibration experiment. (A) Subregion of a confocal image stack of fluorescent 100-nm 
polystyrene nanoparticles (Red FluoSpheres, Invitrogen). (B) Z-projection of (A) followed by threshold 
and automatic segmentation of objects. (C) IntDens measured for all segmented objects of one 
stack. The mean IntDens corresponds to the IntDens of the first peak, 11,360 PI (Gaussian fit not 
shown). The second peak has roughly twice the value of the first one; a good indication that the first 
peak value characterizes single nanoparticles, while the second peak characterizes dimers. This 
indication was confirmed by super-resolution stimulated emission depletion measurements (see 
‘Accuracy of absolute quantification’ section; FigurEs 5–7). 
IntDens: Distribution of intensity; PI: Pixel intensity.
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�n Fraction of particles internalized by 
single cells
In order to confirm the correctness of setting w 
equal to 1.4 µm in the present set of experiments, 
the uptake of 80nm mesoporous silica NPs into 
HeLa cells was measured. The outcome was 
compared with data obtained from quenching 
experiments conducted in parallel.

HeLa cells were incubated with the CMS
NPsCy3 from 1 to 6 h. More than 70 cells 
were randomly selected, imaged with a confocal 
spinning disc microscope and then analyzed via 
Particle_in_Cell3D. The fraction of particles 
taken up by single cells was assessed similarly 

to quenching experiments; that is, the amount 
of internalized particles was divided by the 
sum of intracellular and membraneassociated 
particles (as described below). The fraction of 
 internalized particles was thus calculated by 
Equation 6,

FIP
IntDens TIntDens

TIntDens
T intracellular membrane

intracellular=
+^ h (6)

and then plotted against time (FigurE 3a). The 
values at specific time points after incubation 
are shown as blue circles. We found that after 
1:15 (h:min) approximately 25% of the CMS
NPsCy3 were taken up by the cell, and 50% 
was reached after 2:45. The internalization 
increased constantly, reaching 92% after 5:45 
(FigurE 3B).

In the following we compare the results 
obtained by Particle_in_Cell3D with the out
come of independent quenching experiments. 
We analyzed the uptake of CMSNPsCy3 into 
HeLa cells via the wellestablished quenching 
method [22,24]. This procedure is commonly 
applied to characterize the kinetics of internali
zation of NPs functionalized with a quench
able dye (e.g., Cy3). Briefly, after the intended 
incubation time, a cell membraneimpermeable 
dye (e.g., trypan blue) is added to the cell cul
ture while monitoring the NPs’ fluorescence on 
a widefield fluorescence microscope. The dye 
quenches the fluorescence of the NPs that are 
in the extracellular space whereas intracellular 
NPs remain fluorescent. By comparing images 
before and after quenching, the fraction of NPs 
taken up by single cells can be calculated [24]. As 
described by Equation 6, the fraction of internal
ized particles is given by the number of intra
cellular particles (number of nonquenched par
ticles detected after quenching) divided by the 
sum of intracellular and membraneassociated 
particles (number of particles in contact with 
the cell detected before quenching). We deter
mined the uptake kinetics of the CMSNPsCy3 
by analyzing more than 50 individual HeLa cells 
within a period of 6 h. FigurE 3a (purple squares) 
shows the fraction of internalized particles at dif
ferent time points after incubation. Each data 
point represents an individual cell. For a clearer 
insight into the behavior, the corresponding 
median values are shown in FigurE 3B as purple 
squares. After approximately 3 h, 50% of the 
nanoparticles were taken up by the cells. 

As already mentioned in the ‘Input of analysis 
parameters’ section, the amount of membrane
associated particles will depend on how the cells 
are treated prior to imaging. In the present case, 
particles that were not or just loosely bound to 

Confocal STED

500 nm

500 nm

Figure 5. Quantification of 100-nm fluorescent nanoparticles  
(Red FluoSpheres, Invitrogen) via the fluorescence intensity-based method 
Particle_in_Cell-3D in comparison with super-resolution stimulated 
emission depletion microscopy. (A) Representative region in which three 
objects were analyzed by Particle_in_Cell-3D (numbers in blue, confocal 
micrograph). STED microscopy can clearly resolve the two objects formed by two 
nanoparticles (NPs) and one formed by three NPs (numbers in yellow, STED 
micrograph). (B) Another representative region in which four single NPs, a dimer 
and one cluster formed by five NPs were quantified via the new fluorescence 
intensity-based method and STED. The results show that Particle_in_Cell-3D 
accurately counted the number of either single or agglomerated NPs. 
STED: Stimulated emission depletion.
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the plasma membrane were detached during 
the procedure to stain the cells (see the ‘Cell 
culture & incubation of cells with particles’ sec
tion) or to quench the particles (see the ‘Quench
ing experiments’ section). For this reason, the 
fraction of internalized particles, as calculated 
in Equation 6, represents the ratio between intra
cellular and cellassociated particles (intracel
lular plus membranebound particles).

The wide spread within the data of both exper
iments is typical for singlecell measurements 
and represents the heterogeneity from cell to cell. 
Taking this heterogeneity into account, the data 
sets obtained by quenching experiments and by 
our new analysis method correspond very well 
and thereby prove that Particle_in_Cell3D can 
be successfully used to determine the  fraction of 
particles internalized by cells.

�n Accuracy of absolute quantification
Fluorescent polystyrene beads with a diameter 
of 100 nm (Red FluoSpheres, Invitrogen) were 
dispersed on a cover slip (see the ‘Preparation of 
fluorescent polystyrene nanoparticles for STED 
& confocal microscopy’ section). Image stacks 
in confocal mode were recorded as described 
in the ‘Superresolution imaging of 100nm 
nanoparticles’ section. Routine 4 was used to 
measure the IntDens (Equation 1) of the beads 
(FigurEs 4a & B). One stack with 321 objects was 
analyzed and the values for the IntDens were 
plotted in a histogram (FigurE 4C). A Gaussian 

fit was used to calculate the intensity values 
of the first and second peaks. Interestingly, 
the IntDens corresponding to the second 
peak (22,562 PI) was approximately twice the 
value for the first peak (11,360 PI). This is an 
indication that the first peak corresponded to 
single NPs while the second peak consisted of 
dimers. To validate this assumption, the same 
image area was analyzed in superresolution 
STED mode (see the ‘Superresolution imag
ing of 100nm nanoparticles’ section) [25]. The 
superresolved STED image gives direct access 
to absolute quantification of previously blurred 
nanoparticle agglomerates. Additionally, the 
biggest advantage of employing this particular 
superresolution technique is the possibility to 
readily analyze the same region in confocal and 
STED mode. As shown in FigurE 5, this allows 
for comparison between the data calculated by 
Particle_in_Cell3D and the actual numbers of 
NPs present in the imaged area without doing 
any modification to the sample in between 
imaging in the two modes. The resolution of 
our setup was sufficient to resolve individual 
NPs. Bead size in STED mode was measured to 
be 98 ± 5 nm (n = 10) in good agreement to the 
actual diameter of 100 nm [26]. Even two beads 
lying sidebyside in direct contact were resolved 
as individual beads (FigurE 6). By comparing the 
superresolved image to the results of Parti
cle_in_Cell3D, the first peak in the histogram 
of FigurE 4 could be identified to be comprised 

0

20

40

60

80

100

120

140

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Raw data
Dual Guassian �t

Position (µm)

In
te

n
si

ty
 (

co
u

n
ts

)

~103 nm

1 µm

Figure 6. Individual nanoparticles can be resolved with stimulated emission depletion microscopy. (A) Stimulated emission 
depletion image of 100-nm fluorescent nanoparticles (NPs). Using the stimulated emission depletion technique, individual NPs can be 
resolved even when they are in direct contact. An example is marked by the yellow line. (B) The cross-section marked in (A) shows that 
even neighboring NPs can be resolved. A dual Gaussian fit is applied to fit the intensity profile, yielding a separation of the two NP 
centers of 103 nm (blue line). The figure was plotted with GnuPlot [106].
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of single NPs. The mean IntDens of a single 
NP was therefore 11,360 PI. With this value 
at hand we analyzed independent regions and 
compared the data of our macro with the num
ber of NPs detected via STED microscopy. In 
total 615 objects were analyzed and the results 
were in good agreement up to agglomerates of 
five NPs (FigurE 7). For higher numbers of NPs 
per object it was difficult to achieve good sta
tistics because most NPs were monodispersed 
in our images. It is left for future work to study 
the accuracy of the macro to quantify smaller 
NPs and larger agglomerates. In summary, the 
intensitybased approach of Particle_in_Cell
3D is able to correctly quantify 100nm NPs 
in absolute numbers, from single NPs up to, at 
least, agglomerates of five NPs.

Conclusion
Our newly developed method Particle_in_Cell
3D is able to analyze the uptake of nanoparticles 

by single cells from dualcolor confocal images 
in a semiautomatic way. The cell is reconstructed 
in 3D and two distinct spaces are automatically 
defined: intracellular and the membrane region. 
Furthermore, particles can be visualized in great 
detail, as they are colorcoded according to their 
position with respect to the cell. The processed 
images, input parameters and results are all saved 
and can be accessed at any time. 

As shown by comparative investigation of the 
fraction of internalized 80nm mesoporous silica 
NPs, results obtained by employing Particle_
in_Cell3D are in good agreement with those 
assessed by quenching experiments. Advantages 
over quenching experiments include the reduced 
need of material and the throughput of analy
sis. Furthermore, evaluation by the macro pro
vides the possibility to measure several cells per 
experiment.

Particle_in_Cell3D is fast and accurate. For 
nanoparticles of approximately 100 nm, single 
or forming agglomerates of up to five NPs, it 
permits a rapid counting of large numbers of 
particles that are correctly quantified even when 
agglomerated. These results have been proved by 
comparison with STED microscopy, a superres
olution technique. The resolution of the STED 
setup used was able to resolve individual 100nm 
beads even when in direct contact with neigh
boring beads. The accuracy of this new method 
to quantify smaller NPs and larger agglomerates 
is left for a future work.

Particle_in_Cell3D overcomes some draw
backs of commonly applied methods such as 
mass spectroscopy, flow cytometry, electron 
microscopy and singlecell quenching experi
ments, offering new possibilities to character
ize particle–cell interactions. Potential applica
tions of this method include studies to establish 
dosedependent effects for the risk assessment of 
nanomaterials. In addition, Particle_in_Cell3D 
can be used to investigate which factors deter
mine the successful attachment and internaliza
tion of nano and microparticles designed for 
drug and gene delivery therapies. The potential 
applications of this novel method arise exactly 
from the advantages and conveniences of fluores
cence microscopy associated with the possibility 
of rapid and accurate quantitative results.

Future perspective
In upcoming years, developments in nanomedi
cine will increase the number and use of nano
particles in a vast variety of applications, raising 
the need for a thorough understanding of their 
potential toxicological properties. The ability to 
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Figure 7. Performance of the Particle_in_Cell-3D macro compared with 
stimulated emission depletion analysis. The calculated number of 100-nm NPs 
in an object agrees well with the actual number as determined with STED analysis. 
Two 30 × 30-µm stacks were analyzed, resulting in 615 objects. A total of 
443 objects were composed of one NP, 100 objects of two NP, 43 objects of 
three NPs, 25 objects of four NPs and four objects were made up of five NPs as 
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GnuPlot [106]. 
NP: Nanoparticle; STED: Stimulated emission depletion.
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Executive summary

The Particle_in_Cell-3D method
 � The Particle_in_Cell-3D method is a relatively newly developed and freely accessible digital image analysis method.
 � It allows rapid quantification of particle uptake into single cells by analyzing image stacks obtained via dual-color confocal fluorescence 

microscopy.
 � The image of the cell membrane is used to segment the cell into two regions: intracellular and the membrane region.
 � The segmentation strategy applied to define the position and the volume of the cell was validated by comparison with quenching 

experiments.
 � The absolute quantification based on the intensity of particles was proven to be accurate for 100-nm nanoparticles (NPs) forming 

agglomerates of up to five NPs. The results were validated by comparison with stimulated emission depletion microscopy.
 � The performance of the method to quantify smaller NPs and larger agglomerates is under investigation.
 � The custom-built stimulated emission depletion setup was able to resolve individual 100-nm NPs in dense agglomerates.

Advantages compared with other methods
 � Quenching experiments: no quenchable dye is needed. Enhanced collection of data and reduced consumption of material and time.
 � Inductively coupled plasma mass spectroscopy: sample integrity is preserved and spatial information is available.
 � Flow cytometry: direct 3D insight into the localization of each individual particle.
 � Electron microscopy: sample preparation is considerably easier. Live cell imaging is possible.
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