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ABSTRACT: The long-term fate of biomedically relevant nanoparticles
(NPs) at the single cell level after uptake is not fully understood yet. We
report that lysosomal exocytosis of NPs is not a mechanism to reduce the
particle load. Biopersistent NPs such as nonporous silica and gold remain in
cells for a prolonged time. The only reduction of the intracellular NP number
is observed via cell division, e.g., mitosis. Additionally, NP distribution after
cell division is observed to be asymmetrical, likely due to the inhomogeneous
location and distribution of the NP-loaded intracellular vesicles in the mother
cells. These findings are important for biomedical and hazard studies as the
NP load per cell can vary significantly. Furthermore, we highlight the possibility of biopersistent NP accumulation over
time within the mononuclear phagocyte system.
KEYWORDS: engineered nanoparticles, intracellular fate, exocytosis, mitosis, live cell imaging

Engineered nanoparticles (NPs) such as gold (Au NPs),
silica (SiO2 NPs), or super paramagnetic iron oxide NPs
(SPIONs) are already in use for various medical

applications including imaging and cancer irradiation therapy
and as carriers for drug delivery.1,2 Such NPs can be
administered into the bloodstream by injection, ingestion, or
inhalation and transported to targeted sites. However, the fate of
these NPs after delivery to targeted sites, i.e., cells and tissues, is
not fully understood.1 The potential clearing from the body
depends on the physicochemical properties of the NPs and is
managed through physical filtration (e.g., renal clearance) or
transcytosis (e.g., hepatic clearance), in which the NPs are
consecutively excreted in either urine, bile, or feces.1,3 Another
clearance pathway is performed by the mononuclear phagocyte
system (MPS), which consists mainly of monocytes and
macrophages that retain and degrade the uptaken NPs in the
lysosomes.4−9 Biodistribution, organ-based clearance, and
cellular endocytic uptake pathways of NPs are extensively
studied, whereas the intracellular fate and the potential clearance
of NPs at the cellular level receives much less attention.10−12

Biopersistent or nonbiodegradable materials pose the risk of
potentially accumulating within cells, as lysosomes are often
understood as the end point in intracellular trafficking.6,13

Various in vivo studies have reported the long-term retention
(e.g., weeks to month) of such biopersistent NPs (e.g., Au NPs or
nonporous SiO2 NPs) in the MPS, especially in the liver.1,14,15

Even months after a single intravenous injection of Au NPs,
substantial Au NP numbers were still found in lysosomes in

Murine Kupffer cells, despite the absence of any patho-
morphological response.14,16,17

The lysosomal exocytotic pathway has been suggested as a
possible pathway for the prevention intracellular accumulation
of foreign material.8,18−20 The classical stimulus of lysosomal
exocytosis is a Ca2+ influx into the cell, an indicator of cell
membrane rupture.20−22 It has been proposed that lysosomes
can fuse with the cell membrane to release undigested material.8

Exocytosis of NPs has been investigated using differently sized
and surface-functionalized particle models, but a consensus
about which physicochemical properties (e.g., size, surface
charge, or surface functionalization) affect the efficiency of NP
exocytosis the most has yet to be found.11,23,24 Even though the
mechanism of NP exocytosis is under debate, it is clear that the
cell type plays a major effect on the exocytosis pattern of NPs.18

In addition to NP degradation and exocytosis, cell division (or
mitosis) can also contribute to reduction of intracellular NP
concentration.25,26 By undergoing mitosis, cells are dividing
their intracellular contents (including possible NP-laden
lysosomes) and, therefore, the NP load is expected to be shared
among the daughter cells.27 This distribution of NPs could
modulate the efficiency of NP-based drugs targeting dividing
cells (e.g., cancer or stem cells). The limited data available
suggest an unregulated distribution process similar to the
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distribution of lysosomes during mitosis.28 Interestingly, an
asymmetric NP distribution is often observed: one daughter cell
receives more NPs than the other.26,27 It has been speculated
that this process may help cells to prevent the spreading of
undigestedmaterials into the whole population by concentrating
them in few individual cells.29

Herein, we investigate the in vitro fate of three different types
of NPs: nonporous fluorescently labeled 71 nm SiO2 NPs and
polyvinylpyrrolidone (PVP)-coated Au NPs (Au@PVP; 20 and
46 nm in size) in primary monocyte-derived macrophages
(MDMs), macrophage cell line (J774A.1), and a nonphagocytic
cell line (HeLa).
Our hypothesis is that NPs can be exocytosed from lysosomes,

while other effects (e.g., mitosis) are running concomitant.18,25

Our results show that dilution of NPs in cell division plays a
dominant role in cellular NP distribution, while in contrast to
some reports in literature, no significant amount of NP
exocytosis was detected over a time period of up to 48 h post-
exposure. This was shown to be independent of the NP size and
material in macrophages.30

RESULTS AND DISCUSSION
Synthesis and Characterization of the Model NPs. Our

study focused on two biocompatible NPs systems: Au NPs and
nonporous SiO2 NPs.
AuNPs have been shown to be relatively biologically inert and

nonbiodegradable and are therefore thought to have great
potential as a base for biomedical NPs. Many different studies
investigated the interaction of such engineered Au NPs with
biological systems in vitro and in vivo. Au NPs of various sizes
have been shown to be secreted in different cell lines by previous
studies.11,23,31 Furthermore, they offer the possibility of being
surface-functionalized (e.g., with PVP), which can improve their
stability in cellular environments. Moreover, there are sensitive
quantification techniques (e.g., ion-coupled plasma optical
emission spectroscopy (ICP-OES)) available to detect the
particles in such complex samples. Herein, the Au NPs were
functionalized with PVP to increase NP stability in serum-
containing cell culture medium (cCCM).32 PVP-coated NPs
have been shown to be readily uptaken by cells with no acute
toxic effects.33 The colloidal stability of the Au NPs in cCCM
was tested by UV−vis spectroscopy after 0 and 24 h and revealed
no aggregation in cCCM for either particle size (Figure S1).
Silica as a base material is also used in biomedical particles.

Mesoporous silica NPs (MSN) are generally used for biomedical
applications. They offer high loading capacity of active
ingredients enabling their potential use in bioimaging, drug
delivery and photodynamic therapy.34−37 However, studies have
shown that such MSN can be degraded in relatively short times
in biological environments.38−40 Since this biodegradability was
not optimal for our research goals, as it would increase
complexity in the detection and sample analysis, we chose to
use nonporous particles. While they are less frequently used for
biomedical applications, nonporous silica particles are more
stable and show less degradation in the time frame we were
interested in (i.e., 1 week).35,38,41,42 Furthermore, different
nonporous silica particle sizes (25, 45, and 75 nm) have been
shown to be secreted by different cells (HUVEC, C17.2 cells and
PC12 cells) in a previous study.43 The nonporous SiO2 NPs
were further functionalized with the fluorescent dye rhodamine
B (RhoB) in the silica matrix to ease their detection within cells
using confocal laser scanning microscope (cLSM) and
fluorescence-assisted flow cytometry (FC). The stability of the

SiO2 NPs in cCCM was confirmed using CryoTEM (Figure
S1A). We could observe the onset of moderate aggregation only
when the particle concentration was increased more than 10
times (from 20 to 250 μg/mL).
Representative TEM micrographs of the individual particles

are depicted in Figure 1A, and the summary of the character-
ization is depicted in the table in Figure 1B.

Particles Are Taken up and Retained by All Tested
Cells. Commonly, NP cellular exocytosis was studied by a NP
loading step in the range of minutes to a few hours (often 6 h)
followed by observing the release of NPs from the cells into the
extracellular space in the followingminutes to hours.18,23,24,44−53

The highest concentrations of exocytosed NPs were usually
reported within the first few hours. However, after 6 h, the
uptaken NPs might still reside in sorting or early endosomes,
where membrane recycling occurs that can also resecrete the
NPs to the extracellular space. The endosomal trafficking
depends on the ingested materials. Some materials (e.g., cell
debris) can reach lysosomes within 30 min, while others (i.e.,
latex particles) have been shown to only reach the lysosomes
hours later.47,50,54−57

As the required time to fully process the endocytic vesicles
varies depending on the uptaken cargo, the incubation time of 24
h was selected to ensure the NPs reached the lysosomes, and
therefore, recycling processes were excluded.6

Macrophages were chosen as the primary cell model as they
are the main cell type represented in the MPS taking up
administered NPs.13 J774A.1 mouse macrophages are a cell line
often used to assess NP-cell interaction.58−61 Another cell type,
human primary monocyte-derived macrophages (MDMs), are
used as they are supposed to bemore human relevant in addition
to the fact that mitosis is absent in MDMs. Finally, the HeLa cell
line was included as literature on NP exocytosis is available.30,62

Initially, the biocompatibility of the three NPs was evaluated
by two different cytotoxicity assays. The lactate dehydrogenase
(LDH) assay showed no increase inmembrane permeabilization
after NP administration, indicating no acute toxic effects. This
result is confirmed by the resazurin assay: the intracellular
metabolic activity of resazurin to resarufin turnover was not

Figure 1. Characterization of the different NPs. (A) Representative
TEM images of different NPs. Scale bar = 100 nm. (B) Table
recapitulating the most important physicochemical characteristics
of NPs including core size, hydrodynamic diameter (in Milli-Q
(MQ) H2O), and ζ potential (in 0.1× phosphate-buffered saline
(PBS)). HD = hydrodynamic; PDI = polydispersity index.
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impaired for any of the tested particles at working concen-
trations of 20 μg mL−1. (Figure S2)
cLSM z-stack images were acquired to confirm the uptake and

retention of the fluorescently labeled SiO2 NPs (Figure 2) at 0
and 48 h post-exposure. It could be shown that the cells were
filled with particles directly after exposure and at 48 h post-
exposure, but a lower signal was registered in HeLa cells in
comparison to the two macrophages cell types in both time
points. Moreover, an increase in NP-loaded vesicles (NLVs)
volume 48 h post-exposure was observed by comparing the
mean volumes of the NP signal of at least 438 individual vesicles.
Our analysis shows a statistically significant result (with p value
of J774A.1 and MDM: < 0.0001; HeLa: 0.0035) proving the
increase of the vesicle’s volume in all cell types after 48 h post-
exposure (mean and standard deviations are reported in the
inset of Figure 2). We argue that this size increase is likely due to
fusion events of NLVs with lysosomes, indicating that even after
24 h of uptake the endosomal maturation and trafficking may
not yet be fully complete.
Additionally, the NP trafficking to the lysosomes was

monitored in a colocalization experiment. After 24 h of

exposure, the location of the NPs in the cells was assessed and
compared to a lysosomal staining. The Pearson’s correlation
coefficients (PCC) of the colocalizations between SiO2 NPs and
the lysosomal marker were 0.72, 0.72, and 0.65 for J774A.1,
MDMs, and HeLa, respectively, indicating a high (but not
complete) degree of colocalization after 24 h (Figure S3).
The uptake and retention of both types of the Au NPs was

confirmed using dark field (DF) microscopy since no
fluorescent marker was attached to the Au NPs (Figure 3).
The electron-dense and highly scattering Au NPs appear as
bright spots within the cells (cell outline is shown as thin white
line). Both Au NP types appear intracellularly in all cell types for
both tested time points. No visual differences could be observed
between the bright white spots, which are expected to be NLVs,
for the two different particle sizes. Our semiquantitative image
analysis data shows that the bright spots are slightly larger in area
48 h post-exposure than without post-exposure in all conditions.
Significant increases (student’s t test) were observed in both Au
NP sizes in J774A.1 and the 20 nm Au@PVP in the case of
MDMs (Figure S4).

Figure 2. Confocal laser scanningmicroscopy confirms uptake and retention of SiO2 NPs. Single-plane visualization of SiO2 NPs in the different
cell types was accomplished by confocal laser scanning imaging. After exposure to NPs, the cells were washed and immediately fixed and stained
(0 h) or further incubated for 48 h in NP-free medium (48 h) before the fixation and staining. The NPs (magenta) are localized inside the cells,
and still detectable signals could be seen in both time points, but not the negative control. F-Actin was stained as cellular marker using a
Phalloidin AlexaFluor 488 conjugate (green), and the nucleus was stained using 4′,6-diamidino-2-phenylindole (DAPI) (cyan). The xz-
projection in the bottom shows the NPs are localized intracellularly. The volume (mean± standard deviation) of NLVs is denoted in the white
insert at bottom right of the images. Scale bar = 20 μm.
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Flow Cytometry Shows No Decrease of Fluorescence
in Nondividing Cells. To quantify the intracellular amount of
SiO2 NPs over time, FC was applied. The fluorescence signal
from the particles in or adhered to the cells was analyzed at 0, 24,
or 48 h post-exposure in NP-free cCCM.Over the analyzed time
period, the fluorescent signal associated with SiO2 NPs inside
the MDM cells was stable and did not show any significant
reduction (Figure 4A, blue line) of the mean fluorescence
intensity (MFI; p value 0.944, nonparametric, Friedman test). In
contrast, the cell lines J774A.1 (Figure 4A red line) and HeLa
(Figure 4A, green line) showed a significant decrease in MFI
after 48 h post-exposure: the MFI dropped to below 50% of the
initial value directly after exposure (0 h) resulting in p values of
0.041 and 0.028 for J774A.1 and HeLa, respectively.
This signal decrease could be explained by (i) fluorescence

quenching or NP degradation in the lysosomes, (ii) exocytosis
or (iii) NP dilution due to mitosis.
The effect of the lysosomal environment on the fluorescence

was assessed through incubation in artificial lysosomal fluid
(ALF).42,63 No significant reduction of fluorescence intensity
was observed after 48 h in ALF (Figure S5), in accordance with
the work of Milosevic et al.41 This comes to no surprise as the
fluorescent dye is incorporated in the matrix and is not readily
exposed to the acidic fluid.42

To determine whether the decrease in fluorescence was the
result of exocytosis, we introduced the ionophore ionomycin,
which increases intracellular Ca2+ concentrations and can thus
stimulate lysosomal excretion leading to increased NP
exocytosis in various cell types.18,64 The efficiency of ionomycin
to stimulate lysosomal exocytosis has been tested in the case of
MDMs using a β-hexosaminidase assay which showed that the
release of the lysosomal enzyme was significantly increased upon
incubation of the cells with ionomycin (Figure S6). After 24 h of
exposure to the SiO2 NPs, the cells were incubated with 20 μM
ionomycin for 6 h and further analyzed using FC. Neither of the
three cells types showed significant changes in their MFI
compared to the untreated control (i.e., no ionomycin)
according to a student’s t test (Figure 4B), indicating that

lysosomal exocytosis had no significant effect onNP release in all
tested cell types.
The ionomycin experiment was performed only for an early

time to minimize the effect of dilution of NPs by cell division
(and because of ionomycin’s long-term apoptosis inducing
effects). Since even ionomycin-forced Ca2+ influx could not
reduce theMFI per cell significantly, in neither the macrophages
nor the HeLa, we conclude that lysosomal exocytosis of NPs in
the herein-investigated cells and NP model is of minor
importance.
One explanation for why we do not observe any significant

reduction in fluorescence even after stimulation of exocytosis by
ionomycin could be the endosomal maturation process which
decides the final fate of an engulfed cargo. After NP uptake, the
particles end up in endocytic vesicles. From there, the early
endosomes mature into late endosomes which then fuse with
each other to form larger structures and combine with pre-
existing lysosomes to form so-called endolysosomes. Finally, by
fusion of endolysosomes with phagosomes, the so-called
phagolysosomes are formed with a specialized acidic and
hydrolytic milieu.65 It has been shown that only a minor fraction
of the uptaken cargo can be excreted again into the extracellular
space via slow/fast recycling endosomes and thus bypass the
possible lysosomal degradation.66 During this process, the
vesicles are constantly trafficked toward the perinuclear space,
increasing the distance to the cellular membrane and reducing
the probability of fusing with it.67 This means that there is a
possibility of NP release in endosomes, but NP release becomes
less probable after trafficking into lysosomes or phagolysosomes.
We therefore speculated that the decrease of fluorescence

could be due to dilution of the NPs in increasing cell numbers
during cell division rather than being the result of exocytosis.
This would explain the difference between the dividing (J774A.1
andHeLa) and nondividing (MDM) cells in the reduction of the
MFI with increasing time post-exposure (see Figure 4A). To test
this hypothesis, we repeated the experiment under serum-
deprived conditions (i.e., 0.5% instead of 10% FBS) to inhibit
the cell proliferation (Figure S7). As expected, inhibiting the cell
proliferation resulted in an almost constant MFI and a drop of

Figure 3. DFmicroscopy revealing the uptake of AuNPs in all cell types. DFmicroscopy confirms the uptake of both types of AuNPs within the
different cell types and the presence of NPs 0 and 48 h post-exposure. Each cell type shows intracellular bright white spots originating from the
scattering of the Au NPs. The white line marks the outline of the cells. Scale bar = 20 μm.
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only 10% compared to the initial value that was observed. This
reduction can be explained by either the presence of a few cells
that still proliferated or stress-induced release of microvesicles
containing particles, as previously observed by other studies in
starvation conditions.68 We cannot exclude that cell functions
such as exocytosis were affected in this experiment.
Additionally, we simulated the MFI of a population of

macrophages undergoing cell division. Proliferation of J774A.1
macrophage cells in the presence of SiO2 NPs was
experimentally obtained by counting the cell number at specific
time points. Doubling time was found to be 26.9 h (three
independent repetitions; mean over 96 h). We then created an R
(version 3.4.4) simulation (see SI S8 for the code) in which this
parameter was used. The simulation assumes a healthy cell
culture and registers the fluorescence intensity of each cell in a
culture at each time point. Mitosis occurred when the doubling
time was reached, and the two daughter cells each received
51.6% (as experimentally found as shown in Figure 6C) of the
mother’s fluorescence signal. The simulation ran 25 times,
always starting with a seed of 1000 mother cells, with each at a
random time point in its cell cycle. Each experiment was run to

simulate a cell cycle period of 48 h. The results of the simulated
MFI are shown in Figure 4A (black line).
The results of the simulation are in very good agreement with

the experimental data, with the decrease in MFI being only
slightly faster in the simulation than in the experiments. This
difference can be accounted for by considering that the
simulation does not incorporate the effects of environmental
factors such as space availability (cells in confluent cultures will
divide slower), reduced serum availability in later time points, or
a slower start of growth just after seeding as has been reported.69

We hypothesize a gradual dilution of the NPs within increasing
culture time which could finally result in cells without NPs and
spreading of few NPs over many cell.

No Exocytosis of Au NPs in Macrophages. As exocytosis
of Au NPs has been described to be size dependent, we
investigated the exocytosis of two different Au@PVP NP sizes
(20 and 46 nm mean core diameter) using a complementary
quantification method: ICP-OES.23 All three cell types were
exposed for 24 h with NPs and either directly analyzed (0 h) or
incubated for another 48 h with NP-free cCCM. The
extracellular fraction and the cell lysates were digested, and
their gold content assessed.
The intracellular fraction (light gray) and the extracellular

fraction (dark gray) are plotted for both Au NP sizes in Figure 5.

The extracellular fraction of the macrophage cell types (MDMs
and J774A.1) contained only a very small amount of gold (e.g.,
<2% of total detected gold), below the limit of quantification, an
observation independent for NP size and time post-exposure.
The limit of detection with ICP-OES is in the range of 17 ng
mL−1 for gold corresponding to a very low fraction, i.e., 1 % gold
in the supernatants. Since we are at the detection limit of the
instrument we can, however, not exclude that a low number of

Figure 4. Flow cytometry to analyze cell-associated fluorescence.
(A) Reduction of mean fluorescence intensity (MFI) 0, 24, and 48 h
post-exposure. The fluorescence decreases significantly for the two
cell lines (J774A.1 in red and HeLa in green; p values 0.042 and
0.028, respectively), while the MFI of the MDM in blue remains
constant (p value 0.944). The graph shows the mean of three
individual experiments ± standard deviation (SD). Black line
simulates the MFI expected from dilution due to cell division. n.s. =
nonsignificant. (B) Effects of the lysosomal exocytosis stimulated by
ionomycin on the MFI after 6 h of treatment. No significant
reduction (i.e., p value of paired t test > 0.05) was detected for any of
the tested cells. The graph depicts the MFI± SD of three individual
experiments normalized to the untreated control.

Figure 5. ICP-OES analysis of the gold content of cells show no
reduction over time for macrophages. Distribution of the location of
20 nm Au@PVP NPs (A) and 46 nm Au@PVP NPs (B) after 24 and
48 h post exposure, respectively. Almost the entire amount of gold
was found in the intracellular fraction (light gray) for the
macrophages. Only the 46 nm Au@PVP NPs (B) showed a
substantial amount of gold in the supernatant (dark gray) in HeLa
cells 48 h post exposure.
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Figure 6. Cell division effectively reduces particles per cell numbers asymmetrically. (A) Schematic depiction of the analysis of mitotic events. Z-
stacks were first projected onto a single plane by summation of the individual images. The intensity of the NPs in the mother cell was then
calculated with the area of the cell and themean intensity over this area. The division was then observed, and the axis of division was determined
during cytokinesis. The axis was overlaid on the mother to split the cell into two parts (M1 and M2). The intensity was then calculated for the
daughters and compared to the two parts of the mother. (B) Representative single plane images done by live cell imaging using confocal laser
microscopy before, during, and after mitosis. Scale bar = 20 μm. (C) Differences of the daughter cells’ fluorescent signal compared to their
mother’s. The two dots represent the daughter cells. The 50% line (red dashed line) marks an even-split event. The events were sorted to the
highest fluorescence in a daughter. The average daughter receives 51.6% of the mother’s fluorescence. (D) Correlation between the daughters’
volumes (V1 and V2) to their corresponding fluorescent signals (I1 and I2). Pearson’s correlation coefficient (PCC) showed a positive
correlation of 0.63. The gray area represents the 99% confidence interval; the black line shows the least-squares linear fit. (E) Correlation
between the mother’s two-part fluorescent intensities (M1 and M2) to the corresponding daughters’ fluorescent signals (D1 and D2). PCC
showed a strong positive correlation coefficient of 0.78. The gray area represents the 99% confidence interval; the black line shows the least-
squares linear fit.
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NPs is exocytosed. The highest amount of gold found in the
extracellular fraction, 14% of the total gold, was seen in HeLa
cells exposed to 46 nm Au@PVP NPs. This observation is
supported by the DF micrographs (see Figure 3), which showed
that large amounts of NPs were still present inside the cells 48 h
post-exposure, and further confirms the results obtainedwith the
SiO2 NPs.
Our results clearly indicate that lysosomal exocytosis is cell-

type, and presumably NP size, dependent and it is not a main
mechanism performed by macrophages in a detectable amount
for any tested NP types or sizes. HeLa cells were able to release
some of the intracellular particles into the extracellular space
with slightly increased efficiency for the larger NPs.
The accumulation of biopersistent NPs must be taken into

account, in particular, for professional-phagocytic cells that
collect many thousands of NPs in their lifespan of several month
to years.70 This NP accumulation could potentially interfere
with the immune cells’ natural function of clearing pathogens
from the surrounding tissue and, thus, could provoke local
results similar to immune deficiencies.71,72 Most prone to such
effects would be the residual macrophages in organs that are
readily exposed to NPs, such as the lung, liver, spleen, kidney,
and gastro-intestinal tract.1 It has been shown that alveolar
macrophages in smokers were filled with particles, which caused
a reduction in the motility of the macrophages and the
subsequent significant impairment of the early immune response
against tuberculosis.71 Furthermore, chronic exposure to Au
NPs can impair macropinocytosis: Au NP-laden endothelial
cells showed reduced proliferation capacity and increased
endoplasmic reticulum (ER) stress even when no acute toxicity
was observed.8,49,73

Mitosis Explains the Reduction of Fluorescence over
Time and Is Asymmetric. As the dilution due to cell division
was the only effective mechanism-reducing cellular NP load we
observed with the herein used NP and cell types, we investigated
the distribution of SiO2 NPs during and after mitosis of dividing
cells. Previous studies showed that NPs can be diluted bymitosis
in cell cultures and that the distribution can be inhomogeneous
(i.e., particles are not equally split into the daughter
cells).26,29,74,75

J774A.1 cells were incubated for 24 h with 20 μg mL−1 SiO2
NPs and then analyzed by live cell imaging using the cLSM. The
fluorescence signals were analyzed in diving cells before and after
they completed cytokinesis. The workflow is shown schemati-
cally in Figure 6A. The analysis was performed by initially
transforming the 3D image stack into a 2D projection by
forming the sum of each individual plane. The areas of the cells
were mapped using the brightfield channel, which was used as a
mask for the cell contour, yielding the summed fluorescence in
each cell (mother cell and two daughter cells) and time point
(that is, before and after division).
Some recent publications have discussed the importance of

cell volume, cell uptake receptors on the surface, and cell cycle
state to accurately represent the intracellular NP concentration
and uptake rates.6−8 Kim et al. showed evidence of the influence
of cell cycle state on the particle internalization. On the other
hand, Panet et al. found no dependence on cell cycle state, but on
the cell size. We designed our study to be independent of both
parameters, i.e., cell cycle state or cell size, by applying a 24 h NP
pulse exposure prior to a thorough washing step, followed by the
investigation of the intracellular fate over up to 72 h at the single
cell level. Having a 24 h exposure ensures that most of the cells
have undergone one complete cell cycle, and therefore, less

influence of the cell cycle state at the time of exposure can be
assumed. Furthermore, by following individual cells through
mitosis our results are also independent of variations during the
uptake, which is completed before the investigation starts.
We analyzed 28 individual mitotic events from five

independent live cell imaging experiments. A representative
cell division is shown in Figure 6B. Figure 6C shows the
fluorescent signal distribution of the two daughter cells of all the
individual mitotic events. The fluorescence signals were
normalized (mother cell is 100%), and the red dashed line
shows the 50:50 distribution of the two daughter cells from the
mother’s initial fluorescent signal. The volume of the daughter
cells (estimated from the bright field area of the cells) correlated
positively with the fluorescence signal (correlation coefficient =
0.63), implying that bigger cells tend to receive more NPs
(Figure 6D).
The distribution of the NPs in the daughter cells was

corrected for the angle of the cleavage furrow of the mother cell
(the cell’s axis of division during cytokinesis). The spatial
localization of NPs in the mother cells correlated to the
distribution of NPs in the daughter cells (correlation coefficient
or fluorescence ratios = 0.78, Figure 6E) suggests that the
position of the NPs in the mother cells is the key factor defining
the destination of the NPs during mitosis. Therefore, the
differences in NP distribution in the daughter cells are likely due
to an inhomogeneous distribution of the NPs inside the mother
cell. We observed that the cell nucleus takes up a large volume,
which prevents an even distribution of the lysosomal pool
throughout the cytoplasm (see Figure 2). This distribution
pattern is likely due to the location of themicrotubule organizing
center (MTOC), which is usually located close to the nucleus as
shown by others.76 This condition remained even after
chromosome condensation during interphase of mitosis. During
mitosis the NP-containing lysosomes are coupled to the
microtubular network that brings them close to the equatorial
plane, but this step does not involve an active sorting
mechanism.77 This is in line with other studies which showed
that the partitioning of lysosomes in mitotic cells is a stochastic
process and that there is no evidence of a mechanism to ensure
equal distribution of these organelles into the daughter
cells.78−80

In a recent publication, it was shown that lysosomes form
clusters with higher abundancies close to the nucleus to enhance
the probability to fuse with incoming late endosomes containing
uptaken NPs.81 This results in a nonuniform distribution of
lysosomes within the cells, supporting our observations.
Here, we show that in the case of J774A.1 the uneven

distribution of SiO2 NPs into the daughter cells is the result of
the original location of the NLV in the mother cells. The
correlation coefficient of 0.78 between the mother’s NP location
and the daughters’ NP distributions gives a strong indication
that no active sorting mechanism, for example, one to prevent
the spreading of NPs to the whole population that has been
speculated about, is present.29

We expect these results to be NP-type independent, as the
units of distribution are vesicles not single particles. These
findings are of great relevance for dividing cells since even a few
mitotic events cause a high variance in NP load in the cell
population. The impact of this phenomenon on NPs used for
nanomedical applications such as cancer research and therapy is
a topic which needs to be addressed.82−84 This can also be used
in imaging techniques relying on NPs as imaging agents (e.g.,
SPIONs as MRI contrast agents) as the NPs may rapidly be
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diluted in the fast dividing cancer cells, whereas the NP
population would remain relatively stable in the surrounding
healthy tissue.85 Ultimately, the same goes for chemotherapeutic
drugs attached to NPs as a delivery agent, whose efficacy drops
quickly when a minimum intracellular concentration cannot be
reached.86

CONCLUSIONS

Our study has shown that the model NPs tested are retained in
the J774A.1 cell line and primary human macrophages. There is
no detectable amount of exocytosis of the SiO2 and Au NPs
particles at the tested sizes (20 and 46 nm for AuNPs and 70 nm
for SiO2) and herein used cells, once they were located inside
lysosomes even after a long period of time. Our results highlight
the importance of studies that investigate the fate of NPs for
longer than 24 h. In particular, macrophages should be in focus
as they are usually the first cell types coming in contact with NPs
and they cannot clear biopersistent materials.
Moreover, we showed that dividing cells dilute their NP cargo

effectively by cell division. The quantification of individual
mitotic events showed that the distribution of SiO2 NPs in
J774A.1 does not always follow a symmetric pattern. We were
able to correlate the distribution of the individual daughter cells
to the location of the NPs in the mother cells, suggesting that the
different distribution has its origin in the parental spatial
distribution of the NPs rather than an active sorting process.
This difference in distribution has to be taken into account when
conducting experiments with dividing cells (usually cancer cell
lines) since the NP load per cell might vary significantly and
additional studies with nondividing cells are recommended.

EXPERIMENTAL METHODS
Synthesis of Nonporous Silica NPs. The NP synthesis was

performed following a modified Stöber method previously described in
literature.87,88 Shortly thereafter, tetraethyl orthosilicate (Sigma-
Aldrich, USA) was added to a preheated mixture of ethanol, deionized
water, and ammonium hydroxide in order to form 50 nm NPs. After 3
min of core formation, a (3-aminopropyl) triethoxysilane (APTES,
Sigma-Aldrich, USA)−RhoB conjugate, prepared the previous day by
mixing APTES with rhodamine B isothiocyanate in ethanol and stirring
overnight, was added to the mixture to form fluorescently labeled layers
around these cores. The reaction was stirred further for 5 h and cleaned
by dialysis in deionized water for 1 week with daily exchange of water.
After dialysis, the suspension was filtered over a 0.2 μm cellulose acetate
filter.
The particle size was then determined by transmission electron

microscopy (TEM, Tecnai G2 Spirit, Thermo Fisher Scientific Inc.,
USA) and calculated using a FIJI particle size analyzation script
(ImageJ, National Institutes of Health; Bethesda, MD, USA). The NPs
were further characterized with their hydrodynamic diameter (DLS,
Brookhaven Instruments Corp., USA), their ζ potential (Brookhaven
Instruments Corp., USA), and their UV−vis absorbance spectrum
(Jasco Europe S. R. L., Italy). The concentration was determined by
measuring the weight of 2 mL of particle suspension after evaporating
the water at 70 °C.
Synthesis of Au NPs. The synthesis of the Au NPs was performed

using the Turkevich method published elsewere.32 Briefly, 2.63 mL of
AuIII chloride trihydrate (0.095 M, Sigma-Aldrich, USA) was dissolved
in 500 mL of MQ H2O (Merck KGaA, Germany) and brought to boil
while stirring. Upon boiling, 10 mL of sodium citrate tribasic dehydrate
(10%, Sigma-Aldrich) was added. After several minutes, the reaction
turned from black to deep red showing the termination of the reaction
resulting in 14 nm citrate-coated Au NPs.
Larger particles were obtained by an additional particle growth

reaction through the addition of hydroxylamine hydrochloride (3mL of

0.2 M) to a solution of AuIII chloride trihydrate (0.25 mM in 270 mL of
mQH2O) followed by the addition of the 14 nmAuNPs seed (30mL).

Finally, the citrate-coated NPs were recoated using polyvinylpyrro-
lidone (PVP, Acros Organics) with an approximate coating density of
120 molecules per nm2. This was obtained by dissolving PVP (8000
MW) in mQ H2O. Under constant stirring the Au NPs were slowly
added dropwise to the PVP solution and allowed to stir overnight. The
next day, the NPs were centrifuged for 1 h at 8000g and the supernatant
was exchanged to fresh MQH2O. Then the NPs were centrifuged for 1
h at 1,000g, and the supernatant was expelled again. Finally, the NPs
were dispersed in fresh MQ H2O and characterized.

Cell Culture. The mouse macrophage cell line J774A.1 (ATCC)
was cultivated in Roswell Park Memorial Institute 1640 (RPMI, Gibco,
Life Technologies Europe B.V., Zug, Switzerland) cell culture medium
supplemented with fetal bovine serum (FBS, 10%, PAA Laboratories,
Chemie Brunschwig AG, Basel, Switzerland Switzerland, Life
Technologies Europe B.V., Zug, Switzerland), L-glutamine (1%,
Gibco, Life Technologies Europe B.V., Zug, Switzerland), penicillin
(100 units mL−1, Gibco, Life Technologies Europe B.V., Zug,
Switzerland), and streptomycin (100 μg mL−1, Gibco, Life
Technologies Europe B.V., Zug, Switzerland), further noted as
cRPMI. The T75 culture flaks were kept at 37 °C, 5% CO2, and 95%
humidity. At around 80% confluency, the RPMI was exchanged and the
cells were scraped off the flask using a cell scraper. A 10−20% portion of
the cell suspension was then added to a new T75 flask (TPP Techno
Plastic Products AG, Switzerland) and supplemented with fresh
medium. The rest of the cell suspension was further used for
experiments.

The human cervix carcinoma cell line HeLa (ATCC) was cultured in
Dulbecco’s modified eagle media (Gibco, Life Technologies Europe
B.V., Zug, Switzerland) supplemented with 10% FCS, penicillin (100 u
mL−1, Gibco, Life Technologies Europe B.V., Zug, Switzerland) and
streptomycin (100 μg mL−1, Gibco, Life Technologies Europe B.V.,
Zug, Switzerland). The cell cultures were kept under sterile conditions
at 37 °C, 5% CO2, and 95% humidity. Prior to use, the cells were
washed with fresh PBS (pH 7.2, Gibco, Life Technologies Europe B.V.,
Zug, Switzerland) and further detached using a mixture of Trypsin and
EDTA (T/E, 0.25%, sterile-filtered, Gibco, Life Technologies Europe
B.V., Zug, Switzerland) for 5 min at 37 °C.

Primary human macrophages (MDMs) were obtained by isolating
and further differentiating human peripheral blood monocytes from
buffy coats as previously described.89 Briefly, human blood was
separated using density gradient filtration (Lymphoprep, Grogg
Chemie). The monocyte fraction was extracted from the mixture and
purified using CD14+ magnetic microbeads (Milteny Biotech,
Germany). The isolated monocytes were then differentiated using
colony stimulating factor 1 (m-CSF1, 10 ng mL−1, Milteny Biotech,
Germany) supplemented cRPMI for 1 week.

Prior to seeding, the concentration of cells in suspension was
determined using the trypan blue assay and an automated cell counter
(EVE, NanoEnTek Inc., South Korea). For this, the cell suspension was
mixed 1:1 with trypan blue (Sigma-Aldrich, USA) and pipetted into a
cell counting slide. The cells were incubated for at least 4 h before
exposing to the NPs (20 μg mL−1) for 24 h. After exposure the cells
were washed three times in PBS and incubated in fresh cRPMI for up to
48 h post-exposure.

Cytotoxicity. Cytotoxicity assays were performed using cells grown
in eight-well microscopy slides. The cells were exposed 72 h to various
concentrations of NPs (0−320 μg mL−1). After exposure, lactate
dehydrogenase (LDH, Sigma-Aldrich, USA) and resazurin assays were
performed. Briefly, Triton X-100 was added to the positive control 15
min prior to collecting the supernatant of each well. After collection,
cRPMI supplemented with resazurin (23 μg mL−1) was added to each
well for 3 h. In the meantime, LDH levels were measured in triplicate by
following the manufacturer’s protocol. The absorbance (DUAL
function with 490 and 630 nm as reference wavelengths) was recorded
using a microplate reader (Bio-Rad, USA). The supernatant containing
resazurin and its fluorescent metabolic product resarufin was
subsequently collected, and the fluorescence (Excitation: 560 nm/
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Emission: 590 nm) was recorded using a microplate reader. Adequate
medium and water only controls were done but are not shown.
Flow Cytometry. For FC, the cells were scraped off and centrifuged

at 4 °C for 5 min at 300 g. The supernatant was discarded, and the cell
pellet was resuspended in PBS. This wash was repeated twice for a total
of three washes, but the final resuspension was in cold FC buffer (PBS
supplemented with 1% bovine serum albumin (BSA, Sigma-Aldrich,
USA) and 0.1% sodium azide, Sigma-Aldrich, USA). The fluorescence
in cells was then measured with a BD LSR FORTESSA (BD
Biosciences, USA) using the PE filter set. The threshold was set to
measure 30,000 cells per sample.
Ionomycin. The cells were grown in six-well plates and then

exposed to 20 μg mL−1 of SiO2 NPs for 24 h. After exposure, the cells
were extensively washed three times with PBS and further incubated
with fresh, NP-free culture medium supplemented with 20 μM of
ionomycin (Sigma-Aldrich, USA) for 6 h and further analyzed using
FC. Control samples were treated the same but incubated without the
addition of ionomycin.
Fluorescence Imaging. The cells were washed three times with

PBS and fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, USA)
in PBS for 10 min at room temperature. The cells were then washed
with washing buffer (PBS supplemented with 0.1% BSA and 0.001%
sodium azide) for 5 min. The cells were permeabilized in 0.2% Triton
X-100 in PBS for 10 min at room temperature. Next, the samples were
washed three times with washing buffer for approximately 2 min per
wash. Then the cells were stained using 4′,6-diamidino-2-phenylindole
(100 μg mL−1, Sigma-Aldrich, USA) and Phalloidin Alexa Fluor 488
(1:100, Thermo Fisher Scientific Inc., USA) in PBS supplemented with
0.1% Triton X-100 (Fluka, Fisher Scientific AG, Switzerland) and 1%
BSA for 1.5 h at room temperature in the dark. The staining solution
was discarded, and the cells were washed five times with PBS for 5 min
each. After removal of PBS, a drop of Glycergel mounting medium
(Merck KGaA, Germany) was added onto the cells and then covered
with a glass coverslip. Images were then acquired using a Zeiss 710
cLSM with excitation lasers of 405 nm (DAPI), 488 nm (Alexa Fluor
488), and 561 nm (rhodamine B) equipped with a Plan-Apochromat
63x/1.4 Oil M27 objective (Zeiss GmbH, Germany). The average
NLV-size was acquired using a 3D rendering of the rhodamine B
channel in Imaris (Bitplane, Oxford Instruments, Switzerland).
Darkfield Imaging. To visualize the interaction and association of

the AuNPs with the cells darkfield imaging was used. Cells (40,000 cells
per well) were seeded in a four-well microscopy slide. After overnight
attachment, the cells were then exposed to 20 μg mL−1 of Au NPs and
incubated for 24 h. Then the cells were washed three times with PBS
and fixed with 4% PFA in PBS for 10 min at room temperature. The
cells were washed with washing buffer (PBS supplemented with 0.1%
BSA and 0.001% sodium azide) for 5 min. The cells were permeabilized
in 0.2% Triton X-100 in PBS for 10 min at room temperature. Next, the
samples were washed three times with washing buffer for approximately
2 min per wash. Then the cells were stained using DAPI (100 μg mL−1)
and phalloidin rhodamine (1:100) in PBS supplemented with 0.1%
Triton X-100 and 1% BSA for 1.5 h at room temperature in the dark.
The staining solution was discarded, and the cells were washed five
times with PBS for 5 min each. After removal of the PBS, a drop of
glycergel mounting medium was added onto the cells and then covered
with a glass coverslip. The cells were then imaged using a CytoViva
hyperspectral microscope (CytoViva, Inc., USA) equipped with a
Dolan-Jenner DC-950 light source, UPL Fluorite 100× objective, and
SPECIM V10E imaging spectrograph with a 3D (EXi Blue)
fluorescence/dark field detector. The average spot size was acquired
by running the FIJI (NIH, USA) particle analysis script on the initially
binarized and watershed images.
Ion-Coupled Plasma Optical Emission Spectroscopy. The

cells and supernatants of different post-exposure times (0−48 h) were
collected and evaporated overnight at 70 °C in 48-well plates. The dried
samples were then resuspended in 500 μL of a mixture of H2O2:HNO3
(2:1, Sigma-Aldrich, USA) for 3 h at room temperature. The plates were
sonicated for 20 min at 50 °C to release excess H2O2/gas. Afterward,
400 μL of HCl (37%, VWR, USA) was added to each well and
incubated overnight in a chemical hood. After incubation, the samples

were transferred into 15 mL Falcon tubes. Each well was washed three
times with mQ H2O, and the washes were added to the Falcon tubes.
Every tube was then filled to 10 mL with mQ H2O. The samples were
further analyzed at ICP-OES (Optima 7000 DV, PerkinElmer, USA)
and compared to a standard curve prepared gravimetrically using a gold
standard (Sigma-Aldrich, USA).

Live Cell Imaging of Mitotic Events. J774A.1 cells were
cultivated in six-well plates and exposed to 20 μg mL−1 of the RhoB-
SiO2 NPs for 24 h. After exposure, the cells were washed three times
with fresh PBS, detached, and counted as previously described. Roughly
50,000 cells per well were seeded in a four-chamber live cell imaging
slide (Nunc Lab-Tek II Chambered Coverglass, Thermo Fisher
Scientific Inc., USA) and were allowed to attach for at least 1 h. After
attachment, themicroscopy slide was transferred into the preheated live
cell imaging chamber of a Zeiss 710 cLSM. After 1 h of temperature
stabilization, the cells were imaged using z-stack, time lapse imaging (10
min resolution) at 63×magnification. After acquisition, the videos were
checked for mitotic events which were further analyzed using the open-
source software FIJI.

Analysis of Mitotic Events. Dividing cells were identified in the
observation field and cropped before and after cell division. The z-stack
was then transformed into a single plane image by forming the sum over
the z-axis. The phase contrast channel was binarized and used to mask
the cells. The mask was then multiplied with the previously acquired
sum of the z-axis to obtain the total fluorescence intensity of a cell. The
volume of the daughter cells was then extrapolated by transforming the
area of the z-projection usingV =A3/2, assuming spherical cells. The axis
of cell division was assessed in the image and used to split the mother
cell into two parts (M1 and M2). The correlation between M1 and M2
cells was further compared to D1 and D2 cells. Correlation coefficients
were calculated as

X Ycov( , )

X Y
ρ

σ σ
=

(1)

where cov is the covariance, σX is the standard deviation of X, and σY is
the standard deviation of Y.

Analysis of Colocalization of SiO2 NPs and Lysosomes. The
different cell lines were exposed to 20 μg mL−1 of the RhoB-SiO2 NPs
for 24 h. After exposure, the cells were washed three times with PBS and
further incubated with fresh cCCM supplemented with 75 nM
LysoTracker Green DND-26 (Invitrogen, Thermo Fisher Scientific
Inc., USA) for 15 min. Afterward, the cells were immediately imaged in
a live cell setting described above. The colocalization was calculated
using the imaging analysis software Imaris.

Fluorescence Stability of Rhodamine B Labeled SiO2 NPs.
The potential quenching of fluorescence in the lysosomal milieu was
tested by incubating the NPs in artificial lysosomal fluid. Sodium
chloride (3.210 g), sodium hydroxide (6.000 g), citric acid (20.800 g),
calcium chloride (0.097 g), sodium phosphate heptahydrate (0.179 g),
sodium sulfate (0.039 g), magnesium chloride hexahydrate (0.106 g),
glycerin (0.059 g), sodium citrate dihydrate (0.077 g), sodium tartrate
dihydrate (0.090 g), sodium lactate (0.085 g), sodium pyruvate (0.086
g), and formaldehyde (1.000 mL) (added fresh before use) were
dissolved in a total of 200 mL of MiliQ water forming a 5× stock
solution. The stock solution was further diluted with MQwater andNP
suspension in order to obtain a 1× ALF solution containing 1 mg mL−1

of SiO2 NPs. The fluorescence of 100 μL of this solution was measured
after 0, 1, 2, 3, and 30 days of incubation at 37 °C and 5% CO2 using a
microplate plate reader (Bio-Rad, USA). Incubation of the NPs in PBS
was used as a control. The experiment was measured in triplicate.

CryoTEM. Lacey cryoTEM grids (Agar scientific, UK) were glow
discharged for 20 s at 10W in air using a plasma cleaner (Diener,
Germany). Five microliters of SiO2 NP solution (∼250 μg/mL, in
cRPMI for 24 h) was pipetted onto the cleaned grid side and mounted
on a home-built guillotine cryoplunger using inverted tweezers. The
grids were blotted (5 s) with filter paper (Whatman, grade 40) and
immediately plunged in an eutectic mixture of ethane and propane
cooled to 77 K by liquid nitrogen. The sample was transferred onto a
626 single tilt liquid nitrogen cryo-transfer holder (Gatan, CA, USA)
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and observed in a ThermoFischer Spirit transmission electron
microscope (ThermoFischer, MA, USA) equipped with a LaB6
filament at 120 kV. The images were recorded using a bottom-mount
4K Eagle camera (ThermoFischer, MA, USA) using a low dose mode of
SerialEM.
β-Hexosaminidase Assay. A total of 300,000 MDM cells per well

were seeded in a 12-well plate and left attached overnight. The cells
were then exposed to cCCM supplemented with ionomycin (20 μM).
After 6 h of exposure, the supernatant was collected and the cells were
lysed by adding fresh cell culture media supplemented with 0.1% Triton
X-100 for 15 min. A 75 μL portion of the supernatant or lysate was then
mixed with 50 μL of substrate solution (5.84 mM 4-nitrophenyl N-
acetyl-β-D-galactosaminide in citrate buffer, pH 4.5) and incubated in a
96-well plate for 1 h at 37 °C. The turnover was subsequently stopped
using 100 μL of borate buffer (0.2 M boric acid in MQ H2O, pH 10),
and the absorbance at 405 nm was assessed using a plate reader. The
supernatant value was further compared with the values from the cell
lysate + supernatant values, while cCCM + substrate solution was used
as background value.
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