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ABSTRACT: The uptake and the fate of Zr-based metal—organic-framework

nanoparticles labeled with organic fluorophores in HeLa cells has been monitored @ ®

with fluorescence detection and elemental analysis. The nanoparticles have been ) ®
selected as a model system of carrier nanoparticles (here Zr-based metal—organic- | endocytosis @ o)
framework nanoparticles) with integrated cargo molecules (here organic

fluorophores), with aze that does not allow for efficient exocytosis, a material mtrace”u'a 7 °
which only partly degrades under acidic conditions as present in endosomes/ degradatio :
lysosomes, and with limited colloidal stability. Data show that, for Zr-based metal— ﬁ 17
organic-framework nanoparticles of 40 nm size as investigated here, the number of exocytosis ° ‘e
nanoparticles per cells decreases faster due to particle redistribution upon

proliferation than due to nanoparticle exocytosis and that, thus, also for this system, @

exocytosis is not an efficient pathway for clearance of the nanoparticles from the

cells.
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B INTRODUCTION diluted by proliferation. Observations tell us that this is not the
common case, as, in fact, NPs are found in most cells after
exposure. Endocytosis works on a time scale of a few hours
and, thus, is relatively fast. When endocytosis is the fastest of
the three processes and exocytosis and proliferation could be
neglected due to very long time scales, then the amount of NPs
in cells would continuously increase. However, the common
observation rather is that, after a certain time, the amount of
internalized NPs per cell saturates. Frequently, it is suggested
that this is because all NPs from the extracellular medium have
already been ingested by the cells. However, measurements of
the extracellular NP concentration show that there is a
saturation of the intracellular NP concentration even if the
reservoir of the extracellular NPs is infinite and the
extracellular NP concentration is barely decreased upon
endocytosis of NPs. This can only be explained by exocytosis
and/or proliferation, and the outcome depends on whether
exocytosis or proliferation is faster. When exocytosis is faster
than proliferation, there will be a dynamic equilibrium of NPs
entering cells via endocytosis and leaving them via exocytosis,

Upon exposure to cells, nanoparticles (NPs) are in general
endocytosed,”” whereby the kinetics is determined by their
(bio)physicochemical properties. Inside cells, the NPs are
located in vesicular compartments, i.e., endosomes/lysosomes.
NPs are shared by daughter cells upon proliferation,” and
NPs can also be excreted by cells via exocytosis.”® While this is
true for virtually all cells and NPs, the details obviously depend
on the properties of the particular cells and NPs. Let us
describe the entry and exit of NPs into/out of cells in terms of
two parameters, the time-dependent number of NPs
internalized per cell (ie., intracellular NPs), and the time
depend number of NPs remaining in the medium outside the
cells (i.e., extracellular NPs). For this, we now consider three
different basic processes. First, NPs in the vicinity of cells will
be endocytosed, which increases the number of NPs per cell
and lowers the number of NPs in the extracellular medium.
Second, when NPs are exocytosed, the number of NPs per cell
is reduced and the number of NPs in the extracellular medium
increases. Third, when the NPs of one mother cell are shared
between the two daughter cells, the number of NPs per cell is
reduced but the number of NPs in the extracellular medium
remains unaltered. All three processes are time-dependent, and
different scenarios will happen with regard to how their
kinetics compare. In cases in which endocytosis is slower than
exocytosis and proliferation, cells will largely remain free of
NPs, as endocytosed NPs would be immediately exocytosed or
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while the mean number of NPs per cells would slightly raise
due to endocytosis been faster than exocytosis.” When
proliferation is faster than exocytosis, then NPs that have
been internalized by cells will remain largely inside cells,
though they are permanently redistributed between the
different generations of daughter cells.”® Whether exocytosis
or proliferation dominates thus leads to very different
outcomes. These outcomes, i.e., the time scales of exocytosis
and proliferation, on the other hand would have impact on the
clinical use of the NPs. Unfortunately, there are not many
reports in the literature about quantitatively determined
exocytosis rates of different NPs. Here there is still a demand
for future studies. As the relation between proliferation rate
and exocytosis rates depends on cells and NP properties,
different scenarios can be expected.

Knowing the demands for the kinetics of NP entry and exit
into and out of cells allows for designing the NPs up to this
purpose. Cell proliferation depends on the type of cells and
happens in general on a time scale of tens of hours. The
detailed values can vary significantly between different cell
types and can be determined easily by counting the cell
number versus time.” We note that the proliferation rate
largely depends on the conditions; i.e., diluted cell cultures will
be different from confluent cell cultures and in particular from
cells in tissue. Endo- and exocytosis depend on both the
(bio)physicochemical properties of the NPs and the type of
cells. There is a large set of data available in the literature about
the dependence of endocytosis of NPs from NP size, state of
agglomeration, surface charge, etc.'’ There is, however, scarce
quantitative data available about the exocytosis of NPs.”'' ™"
Available data suggest that there is a strong size dependence,
whereby smaller NPs can be exocytosed to a higher degree.’
Tuning of the size of NPs thus allows for switching between
exocytosis and proliferation as a dominant route for the
reduction of the number of NPs per cell. Importantly, “size” is
not a static but rather dynamic parameter. Upon degradation
of the NPs, i.e., due to corrosion or enzymatic digestion, the
NPs could be fragmented or even completely dissolved."*~**
The intracellular fate of the NPs thus will also depend on their
structural integrity over time.

For an experimental determination of endo- and exocytosis
rates for different NPs (and their degradation fragments) and
cells, it is highly recommended to measure also the number of
NPs in the extracellular medium, i.e., the amount of
extracellular NPs, in addition to the amount of intracellular
NPs.” It is always a challenge to measure small deviations from
big numbers. In the case of endocytosis, the (in general,
initially large) amount of extracellular NPs may be reduced
notably, but the amount of intracellular NPs will increase at
any rate significantly. This is the opposite for exocytosis. After
removal of noninternalized NPs, upon exocytosis (but not due
to proliferation), there will be a significant increase in the
amount of extracellular NPs, whereas only a fraction of the
amount of intracellular NPs is lost due to exocytosis (or
proliferation). Detection of the extracellular NP concentration
thus allows for distinguishing between the effects of
proliferation and exocytosis.

According to these lines the uptake and fate of gold NPs,’
quantum dots with fluorophore labeled shell and preadsorbed
proteins’ and rare earth NPs® have been investigated. In these
previous model systems, the NPs have a good size distribution
and were also colloidally stable. In reality, these criteria of
model systems may not always be fulfilled. For this reason, we

271

applied the same methodology/principles to another NP
system with less defined properties, where in particular
colloidal stability is not sufficient to prevent agglomeration.
According to this, as a model system, metal organic framework
(MOF) NPs modified with organic fluorophores were chosen.
Having cargo molecules (here organic fluorophores) loaded in
a carrier NP (here MOF NPs) allows us also to probe for
potential intracellular separation of the cargo molecules from
the carrier NPs.

MOFs, which can also be made in particulate form, e.g,, also
as NPs, are an interesting material for delivery application.”> >’
Due to their highly defined porous nature, they can be loaded
in a very controlled way with molecules, such as potential
drugs. There are many studies about using MOFs in this way
for intracellular delivery of drugs, and therefore it has relevance
to know about the fate of these MOF NPs after they have been
endocytosed by cells. Hereby, there are several questions of
interest: (i) Will the MOF matrix degrade, which would
automatically allow for a release of the drugs from the MOFs?
(ii) If the MOF matrix does not degrade, will there still be
intracellular desorption of the drug from the MOFs? (iii) Will
the MOFs remain intracellular, or is there an efficient way of
clearance from cells? While such questions are not easy to
address in full detail, there are some key experiments that can
be carried out in a straightforward way. When there is
clearance of (parts of) MOFs from cells, in fresh medium
around cells with internalized MOFs after some time there
should be (parts of) MOFs to be found, which have been
released by cells via exocytosis. When, upon exocytosis, parts of
the molecules originally loaded into the MOF matrix are in the
extracellular medium and no parts are on the MOF matrix (or
vice versa), then one can conclude that, after cellular
internalization, the loaded molecules must have come off the
MOF matrix, as only in this way can both parts be exocytosed
differently. In other words, a lot can be learned by analyzing
what is found in the extracellular medium upon exocytosis. In
this line in our study, we used MOFs loaded with fluorophores
as model cargo molecules and studied their fate upon exposure
to cells. The main interest here was to observe potential
degradation of the MOF NPs and exocytosis of the respective
fragments to investigate whether the fluorophores remain
attached to the MOF NPs or are intracellularly detached.

B MATERIALS AND METHODS

Zirconium-based metal—organic-framework NPs (Zr-MOF NPs)
were prepared according to standard procedures.’® The Zr-MOF
NPs were fluorescence labeled by functionalization with an
oligohistidine-ATTO647N conjugate (H6-A647N), in which the
fluorophore (ATTO647N) is attached to an oligohistidine-tag (His-
tags), as described previously by Roder et al.>’ The His-tag thereby
bound to the Zr-MOF NPs by coordinative interaction.”" Details of
the Hg-A647N conjugate synthesis can be found in the Supporting
Information. The physicochemical properties of the Zr-MOF NPs
were characterized according to standard procedures,”*” including
transmission electron microscopy (TEM), dynamic light scattering
(DLS), zeta potential measurements, and elemental analysis upon
degradation by inductively coupled plasma mass spectrometry (ICP-
MS). For the uptake and fate studies, HeLa cells were exposed to the
Zr-MOF NPs in serum-containing medium. For the uptake studies
the amount of internalized Zr-MOF NPs was quantified after different
exposure times f, and exposure concentrations Cz(,qq) in terms of
the mass concentration of elemental Zr. For the fate studies, after NP
exposure for the time f,,, the remaining NPs in the extracellular
medium were removed, and cells were incubated again for the time
tno after which the amount of internalized Zr-MOF NPs was
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quantified. Quantification of the internalized Zr-MOFs was done by
recording their fluorescence via flow cytometry or by measuring the
intracellular (and extracellular) amount in terms of the elemental Zr
concentration by ICP-MS.® Details for all experimental procedures are
provided in the Supporting Information.

B RESULTS AND DISCUSSION

Zr-MOF NP Synthesis and Characterization

The obtained Zr-MOF NPs had a relatively broad size
distribution as measured by TEM (see Figure 1) with a mean

200 1l ’ ’
Figure 1. TEM image of the Zr-MOF NPs. Each of the dark spheres
corresponds to one Zr-MOF NP. One Zr-MOF-NP as shown in the
sketch provides contrast to TEM due to its inorganic matrix (depicted
in red), in particular the Zr. The fluorophore label (as depicted in

green) does not provide a contrast to TEM. The corresponding size
distribution is shown in Figure SI.

NP diameter of d. = 39 + 11 nm (error is the standard
deviation) (see Figure S1). There was no additional surface
coating involved to increase colloidal stability such as done in
other studies,®® This resulted in partial agglomeration of the
Zr-MOF NPs even in water, as indicated by the hydrodynamic
diameter d,) = 117 £ 6 nm (error is the error of the mean)
as obtained from the DLS number distribution (see Figure S2
and Table S1), which is significantly higher that the geometric
NP diameter d.. The Zr-MOF NPs had a slightly negative zeta-
potential of { & —15 mV (cf. Table S1), which is not enough
to provide sufficient electrostatic repulsion to provide good
colloidal stability. A metric for the concentration of the Zr-
MOF NPs is provided in Figure S3.

In order to further probe the colloidal stability of the Zn-
MOF NPs, their hydrodynamic diameter d,y) was monitored
over time by DLS upon exposure to buffers with different pH
at different temperatures. There are two potential effects. Upon
degradation of the Zr-MOF matrix, the NPs would decompose,
i.e,, leading to a smaller NP diameter. Upon further
agglomeration, the NPs diameter would increase. Due to the
already relatively broad initial size distribution of the Zr-MOF
NPs, the DLS data only provide some trends, but no
quantitative analysis is possible. As shown in Figure S4, the
hydrodynamic diameter of the Zr-MOF NPs in Milli-Q water
(pH =~ 6.3) remains largely unchanged over time, even when
temperature is elevated from room temperature (RT) to 37
°C. In the case of exposure to pH = 5, on the time scale of
hours, degradation of the NPs can be observed (faster at 37 °C
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than at RT); i.e., there is some decrease in size, which levels off
(i.e., there is no complete dissolution). Upon exposure to more
acidic pH = 3.5, on the time scale of hours, there is an increase
in size, which can be only explained by rising agglomeration. A
likely scenario is that, at this low pH, there is also NP
degradation, but large agglomeration results in increased NP
sizes. Upon long-term exposure over days, in particular, for
acidic conditions (pH = 3.5 and pH = 5) and elevated
temperatures (T = 37 °C), there is massive agglomeration (see
Figure S4). Addition of serum proteins (either bovine serum
albumin (BSA) or fetal bovine serum (FBS)) or digestive
enzymes (trypsin) did not lead to significant size changes over
the time course of 2 days (Figure SS). Due to the larger error
bars, however, no quantitative analysis was possible.

For this reason, alternative methods were used. With TEM
(Figure S6 and Figure S7) it can be shown that, at pH = 6.3,
(RT) the Zr-MOF NPs retain their shape over several weeks.
However, under acidic conditions (pH = 3.5) already after 1 h
it is no longer possible to identify individual Zr-MOF NPs, but
instead, large heterogeneous agglomerates are present. X-ray
diffraction analysis (XRD) showed that, even at neutral pH =
7.3, the Zr-MOF NPs lose crystallinity over time (Figure S8).
At highly acidic pH = 3.5, XRD was not feasible due to
degradation of the NPs. Degradation of the Zr-MOF NPs was
also monitored by elemental analysis, in which Zr was detected
over time in the supernatant above the NPs with ICP-MS.
Data from Figure S9 show that, on the time course of hours,
some Zr can be found in the supernatant above pelleted Zr-
MOF NPs; i.e., some Zr has been released form the Zr-MOF
NPs upon degradation. This effect is stronger for highly acidic
pH = 3.5. However, there is no complete NP dissolution, but
after some weeks, only a maximum 10% of the Zr was released
from the NPs.

While all of these characterization data are affected by large
error bars, in particular due to the initially broad size
distribution and the low colloidal stability of the Zr-MOF
NPs, the summary of the data give a conclusive qualitative
picture, which is very similar to findings of similar materials.” A
likely scenario is that, in solution, there is partial degradation
and decomposition of the Zr-MOFs, which is triggered by low
pH and elevated temperatures. The released degradation
products, however, bind largely again to the NPs. In this way,
most of the Zr remains in the NP phase and at maximum 10%
is present as free ions. However, due to the dynamic
equilibrium of degradation and rebinding, the structure of
the MOF NPs is lost over time, in particular their crystallinity,
resulting in large ill-defined agglomerates. As a result, none of
the later described biological results can be related to precise
physicochemical characteristics of the MOF-NPs, as those are
unstable over time under conditions that resemble uptake via
endocytosis by cells.

Exposure of Hela Cells to Zr-MOF NPs

HeLa cells were exposed to Zr-MOF NPs in serum
supplemented medium and incubated at 37 °C. The cell
viability is shown in Figure S10. The elemental mass
concentration Cy,(,qq) of Zr was used as a metric for the NP
dose, as determined via ICP-MS (see Figure S3). Alternatively,
the mass of Zr added per cell was used, which was calculated as
Mze/cell(add) = Cze(add) Vivell/ Neells/wey With Neagwen being the
number of seeded cells per well and V, being the volume of
the culture medium containing the NPs in each well. As
expected, the Zr-MOF NPs were endocytosed by the HeLa
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Figure 2. Cells are exposed to Zr-MOF NPs, leading to endocytosis of a fraction of the NPs at different concentrations #1,/ce(aad) i-€., the amount
of Zr that has been added per seeded cell. The amount of NPs found in each cell was quantified in terms of A) intracellular fluorescence (Iyyo/ca)

and B) intracellular Zr (M, c(nim))- Also the amount of NPs remaining

in the supernatant above the cells was quantified by C) the mass of

extracellular Zr normalized to the number of cells present at the time of detection (er/ceu(suP)).

cells, and thus, they are located in acidic intracellular vesicles,
i.e., endosomes/lysosomes. TEM images show that the shape
of internalized Zr-MOF NPs gradually becomes more ill-
defined over time (Figure S11), as there is enhanced
agglomeration. This is compatible with the degradation of
the Zr-MOF NPs in acidic conditions (Figures S6 and S7),
though inside the cells, the degree of degradation never
reached the one demonstrated in the acidic test environments.
Over the range of used NP exposure concentrations, no
reduction in cell viability was observed (Figure S10). However,
exposure to Zr-MOF NPs (leading also to their uptake, see
Figure S12) moderately slowed the proliferation of the HeLa
cells (Figure S13). It has been demonstrated in the past that
cell proliferation is a more sensitive parameter than cell
viabilsi:gy for monitoring the onset of NP induced impairment of
cells.

Uptake Study of Zr-MOF NPs by HelLa Cells

Zr-MOF NP uptake by cells was monitored with two
independent methods. First, the amount of intracellular Zr-
MOF NPs was quantified based on their Atto-647 fluorescence
label with flow cytometry. Second, the amount of intracellular
Zr-MOF NPs was quantified based on the amount of elemental
Zr found in cells, as determined by ICP-MS (see Figure 2).
With both techniques, a dose-dependent uptake behavior was
determined; i.e., the more NPs are added per cell (er/ceH(add)),
the more intracellular fluorescence (Ingyo/cen) and intracellular
Zr (er/ceH(imra)) is detected. There is also a time dependence.
In the case of flow cytometry, there is an increase in the
amount of internalized NPs per cell within the first hours, but
after 1 day there is a saturation and even a slight reduction
(Figure 2A, Figure S12A). Note that flow cytometry records
the fluorescence signal of single cells; i.e., when proliferation
increased the cell number (Figure S13), there are more cells,
and thus the fluorescence signal distributes to the daughter
cells (Figure S14). If there would be no proliferation (i.e., the
number of cells remained constant), then the fluorescence per
cell would still increase further after 1 day of incubation of cells
with the NPs, as there is continuous uptake of NPs. However,
when there is continuous uptake of NPs and there is also
proliferation, i.e., splitting of the internalized NPs between the
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daughter cells, then the amount of internalized NPs saturates
over time.””

The ICP-MS data yield qualitatively the same trend,
although there are quantitative differences. ICP-MS is an
ensemble measurement. In the present example, the total mass
of Zr in all cells is determined (Figure SISA). Likewise, the
total mass of Zr remaining in the supernatant (i.e., the cell
medium with added NPs) is determined (Figure S15B; the
corresponding data describing the fate of the NPs after
endocytosis are shown in Figure S16). As the number of cells
increases over time (Figure S13), for obtaining the mass of
intracellular/extracellular Zr per cell, the total mass of detected
Zr has to be normalized by the number of cells present at the
time of measurement (Figure 2B,C, Figure S17). The data
show here that the mass of Zr per cell already saturates after 6
h of exposure (Figure 2B) and then slightly decays. Both flow
cytometry data and ICP-MS data (Figure 2A versus Figure 2B)
show that there is a saturation of intracellular Zr-MOF NPs
after some time as expected,’® but the time points for
saturation as obtained by the two different measurements
differ. Strictly speaking, the detailed reasons for this difference
are not known. However, it has to be considered that two
different techniques are applied (fluorescence detection and
mass spectrometry), which detect two different parts of the
NPs (Atto-647 and Zr). There can be fluorescence quenching
due to different pH values in the endosomes/lysosomes, which
in the case of Atto-647 is not high and the effect would go in
the different direction and could not explain the increased
fluorescence versus the saturated Zr. The matrix of the cells
around the NPs can act as an optical element (e.g, a lens),
which could change the fluorescence read-out. Also if the Atto-
647 label would be degraded from the MOF matrix, and due to
its small size exocytose, the fluorescence signal and the mass
spectrometry signal would deviate, but again, this would not
explain the increased fluorescence versus the saturated Zr (NP
degradation will be discussed in more detail in Figure 4). This
clearly shows that uptake data need to be interpreted very
critically, as the result can depend on the used label and the
detection technique. In studies with several independent
repeats (here n = 4), there are also significant error bars.
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Figure 3. Cells were exposed to Zr-MOF NPs for the time f,,, leading to endocytosis of a fraction of the NPs at different concentrations
M7,/ cell(add)- After this exposure, the cell medium containing noninternalized NPs was replaced by fresh cell medium. After further incubation for the
time t,,, the amount of NPs still found in each cell was quantified in terms of A) intracellular fluorescence (Iyyo/cn) and B) intracellular Zr
(M7 /celi(intra))- Also the amount of NPs released to the medium by exocytosis was quantified by C) the mass of extracellular Zr normalized to the
= 0 refers to the measurement directly before exchange of the medium; i.e.,

number of cells present at the time of detection (my, /ceu(sup)). Here
here, still the NPs present in the exposure solution are present.

tinc

While there are thus quantitative differences, qualitatively a
dose-dependent NP uptake can be confirmed, whereby the
amount of intracellular NPs saturates over time.

The amount of Zr-MOF NPs that remain in the cell
medium, ie., the ones that are not endocytosed by cells,
remains constant over time (Figure S1SB). This is in
agreement with previous studies that demonstrate that the
NP-containing cell medium in general is an infinite reservoir of
NPs, and while only a tiny fraction of NPs from the medium is
endocytosed, the number of remaining NPs in the medium
virtually does not change over time.””> Thus, the reason why
there is a saturation of the number of internalized NPs per cell
over time is clearly not the fact that the extracellular medium is
depleted of NPs but is due to the equilibrium of NP uptake by
endocytosis and NP redistribution upon proliferation.””” If the
amount of NPs remaining in the cell medium is normalized to
the number of cells over time (Figure 2C, Figure S17B), it can
be seen that the amount of extracellular NPs per cell decreases
over time. While the total amount of NPs in the medium
remains virtually constant, the cell number increases over time,
and thus the amount of extracellular NPs per cell decreased
(Figure 2C). This means that, over time, more cells are
competing for the uptake of the constant amount of NPs from
the medium, which can explain the small decrease in NP
uptake over time after the onset of saturation (Figure 2A,B).

Fate Study of Zr-MOF NPs in HelLa Cells

After the HeLa cells had been exposed for £, = 24 to Zr-MOF
NPs, all residual NPs from the medium were washed away and
cells were further incubated in fresh cell medium, without the
addition of NPs. As after the washing no NPs are in the
extracellular medium, NPs found after additional incubation
time f,. again in the extracellular medium must have gotten
there by exocytosis (if one neglects the unlikely possibility of
massive cell necrosis and lysis). In Figure 3, the loss of
intracellular NPs and the small increase in extracellular NPs
after washing are shown for different incubation times. The
intracellular fluorescence due to the Atto-647 label of the Zr-
MOF NPs as detected by flow cytometry decreases over time
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(Figure 3A, Figure S12B). This loss of intracellular
fluorescence is largely due to proliferation. When the
fluorescence signal is scaled by the ratio of the cell number
during measurements versus the number of seeded cells, then
there is no longer a decrease in fluorescence (Figure S14). In
other words, the internalized NPs are continuously redis-
tributed among the growing number of cells, and thus, the
number of NPs per cell decreases. The same effect can be seen
in the mass spectrometry measurements. The total amount of
internalized NPs remained constant over time (Figure S16A).
However, due to the increasing number of cells, the amount of
NPs per cell goes down over time (Figure 3B, Figure S18A).

There is another uncertainty in comparing the flow
cytometry and ICP-MS data from Figure 3. The Zr-MOF
NPs could release either Zr ions or small MOF fragments upon
intracellular degradation. ICP-MS cannot distinguish between
Zr as free ions or Zr in small Zr-MOF NP fragments. But, due
to the size dependence of exocytosis efficiency, the amount of
exocytosed Zr will be different for ions and NP fragments as
degradation products. For the Atto-647 fluorophore, the
situation is even more complicated. While flow cytometry
detection of intracellular Atto-647 does not depend on
whether Atto-647 is free or attached to the Zr-MOF NPs,
exocytosis of Atto-647 would be different. Upon intracellular
degradation, Atto-647 could be released more easily from the
Zr-MOF NPs, or it could still be bound to the released Zr-
MOF NP fragments. The difference between both forms could
not be detected with flow cytometry, but again, due to the size
dependence of exocytosis, clearance of Atto-647 from the cells
would be different for both cases.

After the Zr-MOF NPs supplemented medium was removed
and replaced with new medium, almost no NPs could be
detected in the supernatant above the cells (Figure S16B). The
time point #;,. = 0 here shows the amount of NPs in the cell
medium just before replacement of the medium, ie., the
concentration of extracellular NPs during the original
exposure. After #,. = 24 h, there are still almost no NPs in
the extracellular medium. With ongoing time, more NPs are
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exocytosed by cells and there are Zr-MOF NPs found in the
medium, which is a very low amount in comparison to the
original exposure concentration. Figure 3C and Figure S18B
display the same data, albeit normalized to the cell count.
These data again demonstrate that the massive loss in NPs per
cells (Figure 3A,B) is due to proliferation. There is some
exocytosis (Figure 3C), which reduces the number of NPs per
cell less than the NP redistribution by proliferation. This is also
in good agreement with a previous study with similar NPs.”
Concerning exocytosis, in our work measurements were
done in terms of extracellular Zr detected by ICP-MS. In
principle, inside ensomes/lysosomes, the Atto-647 label could
have come off the Zr-MOF NPs and also could have been
exocytosed independently, as known from other systems.’
While we do not have data about exocytosed Atto-647, as due
to the low concentrations, fluorescence determination of
extracellular Atto-647 would be prone to large errors, we can
compare the intracellular Atto-647 signal and the intracellular
amount of Zr; see Figure 4 (and Figure S19). The Atto-647
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Figure 4. After the medium with extracellular Zr-MOF NPs had been
substituted by fresh medium, the intracellular Atto-647 fluorescence
(Figure 3A) and the intracellular Zr content (Figure 3B) were
measured. Here the ratio of intracellular Atto-647 and intracellular Zr
is shown.

signal is not quantitative in a sense that the fluorescence has
not been calibrated to the number of intracellular Atto-647
molecules; ie., from the fluorescence signal the absolute
number of Atto-647 molecules per cell cannot be concluded.
However, the fluorescence signal will be (with some limits in
concentration) proportional to the number of intracellular
Atto-647 molecules.

If Atto-647 was degraded from the Zr-MOF NPs and
exocytosed faster than the Zr-MOF matrix, then the ratio of
intracellular Atto-647 to intracellular Zr should decrease over
time. Within the level of experimental error from our
measurements, no conclusions can be drawn. While there is
a time-dependent decrease of the Atto-647/Zr signal (Figure
4), this is observed only at the low exposure concentrations
Mze/celi(add)- Here, the fluorescence signal is weak, and thus the
experimental error is high, and thus the experimental error
does not allow making a sound statement. In other words, our
measurements do not allow verification of the falsified release
of Atto-647 from the Zr-MOF NPs. With another, similar
system it was reported that fluorophores can be stably
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embedded in MOFs, without significant intracellular leach-
.33
ing.

B CONCLUSIONS

In this study, HeLa cells were exposed to multicompartment
NPs, comprising a fluorescence Atto-647 label and a Zr-
containing MOF matrix. The colloidal properties of the Zr-
MOF NPs were not very well-defined; in particular, their size
distribution was relatively broad. In this way, this work shows
what information about the uptake and fate of NPs by/in cells
can be determined even for ill-defined NP samples. This makes
it relevant for “practical” NP samples, such as NPs in several
consumer products, as those typically also have, for example,
large size distributions. In particular, for consumer products,
the full life cycle of all constituents needs to be known to be
able to make a sound risk assessment. A general observation is
also that results depend on the detection technique, as, for
example, in this work fluorescence and ICP-MS data only
qualitatively agreed. Having several techniques to monitor and
quantify the presence of NPs in cells helps to overstate results.

It has to be noted that, although Zr-MOF NPs were used in
this study as NPs, there is nothing specific to Zr-containing
NPs included in our study. The outcome of our study, in
contrast, applies to a larger set of NP materials. The first
criterion is size. The diameter of the Zr-MOF NPs is too large
to allow for their efficient exocytosis. For other NP materials
with similar sizes and above, one can expect the same general
behavior: the NPs are shared by the daughter cells upon
proliferation, but exocytosis is not an efficient pathway for NP
clearance. Apart from the Zr-MOF NPs, this was also reported
for Au NPs’ and rare earth NPs,® The second important
criterion will be intracellular degradability. Some materials may
completely dissolve in the acidic environment of endosomes/
lysosomes. Here the dissolution of the Zr-MOF NPs is weak,
which was also the case for the similar studies with rare earth
NPs,® and there should be even no dissolution for Au NPs.’
Dissolution/fragmentation of the NPs could lead to sizes
where exocytosis works efficiently, which would lead to NP
clearance from cells. In this way, the results of this study
should hold true in general for NPs with sizes above ca. 20—30
nm made from materials that do not effectively degrade/
fragment in endosomes/lysosome.

In general, NPs are endocytosed in a size- and time-
dependent manner. For the samples here, there is a maximum
amount of NPs per cell, as cells proliferate, and thus
internalized NPs are redistributed among the daughter cells.
While under the used exposure conditions the medium is a
virtually indefinite reservoir of NPs, as the number of cells
increased upon proliferation, the amount of extracellular NPs
per cells over time goes down. An average size of the NPs of
around d. & 40 nm diameter of the inorganic part as used in
this study prevents efficient exocytosis, and thus, when NPs
from the extracellular medium have been removed, ongoing
reduction of the number of NPs per cell over time is largely
due to proliferation and not due to exocytosis.
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