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Cellular uptake of nanoparticles: Involvement of caveolae?
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ABSTRACT

Here we discuss some pitfalls and challenges briefly when investigating which endocytic mechanisms
are involved in the cellular uptake of nanoparticles. We specifically discuss some common
misunderstandings regarding studies claimed to demonstrate uptake via caveolae. Scientists in the
nanomedicine field should be aware that reducing the membrane content of cholesterol by adding
methyl-B-cyclodextrin removes caveolac and inhibits other uptake mechanisms, such as
macropinocytosis as well. Furthermore, the general tyrosine kinase inhibitor genistein is not a specific
inhibitor of uptake from caveolae. Moreover, one can still see that scientists in the field write that they
want to direct transport of their particles to caveolae and caveosomes to avoid lysosomal degradation.
However, caveosomes are artifacts caused by overexpression of caveolin-1 constructs, and ligands or
particles taken up by caveolae are transported to endosomes and lysosomes as reported for other types
of endocytosis.
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RATIONALE AND PURPOSE are some general misunderstandings that need
more attention. Therefore, ten years ago, we

We here focus on some common published an article aiming to help NP
misunderstandings and pitfalls c'oncerning the researchers with these challenges, including
uptake of nanoparticles via caveol.ae. publishing a toolbox of pharmacological
Specifically, we warn against drawing inhibitors that are used in such studies [1].
conclusions based on studies using unspecific Although that review entitled “Endocytosis and
pharmacological inhibitors, and we remind intracellular transport of nanoparticles: Present
scientists that “caveosomes” turned out to be knowledge and need for future studies” is now
artifacts. We hope this article will improve the cited almost 800 times, the need to improve the
quality of reports in the nanoparticle field. quality of studies of endocytosis of NPs is still
INTRODUCTION nearly as described ten years ago. We already

in that review discussed the challenges when
concluding if the cellular uptake of NPs was via
caveolae and that caveosomes were artifacts
due to overexpression of caveolin-1 constructs.
Even though this message has also been given
in several articles aiming at the endocytic
community (e.g., [2, 4]) and has been presented
at every CLINAM meeting (and other
meetings) during the last ten years, one can still
often see discussions involving caveosomes.
We hope that a short commentary aimed at

Nanoparticles (NPs) are taken up into
mammalian cells by different endocytic
mechanisms. Such mechanisms are cell type-
dependent and also regulated by other growth
conditions such as cell density, polarity, and
presence of growth factors. The complexity of
mechanisms has been increasing as more
molecular details are revealed, and it is not
straightforward to study which uptake
mechanisms are involved [1-3]. However, there
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reaching the NP community in an open-access
journal and focusing on this single subject
should help authors and reviewers improve the
quality of studies describing the endocytosis of
nanoparticles and stop using the misconception
of caveosomes. This story about caveosomes in
NP research shows similarities with two recent
articles about misconceptions that may persist
in literature for a long time and referred to as
“unicorns,” i.e., mythical creatures with no
basis in reality [5, 6].

DISCUSSION

Caveolae and caveosomes

Caveolae (meaning “little caves™) are flask-
formed structures of 50-80 nm on the cell
surface; in some cells (e.g., adipocytes,
endothelial cells, and muscle cells), they can be
present at high density and cover up to 50% of
the plasma membrane area, whereas other cells
contain only a few or no caveolae [7, 8]. The
function of these structures has been discussed
for many years. Are they active in endocytosis
or mostly stable structures contributing little to
endocytic uptake [9]? Caveolae seem to play an
important role in uptake and transcytosis of
albumin in endothelial cells, where albumin
binds to the receptor gp60 (also called

Clathrin-
dependent

Caveolae

Macropinocytosis

Figure 1. An overview of endocytic mechanisms in a non-polarized cell showing that all internalized vesicles, with the
possible exception of the vesicles formed by micropinocytosis, go to early endosomes. For a discussion of these uptake
mechanisms, see [2].
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albondin) [10]. This receptor has also been
described to be involved in the transport of the
active drug (paclitaxel bound to albumin) in
Abraxane® [11]. However, there is still not
much evidence that caveolae are involved in a
similar mechanism for uptake and intracellular
vesicle formation in other cell types. In fact,
caveolae seem to be rather stable structures not
giving major contributions to the cellular
endocytic uptake [7, 12]. Approximately 20
years ago, caveolaec were reported to be
involved in cellular uptake of the SV40 virus,
and it was published that the virus was found in
intracellular vesicles called caveosomes; the
content of these vesicles was stated to be
transported to the Golgi apparatus and the
endoplasmic reticulum, and thereby escape
lysosomal degradation [13]. Some years later,
the same authors reported that SV40 was taken
up even more efficiently by clathrin- and
caveolin-independent endocytosis [14]. [n 2010
they reported that caveosomes were artifacts
obtained by overexpression of constructs of
caveolin-1 and that the term caveosomes no
longer should be used [15]. If NPs are taken up
via caveolae, they are first transported to early
endosomes, similarly as described for other
endocytic mechanisms (Figure 1).
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It should be noted that caveolae during recent
years have been shown to have several cellular
functions. A recently described function for
caveolae is their ability to provide additional
membrane upon mechanical stress and reform
in an ATP-dependent manner [8], which also
may explain the high density of caveolae in
some cell types [7, 16, 17].

Studies concluding that NPs are taken up
via caveolae

As discussed earlier [1], it is not
straightforward to study which endocytic
uptake mechanisms are involved in cellular
uptake. Most pharmacological inhibitors are
not specific, and inhibition of one pathway may
lead to compensation with higher endocytic
uptake via other pathways [1]. One common
mistake is that reduced endocytosis following
the treatment of cells with methyl-B-
cyclodextrin to extract cholesterol
demonstrates that the endocytic uptake is via
caveolae. Although it is correct that such
treatment can extract cholesterol from the
plasma membrane, including caveolae,
extraction of cholesterol may also affect other
endocytic processes such as clathrin-dependent
uptake [18] and macropinocytosis [19]. In
addition to the use of methyl-B-cyclodextrin,
also other agents, like filipin (interacting with
cholesterol) or statins (lowering cholesterol
synthesis), will affect wvarious endocytic
processes, discussed in [1, 20, 21]. In fact, we
are not aware of any endocytic process that has

N . o

been demonstrated to be unaffected following
reduction or removal of cholesterol.

Also, reduced cellular uptake of NPs
following treatment of cells with genistein is
often reported to demonstrate uptake via
caveolae. It should, however, be noted that
although genistein may inhibit uptake from
caveolae, e.g., inhibit SV-40 induced vesicle
formation from caveolae [22], genistein is a
general inhibitor of tyrosine kinases and will
therefore affect other uptake processes
activated by tyrosine kinases. This includes
uptake of receptors that need tyrosine
phosphorylation for accumulation in clathrin-
coated pits, such as the EGF receptor, and
macropinocytosis activated by the EGF
receptor (see [1] for a more extensive
discussion).

Colocalization of NPs with cholera toxin is
often taken as evidence for uptake via caveolae.
However, cholera toxin is taken up via several
endocytic ~ mechanisms [23-25], and
colocalization between NPs and cholera toxin
can therefore not be taken as evidence for
uptake of NPs via caveolae. One should also
remember that observation of NPs within a
given structure such as caveolae does not mean
that the NPs are taken up that way; the NPs may
simply be stuck in that structure. It may also be
a challenge to decide whether a structure
looking like an internalized vesicle with the size
of caveolae in an EM image, in reality, is
internalized or connected to the surface (Figure
2).

Figure 2. EM images obiai;%ed with Ruthenium red added during fixation. The black staining of the plasma membrane reveals
that caveolae which may appear to be internalized vesicles in the cytosol, are surface connected. Bar: 100 nm. This figure is
reproduced from Current Opinion in Cell Biology (Sandvig et al.: Clathrin-independent endocytosis: mechanism and function)

[4] with permission from Elsevier.
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Size of NPs that can be taken up via
caveolae

Based on the information above, it is clear that
one needs to be very careful before concluding
that NPs are taken up via caveolae. As
mentioned above, the flask-formed caveolae
typically have a size of 50-80 nm [8]. We are
not aware that any NPs with a size larger than
100 nm has been unambiguously demonstrated
to be taken up via caveolae. Nevertheless, it is
concluded in several articles that NPs much
larger than 100 nm are taken up via caveolae.
Researchers stating that NPs larger than the size

CONCLUSIONS

of the caveolae structure are endocytosed via
caveolae should be asked to clearly
demonstrate their unlikely conclusion, often
based on unspecific inhibitors, before that
manuscript is accepted for publication. As
described above, if NPs are taken up via
caveolae, they will first be transported to
endosomes similarly as described for uptake via
other endocytic mechanisms. These NPs may
then follow normal intracellular transport
pathways, which include recycling back to the
cell surface, retrograde transport to the Golgi
apparatus and the endoplasmic reticulum, and
transport to lysosomes [1, 26].

It is remarkable how many articles are still being published where the authors state that the NPs studied
are very promising for drug delivery because they are taken up via caveolae and therefore avoid
lysosomal degradation. As discussed above, one needs to be very careful when using pharmacological
inhibitors to investigate which endocytic mechanisms are involved in the cellular uptake of NPs. The
literature shows many examples where the conclusion that the NPs are taken up via caveolae is not
supported by the data shown. Thus, conclusions published in many articles about the uptake of NPs via
caveolae during the last 15 years should be reevaluated in light of the information given above. It is
also very important for the NP community that review articles are not only referring to old statements
about the uptake of NPs via caveolae but checking the data behind such conclusions. When authors or
reviewers see a description of caveosomes or statements that cellular uptake of NPs larger than the size
of caveolae is taken up via these structures of 50-80 nm, then we hope that this short article will make

a bell ring.
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