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ABSTRACT

Nanoparticles (NP) are attractive options for the therapeutic delivery of active pharmaceutical drugs,
proteins and nucleic acids into cells, tissues and organs of interest. Research into the development
and application of NP most often starts with a diverse group of scientists, including chemists,
bioengineers and material and pharmaceutical scientists, who design, fabricate and characterize NP
in vitro (Stage 1). The next step (Stage 2) generally investigates cell toxicity as well as the processes
by which NP bind, are internalized and deliver their cargo to appropriate model tissue culture cells.
Subsequently, in Stage 3, selected NP are tested in appropriate animal systems, mostly mouse.
Whereas the chemistry-based development and analysis in Stage 1 is increasingly sophisticated, the
investigations in Stage 2 are not what could be regarded as 'state-of-the-art' for the cell biology field
and the quality of research into NP interactions with cells is often sub-standard. In this review we
describe our current understanding of the mechanisms by which particles gain entry into mammalian
cells via endocytosis. We summarize the most important areas for concern, highlight some of the
most common mis-conceptions, and identify areas where NP scientists could engage with trained cell
biologists. Our survey of the different mechanisms of uptake into cells makes us suspect that claims
for roles for caveolae, as well as macropinocytosis, in NP uptake into cells have been over-estimated,
whereas phagocytosis has been under-appreciated.

1) INTRODUCTION

Over a hundred years ago, Paul Ehrlich coined the term ‘magic bullet’ to convey the idea of drugs
that selectively kill pathogens or regulate gene or protein expression locally without affecting healthy
tissues [12]. Since the 1950s, when the first nano-sized! liposomes became available for delivering
drugs to cells, the field of nanomedicine has grown exponentially and now involves thousands of
academic labs and many pharmaceutical companies all aiming to realize Ehrlich’s vision by, for
example, encapsulating chemotherapeutic drugs in small ‘magic bullets’ that can be selectively
delivered to tumors or other diseased sites, thereby enhancing drug efficacy and avoiding side-effects
seen with conventional chemotherapy. Although the potential remains, the approach has yet to deliver
the anticipated return on investment as evoked in the title of a 2013 review ‘Cancer Nanomedicine:
so many papers and so few drugs’ [18] See also [19]!

Failings aside, it must be emphasized that nanomedicine researchers aiming to bring a successful NP
to the clinic, face immense challenges. For an NP to deliver a cytostatic drug to a tumor, for example,
a particle must 1) be administered to patients either intravenously or by routes that feed into the
vascular system (e.g. pulmonary, intramuscular, subcutaneous); 2) be able to cross an endothelial
boundary and find a way through a basement membrane and tissues peripheral to the tumor, and 3)
should ideally have ligands enabling its binding and internalization into specific cells, where its cargo
will be released in an appropriate intracellular or extracellular locations. At least in the context of

! Nano is sometimes defined as 100 nm or less. In this review, we take the broader definition, Nano = 1000 nm or less.
Particles >1000 nm are defined as Microparticles (MP).



cancer (where most activity has been focused) no NP has been yet designed that comes close to
satisfying all these conditions [2] [20] [21] [22, 23]. Notwithstanding, there have been successes. In
the field of vaccinology for example, where NP-based SARS-CoV-2 vaccines are proving highly
effective [24] [25], and lipid-based NP are proving valuable for some in vivo CRISPR/Cas9-based
gene editing applications [26]. This approach is also considered highly promising for vaccines against
cancer [27] [28].

In efforts to improve NP efficacy, many studies have focused on understanding the cell biological
mechanisms by which NP enter diseased cells using tissue culture models. Uptake from the
extracellular space by membrane invaginations (endocytosis) provides an effective way for cells to
capture and internalize NP, though the challenge remains that the cargo still needs to cross the limiting
membrane of an endocytic vesicle to mediate its effect within the cell. Here we focus on these specific
aspects of NP research, and we contend that the quality of much of the cell biology in this field leaves
significant room for improvement. Our comments expand on similar critiques and warnings made
earlier [30-32] [34].

The goal of this review is therefore to provide a framework for understanding the different endocytic
pathways in detail and to point out the many misconceptions embedded in the NP literature. To this
end, we first summarize the mechanisms by which materials are internalized by cells. For the sake of
clarity, we restrict our discussion to four main uptake mechanisms; 1. Phagocytosis, 2.
Macropinocytosis, 3. Clathrin-mediated endocytosis, 4. Caveolae and a further fifth section in which
we briefly summarize other potential, but less extensively characterized mechanisms.

The first process, phagocytosis, deserves special mention because this mechanism is hardly
considered in the NP field. The reason for this can be blamed on cell biologists who have long argued
that this process is restricted to particles 500 nm or larger in diameter. Since most NP being studied
are smaller than this, NP chemists can be forgiven for ignoring this process as a potential mechanism
for taking NP into cells. However, we make the case that there is little published evidence for a 500
nm cut off size; it is an emperor without clothes. Indeed, we have assembled evidence supporting the
notion that phagocytosis can operate on particles of 100 nm diameter, or less, and should be
considered more often in the NP field. Interactions of NPs with the cell surface and their subsequent
entry into cells can to some extent be modulated by changes in NP physico-chemical or biological
properties (size, shape, stiffness, valence, targeted receptor) or in the biological response of the target
cell (drugs that affect signalling or trafficking). For example, increased knowledge of ways to
manipulate endocytic pathways can potentially lead to modulation of entry [35, 36]. However,
regardless of the nature of NPs and the design of an experiment, in the analysis of the data and in the
interpretation of the experiments, we encourage scientists to always keep in mind the concepts that
will be discussed below.

The second mechanism of interest is macropinocytosis which is very popular in the NP field.
Surprisingly, this process has almost exclusively been studied in in vitro cell cultures; only a couple
of publications have described macropinocytosis in vivo. Significantly, the conditions used to
stimulate macropinocytosis in cell culture, such as serum deprivation followed by adding back serum,
have an explosive effect - turning on the process of forming large vesicles that take in anything that
happens to be in the vicinity - like krill into the mouth of a whale. Under these conditions it is no
surprise that NP floating in the medium go in by macropinocytosis. The key question is — is this
observation really relevant for the NP uptake in vivo?

The third mechanism is clathrin-mediated endocytosis (CME). In terms of molecular details, CME is
the most extensively characterized endocytic process, nevertheless aspects of how exactly clathrin-
coated vesicles (CCV) form and how their formation is regulated remain controversial. Moreover,



an unexpected link to phagocytosis muddles the water. If a NP is seen to enter a forming CCV, can
one be sure that this vesicle will really go into the cell?

The fourth mechanism involves the enigmatic caveolae that hundreds of papers conclude are
responsible for carrying NP into cells. A general problem with many of these studies is the reliance
on inhibitors that lack the specificity required to identify a role for caveolae. Other methods that might
support roles for caveolae, such as advanced electron microscopy (EM), are rarely used in NP
research. One of the important take home messages here is that EM is an important, albeit neglected,
tool in the NP field. We emphasize this point with a series of electron micrographs that illustrate
endocytic pathways (Figs 2-8).

We discuss the main characteristics of these pathways, as well as the less well-characterized
CLIC/GEEC and Fast Endophilin-Mediated (FEME) pathways. We critically evaluate current
research on NP uptake and the problems in the field. We discuss the crucial step of endosomal escape,
describe how this is being studied, and what we can learn from infectious agents such as viruses that
have evolved a variety of mechanisms to enter cells via different endocytic pathways and to deliver
their nucleic acid cargo to the cytoplasm or nucleoplasm of specific host cells. It may not be generally
known in the NP field that a significant body of our knowledge of endocytic pathways is underpinned
by work on viruses (reviewed in [40] [42]).

For a summary of the main points see Box 1.

2) ENDOCYTIC MECHANISMS (FIG 1) (Definitions Box 2)

2A) PROCESS 1: PHAGOCYTOSIS

An ancient process

Particles as large as multi-micron eukaryotic cells can be taken up by cells via the process of
phagocytosis — or ‘cell eating’ (see Figs 2,3). Mechanistically, phagocytosis is intimately associated
with actin that, along with clathrin, is considered evolutionarily to be one of the oldest proteins
involved in the different uptake mechanisms associated with eukaryotic cells; both proteins are
thought to have been present in the last universal precursor of eukaryotes [43, 44]. It is widely
believed that phagocytosis was a defining feature of early eukaryote cells that enabled them to take
in bacteria for nutrition. According to the endosymbiont hypothesis [47] this process also led to the
acquisition of mitochondria and chloroplasts. Although some cells may have lost the ability to
phagocytose over evolutionary time, the relevant argument here is that the capacity for phagocytosis
is still widespread in modern cells from protozoa, including amoebae that use phagocytosis to ingest
bacteria, to many different metazoan cell types.

In mammals, phagocytosis is an especially prominent function of three types of immune cells,
macrophages, neutrophils and dendritic cells (DC), which are often referred to as ‘professional’
phagocytes [48]. However, a wide range of other (non-professional) cells also have some capacity
for phagocytosis. If, for now, we accept the widely accepted dogma that only particles of 500 nm or
above can be phagocytosed, we can cite many examples of cells that have this capacity. For example,
fibroblasts [49, 50], B lymphocytes [51], T lymphocytes [52], keratinocytes [53], neurons [54],
endothelial cells [55], smooth muscle cells [56], and hepatocytes [57] can all internalize large
particles such as apoptotic cells or latex beads. Even epithelial cells, the most abundant nucleated
cells in the body, which are often considered non-phagocytic, can be induced to internalize bacterial
pathogens such as Listeria and Yersinia via their apical surfaces, showing that the machinery for
phagocytosis, though rarely used, is present in these cells [58]. In some cases, epithelial cell
basolateral surfaces are also able to phagocytose bacteria [59, 60]. A direct comparison between
professional and non-professional cells for phagocytosis of apoptotic cells in vitro and in vivo showed



that the professional phagocytes (macrophages), which have a wider variety of phagocytic receptors,
responded quicker and were overall more efficient in phagocytosis than non-professional cells [4].
Nevertheless, an important conclusion for the NP field is that most cells that are used in NP research,
including cancer cells [61, 62] and the widely used Hela cells [63], have some capacity for
phagocytosis of large particles.

The mechanism of phagocytosis

A key feature of phagocytosis is that it entails multivalent binding of ligands on the particle surface
to a threshold number of receptors on the cell surface (see above and [64]).This engagement triggers
a series of reactions that drive the plasma membrane, in a zipper-like fashion, around the particle to
eventually engulf it [65]. The particle is then enclosed within a phagocytic vesicle, or phagosome,
within the cytoplasm of the cell.

The first step in this process is the localized activation of a complex series of trans-membrane
signaling reactions involving molecules (mostly lipids and proteins) on the cytoplasmic aspect of the
area of plasma membrane to which the particle is bound. By far the most prominent of these trans-
membrane signaling events is that which induces the transient, membrane-associated assembly of
actin filaments; in many studies this assembly peaks at around 10 seconds after the initial contact,
and is followed by actin depolymerization, and often a second longer period of actin assembly [66,
67] [68] [69]. In this remarkable, and still poorly understood process, actin monomers insert at the
membrane surface and form short filaments with the fast-growing, plus or barbed ends at the
membrane and the opposite, minus ends, growing outwards from the membrane. This actin filament
assembly drives the outward growth of plasma membrane. The crucial role of actin is indicated by
the fact that phagocytosis is acutely sensitive to the widely used specific inhibitor cytochalasin D that
binds to the plus (fast-growing) ends of actin filaments and inhibits filament growth [70, 71] (Fig
3B). Alternative widely used drugs include latrunculin A, which binds and sequesters actin monomers
thereby blocking actin polymerization as well as accelerating depolymerisation of existing filaments
[72].

A related process involving rapid trans-membrane signaling linked to actin assembly is seen in the
process of chemotaxis of Dictyostelium amoebae; studies by Condeelis’s group described the process
of membrane-catalyzed actin filament assembly in much more detail than has been undertaken in a
study of phagocytosis. In response to the chemoattractant cAMP, that binds to cell surface cCAMP
receptors on this amoeba, an increase in F-actin was detected in only 3 seconds. These authors showed
that an initial total of 1500 F-actin filaments per cell increased about 10-fold in response to signaling
[70, 73]. The average length of the filaments was estimated to be 0.3 um both before and after
stimulation [70]. In other words, in this system, stimulation triggers the assembly of many short actin
filaments on the cytoplasmic face of the plasma membrane (see also [69].

Based on what is generally known about membrane-catalyzed actin assembly, the initial nucleation
of filament assembly is likely to be dependent on membrane-associated formins [74]. These proteins
are able to nucleate actin filaments and insert actin monomers at the plus end of growing actin
filaments close to the membrane, pushing the minus ends away from the membrane [66, 75]. On these
filaments, the seven-protein complex known as ARP2/3, in association with N-WASP and other
proteins, binds and nucleates the secondary assembly and branching of new actin filaments. In this
case, the plus end of these filaments grow away from the branch points by adding actin monomers at
the tips of the growing filaments [76]. However, it should be noted that this assembly of actin as it
occurs during phagocytosis, or any other membrane-catalyzed event, has not been visualized in detail
at ultrastructural resolution and is often referred to by vague terms such as actin ‘rearrangement’ or
‘remodeling’. We speculate that, in addition to involving the force for manipulating membranes, rapid
polymerization and de-polymerization of actin may serve to generate a large surface of actin filaments
to provide a temporary platform for the binding and organization of signaling complexes in the



vicinity of the cytoplasmic domains of plasma membrane receptor molecules. Upon actin
depolymerization the signaling complexes would be disassembled.

In parallel to the actin filament growth and breakdown, a large number of molecules that are
components of signaling complexes operate in phagocytosis [77]. These include 1) lipids, e.g.,
cholesterol, sphingolipids, phospholipids, phosphoinositides (PIPs), diacyl glycerol (DAG),
sphingosine, phosphatidic acid; 2) enzymes, including protein kinase A (PKA), protein kinase C
(PKC), phospholipase C (PLC) phospholipase D (PLD) and the actin-associated GTPases Rho and
Rac; and 3) structural proteins, such as actin and actin binding proteins, including formins, Arp2/3,
gelsolin, profilin, N-Wasp and myosins. Downstream of the plasma membrane-associated signaling
events, signaling molecules also enter the nucleus to regulate gene expression [77-80]. As far as we
can tell, this specific regulation of gene expression in response to the uptake process is predominantly
if not exclusively a phenomenon associated with phagocytosis and not with the other internalization
mechanisms discussed in this article.

During phagocytosis one can see evidence of active signaling at the whole cell level, visible as
ruffling, at sites distant from the phagocytic event, a phenomenon that is much more prominent during
macropinocytosis and is discussed in more detail in part 3 [81]. Nevertheless, even non-professional
cells can show ruffling when phagocytosing particles [4].

Although many reviews show cartoons of signaling pathways involved in phagocytosis, the fact that
rarely are two schemes the same suggests that these maps are really no more than educated guesses
based on known interactions between specific components (e.g., phospholipase C converts PI (4,5)P>
to diacylglycerol and inositol triphosphate). As for most transmembrane signaling events, there are a
vast number of components involved, with fast reaction kinetics that all too often have limited
experimental accessibility. This is especially true for the many signaling lipids within the membrane;
we are currently a long way from a holistic understanding of such processes. Another important issue
is the mistaken belief that cell membranes can be equated with a simple lipid bilayer, asin a liposome.
Whereas the latter involves at most a handful of different lipids, cellular membranes contain over a
thousand different lipid species [82] and many thousands of proteins that function at a level of
complexity that is still poorly understood. It should also be realized that the standard cartoon schemes
illustrating signaling cascades emanating from the membrane show many components free in the
cytoplasm when in actual fact the active forms of these molecules are intimately associated with the
cytoplasmic surface of the plasma membrane; this is true for example for phosphoinositides,
phospholipases, GTPases such as Rho family GTPases and Src family non-receptor tyrosine kinases.
Many of these factors, such as the Rho family GTPases, are assumed to be upstream of membrane-
receptor-dependent actin assembly. As discussed below the available evidence suggests that their
activation occurs after actin assembly.

Ligands that signal to inhibit phagocytosis.

A number of pathogens have developed survival strategies whereby they bind to cells such as
macrophages but they then block phagocytosis and then grow and multiply in an extracellular
environment. Prominent examples are Enteropathogenic E.coli (EPEC), Pseudomonas aeruginosa,
Yersinia pseudotuberculosis, Staphylococcus aureus and Clostridium difficile [83-86]. Many of
these pathogens take advantage of injection systems that allow them to secrete toxins into the host
cells that inhibits some aspect of phagocytosis. A well-characterized non-pathogen system that
inhibits phagocytosis involves the interactions of the two integral membrane proteins CD47 on
phagocytic target cells (such as cancer cells and erythrocytes) and SIRPa on phagocytic cells such
as macrophages or dendritic cells. CD47 is expressed on the surface of most cells but it is
overexpressed in cancer cells. CD47 has been referred to as a “’don’t eat me’” signal when it binds
SIRPa during the binding of cancer cells to macrophages; the interaction between SIRPa and
CDA47 signals the phagocytic cell to inhibit phagocytosis. This endows cancer cells with the ability



to avoid been killed by phagocytic cells. Antibodies against CD47 are able to overcome the
phagocytosis block and are now being tested in clinical trials against cancer ([87, 88]. Surprisingly,
interaction between CD47 and SIRPa. does not affect actin polymerization at the contact site
arguing that the first recognizable step is a positive signal for phagocytosis [89]. Subsequently the
cytoplasmic domain of SIRPa binds to two protein tyrosine phosphatases SHP-1 and SHP-2 and the
dephosphorylation of SIRPa and other molecules is thought to initiate a signaling cascade that
inhibits phagocytosis [90]. These results argue that after initial binding of a target cell to activate
signaling towards phagocytosis the signaling route can be diverted to block the process.

Other physical parameters affecting phagocytosis

For NP or macroparticles (MP), a number of physical features can affect the efficiency of
phagocytosis, in particular particle size [91-93], charge [94], shape [91, 95],
hydrophobicity/hydrophilicity [3] and elasticity/hardness [96] have been well-documented.
Nevertheless, it is difficult to make simple, general conclusions about the importance of these
parameters.

What is the minimum size for phagocytosis?

The minimum size for particles taken up by phagocytosis is almost invariably claimed to be 500 nm
[80], though evidence for this is difficult to find in the primary literature. As discussed below, this
issue may be crucial for NP uptake since most NP are smaller than 500 nm. A series of older
publications provide evidence that the mechanism responsible for the contact-mediated, or receptor-
mediated, uptake of particles >500 nm is similar if not identical to that responsible for the uptake of
much smaller particles. Our interpretation of these studies, which we have grouped into five sets of
observations, is that particles as small as 50 nm diameter may also be taken up by receptor-mediated
phagocytosis.

1. Roberts and Quastel (1963) [97] found that the total mass (or volume) of polystyrene latex particles
of different sizes between 260 nm and 3 um diameter ingested by neutrophils over a 20 min period
was almost identical, whereas 88 nm particles were taken up at a much slower rate, presumably by a
different uptake mechanism. The simplest conclusion from these studies is that between 264 nm and
3 um the cells took up particles by a similar mechanism, presumably phagocytosis, and that they
could sense when they became ‘full’. They could ingest only a few large particles or many smaller
ones, but the volume/mass of polymer internalized was quantitatively the same [67, 97-99]. Eating
themselves full is a behavior often seen with professional phagocytes.

2. Weisman and Korn applied the approach developed by Roberts and Quastel to analyze a unicellular
amoeba Acanthamoeba. In this model, the initial binding and uptake of polystyrene particles into
cells was analyzed mathematically and found to be similar to enzyme reaction kinetics [99]. An
amoeba could internalize a single bead of 2.8um diameter or, in the same time, 4000 beads of 126
nm diameter. Importantly, using large beads made of polyvinyl toluene and small beads of
polystyrene, that could be distinguished from each other spectrophotometrically, they showed that
preincubating cells with small beads could efficiently block the uptake of large beads (the 2.8 um
diameter beads were much less effective at competing with the smaller beads). The authors
hypothesized that the particles were binding a finite number of the same (unknown) receptors on the
cell surface. When 126nm beads mixed with radioactively labeled bovine serum albumin (BSA),
which enters cells by fluid phase endocytosis, were offered to the amoebae, the beads were
concentrated 300-fold relative to the BSA. These experiments established that even particles devoid
of a specific ligand could enter cells by receptor-mediated phagocytosis, and that this uptake was
extremely efficient when compared to (non-receptor mediated) fluid phase endocytosis, i.e. when
phagocytosis occurs it is highly efficient, perhaps the most efficient cellular uptake process.



3. Many older studies have monitored the distribution of particles of different sizes and composition
after intravenous injection into different mammalian models, including mice, rats, guinea pigs and
Rabbits. A consistent finding has been that particles such as latex beads, liposomes or silica in the
size range from 50 nm to 2 um, were detectable in the liver and spleen within seconds, and 50-90%
were cleared from the blood in 2 minutes or less. A consensus that emerges for all the different sized
particles is that the majority of uptake (~70%) is carried out by liver (Kupffer) macrophages, with a
second, smaller pool entering spleen macrophages and, under some conditions, macrophages in the
lung. Moreover, many other in vivo and in vitro studies also found that particles around 50-60 nm
were efficiently cleared by macrophages with the same kinetics as larger particles [100-105]; for a
detailed, direct comparison of 50 and 500nm latex beads see [106]. Within these publications, EM
images can be found of Kupffer macrophages in vivo that were loaded full with 60 nm or 350 nm
latex particles [103] [107]. Evidence that larger MP (up to 2 um) are rapidly cleared from the blood
and enter Kupffer cells within minutes is also evident in EM studies [108] and [109]. In the latter
study, 0.2 and 2 um latex particles were co-administered and collected efficiently in the same
macrophages. Another study showed uptake of Listeria bacteria into Kupffer cells that were identified
by immunohistochemistry [110]. As phagocytosis is the most likely mechanism known to take up 2
um particles, the simplest interpretation of these data is that smaller particles can also enter cells via
phagocytosis. For additional studies consistent with phagocytosis of sub-100nm particles see [71, 99,
111-113].

It should be noted that these older studies did not address how the NP crossed the endothelial barrier
nor the potential role of opsonization (Discussed below). However, these issues were addressed in
more recent studies using intravital microscopy in mouse or rat. A range of different fluorescently
labelled NP have been injected intravenously and followed in live rodents after different surgical
interventions necessary for two-photon or multi- photon intravital imaging. A consensus has emerged
that many NP are taken up within seconds after injection by sinusoidal endothelial cells before
extravasating and appearing a minute or two later in the liver Kupffer cells. NP were not detected in
the most abundant cells, the hepatocytes; in contrast when free dyes were injected they appeared
rapidly in hepatocytes and were then cleared into the bile [114-116] (Reviewed by [117]. In one study
of calciprotein NP the presumed uptake via phagocytosis was associated with a pro-inflammatory
release of TNF-o and IL-1p and was dependent on Scavenger receptor A (discussed below) [114].

4. A detailed study by [50] compared the uptake of fibronectin-coated beads of 85 nm, 300 nm, 760
nm and 1um diameter into baby hamster kidney (BHK) fibroblasts. Fibronectin is a large molecule
with a molecular weight of 440 kDa. All beads had the same surface density of ligands, which meant
that the 85nm beads had less than 100 fibronectin molecules whereas the 1um particles had over
15,000 fibronectin molecules per particle; a density for both particles of about one ligand per 300
nm? of bead surface. This density corresponded to a suggested optimal spacing of clustered ligands
on the bead surface for efficient phagocytosis of 18nm. Using elaborate differential binding and
uptake assays with radiolabeled fibronectin it was shown that, irrespective of size, the same surface
area of beads was taken into cells at a similar rate and efficiency, presumably by phagocytosis. So
sub-500 nm NP (76 and 300 nm) behaved the same as the larger particles. This elegant study was
consistent with the ‘zipper hypothesis’, a Velcro-like process of sequential binding of ligands on the
particles to receptors on the phagocytic cells [65]. The value for the ligand spacing of 18nm is
interesting to compare with a recent sophisticated study by Kern and colleagues to quantify the
optimal density of Fc receptor ligands on 5 um beads for efficient phagocytosis by Fc receptors on
macrophages [64]. This group developed a DNA origami system for controlling the interactions
between the number and spacing of ligands on the beads and the Fc receptors on the cell surface. In
addition to monitoring bead uptake, they assayed downstream signaling events, namely actin
assembly, receptor phosphorylation and the synthesis of PIP3. Importantly, all these events were
enhanced when the ligands were tightly clustered compared to the same number of more dispersed
ligands. The most efficient phagocytosis occurred when the ligands were spaced around 7 nm apart;
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this is not so different to the 18nm value obtained by McAbee and Grinnell in 1983 [50] in a
completely different system.

5. Different lines of evidence have suggested that ~200 nm diameter spherical Herpes simplex virus
particles enter cells by (receptor-mediated) phagocytosis [118].

Although particles in the size range 50-200 nm are very common in the field of synthetic NP, there
has been little consideration of phagocytosis as a mechanism for their uptake into cells. A recent
review even ruled out phagocytosis as having any role in NP uptake - entirely on the basis of particle
size [119]. Here, we argue that the notion of 500 nm as a lower size limit for phagocytosis has been
interpreted too strictly and, as a consequence, a role for phagocytosis in the uptake of smaller NP may
have been overlooked.

Fig 3A shows transmission EM images of 100 and 500 nm latex nanoparticles entering macrophages
after only 15 min via a mechanism suggestive of phagocytosis; colloidal gold-BSA NP were
internalized with a pulse-chase protocol to label LE and lysosomes. In this short uptake period only
a small amount of gold entered phagosomes. Entry of both latex particles into the cell is completely
blocked by the actin polymerization inhibitor cytochalasin D although particle binding and early
stages of phagosome cup formation appears normal (Fig 3B).

Opsonization versus non-opsonization routes for phagocytosis
There are two fundamentally different receptor mechanisms for initiating phagocytosis

i) Non-opsonization phagocytosis:- is dependent on cellular receptors on the phagocytic cell surface
recognizing and binding directly to molecular determinants on the surface of particles, independent
of host factors (opsonins) such as antibodies or complement [120, 121].[120, 121].

if) Opsonization phagocytosis: - involves the initial binding of host proteins, opsonins, to the particle
surface. Opsonins then engage receptors, such as Fc or complement receptors, on the phagocyte
surface [80]. According to Owens and Peppas [122] the process of opsonization is one of the most
important biological barriers to controlled drug delivery via NP. Within seconds of exposure to blood
(non-stealth, discussed below) NP will bind proteins, with the initial binding being to the most
abundant proteins in blood, especially albumin. The complete plasma proteome was estimated to have
3700 proteins, of which approximately 50 had been identified in association with various NP [123]

. The pattern of bound proteins is dynamic and varies over time, with less abundant, high affinity
proteins replacing the first wave of bound proteins. The bound proteins are collectively referred to as
the ‘corona’ whereas those proteins which bind to specific receptors on phagocytic cells of the
reticuloendothelial system are the opsonins. Opsonins are by definition any blood serum protein that
has a partner receptor on the surface of phagocytes that aids the process of phagocytic recognition.
In this process complement proteins such as C3, C4, and C5, immunoglobulins and fibrinogen are
typically the most common [123]. A consequence of this interaction is the rapid removal of opsonized
NP from the circulation by phagocytes [124] [125]. When recognition by the mononuclear phagocytic
system (MPS) occurs, up to 90% of the injected dose is taken up by the liver Kupffer macrophages
[126, 127]. When particles “survive” these first 5 min, prolonged blood circulation was found [102].
Therefore, ‘the protein adsorption pattern acquired in the first 5 min is the most important one,
determining MPS recognition or MPS escape’ [128]. Unless the phagocytes are the ultimate target of
the NP, this process of being cleared by phagocytes is highly undesirable and considerable effort has
been spent to avoid it by engineering ‘stealth’ particles that hinder binding of opsonins (see below).
For an extensive list of different types of NP that have been documented to attach to complement
factors, IgG and other serum proteins see [129].



There has been considerable interest in the NP field in the concept of a protein corona, the non-
specific adsorption of proteins from the blood to the NP surface [21, 129-131]. Some of the interest
is focused on desirable selective binding in the blood of proteins that can facilitate targeting of NP to
cells and tissues of interest [132] [133, 134]. However, the binding of proteins is highly dynamic and
affected by all the properties of the NP such as size [135], charge [136] and hydrophobicity [137]
[138]. Consequently, the pattern of the corona on any NP is complex and unpredictable, and the
knowledge invariably based on in vitro interactions of the NP with plasma or serum, not on the real
in vivo situation.

The attachments of serum proteins to NP in the blood is not inevitable. An elegant study of the uptake
of (negatively charged) mercaptosuccinic acid capped telluride/cadmium sulfide quantum dots in rats
[115] used fluorescence lifetime imaging microscopy (FLIM) to show this. Fluorescence lifetime is
a sensitive indicator of bound proteins on the NP surface. Even though these NP in this study were
not modified for stealth (e.g., with PEG, see below), they failed to bind any proteins in a three hour
incubation with rat blood.

In our opinion when considering that the ultimate aim of developing NP is to fabricate a product that
behaves reproducibly in patients, the corona is something that should be avoided. If adsorption of
proteins such as albumin to the NP surface is considered beneficial, it makes more sense to add this
to the NP in a controlled way (e.g., by covalent binding) during the formulation process. A recent
study using different stealth components describes the fabrication of polymeric NP that can be
incubated for long periods with blood plasma without the formation of a corona [139]. The stealth
concept is discussed in more detail below.

Preventing phagocytosis- The stealth concept

In in vivo experiments with NP containing drugs against cancer there is a lot of interest in keeping
the NP in circulation as long as possible. This means avoiding undesirable uptake by sentinel cells,
such as macrophages, which can reduce the circulation time of NP. Manipulating NP to minimize
their interactions with phagocytes (so-called ‘stealth’ function) can potentially extend their time in
the circulation.

The most common approach for equipping a particle for stealth is to attach to its surface polyethylene
glycol (PEG), a flexible hydrophilic polymer [124, 140, 141]. There are a number of variables in
efficiently covalently coating the NP surface with PEG, in particular the molecular weight of the
polymer and the density of the brush-like PEG layer. It is widely assumed in the NP field that the
only effect of PEG is to prevent opsonins and protein that form the corona (defined above) from
binding to the NP, thereby avoiding opsonin-dependent phagocytosis [142]. We showed that (0.5-
1um) latex beads coated with PEG can be manipulated with optical tweezers and brought to the
surface of macrophages. In the absence of serum opsonins, and despite forcing contact with the cells,
the stealth particles were unable to bind. In other words, PEG directly prevented the particles from
binding the phagocytic receptors needed for entry; this argues that stealth functions prevent both
opsonization and the direct binding of particles to cells. In the absence of PEG the particles attached
strongly to the cells within seconds of being brought into contact with the macrophage surface, which
exhibited ruffling and phagocytosis of the bound particles [51]. Conversely, in some conditions PEG
has been found to stimulate phagocytosis by neutrophils [143]. There are alternative stealth polymers
which may be preferred over PEG, such as polysarcosine [38, 144] or polyoxamine [104]. Recent
studies show that a stealth coat of either PEG, polysarcosine or poly(N-2-
hydroxypropylmethacrylamide) (pHPMA) can be very efficient in avoiding non-specific binding on
proteins from plasma on core cross-linked polymer NP [139](see also [145]. The authors calculated
that with optimal stealth conditions less than one protein molecule bound per nanoparticle indicating
that such NP were devoid of a protein corona.



Role of clathrin in phagocytosis

A surprising finding in the phagocytosis field was an apparent role for clathrin in phagocytic events.
Aggeler and Werb first showed platinum replica and thin section EM images of clathrin lattices, as
well as clathrin coated vesicles (CCV), that were seemingly budding from plasma membranes
domains involved in phagocytosis of latex beads by macrophages [146]; See also [147](see Fig 3A-
M). Subsequent studies showed that clathrin coats also form on phagosomes formed by Listeria
bacteria during their entry into macrophages or epithelial cells. Knockdown experiments using RNAI
revealed that when clathrin or other proteins involved in (receptor-mediated) phagocytosis were
knocked down, phagocytosis was inhibited [148, 149]. In a later publication this group showed that
bacterial binding led to tyrosine phosphorylation of the clathrin heavy chain and recruitment of the
actin binding protein Hip1R. This linking of clathrin phosphorylation to actin assembly was essential
for bacterial internalization [150]. Clathrin was later found to be essential for phagocytosis of
apoptotic cellsin C. elegans [15].Veiga and Cossart also confirmed an earlier study [100] that showed
that the GTPase dynamin, which is essential for the pinching off of clathrin-coated (and other types
of) vesicles from the plasma membrane, is also necessary for phagocytosis. While the presence of
clathrin on forming phagosomes may be the exception rather than the rule ([151] (Griffiths,
Unpublished data), the merging of the mechanisms of phagocytosis and clathrin-mediated
endocytosis has relevance for the NP field in that knockdown of clathrin and dynamin may also affect
phagocytosis (as well as some other pathways) and should not necessarily be regarded as a specific
indicator of the clathrin-mediated endocytosis pathway.

Scavenger receptors and uptake of non-biological particles

There is a wealth of evidence that scavenger receptors are involved in the uptake of NP by many cell
types. Scavenger receptors (SR) were first described in 1979 by Brown and Goldstein who, a few
years earlier, had characterized the receptor for Low Density Lipoprotein (LDL) as the key molecule
for the highly efficient uptake of LDL-cholesterol into fibroblasts via clathrin-mediated endocytosis
(CME)[152]. By contrast to LDL receptor-mediated uptake, when LDL particles were oxidized they
formed aggregates that bound to, and were efficiently internalized by macrophages via a different
receptor at a rate 20 times greater than that of native LDL [153]. The receptor that efficiently
internalized these oxidized LDL aggregates by phagocytosis became known as the scavenger receptor
(SR) [154]. Subsequent studies revealed that SR comprise a large, highly diverse super-family of cell
surface transmembrane glycoproteins, expressed primarily on myeloid cells, including macrophages
and DCs. SR bind a variety of non-self and altered-self ligands, ranging from oxidized LDL to
apoptotic cells, bacteria and other cellular pathogens, including viruses, via pathogen associated
molecular patterns (PAMPs) [155].

SR have been classified into several distinct classes, based on their membrane topology (type I, type
I1 or multiple membrane spanning domain proteins) and the nature of their ligand-binding elements
(e.g., C type lectin-like domains, collagen-like domains and extracellular matrix (ECM) binding
domains). These latter elements are all located within larger extracellular domains, that comprise the
bulk of the proteins, and are connected to the plasma membrane by one or more transmembrane
domains that link to smaller cytoplasmic domains. The cytoplasmic domains contain trafficking
and/or signaling information that is crucial for their functional activities in phagocytosis, adhesion
and pathogen clearance. Significantly, a number of these receptors have been shown to interact with
some innate immune system Toll-Like Receptors (TLR) upon engagement with selected bacterial
pathogens [156-158].

Macrophages have evolved the capacity to clear foreign particles from the body, from bacteria to
‘inert’ material, and SR play a key role in these processes. Due to their capacity for multi-valent
binding, especially to poly-anionic structures, SR can bind to a range of non-biological, amorphous
particles, such as carbon, titanium, silica, monosodium ureate, hydroxyapatite and latex with
relatively high avidity. Moreover, SR can also bind to crystalline NP containing for example,

10



cholesterol, silica or asbestos [159, 160]. With respect to these latter materials, a number of
experiments have identified two members of the so-called class A SR family (in the original
classification) as being especially important for binding non-biological particles, specifically SR-Al
(or CD204) and MARCO (macrophage receptor with collagenous structure, or SR-A6). These
experiments combined single and double receptor knockouts, the use of specific monoclonal
antibodies targeting the ecto-domain of the receptors to block particle binding, and knock-in
transfections to render the normally non-phagocytic COS or CHO cells competent to phagocytose
diverse particles via the SR [161, 162].

What is less clear is how these receptors are able to recognize such a broad array of ligands, especially
surfaces devoid of distinct structure, such as latex or amorphous silica. A possibility is that most, but
not all, of these particles are negatively charged, so they would be expected to bind positively charged
receptor domains. MARCO, a 210 kD trimer of a type 1l single-spanning membrane protein, contains
a 110 amino acid C-terminal scavenger receptor cysteine-rich (SRCR) domain, which has a positively
charged region that is important for ligand binding. Cell surface proteins with SRCR domains and
diverse functions (not related to SR) are found widely across the animal kingdom, but a common
function for SRCR domains has yet to be determined [163]. The X-ray structure of the SRCR domain
of murine MARCO revealed two highly conserved arginine residues (432 and 434) in the extracellular
domain that are crucial for ligand binding [164, 165]. Significantly, different regions of this SRCR
domain can bind different ligands: thus, titanium dioxide (TiO2) NP bind residues 420-431 [162],
whereas silica NP bind residues 443-520 [159, 160, 166]. Nevertheless, when positive charged,
negative charged or neutral charged 3 um latex beads were directly compared, the rate and extent of
binding and phagocytosis by macrophages was the same [167]. The structural basis for the ability of
MARCO and/or other SR to bind so many different ligands thus remains an open question.

Phagocytosis of small (< 500nm diameter) NP and the role of signaling

As discussed above, there is increasing evidence that phagocytic mechanisms can mediate the uptake
of particles below the ‘official’ size cutoff for phagocytosis (500 nm). Experiments using alveolar
and other macrophages have revealed that when amorphous or crystalline silica NP in the range 10-
150 nm diameter enter cells, they leave potent signaling signatures that have many of the hallmarks
of phagocytosis. However, they show little similarity to the clathrin-mediated or caveolin-associated
vesicle uptake that one might expect to be involved based simply on considerations of size. First,
there is a robust assembly of actin filaments, evident from the effect of cytochalasin D which
efficiently blocks both NP uptake and downstream signaling events [168-170](see Fig 3B). This actin
inhibitor has little, if any, effect on the clathrin- or caveolin-associated pathways, despite the fact that
actin has been implicated in uptake by both mechanisms [171, 172]. Nevertheless, in polarized
epithelial cells it has been shown to selectively inhibit clathrin-dependent uptake from the apical
surface without affecting clathrin uptake from the basolateral surface [173].

Though there are many studies that show NP inside cells, there are few ultrastructural studies showing
how small (around 50-100 nm) NP enter cells. One potentially important observation was made by
[99] in their comparison of uptake by Acanthamoeba of latex beads ranging from 88 nm to 3 um.
Whereas beads bigger than 500 nm entered cells individually in single phagosomes, 88 - 500 nm
beads were ‘collected’ into groups of particles that entered into the cell together, forming phagosomes
with multiple beads. Similarly, in an ultrastructural analysis of silica uptake [174], focused on a
variety of cell lines and used high pressure freezing and freeze substitution (a procedure that gives
specimen preparation closer to the native structure than standard fixation). Their study revealed that
7nm, 12nm and 22nm amorphous silica NP all entered cells by vesicular pathways, with the details
differing between the three different sizes. However, whereas the 22nm NP entered individually the
7nm and 12nm NP entered cells in groups. Korn and Weisman had earlier speculated that this
aggregation of small particles on the plasma membrane before phagocytosis may occur through an
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active cellular process; the particles were not aggregated before cell contact [99]. Clearly, further
studies are needed to address this issue.

As discussed above, Kusaka and colleagues speculated that the uptake of relatively small (50 nm)
silica particles was a type of phagocytosis [168] (see also [160]. Downstream signaling events from
this uptake process included activation of MAP Kkinases, production of reactive oxygen species
(ROS), and NfkB-mediated expression of the pro-inflammatory cytokines TNF-a, IL-1p and IL-18;
for IL-1B maturation of caspase 1 must also be activated via inflammasomes [168-170, 175, 176].
This robust signaling is preceded by actin assembly, similar to that which occurs during phagocytosis
or macropinocytosis and is completely blocked by cytochalasin D [168, 177]. All these phenomena
occur in the apparent absence of opsonins, which argues that the silica binds directly to endogenous
receptors; this is however a difficult issue to prove.

There appears to be a consensus that the smaller the silica particles, the more potent the inflammatory
signaling and the greater the extent of apoptosis or other mechanisms of cell death [168, 170, 178].
A study by [179] found potent inflammatory induction in macrophages that was similar for all
amorphous silica NP with sizes of 7, 10, 16, 50, 150 and 300nm. All particles had similar cytotoxicity
and a detailed comparison of the 10nm and 500nm particles, administered such that they exposed the
same total surface area, induced similar patterns of gene expression that could be classified into
different functional categories such as transcription, inflammatory response, apoptosis and cell cycle.
Similar results were seen in a comparison of 50 and 500 nm amorphous silica particles in lung
epithelial cells by [176] who quantified cytokine expression and secretion. Other publications showed
the ability of sub-100 nm amorphous silica NP to induce more severe lung inflammation in a mouse
model than did 3um MP [168, 174, 178]. Collectively, these results are not consistent with the notion
that only 500nm particles are taken up by phagocytosis, nor with the idea that sub-100 nm particles
would enter cells by a non-phagocytic route, for example clathrin-mediated endocytosis. The
simplest, albeit radical interpretation is that both types of particles enter cells by phagocytosis.

More evidence that sub-500 nm particles enter cells by phagocytosis and regulate gene expression
comes from a study by [180] monitoring newly synthesized cytokine production by human peripheral
blood mononuclear cells stimulated with sSRNA—protamine particles. This was cited in the excellent
review by [181]: ‘The size of a phagocytosed particle can also influence the types of inflammatory
cytokines that are produced’. [180] observed interferon-o (IFNa) production in response to 220 nm
and 500 nm particles, but not 1200 nm particles. By contrast, 220 nm particles failed to induce TNF-
a, but 500 nm and 1200 nm particles both induced robust TNF-a production. Other cytokines, such
as IL-1p and IL-6, were induced equivalently regardless of particle size’. Evidently, each particle size
can behave differently to the others, but the 220 nm particles appear to enter cells via the same
phagocytosis process as the bigger particles.

In the same study another relevant observation supporting our arguments came from comparing the
levels of TNF-o secreted by monocytes in response to 220 nm versus 1200 nm particles. One 1200
nm particle contains the same mass as about 100 of the 220 nm ones. Relative to a single large particle
per cell, at low concentration of the 220nm NP the small beads stimulated much less TNF-a than the
large bead. The authors asked ‘whether a high load of NP could mimic the activity of microparticles’.
By increasing the relative fraction of small beads, the levels of cytokine produced became equivalent
for the two particles. If phagocytosis was occurring with the 1200 nm particles it must surely be the
same mechanism for the 220nm NP with a similar mass of RNA particles stimulating an equivalent
level of transcription.

Latex beads and other particles as model particles for phagocytosis
During phagocytosis, it is clear that there is intimate contact between ligand(s) on the particle and
receptors in the cell plasma membrane. While for many phagocytic substrates, e.g., bacteria or dead
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cells, this might involve multiple receptor-ligand types, a powerful way to simplify the interaction is
to use latex beads with one specific ligand on their surface, such as mannose or IgG. This ligand then
binds its cognate receptor which, in turn, initiates a specific receptor-dependent signaling program.
Using J774 murine macrophages, we compared 1um latex beads coated with mannose, LPS, IgG,
and avidin ([182] see also [183], monitoring (1) phagocytic uptake rates in association with the
presence of an actin coat around the forming phagosome, (2) the Kkinetics of fusion of phagosomes
with lysosomal compartments, (3) the gene expression profile initiated by phagocytosis, (4) the
protein composition of isolated mature phagosomes, and (5) the time-dependent dynamics of selected
protein associations with phagosomes. Latex beads with different coats were internalized at different
rates and exhibited distinct kinetics of phago-lysosomal fusion. Furthermore, less than 60% of
identified phagosomal proteins and only 10-15% of changes in gene expression were common to all
four ligands. Thus, each ligand induced a distinct pattern of gene expression, in conjunction with
different rates of phagosome maturation, resulting in different protein composition of (isolated)
phagosomes. An elegant complementary study tested beads coated with 1gG, mannan, beta glucan,
fibronectin and complement factors Clg and iC3b, in bone marrow macrophages [184]. They
monitored phagocytic uptake, production of nitric oxide and superoxide, phagosome fusion with
lysosomes, cytokine secretion and the ability of the different particles to activate the killing of bacteria
when the factors were conjugated to the surface of E.coli. As in our study [182], each phagocytic
ligand activated a distinct pattern of responses. A more detailed quantitative proteomic analysis using
latex beads having IgG (for Fc receptor), complement 3b (complement receptor), LPS, mannan,
(pathogen associated molecular pattern TLR’s) calreticulin and phosphatidyl serine (PS, for apoptotic
cells) and avidin (inert control) was undertaken by [31]. All the ligands induced small but significant
unique differences in the pattern of proteins found in the resulting phagosomes. They also showed
that beads with PS were anti-inflammatory and repressed the activity of the pro-inflammatory
transcription factor NfkB whereas beads with 1gG were pro-inflammatory and stimulate translocation
of NfkB into the nucleus. In other words, activating a single receptor type can have profound effects
on gene expression.

Dykstra et al. also tested the microtubule depolymerizing drug nocodazole and found that only
complement factor coated beads require microtubules for their uptake, in agreement with earlier
studies by [185] This was also confirmed by [186] who found that non-opsonized 3um silica NP
required microtubules for their phagocytosis. The role of microtubules in phagocytosis is unclear,
though it has been suggested they may provide tracks for membrane vesicles that supply the
membrane for forming the phagosome [187].

Taken together, these data argue that phagocytic receptor-specific signaling programs direct
phagosomes to different physiological states. An interesting but unresolved question is what happens
in more realistic situations when two or more ligands on the same particle engage different receptors;
does one receptor dominate the signaling for example? This can be expected to be the situation when
a bacterial pathogen, with multiple surface ligands, binds to the surface of a cell such as a macrophage
Early evidence of synergistic interactions between two receptors comes from studies summarized in
the classical review by Silverstein et al [188]. Particles, such as erythrocytes coated with sub-optimal
levels of complement C3b or with IgG, were not phagocytosed by macrophages or neutrophils.
However, particles coated with the same amounts of both proteins were efficiently phagocytosed.
With 1gG alone, ~6000 molecules per erythrocyte were needed for efficient phagocytosis whereas
only 150 molecules were needed for efficient uptake when combined with a few hundred molecules
of C3b (or C3d) [189].

More recently, other examples of interactions between two receptors during phagocytosis have been
reported. A well-studied example is the synergistic interactions in phagocytic cells between Dectin-
1, a pattern recognition receptor that binds specific glucans, such as those found on yeast/ fungi, and
Toll-Like receptor (TLR)-2 that binds lipoproteins on fungi and other pathogens [190]. Lin and
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colleagues devised a method to manipulate the spatial location of Dectin-1 and TLR-2 ligands on
latex beads and to relate their patterns (localized via super-resolution microscopy) to their ability to
activate NfkB-dependent transcription, secretion of TNF-a and the production of ROS in
macrophages. For optimal synergy, so-called receptor cross talk, they found that the two ligands, and
therefore also the two receptors, needed to be separated by a distance of around 500nm; beyond that
distance the signaling diminished [191]; it is difficult to compare this study dealing with two different
receptors and the study by Kern and colleagues discussed above dealing with only one receptor [64].
In another system, involving interactions between Fc receptors binding IgG opsonized bacteria and
TLR’s involved in phagocytosis by DCs, the combination of both receptors was needed for
transcription and secretion of inflammatory cytokines (TNF-a, IL1B, IL-23 and IL-6). Intriguingly,
while binding of both receptors was needed for this response, subsequent phagocytosis was not;
moreover, cytochalasin D blocked the internalization process but not trans-membrane signaling to
the inflammatory response [190]. Thus, in this case binding of the receptors was sufficient to initiate
the signaling events leading to gene expression, independently of continued phagocytosis.

Latex beads for phagosome in vitro actin assembly analysis

The phagocytic uptake and signaling processes are not only incredibly complex, with many players
acting in seconds but are also experimentally inaccessible, especially the events that occur on the
cytoplasmic side of the membrane. An in vitro cell free system that reconstitutes these events could
be a powerful tool but appears difficult to conceive at present. However, after they are engulfed, latex
beads have physical attributes that enable them to be isolated as very pure phagosome fractions by
gradient centrifugation [99, 192]. This has allowed many in vitro assays of different functions to be
developed [67]. One type of membrane catalyzed actin assembly has been reconstituted on such latex
bead phagosomes, where membrane-bound ezrin and newly synthesized phosphoinositides P1(4)P
and PI1(4,5)P, were shown to be essential components [193, 194]. This process required ATP but,
significantly, not GTP, ruling out the need for GTPases in this system. This assembly could be
positively and negatively regulated by many lipids [195, 196]. As in all known membrane-catalyzed
nucleation and polymerization of actin filament reactions, the actin monomers are inserted at the
membrane surface [193].

2B. PROCESS 2:MACROPINOCYTOSIS

Macropinocytosis is defined as an endocytic process that involves the formation of large,
heterogeneously-sized, fluid-filled vesicles, termed macropinosomes, that are visible by conventional
light microscopy (above 200 nm in diameter) (Fig 4). This process was first described by Warren
Lewis in the 1930’s who observed macrophages and tumor cells taking in big gulps of the
extracellular medium [139, 197, 198]. Although extensively studied in macrophages and immature
dendritic cells, macropinocytosis is also a prominent process in a variety of other cells, in particular
Dictyostelium amoebae where it functions in nutrient uptake, operating in parallel with the
phagocytosis of bacteria [117].

Whereas phagocytic uptake, especially of bacteria, caveolae and clathrin-coated pits/vesicles are
structurally distinct and easily identified by EM, both in cells in culture and in tissues, essentially all
studies of macropinocytosis, that are morphologically distinct only when viewed in three-dimensions
have been carried out in cultured cell models. An exception is a study showing that macropinocyosis
can deliver protein nutrients to Ras transformed cancer cells both in culture and in a mouse tumour
xenograft model, though macropinocytosis was not directly visualized in vivo [199]. In a convincing
in vivo demonstration, macropinocytosis was seen by two-photon imaging of resident tissue
macrophages in the peritoneal serosa of mice ([200]. Another report we could find for
macropinocytosis in vivo was uptake of fluorescent dextrans by hemocytes in Drosophila embryos
[201]. An early EM study of Salmonella uptake into guinea pig intestine also showed evidence
suggestive of macropinocytosis, although this was not proposed at the time [202] (Discussed below).
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The formation of macropinosomes can best be visualized by adding a fluorescent, fluid phase marker,
such as dextran (usually 10-70 KDa) to the cell medium; this label will occupy the content of any
macropinosomes that form from the plasma membrane. For short incubation times (15 min) it was
claimed that the 70Kd dextran will selectively label macropinosomes but not clathrin-coated vesicles
(Canton et al, 2015). However, it is not obvious why a molecule no bigger than 10 nm in diameter
[203] cannot enter a CCV, unless it simply reflects the low probability of sufficient fluorescent
dextran molecules to be visualized being incorporated into a small vesicle at the concentration used.
Forming phagosomes will also not be labelled with these fluorescent compounds due to the tight fit
of the membrane around the target that excludes fluid phase markers [204, 205]. Macropinocytosis
can occur constitutively in some cells, such as immature DCs and macrophages (discussed below
[206, 207] [208], but is usually activated by ligands binding to a selection of specific receptors, often
receptor tyrosine kinases such as epidermal growth factor (EGF) [209], insulin, platelet-derived
growth factor (PDGF) or colony stimulating factor (CSF) receptors. In addition, macropinocytosis
can be activated by expression of oncogenes such as Ras and Src [210] [211]. Pathogens such as
Salmonella typhimurum release factors that stimulate macropinocytosis to mediate infection in both
professional phagocytic cells and cells such as epithelial cells, the bacteria being carried along as
collateral with the fluid [212].

In the case of growth factors, the binding of soluble ligands to their cognate receptors initiates trans-
membrane signaling events that stimulate actin polymerisation (discussed below) and ruffling that
can lead to the formation of large vesicles, especially at the leading edge of cells. Here, there is
similarity between macropinocytosis and phagocytosis; however, whereas phagocytosis tends to
induce local ruffling adjacent to the particle, macropinocytosis induces a more global response,
including the striking formation of circular dorsal ruffles, especially on the top (dorsal) surface of
cultured cells, [213, 214]. A recent study in macrophages using lattice light sheet microscopy
described the ruffles as being erected and supported by actin filament bundles reminiscent of poles
erecting and holding up a tent (Condon 2018). In this model twisting of the hypothetical tent poles
facilitated closing of the macropinosome vesicles.

Even though there are no obvious defined zones of macropinocytosis on the plasma membrane, there
are evidently membrane boundaries that delineate the ruffling zone. Using a photoactivatable GFP
attached to a spanning membrane protein (neuromodulin) in Macrophage-Colony-Stimulating-Factor
(CSF) stimulated macrophages, Welliver and colleagues saw that the GFP was restricted to zones co-
localizing with circular ruffles [215]. This argued for a diffusion barrier around forming
macropinosomes that coincided with the zone of actin assembly and with activated Rac-1. In earlier
studies, the activation of Rac-1 and the formation of PIP3 was linked to sealing of the macropinosome
vesicles [216].

The process of macropinocytosis can vary between different cell types. [117] described significant
differences in the mechanisms and regulation seen in Dictyostelium, DCs, macrophages, epithelial
cells and cancer cells. In most cases, within 15 mins of adding a stimulus the majority of
macropinosomes move towards the cell center, undergoing sequential fusions with Rab5-positive
early endosomes, followed by Rab7-positive late endosomes/lysosomes, where they acquire
lysosomal markers, including acid hydrolases and LAMP proteins (see Fig 9C)[217]. Through these
fusions, macropinosomes also acquire the proton ATPase complex that acidifies the vacuole lumen
[218]. During this maturation, a significant fraction of macropinosomes are converted to tubules, in
conjunction with removal of water from their lumen [139, 200, 219]. In contrast, in A431 human
epidermal cells, macropinosomes do not fuse with endo-lysosomes, but within minutes of formation
they fuse back to the plasma membrane in an apparently futile cycle [220]. A striking example of
micropinocytosis was shown by [221] during their investigation of uptake of the bacterial pathogen
Afipia felis into macrophages. When the bacteria were not opsonized with IgG they entered cells in
classical macropinosomes that were convincingly demonstrated by fluorescence microscopy and by
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EM. Most of the bacteria did not reach endolysosomes and the bacteria replicated. However, when
the bacteria were opsonized with antibody they entered cells in tight-fitting phagosomes and the
majority were targeted to endolysosomes where the pathogen was inactivated.

Role of actin, microtubules and signaling in macropinocytosis

Macropinocytosis appears to share many mechanistic similarities with phagocytosis and chemotaxis,
in particular the process through which ligand-receptor binding on the cell surface signals actin
polymerization on the cytoplasmic surface of the plasma membrane [214] In all three processes there
is a consensus that the first peak of actin assembly occurs around 10 seconds after the initial stimulus.
Macropinocytosis and phagocytosis are more closely related in that actin polymerization is
coordinated with ruffling and the formation of membrane vesicles surrounding a solid particle, in the
case of phagocytosis, and engulfing only liquid in the case of macropinocytosis. As with
phagocytosis, the assembly of actin appears to be coordinated by formin family members, which
nucleate and polymerize straight, unbranched filaments at the membrane surface and the Arp2/3
complex that form branched filaments emanating from the formin-catalyzed filaments [222]. This
machinery is regulated by members of the WASP family, and many other proteins, including myosins
[223] [224]. Also similar to phagocytosis, macropinocytosis is strongly inhibited by cytochalasin D
and other actin inhibitors.

Many signaling molecules are shared between macropinocytosis and phagocytosis. The two
processes are rarely studied in parallel and the emphasis on any particular protein or lipid depends on
the specific interest of the investigators. The Ras-pathway and phosphoinositides have especially
been linked to the core machinery regulating macropinocytosis. Ras-activated PI13-kinases (class-1
P13-kinase), Ras GTPase itself and the protein kinase B/Akt (which binds phosphatidylinositol 3, 4,
5 tri-phosphate (PI(3,4,5)Ps [PIP3]) are central organizers of macropinocytic cups. A number of
additional signaling molecules have been shown to regulate classical macropinocytosis
(phosphoinositide 3-kinase (PI3K), phosphoinositide 4,5 bis-phosphate (PIP2), phosphoinositide 3-
phosphate (P1(3)P), diacylglycerol (DAG), Rho family proteins. A common scenario is that ligand
binding activates receptors that then turn on Ras GTP, which recruits PI3Kinases. These enzymes
make the phosphoinositide PIP3 that interacts with Rac and Cdc42, which in turn somehow regulates
actin assembly [139, 213, 225]. Most if not all of these signaling molecules are also active during
phagocytosis. As with phagocytosis these observations offer only glimpses of the overall mechanism.
The key to deciphering molecular differences between phagocytosis and macropinocytosis surely lies
with a systems biology-based network analysis [226].

There is a well-entrenched dogma stating that the Rho family GTPases (and other molecules) operate
upstream of actin assembly in macropinocytosis, phagocytosis and chemotaxis [214] [227]. If so,
these GTPases need to be activated before around 10 seconds of a phagocytic, macropinocytic or
chemotactic signal; moreover, in most signaling schemes there are at least three putative upstream
reaction steps before the active Rho protein. However, when quantitative fluorescence microscopy
was used to monitor the association of active forms of Racl, Cdc42, and PIP3 during
macropinocytosis, the peak of their activities was detected around 80 sec, that is after the initial peak
of actin assembly [215, 216]. While this does not rule out that activation of these GTPases starts
earlier, this interpretation is consistent with two systems that reconstituted de novo assembly of actin
on membrane surfaces, latex bead phagosomes [193] and Listeria and Shigella bacteria [228]; in both
cases ATP was required but not GTP. What is clear is that despite considerable effort, much remains
to be understood in the regulatory mechanisms involved in both macropinocytosis and phagocytosis.

Recently, a role for microtubules was revealed for the initial uptake step of macropinocytosis in a
human cancer cell. When microtubules were depolymerized with nocodazole, macropinosome
formation and fluid uptake was inhibited. Live cell imaging revealed that the growing tips of
microtubules contacted the forming macropinosome precisely at the time when the prominent actin
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coat depolymerised. The microtubules, as well as the minus-end motor dynein were needed for both
formation of the macropinosomes, and their transport towards the perinuclear region of the cells. A
role was also shown for JIP3, a Jun kinase interacting protein that can function as a scaffold for
microtubule motors and for Arf 6 GTPase [229].

Constitutive macropinocytosis

Immature DCs and macrophages can take in fluid in large volumes even in the absence of serum or
other stimulants [207]. It has recently emerged that this constitutive macropinocytosis is
mechanistically quite different from the process that is activated by stimuli such as growth factors.
Whereas the latter occurs independently of extracellular calcium, constitutive macropinocytosis is
dependent on the presence of calcium in the medium [230]. In myeloid cells a G-protein coupled
Calcium Sensing Receptor CaSR was shown to respond to extracellular calcium; when HEK 293
cells were transfected with CaSR they acquired the ability for constitutive macropinocytosis [230].
In this elegant study, it was convincingly shown that macrophages were capable of both types of
macropinocytosis. Even in the absence of extracellular calcium they could still respond to the
stimulus of macrophage-CSF. The constitutive macropinocytosis was also shown to require a number
of factors, including PIP3, Rac1/Cdc42 and phospholipase C. In contrast to mammalian myeloid cells,
constitutive macropinocytosis in Dictyostelium is not influenced by extracellular calcium [139]

The mammalian cells most active in macropinocytosis appear to be immature DCs; these cells can
macropinocytose the equivalent of their cell volume of liquid in about 15 min [208, 231] and can
continue this process constitutively, without growth factors, over many days. This ability to undergo
macropinocytosis so extensively has been proposed to allow immature DCs to sample large volumes
of fluid to capture and process antigens [208]. Consistent with this, these macropinosomes fuse with
endosomes and lysosomes, compartments where antigen processing can occur. However, this idea
has recently been questioned on the grounds that receptor-mediated mechanisms, such as
phagocytosis are much more efficient [207]. The latter group also made an interesting and counter-
intuitive observation that pro-inflammatory macrophages (monocytes activated with granulocyte
macrophage colony stimulating factor [GM-CSF] followed by interferon gamma and LPS) were
inactive in macropinocytosis. In contrast anti-inflammatory macrophages (treated with M-GSF
followed by IL-4) were highly active in constitutive macropinocytosis [232]. The significance of
these findings remains to be elucidated.

A recent study showed that Rab10 is recruited to forming macropinosomes in myeloid cells
competent for constitutive macropinocytosis. Knockdown of this Rab strongly inhibited
macropinosome formation but had no effect on either clathrin-mediated endocytosis or phagocytosis
of IgG-coated beads [2]. This is one of the few examples of a convincing molecular difference
between macropinocytosis and phagocytosis.

Phagocytosis versus macropinocytosis

Although the functions of phagocytosis and macropinocytosis appear to be different, the two
processes show similarity in their mechanisms of actin assembly and signaling (Box 3). This makes
it very difficult to distinguish between the two processes using inhibitors or by modulating the
expression of specific proteins.

One interesting way of comparing phagocytosis and macropinocytosis comes from gene knockout
studies in Dictyostelium, which actively uses both processes. This analysis confirmed that at least a
dozen proteins (including actin) are essential for both phagocytosis and macropinocytosis. However,
some molecules, such as myosin VII, are required for phagocytosis but not for macropinocytosis;
conversely protein kinase B (Akt) is needed for macropinocytosis but not for phagocytosis [66].
However, it should be noted that this PKB/AKkt does play a role in phagocytosis in other cell types
[233, 234].
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In Dictyostelium a striking mechanistic similarity between phagocytosis and macropinocytosis was
described by Mercanti et al. who showed that two plasma membrane proteins were excluded from
both forming phagocytic cups and from macropinosomes early in their assembly [151]. Another two
plasma membrane proteins were found at the same concentrations in the forming vesicles and in the
rest of the cell surface. That the vesicle forming domains for phagocytosis and macropinocytosis in
Dictyostelium are similar in mammalian cells is also evident in their similar content of
phosphoinositides, most prominently PIP3 [235].

As far as we can see the molecules involved in signaling during phagocytosis [236] are the same as
those involved in macropinocytosis [117] [139] [214]. However, while there is extensive literature
describing signal-mediated modulation of gene expression, especially of cytokines and chemokines
during phagocytosis [181], regulation of gene expression does not appear to be a prominent function
of macropinocytosis. One obvious explanation for this difference is that phagocytosis is an extended
process. After phagocytosis of a Staphylococcus aureus it can take 12-48 h for a macrophage to kill
and digest the bacterium [237], while a non-degradable particle such as a latex bead remains
indefinitely inside its phagosome. It is now well established that signaling events can continue from
within the phagosome [181]. In contrast, ligand-induced macropinocytosis is a much shorter event
and is not generally associated with secretion of cytokines and chemokines.

Even when macropinocytosis-associated dorsal ruffling is prominent, it appears that phagocytosis can
occur in the same cell at the same time. It had long been believed that the bacterial pathogen Shigella
flexneri uses a type 11 secretion system to inject factors into gut epithelial cells to trigger its uptake
by macropinocytosis [238]. In elegant light and electron microscopy studies of Shigella entry into
epithelial cells, Weiner et al. confirmed that macropinosomes were formed and could be labeled by
fluorescent dextran in the medium [205]. However, the bacteria were internalized in classical tight-
fitting phagosomes that excluded the fluorescent dye. The role of the bacterial effectors is evidently
not in entry but in the ruffling process that forms macropinosomes. Subsequently, the bacterial
phagosomes fuse with the macropinosomes that are suspected of delivering bacterial effectors that
rupture the vacuole (phagosome) and release the bacteria into the cytoplasm to start the cytoplasmic
phase of the infection. Rab11 was also shown to be acquired by macropinosomes and essential for
the delivery of bacterial effectors to the phagosome. A similar interaction between different pathways
was described for the uptake of the non-enveloped virus adenovirus 2 into Hela cells. In this case,
binding of virus particles to the cell triggered macropinocytosis, but the virus entered early
endosomes via clathrin-mediated endocytosis [239]; in some way the macropinosomes facilitated the
escape of the virions from endosomes to the cytoplasm to initiate infection.

Together these observations indicate that it can be difficult to distinguish unequivocally between
macropinocytosis and phagocytosis. In attempts to address this issue, many researchers resort to the
use of ‘selective’ inhibitors. As we discuss below, these are of dubious specificity and cannot reliably
distinguish one process from the other. Thus, more stringent criteria are crucial in order to show
convincingly that macropinocytosis mediates endocytosis of specific cargoes under physiological
conditions. We argue that live cell microscopy combined with a fluid marker, such as fluorescent-
dextran, is essential to monitor the ruffling process and the formation of macropinosomes over
relatively short time periods [198]; many studies claiming uptake of NP by macropinocytosis only
monitor uptake after many hours of incubation, often following overnight serum starvation
(Discussed below). Scanning EM is also useful in providing a 3D overview of membrane organization
[117] (see Figs 2 and 4). This approach allows close contact between the cell and target particle to
be seen in 3-D during phagocytosis and the absence of intimate contact during macropinocytosis.
Thin section transmission EM is less informative for describing macropinocytosis because it is
restricted to 2D images that can be difficult to interpret. In the literature there are many unconvincing
claims of macropinocytosis based on thin section EM images of NP adjacent to surface filipodia,
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however this snap-shot juxta-positioning is far from sufficient to establish macropinocytosis as the
mechanism for NP uptake; one cannot be sure of connectivity between membranes in a 2D slice (see
Figs 4 1, J). In contrast, thin section TEM can be highly informative for characterizing phagocytosis
(Fig 3A, B).

Macropinocytosis of nanoparticles

Claims that NP are internalized by macropinocytosis need to be stringently scrutinized. For immature
DCs, macrophages or other cell types which show constitutive macropinocytosis, it would be
expected that NP added to the medium would enter into macropinosomes, simply as content of the
extracellular medium. However, it is unclear whether equivalent uptake would also occur in vivo.
Adding activators like EGF can trigger macropinocytosis; similarly, serum-starving cells followed
by addition of NP plus serum would have the same effect [1]. By contrast, if cells are not stimulated,
little macropinocytosis is seen unless the material of the NP themselves activate the cells in some
way. The question then arises, what are the most natural conditions to test whether or not NP or MP
enter cells via macropinocytosis?

As indicated above, to show that a particular NP enter cells by macropinocytosis it is important that
the process is documented with live cell microscopy, using a fluorescent fluid phase marker. In our
survey of the NP literature claiming uptake by macropinocytosis most of the analyses were carried
out on chemically fixed cells, and flow cytometry following trypsin treatment (discussed below) was
commonly used to evaluate uptake rather than microscopy. But the evidence actually given the most
weight in the NP field invariable derives from experiments using inhibitors, an approach also
discussed in detail below. We have found few studies claiming NP uptake by macropinocytosis that
could not be just as well explained by phagocytosis.

As an example, we cite the study by [45] who analyzed the uptake of rod shaped and spherical silica
NP into HeLa and A-549 cancer cell lines. Using serum starvation before adding NP in serum they
found that rod shaped NP were taken in most efficiently by a mechanism that was sensitive to
inhibition by amiloride, cytochalasin D, azide and 4°C. These NP stimulated the formation of
filopodia, actin polymerization and the activation of small GTP-binding proteins (Racl, CDC42).
They interpreted these data as showing that the uptake process was macropinocytosis but all their
criteria could equally well apply to phagocytosis. However, the latter was not seriously considered
despite the fact that it is easier to imagine phagocytic binding being more likely to sense shape
differences between particles than macropinocytosis.

Macropinocytosis of viruses

Viruses can be considered a special example of NP. As with NP, there are claims that a number of
viruses infect cells via macropinocytosis, and again we consider some of these claims questionable.
In most of these studies there is, again, a strong emphasis on inhibitors that are supposed to provide
evidence for or against specific pathways. The main forms of evidence often considered as being in
favor of macropinocytosis are 1. The stimulation of ruffling by the virus is often but not always
associated with an increase in fluid phase uptake; 2. Inhibition of uptake by actin inhibitors; and 3.
Inhibition by inhibitors of the Na+/H+ exchanger NHE1, such as amiloride, EIPA or other (non-
specific) inhibitors of macropinocyosis. Evidence using inhibitors, or expression of proteins affecting
signaling that has implicated key molecules, such as Rho family proteins, PKC, PI-3kinase, has been
argued to be indicative of macropinocytosis. Essentially none of these criteria allow one to
distinguish unequivocally between macropinocytosis and phagocytosis. For example, in the case of
human papilloma virus HPV-16, the proposed macropinocytosis mechanism [240] showed no
evidence of ruffling and was not regulated by Rho GTPases. Uptake of this virus appears more
consistent with phagocytosis even though the particles are 55 nm diameter [42]; indeed thin section
EM analysis showed individual virions in single, non-clathrin invaginations that suggested contact
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between the virus and membrane components [240, 241]. When uptake was monitored in the presence
of cytochalasin D, the virus particles accumulate in rows on the cell surface, arguing that the virus
continues to bind receptors but cannot be internalized in the absence of actin polymerization.

Vaccinia virus (VV) and other large DNA viruses are frequently cited as prototypes for virus infection
via micropinocytosis [242] [42] [243]. Vaccinia virions are released from infected cells in two
different forms, so called intracellular membrane virus (IMV) and the extracellular enveloped virus
(EEV), which differ according to the mode of release and number of surrounding membranes. Both
forms of the virus were claimed to enter cells by macropinocytosis, largely based on the use of
amiloride, EIPA (see below) that are generally agreed to be inhibitors of dubious specificity. While
we agree that the IMV stimulates active signaling and ruffling, in our hands (GG) the EEV (with one
additional membrane) fails to activate many signaling events we tested [244]. Extensive EM analysis
supports the notion that both viruses fuse at the plasma membrane and release the morphologically
distinct nucleocapsid beneath the plasma membrane, including within filipodia projections [244-
246]. Such a model is not consistent with uptake during infection by macropinocytosis which should
deliver the nucleocapsid to intracellular membranes though we cannot exclude the possibility that the
use of different virus strains or cell types may explain these different results’

2C) PROCESS 3: CLATHRIN-MEDIATED ENDOCYTOSIS

After phagocytosis, another well-characterized receptor-dependent mechanism by which eukaryotic
cells internalize extracellular material is clathrin-mediated endocytosis (CME), whereby clathrin-
coated pits (CCP) assemble on the cytoplasmic side of the plasma membrane, invaginate and pinch
off to form clathrin-coated vesicles (CCV; for an excellent historical overview see [88](See Fig 5).
Whereas in classical phagocytosis the size of the particle determines the size of the phagosome, i.e.
the vesicle molds itself around the incoming particle, in CME the architecture of the vesicle, and thus
a notional maximum cargo size is determined by the clathrin coat that, in a sense, acts as a vesicle
exoskeleton [247, 248]. Plasma membrane-derived CCV are on average around 100 nm in diameter
though there may be some flexibility in size, as discussed below [249]. It should be noted that CCV
also form on the trans Golgi network [250] and on endosomes [251]; these vesicles are usually smaller
(60-80 nm diameter) than those formed at the plasma membrane and will not be further discussed
here [252, 253].

While phagocytosis is to a large extent a process for taking in particles such as bacteria, or dead or
dying endogenous cells, CME is used by most cells for the selective uptake of smaller molecules and
molecular complexes up to ~100 nm diameter. These include nutrients and co-factors (e.g. iron via
transferrin; cholesterol via low density lipoproteins), hormones and growth factors and their receptors
(e.g. insulin, epidermal growth factor [EGF]) and a variety of other signaling molecules such as G-
protein-coupled receptors, [254], as well as viral pathogens and some toxins.

In addition to clathrin, a heterotetrameric adaptor complex, AP-2, is a key component of the coat
complex (four other AP complexes, AP-1, -3, -4 and -5, have been implicated in other intracellular
trafficking events but are not known to function in CME) [255]. Endocytic CCV formation is initiated
when the cytoplasmic domains of plasma membrane receptors and PIP2 interact with AP-2 which, in
turn, acts to recruit clathrin triskelions. It has also been recently argued that Eps15 and Fcho1/2 initiate
endocytosis by forming liquid-like assemblies thereby providing an optimal catalytic platform for
endocytosis [131]. Clathrin triskelions are the main component of the bristle-like coat seen in electron
micrographs of CCP and CCV (Fig 5). As the name suggests, clathrin triskelions are three-legged
protein complexes, consisting of three 180 kDa clathrin heavy chains together with three copies of a
smaller molecular weight clathrin light chain (CLCA and CLCB). Triskelions can assemble to form
polyhedral lattices on the cytoplasmic surface of the plasma membrane. These lattices comprise
hexagons, which form flat arrays, and pentagons, which introduce curvature into the flat lattice [88,
247, 248, 256]. The structures, interactions, and arrangements of clathrin and AP2 at the key steps of
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coat assembly were recently determined using cryo—electron microscopy, tomography, and
subtomogram averaging [257]. Though usually assembled in arrays (CCPs) ~100 up to 150 nm in
diameter, that form a single CCV, larger flat clathrin lattice domains are features of the plasma
membrane in some cell types [258] [259]).

The mechanism(s) that drive membrane deformation is controversial with two long-standing
hypotheses still being debated [260]. According to one model, clathrin triskelions first assemble onto
the membrane as a flat hexagonal lattice. Without change in the lattice surface area, curvature is then
generated through coat remodeling that introduces pentagons into the lattice. The second model
predicts that assembly of intrinsically curved clathrin triskelions onto a forming pit drives the
progressive transition from a shallow to a deeply-invaginated pit [261] (see also [139].

Regardless of the specific mechanism, CCP assemble in several well-defined steps. Coated pit
assembly involves a plethora of proteins that either form structural components of the CCVs or
regulate steps in CCP formation [262]. Assembly is initiated by PIP2-mediated recruitment of AP-2
complexes to the plasma membrane, interactions that are stabilised by binding of endocytosis signals
in the cytoplasmic domains of transmembrane receptors, e.g. tyrosine-containing motifs (e.g. Yxx@;
where x can be any amino acid and @ is an amino acid with a large hydrophobic side chain) or
dileucine motifs, to recognition sites in the AP-2 mu and alpha subunits, respectively. Subsequently,
AP-2 B2 subunits recruit clathrin triskelions and initiate assembly of the polyhedral clathrin lattice.
AP-2 also acts as a scaffold for the recruitment of other clathrin-associated proteins, including Eps15,
amphiphysin, CLASP and, in some cases actin, that function to regulate CCV formation and cargo
selection [263] [254]. Overall, the interactions of AP-2 with endocytic sorting motifs on cell surface
cargo receptors serve to concentrate these proteins in CCVs to facilitate their efficient internalization
and the receptor-mediated endocytosis of cognate ligands. By contrast, molecules that lack AP-2
binding signals can be internalized in the CCV lumen, without concentration, and at bulk-flow rates.
By contrast, GPI-anchored proteins, and proteins anchored to the actin cortex, are excluded from
forming CCPs and undergo relatively slow constitutive endocytosis [264, 265]. For an example of a
gold marker that concentrates rapidly in CCP see Fig.5A-E.

The late stage, highly curved, deeply invaginated CCP cannot pinch off by themselves. Scission is
mediated by the GTPase dynamin, which binds to PIP2 in the membrane neck and self-assembles to
form a spiral “collar”; coordinated GTP hydrolysis in the dynamin molecules tightens the collar to
promote membrane scission, releasing a CCV into the cytoplasm [263]. Dynamin also has Src
homology 3 (SH3) proline-rich domains that can bind proteins such as amphiphysin and endophilin;
these so-called BAR domain proteins can induce or sense membrane curvature and support dynamin
mediated CCV scission [263] [266]. The lifetime of a CCV is in the order of one minute or less; the
process of severing a CCV from the plasma membrane is closely followed by disassembly of the
clathrin coat, mediated by the chaperone Hsc70, also known as auxilin, and facilitated by
synaptojanin, a 5' phosphoinositide phosphatase that acts on PIP,. After removal of the coat, the naked
vesicles fuse with early endosomes (EE), thereby inserting their membrane into the EE membrane
and their content into the endosome lumen [249].

Recent work has revealed unexpected complexity in endocytic CCV formation [139]. First, over 60
different proteins [267] [88, 261] and at least four different phosphoinositides [268] have been
implicated in CCV assembly, with many of the details still unclear. Moreover, not all plasma
membrane CCPs are equal; up to half are short lived (around 20 sec), fail to recruit cargo and
spontaneously abort [269]. Additional factors can also regulate CCV formation. For example, some
cargo can control CCV formation by regulating receptor ubiquitination; some non-ubiquinated
receptors can arrest coated pits after clathrin lattice assembly; dynamin-dependent CCV scission
occurs following ubiquitination of lysine residues in the cytoplasmic domain of the receptors, a
mechanism that may allow CCP to ‘sense’ their cargo content [270].
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Although actin polymerisation is clearly essential for phagocytosis and macropinocytosis, CME was
long considered to be independent of actin. This notion was largely based on the inability of actin
inhibitors, such as cytochalasin D, to have a significant effect on CME in mammalian cell systems
[271]. (Cytochalasin D does inhibit CME from the apical surface of epithelial cells-see above page
11). However, observations in budding yeast showed that local, transient polymerization of actin
filaments accompanies CCP/CCV assembly [261, 272]. More recent work in mammalian cells has
suggested that actin dynamics can be involved in multiple stages of the CCV cycle, including
invagination and the dynamin-associated fission process [171, 262, 273] [274] [117]. However, as in
yeast, this actin-dependency appears to be mainly associated with CCV endocytosis from membranes
under tension. In the case of polarized epithelial cells, endocytosis from the apical domain, but not
the basolateral domain, is actin-dependent, reflecting differences in the tension of the two plasma
membrane domains [272]. Nevertheless, in practice actin inhibitors such as cytochalasin D rarely or
only moderately impact on CME whereas they generally strongly inhibit phagocytosis and
macropinocytosis.

The constitutive formation of CCVs, which occurs throughout much of the cell cycle, drives the
highly dynamic turnover of the plasma membrane. CCV formation, from CCP nucleation to CCV
scission, takes less than 1 minute. In fibroblasts roughly 0.5-1.6 % of the total plasma membrane
surface is involved in CCV formation at any given time [275] [276-278], so that a surface equivalent
to the entire plasma membrane is internalized in 1-2 hr. The internal volume of the vesicles so formed
is filled with liquid from the surrounding medium, without concentration, and thus contributes to
constitutive fluid phase endocytosis (as does macropinocytosis).

Clathrin coated vesicles and NP uptake

In contrast to phagocytosis, there are many claims for NP entering cells via CCVs. It is well
documented that many small viruses (<120 nm diameter), including alpha-, flavi-, adeno-,
orthomyxo-, parvo- and picornaviruses, can enter cells in CCVs [40]. The cell surface receptors
exploited by viruses normally function to bind physiological ligands or mediate cell-substrate
interactions [256] [42, 279]; for example, parvoviruses and the clade B arenaviruses [280] exploit
transferrin receptors to enter cells via CME, and vesicular stomatitis virus (VSV) can use LDL
receptors [281, 282].

In many respects viruses are excellent models when considering the interaction of NP with cells. As
the presence or absence of specific receptors often defines the tropism of viruses for specific cell
types, targeting of NP to specific cells and entry pathways can be facilitated by exploiting specific
ligand-receptor interactions. Although there are many claims for NP entering cells via CCVs, see e.g.
[8, 119, 283-290] [162, 196, 291-294], these conclusions are often based solely on experiments using
chemical inhibitors which, as we discuss below, when used alone are unreliable. To clearly establish
a role for CME in the uptake of any ligand, multifaceted approaches, using microscopy (live cell
fluorescent and EM), as well genetic, biochemical and pharmacological approaches are necessary.

It should be noted that the concept discussed above, that some CCP abort before budding is completed
[269], is relevant for claims that NP enter cells by CCV, as association of NP with CCP at the plasma
membrane alone may not be sufficient evidence that those pits will be internalized into the cells.

There are convincing EM studies showing uptake of small latex particles and carbon NP that appear
to be tightly interacting with the outer surface of CCP (see below). Given that some scavenger
receptors can enter cells via CME, for example during uptake of high-density lipoprotein (HDL)
[295], and that SR can mediate NP endocytosis via CCV [296-298], it is possible that scavenger
receptors (SR) may be mediating these interactions with latex and carbon NP. SR may also be
involved in linking particles much larger than 100 nm to giant CCP; [282] showed that clathrin coats
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can be extended to accommodate the bullet-shaped VSV particles (70 x 200 nm). In this case, actin
filaments appeared to play an active role in facilitating CCP/CCV enlargement.

Fig 5 F shows another example of CCV enlarging to fit a particle bigger than the usual 100nm in
diameter. This experiment is from a study where poly-lactic acid (PLA) NP (250-300 nm) were
injected into the vasculature of zebrafish embryos. Within 1 minute these particles were found in
structures with the typical appearance of (highly enlarged) CCP in the endothelial cells of blood
vessels (see [299]. It seems likely that the zebrafish SR, stabilin 2, is involved in targeting the anionic
PLA NP to enlarged CCV [300].

It turns out that an earlier EM study described enlarged ‘bristle coat’ pits and vesicles that were
involved in uptake of carbon particles around 30 nm in diameter and latex beads of 111 nm in Rabbit
liver and bone marrow endothelium. Intriguingly, these CCP ‘collected” multiple carbon or latex NP
in large pits of variable sizes (around 200-600 nm) closely resembling CCP. These data argue against
the CCP molding itself around a tight-fitting particle but suggests the binding of a group of NP,
presumably via a scavenger receptor, signals the pit to expand above normal size [301]; the authors
referred to this as ‘multiparticle endocytosis’. These observation of multiple small NP (between 88
nm and 550 nm) aggregating into groups adjacent to a large forming endocytic vesicle had been
described earlier in Acanthamoeba [99] (see above).

2D) PROCESS 4: CAVEOLAE AND ENDOCYTIC UPTAKE

Caveolae are striking flask-like invaginations of the plasma membrane, slightly smaller than CCV
(60-80 nm), that are present in many, but not all, cell types and are especially abundant in endothelial
cells, adipocytes and muscle (see Fig 6). They were first described in EM studies [302] and are now
known to be composed of oligomers of a family of integral membrane proteins that has three
members, caveolin 1-3 that interact with cholesterol and other membrane lipids [303] [28]. While
caveolin 3 is restricted to caveolae in muscle, caveolin 1 and 2 are co-expressed in the majority of
adherent mammalian cells.

More recently it emerged that another family of proteins, the cavins (1-4), are also associated with
caveolae. Cavin 1 is essential for caveolae formation in muscle and other cells. These peripheral
membrane proteins form homo and hetero-oligomers with themselves and interact with caveolins and
membrane lipids (particularly phosphatidylserine and PI(4,5)P2) to form the flask-shaped buds typical
of caveolae [28, 304]. In cultured cells caveolae are able to bud from the plasma membrane in a
process negatively regulated by the large ATPase, EHD2, and stimulated by lipids [305] [306, 307]
[308].

Initially, a number of proteins and infectious agents were proposed to be endocytosed through
caveolae, but subsequent work has shown that these pathogens are rarely dependent on caveolae for
entry (e.g.[309]). In fact, a consensus is developing that few, if any, surface proteins are dependent
on caveolae for their endocytosis [303]. However, caveolar endocytosis appears to be important in
fatty acid transport [306]. In addition to budding of caveolae, caveolae can flatten under conditions
of stress, releasing the cavins into the cytoplasm and facilitating their interaction with downstream
components [310]; [311] [312]. Even though the first observation of caveolae by EM preceded the
first description of CCV there are many more open questions about the structure and function of
caveolae. Some important features of caveolae relevant to the current article are worthy of mention
here. Firstly, relative to many NP, caveolae are small (diameter of the opening estimated to be
approximately 50nm [313] [303], restricting access of external agents, yet in many studies this basic
consideration is ignored (also see Discussion in [34]). Interestingly, it has been proposed that this
limit can be partially overcome by using flexible nanoparticles, expanding the range of particles that
could potentially be internalized through caveolae [314]. Secondly, the study of caveolae has been

23



hindered by the scarcity of caveolar proteins that are exposed to the extracellular milieu and so can
be used for labeling by externally administered agents (analogous to the use of transferrin to study
uptake via CCVs). In fact, contrary to the conclusions of a number of studies, transmembrane
proteins have been shown to be largely excluded from caveolae [315]. An interesting exception is
the protein PV1/Plvap, a large transmembrane protein present at the neck of endothelial caveolae in
specific tissues in vivo, including the lung [316]. The association of PV1/Plap with caveolae in vivo
has been used to target caveolar endocytic pathways as will be discussed below. A further
consideration when studying caveolae in cell culture systems is that they appear to be particularly
sensitive to cell culture conditions, as compared to similar cells in vivo (see for example [317]),
possibly reflecting their ability to respond to environmental conditions such as mechanical stress,
flow, and oxidative stress.

The Caveosome

While the fate of internalized caveolae will be addressed below, one important comment is needed.
In a publication investigating the uptake of the virus SV40 into cells it was claimed that caveolae
fused with distinct endosome-like structures referred to as ‘caveosomes’. In contrast to early
endosomes that have a pH around 6.2, these new organelles had a neutral pH [318]. Almost a decade
later, the same group realized that these structures were an artifact caused by over-expression of
caveolin tagged with GFP at the C-terminus. They, and others, advised against using the term
‘caveosome’ [319, 320]. Despite these warnings the concept of the caveosome remains very much
alive in the NP field e.g. [321-323] [119, 284, 324, 325]; [8, 119, 283, 284, 322, 324, 326-330].
Indeed [330] even claimed that ‘Caveosomes are able to bypass lysosomes and therefore protect the
contents from hydrolytic enzyme and lysosomal degradation. Hence, pathogens including viruses and
bacteria use this entry route to prevent degradation. Since the cargo internalized into the cells by
caveolin-dependent mechanism do not end up in the lysosome, this pathway is employed in
nanomedicine’. This is a prime example of important developments in cell biology being mis-
understood in the NP field. A quick glance at the majority of endocytic schemes showing NP uptake,
e.g. in Google ‘Images’ for the search phrase ‘nanoparticle uptake into cells’, reveals the caveosome
to be present in a significant number of these diagrams. A similar message was recently published by
Skotland and colleagues [331].

Entry of NP via Caveolae: Fact or Fiction

Over 400 papers in PubMed contain the combination of the terms ‘nanoparticles’ and ‘caveolae’
and many of these studies claim that NP enter cells via caveolae, e.g. [323]. A large fraction of
these papers rely only on inhibitors that the authors consider to be specific for blocking caveolar
uptake. The most prominent inhibitor is genistein (e.g. [283, 287, 324, 332, 333]) or filipin, whose
incubation with cells. usually followed by cell fluorescence analysis by flow cytometry after trypsin
treatment. Another highly questionable practice is to combine results using different inhibitors. If a
purported inhibitor of, for example CME, inhibits uptake of an NP by 50% and another inhibitor of
caveolae also inhibits 50 %, can one really conclude that half the NP enter via caveolae and the
other half via CCV? Proving such a scenario, that is often claimed in NP studies, would demand a
serious Kinetic analysis by light and electron microscopy, complemented by genetic and
biochemical approaches.

Most of these studies used immunofluorescence microscopy to claim that NP enter some cells via
caveolae; often the images are shown at magnifications too low to see any details and the small size
of caveolae, below the diffraction limit of conventional light microscopy, makes it challenging to
show convincingly that caveolae containing NP actually pinch off. We argue that one needs EM to
convincingly show that 1. NP are actually within surface bound caveolae at early times in the process,
and 2. after a finite incubation time the caveolae bud off to form free vesicles as shown in the classical
studies of endothelial caveolae using electron dense markers [334]. The current consensus on budding
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of caveolae comes from a series of studies using different sophisticated methodologies and it is not
sufficient to use just one inhibitor or a single technique. Many details are given in the review by
(Rewatkar, 2015)[34]. One example is the use of ascorbic acid to quench surface horseradish
peroxidase (HRP) to discriminate between surface-connected and budded caveolae. In these
experiments cholera toxin (CT) labeled with HRP is added to cells for short time periods to label the
cell surface, including caveolae. After short times of incubation at 37°C the cells are cooled to 4°C
and the cytochemical diaminobenzidine reaction is performed in the presence of ascorbic acid
revealing only the budded caveolae. This method allowed the unequivocal discrimination of surface-
connected caveolae, even those with extremely narrow connections to the extracellular milieu, from
internal budded caveolae (see for example [335]. This kind of approach is important because in a
single thin EM section (as used in the majority of NP studies) many surface-connected caveolae can
appear as ‘vesicular’ profiles (see Fig 6).

Another advantage of using EM is that it is easy to identify CCP in the same sections and to quantify
whether these are also labeled to any extent. In addition, genetic approaches to remove caveolae (e.g.
caveolin-1 or cavin-1 loss of expression) should be used to inhibit uptake. It goes without saying that
before one starts with the above experiments, it is important to establish that the cells of interest
actually express caveolin, by western blotting and/or immunofluorescence microscopy. We have
found few cell culture studies that satisfy most of these criteria, and it remains unclear whether any
untargeted NP enter cells by caveolae (see also the discussion by [39]). However, an interesting
strategy introduced in recent years has involved using antibodies to specifically target caveolae [336,
337].

2E) OTHER MECHANISMS OF ENDOCYTOSIS

In recent years a number of additional uptake mechanisms have been identified. These are classified
by negative, as much as positive criteria, especially with respect to clathrin and dynamin. Thus, the
largest class in this category is defined as clathrin-independent endocytosis (CIE). Since (most)
phagocytosis, macropinocytosis and caveolae uptake processes do not use clathrin, we restrict this
category here to other non-clathrin vesicular pathways [338, 339]. Although the number of different
CIE pathways remains unclear, the mechanistic and functional dissection of one pathway, the
clathrin-independent carriers/GPl-anchored protein enriched early endosome compartment or
CLIC/GEEC pathway, has progressed with the discovery of a number of key molecules and
regulators, such as Cdc42 [340], IRSp53 [341] and galectin-3 [342] and the finding that this pathway
is functionally linked to mechanical regulation of membrane tension [343]. This CLIC/GEEC
pathway can mediate uptake of GPI-anchored plasma membrane proteins that lack a cytoplasmic
domain. This feature, and the dependence on cholesterol (inhibition under conditions of cholesterol
perturbation where clathrin-dependent endocytosis is unaffected), [344] has led to the suggestion that
this CIE pathway is associated with the specific uptake of lipid microdomains, sometimes termed
‘lipid rafts’. It is important to note that cholesterol perturbation alone is not sufficient to conclude that
a pathway involves caveolae and/or CLIC/GEEC endocytosis (see for example [345]).

The physical characteristics of the proposed transport vesicles, narrow surface tubules [320] might
preclude incorporation of NP above 50-100 nm in diameter but one interesting feature of the
CLIC/GEEC pathway is worth raising. Multivalent interactions of extracellular lectin-like molecules
with membrane proteins and lipids can drive the formation of tubular CLIC/GEEC carriers and
incorporation of the cargo [342]. This can be driven by cellular proteins, such as secreted galectin-3
[342], or by other extracellular agents, including the pentameric VP1 protein of the SV40 virus [346].
Whether NP could, in some cases, mimic these interactions to induce the formation of CLIC/GEEC
carriers is an intriguing idea. If so, this pathway would blur the boundaries between classical
‘zippering’ phagocytosis and extracellular clustering driven CLIC/GEEC endocytosis.
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Other CIE pathways are an active area of study. A novel ligand-regulated CIE pathway, termed fast
endophilin mediated endocytosis (FEME), was described a few years ago [347]. However, the
mechanistic understanding of this pathway is only now being established [348-350]. FEME and other
CIE pathways are still being debated by specialists and it is currently too early to know whether any
NP enter cells via these routes [351]. Interestingly in this context, a recent paper reports that cationic
substances (cell-penetrating peptides as well as physiological cationic molecules) enter cells via an
unconventional pathway that depends on the small GTPase Rab14, but not on Rab 5 or Rab 7 [352].
Moreover, to date, these alternative pathways have only been identified and characterized in tissue
culture cells, it remains unclear where and to what extent they function in vivo

2F) TRANSCYTOSIS

Nanoparticles administered to deliver therapeutics may also need to cross cellular barriers such as
the endothelium of the blood-brain barrier and epithelial layer of the blood-intestinal barrier. This can
involve membrane transport through the cells, a process termed transcellular transport or transcytosis.
Transcytosis across the epithelial barrier mainly involves clathrin-mediated endocytosis, delivery to
early endosomes and sorting to the opposite pole, and has been mechanistically dissected through
studies of model proteins such as the polymeric immunoglobulin receptor. In contrast, the pathways
involved in transcytosis across the endothelium are less well-characterized but numerous studies have
implicated caveolae in this process [139, 353]. Analysis of transcytosis is outside the scope of this
review but readers are directed to recent reviews on transcytosis that cover aspects relating to
molecules that have been shown to transcytose and the endocytic processes and proteins

involved [354, 355].

3) THE ENDOCYTIC PATHWAY; ALL ENTRY PATHS CONVERGE ON EARLY
ENDOSOMES

A surprising fact about all these different entry routes into cells is that they converge on the same
pathway to the endocytic system, i.e. there are many different doors to enter the same house, namely
the early endosome network. Here, we provide a brief summary of the endocytic pathway with the
aim to help NP researchers understand its compartments and the tools available for its study and
manipulation, and to point out the boundaries of our current understanding.

The method that is usually first considered to follow the uptake and intracellular trafficking of NP is
fluorescence microscopy. This is a powerful approach which, with the help of genetically expressed
markers like GFP, can be applied to live cells. Nevertheless, when used by itself it is limited both in
resolution and in being restricted to simultaneously visualizing one to three target fluorescent
molecules. Importantly, despite the advances of super resolution microscopy, fluorescence
microscopy lacks the framework of reference structures of the cell, in the form of membranes,
filaments, ribosomes, etc. that is provided by EM at nanometer resolution. However, for analysis of
the endocytic pathway by EM two kinds of markers are needed, mostly based on colloidal gold; one
to identify the different compartments usually by antibody labeling on sections, after chemical
fixation (immuno-gold), the other as a kinetic tracer taken up by cells to identify the different
endocytic compartments (e.g. BSA-gold) before chemical fixation. (See Figs 3A, 7). Given that EM
currently can only be applied to fixed cells, a combination of live imaging light microscopy, followed
by EM (correlative light and electron microscopy — CLEM) can provide a compromise and describe
the system at different scales [356].

Four distinct compartments have been identified as being transit stations for material, including NP,
that enter cells by receptor-mediated pathways or in the fluid phase. Sequentially, these are 1. Early
endosomes (EE); 2. Multivesicular body (MVB [also referred to as endosome carrier vesicles (ECV;
3. Late endosomes (LE) and 4. Lysosomes (Lys) (Figs 1, 7). In parentheses in Fig 1 we give rough
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estimates for the times, after adding a marker to the medium of cultured cells, for the marker to reach
the different stations; these times serve only as guides and can vary between different cell types.

EE form a highly dynamic network of inter-connected cisternae, tubules and vesicles located
primarily in the peripheral cytoplasm [276, 357-360]. Numerous observations in tissue culture models
showed that these membrane networks are highly fusogenic amongst themselves (Fig 1). Markers for
EE include EEA1, Rab 5 (the latter is also found on other compartments such as plasma membrane
and CCVs, and at least in some cells in LE) [251, 361] [362, 363] and APPL1, a Rab5-interacting
protein that labels a distinct population of Rab5-positive early endosomal compartments [364] [365]
[363]. In addition, a recent quantitative correlative microscopy study suggests that, in contrast to the
current view, EEAL, a PI3P-binding protein and Rab 5 effector, is not solely associated with early
endosomes, but also found on Rab5-negative late endosomes [366]. The only way to selectively label
EE with an endocytic marker is to restrict uptake of extracellular medium to 2 min, maximum 5 min;
longer incubations can result in labeling of downstream compartments. The luminal pH of EE is 6.0
to 6.2 due to the activity of the vacuolar proton ATPase [367] [368] [369] [368]. Tubules that pinch
off from EE/recycling endosomes are involved in recycling receptors to the plasma membrane, either
directly, or indirectly via recycling endosomes or the TGN [370]. However, it was recently proposed
that, after acute ionophore treatment to enlarge early endosomes, the formation of recycling
endosome (containing SNX1 and Rab11) occurs during endosome maturation and is independent of
Rab5-to-Rab7 conversion [371].

MVB/ECV are distinct vesicles of around 0.3-0.5 um in diameter, often containing small vesicles
(intralumenal vesicles [ILV]) that form by inward budding from the outer membrane [372]. Our EM
data suggested that these MVB/ECV detach from the EE network but other interpretations are also
possible [251, 359, 372]. These organelles are more acidic than the EE, probably acidified down to
pH 5.5 by the vacuolar proton ATPase, and can be rendered positive for the pH dye lyso-tracker
[251]. They are also likely to be the stage at which Rab 5 is lost and is replaced by Rab 7 (‘Rab-
conversion’) [373] [374]. MVB/ECYV can bind to microtubules and can use the minus end microtubule
motor, dynein, to move to the perinuclear regions of cells [375-378]. The directional transport of
MVB towards the perinuclear area of the cytoplasm is inhibited by the microtubule depolymerizing
drug nocodazole. In addition, when cells are incubated at 15-20°C internalized endocytic markers
preferentially accumulate in MVB (and some LE) and further transport towards LE is inhibited [379].
A similar block was described in the melanoma cell line Meljuso fed with the protease inhibitor
leupeptin [380].

The small vesicles in the lumen of MVB/ECV form by inward budding, a process driven by the
ESCRT machinery [372, 381]. Molecules destined for degradation, such as internalized growth factor
receptors, are sorted into the membrane of the forming ILV and degraded at a later stage. A consensus
is emerging that the ILVs can have different fates: some are delivered to LE/lysosomes where they
are degraded, some may be secreted as exosomes (see below), and some may undergo back-fusion
with the endosome limiting membrane, a process highjacked by some pathogenic agents to facilitate
their entry to the cytoplasm [372, 382, 383] [384], and presumably used by exosomes after delivery
to target cells [385].

MVB/ECV deliver their content downstream by fusing with the next compartment of the endocytic
pathway, late endosomes (LE) [386]. These pleiomorphic organelles are enriched in hydrolytic
enzymes in their lumen which is acidified by the vacuolar proton ATPase down to a pH of 4510 5.5.
The outer membrane of LE has high concentrations of two membrane proteins LAMP 1 and 2 that
are heavily glycosylated on the luminal side [387] [382, 388](Fig 7C). Another useful membrane
marker of LE is the tetraspanin CD63 (LAMP-3) [389]. In contrast to LAMP-1 and 2, which are
enriched in the outer membrane of LE, of LE and lysosomes, the final compartment of the CD63
labels primarily the internal membranes [390, 391]. Both sets of molecules cycle between endocytic
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organelles, the TGN and plasma membrane, so low but variable levels of LAMP molecules can be
found in these other sites. LE and ILV also contain an atypical phospholipid, lysobisphosphatidic
acid [LBPA,; also known as bis (monoacylglycero) phosphate (BMP)], which is not detected in other
intracellular organelles [372, 392]. LBPA/BMP plays an important role in controlling the fate of
cholesterol and sphingolipids, which are functionally linked in healthy cells [393], and in sphingolipid
and cholesterol storage disorders [394]. LBPA/BMP recruits the ESCRT-associated protein ALIX,
which in turn binds ESCRT-I11 on LE — a process responsible for sorting CD63 and other tetraspanins
into ILV exosomes [395].

There is a lot of confusion about the definitions of the endocytic pathway. Both the LE and lysosomes
are enriched in lysosomal enzymes and in LAMP proteins and most electron microscopists would
likely refer to both as ‘lysosomes’; in earlier days, before antibody labeling, both sets of structures
stained positive for EM cytochemical stains such as acid phosphatase, then the standard way of
identifying lysosomes by EM, e.g. [359]. The main differences between LE and Lys are:

1. LE are heterogenous structures with tubular, cisternal and vesicular domains. Like EE, LE
elements are able to fuse together and undergo fission. LE tubules are often closely opposed
to elements of the TGN and without markers, and the use of EM, elements of these two
compartments are difficult to distinguish. In many cell types lysosomes are mostly spherical
vesicles (see Marsh et al. 1986), which cannot be selectively labeled by a tracer from the
medium (without also labeling the LE) irrespective of the time of incubation, due to their
ability to fuse back to the LE; all luminal markers tend to equilibrate between the two
compartments [192] [396]. (Figs 1, 7).

2. LE are enriched in the cation-independent mannose 6 phosphate receptor (CiMPR) in many,
but not all cell types [397]. In some cells, the ciMPR can be more prominently enriched in the
TGN [398]. LE are also generally positive for CD63, LBPA and Rab 7 whereas lysosomes
are negative for these markers.

3. Both compartments contain lysosomal enzymes. When separated by gradient
ultracentrifugation, the lighter LE has roughly 10-20% of the enzyme activities while the
heavier lysosomes have the majority of detectable enzyme activity. Despite this, evidence
suggests that LE is the main degradative compartment [399].

4. We have suggested that LE function as the ‘stomach’ of the cell, equivalent to the classical
‘lysosome’ of De Duve [400], and that lysosomes are storage organelles for (inactive)
lysosomal enzymes which can fuse back with LE [386]. The combination of LE and
lysosomes has been referred to as a hybrid organelle, the endolysosome [192] [401] [396].

5. LEhave apH of 4.5-5.5. There is a dogma that lysosomes in animal cells, much like vacuoles
in yeast and plant cells, have a pH equal to or lower than LE. However, this view has been
challenged by observations suggesting that the pH of the lysosome is in fact neutral [396]
[402, 403]. This topic deserves more research as well as taking consideration of the possibility
that the pH of the LE and/or lysosome can fluctuate between acidity and neutrality [404].

6. Both organelles can interact with and move bi-directionally on microtubules. When cells are
acidified to pH 6.3 through acidification of the culture medium, the lysosomes as well as latex
bead containing phagolysosomes preferentially move to the periphery of the cell using the
microtubule plus-end motor kinesin. This effect is reversed when cells are returned to pH 7.4
medium [405-407].

Different endocytic compartments can fuse with the plasma membrane, this was first described in
specialized cells such as cytotoxic T cells, osteoclasts, melanocytes and endothelial cells as ‘secretory
lysosomes’ [408]. Under some circumstances the MVB/ECV can exocytose, fusing with the plasma
membrane via their outer membrane and releasing their internal vesicles, now referred to as
exosomes, which can modulate cellular functions at a distance from the secreting cell [37]. The
contents of LE-lysosome hybrid organelles, (endolysosomes) can also be exocytosed from different
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cells in a regulated manner [409], and the limiting membrane of these organelles can contribute to
repair when the plasma membrane is damaged [327].

3A) Blending of the phagocytic pathway with the endocytic pathway

The phagocytic process and the blending of phagosomes with endocytic compartments is generally
the easiest pathway to follow since, in most cases, clearly identifiable particles, such as bacteria or
model particles like latex beads with well-defined shapes and sizes, are used as markers. Phagosomes
are de novo formed vesicles that undergo a dynamic process of fusion and fission with endocytic
compartments [386, 410]. This occurs sequentially, first phagosomes acquire markers of EE, such as
Rab5 and acidifying to pH 6 to 6.2, but within one hour phagosomes have all the markers of what can
best be considered a hybrid of LE and lysosomes [192, 396] and are termed phago-lysosomes. This
maturation implies two processes, first depletion of molecules such as the transferrin receptor,
presumably by vesicles or tubes that separate by fission from the main vesicles, and second,
acquisition of LE markers such as Rab7, from the cytoplasm, and lysosomal enzymes and membrane
markers by fusion with LE and lysosomes [411].

Significant insights into phagosome maturation have emerged from experiments using 0.5 to 3um
latex bead microparticles [67]. These are powerful tools for microscopy, biochemistry and in vitro
assays. The 1um diameter beads have been used extensively to isolate highly purified fractions of
phagosomes from cell lysates by flotation on sucrose gradients. These latex bead phagosomes (LBP)
were extensively used for mass spectrometry analysis and in in vitro assays for monitoring, 1.
Phagosome fusion with endocytic organelles, 2. Binding to, and bi-directional motility of LBP along
microtubules, 3. Binding to, and assembly of F-actin de novo by LBP membranes, and 4. The
acquisition of different newly synthesized lysosomal enzymes by LBP at times ranging from 20 min
to 24h [193, 194, 361, 386, 405, 412-414] [415].

3B) Blending of the macropinocytosis pathway with the endocytic pathway

In contrast to phagocytosis, it is technically much more difficult to follow the fate of macropinosomes
in cells following their formation. Nevertheless, the available data argue that the main route
macropinosomes take is to sequentially fuse with EE, as seen by transient acquisition of Rab5, then
with LE/lysosomes when they transiently label with Rab7, as well as Rab20 (that also associates with
phagolysosomes) [416], and then acquire ciMPR and lysosomal enzymes. During the maturation
process, which occurs over 10-20 min following formation, macropinosomes can transform into
tubules as water is removed and move in a centripetal manner along microtubules towards the
perinuclear region [139, 417] [218] [418].

A variable fraction of the macropinosomes that form after uptake are recycled back to the plasma
membrane [220]. This is especially prominent in some cell types but not others. The fusion of
macropinosomes with late endocytic structures requires septins in concert with a low abundance
phosphoinositide PI(4,5)P2 [419]. Septins are filamentous heteromeric GTPases that associate with
cell membranes and the cytoskeleton [336, 420]. In general, the maturation process for
macropinosomes appears very similar to phagosome maturation.

3C) Entry of clathrin coated vesicles and caveolae into the endocytic pathway
It is well-documented that after the dynamin-dependent release of CCV, the free vesicles shed the
clathrin coat and within seconds fuse with the pre-existing early endosome network. Fluid-phase

markers such as horseradish peroxidase or colloidal gold for example are thereby delivered to EE
within one minute of being added to the cell culture medium and can be visualized by EM [275, 276].
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In fibroblasts, caveolae can bud from the plasma membrane and fuse with the early endosome in a
Rab5-dependent process, though some of these vesicles may fuse back to the plasma membrane [318,
353]. Colocalization of caveolin-1-GFP with internalized cargo (cholera toxin B) in transferrin-
negative structures, distinct from EE, has also been described in NIH3T3 cells [315], possibly
representing caveolae clusters that have detached from the plasma membrane. On EE, the caveolar
domains form a defined structure, that remain positive for both caveolin-1 and cavin-1, and can then
bud off EE to fuse back to the plasma membrane [347] [309]. A mutant form of cavin that stabilizes
the cavin coat causes accumulation of ‘trapped’ caveolae on the surface of the endosome and depletes
surface caveolae [312]. While definitive evidence for NP uptake via caveolae and delivery to EE is
generally lacking in the scientific literature, the targeted uptake of PV1/Plvap-antibody conjugates
into the endosomes of lung endothelial cells, coupled with functional assays for efficacy, is an
interesting recent approach [337].

4) PROVIDING COMPELLING EVIDENCE FOR A SPECIFIC PATHWAY: THE
PROBLEM OF INHIBITORS

The diversity, but also the similarities, between different endocytic mechanisms has made it difficult
to understand how exactly these different pathways operate. Many questions remain difficult to
answer, e.g., how many pathways are there in a particular cell type of interest, how do these pathways
interact with each other, if at all; if one is able to selectively block one pathway, are other routes up-
regulated, do pathways observed in tissue culture cells operate in cells in vivo? Such questions are
already challenging when the molecule of interest, such as EGF, is well defined, but they are much
more difficult to address when one is dealing with, for example, non-physiological polymer-based
NP. Here we discuss the fact that there has been a serious over-reliance in the NP field in the use of
inhibitors of dubious specificity.

Aside from issues of drug specificity, in the vast majority of studies only one or two concentrations
of a drug are used and rarely are the necessary positive controls performed, e.g., showing that a drug
inhibits the internalization step expected for this pathway. Also, controls showing whether other
pathways are affected are especially important because when one pathway is blocked other pathways
may be up-regulated (e.g.[421, 422]. Drugs are often used for long periods and in serum-free medium,
adding additional problems for interpretation of their effects.

There are a large number of pharmacological-physiological inhibitors that are popular with NP
researchers who are convinced that these perturbants block specific pathways. A rigorous analysis,
by different authors, has made a compelling case that all of these reagents have effects well beyond
what is claimed (e.g. see [30-32, 34, 422-424]. Unfortunately, there is little evidence these warnings
have had much impact in the NP field. Applying these drugs is apparently too convenient and too
easy and there is a culture of accepting their specificity at face value!

Several of these inhibitors target CME; starting with treatments that have global effects on cells, such
as hypertonic sucrose, potassium depletion or cytosol acidification. Then there are drugs that are
claimed to be somewhat more selective for CCV such as chlorpromazine (used at 10-50uM),
phenylarsine oxide (10-20uM) and monodansyl cadaverine, the latter used at a whopping 5-10
mM. As an example, we can highlight the problems with chlorpromazine. The mechanism by which
this cationic molecule, a member of the phenothiazine class of anti-psychotic drugs, inhibits the
clathrin pathway is still unclear although there are suggestions it affects dynamin (I and 1) [88]. Since
dynamin is involved in additional uptake mechanisms besides clathrin (see below) this drug cannot
be used as a specific inhibitor of CCV formation. Also, claims that chlorpromazine inhibits clathrin
recruitment, or the binding of clathrin to AP-2 are not supported by careful studies [88] [88]. A
systematic study in several cell types found that relatively short incubations (2h) with chlorpromazine
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could significantly decrease cell viability [424]. These studies also provided evidence that some other
endocytic processes were affected by this drug, including phagocytosis in macrophages and
neutrophils [425, 426]; this may reflect the observation, discussed above, that clathrin is sometimes
essential for phagocytosis.

Dynasore is another popular putative CME inhibitor that is claimed to inhibit the GTPase activity of
dynamin, thereby blocking CCV scission [427]. However, as already mentioned, since dynamin is
involved in both CCV and caveolae formation it cannot be a specific inhibitor of the clathrin pathway.
Dynasore may also inhibit the interactions of dynamin with the actin cytoskeleton [31]. [428]
summarized further studies arguing that dynasore also affects cholesterol organization in membranes.
A recent study by [429] made a rigorous comparison of three new generation inhibitors of dynamin -
dynasore, dyngo 4a and dynole — and came to the conclusion that all three had significant off-target
effects. Given that dynamin is involved in multiple pathways this makes it of questionable value to
target this molecule for NP uptake analysis.

In a comprehensive and critical evaluation of a range of inhibitors of CME, [422] point out that
essentially all the available chemical inhibitors that are claimed to be specific for different endocytic
uptake processes are not specific in the sense that most affect more than one pathway. This is certainly
the case for hypertonic sucrose, potassium depletion, cytosol acidification, chlorpromazine,
monodansylcadaverine and phenylarsine oxide. Considering that clathrin and CCV are also involved
in trafficking at the TGN, EE and LE, besides the plasma membrane, and that clathrin is also involved
in some phagocytic events (see above), results observed in even complete genetic knockouts of
clathrin should be regarded cautiously.

Inhibitors assumed to block caveolae internalization are also riddled with problems. The first of these
is genistein, a general inhibitor of tyrosine kinases, which has pleiotropic effects on CME,
macropinocytosis and the morphology of the cortical actin cytoskeleton. Methyl-beta-cyclodextrin
is a compound that extracts cholesterol from membranes and is widely used to inhibit caveolae vesicle
uptake. Not surprisingly, this approach is not specific for caveolae; it also inhibits the CLIC/GEEC
pathway and the FEME pathway. Acute cholesterol depletion can further inhibit uptake of transferrin,
as well as some GPCRs, by CME [430] [345] . Methyl-beta-cyclodextrin extraction of cholesterol
also has drastic effects on the actin cytoskeleton [431]. Nystatin, another cholesterol extracting agent,
is also used as an inhibitor of caveolae but similarly affects CME [351]. At least for FEME and
caveolae, the knockdown or knockout of key structural components (such as endophilins for the
FEME pathway, caveolins or cavins for the caveolar pathway) can provide more definitive evidence
for the role of these specific pathways in endocytosis.

There are no selective inhibitors of phagocytosis or macropinocytosis (Ivanov 2008). Cytochalasin D
(CCD) and latrunculin, which target actin assembly, block both pathways. The sodium-proton
exchanger inhibitor, amiloride (used in the mM range) and its derivatives such as 5-ethyl-N-
isopropyl amiloride (EIPA- used at 50-100 uM), are widely used inhibitors of macropinocytosis.
However, whereas amiloride inhibits macropinocytosis in macrophages, it has no effect on this
process in dendritic cells [117]. Moreover, both compounds also inhibit phagocytosis [32]. Similarly,
Pl13kinase inhibitors, such as wortmannin, affect both processes. It has been claimed that the tricyclic
anti-depressant drug imipramine is a selective inhibitor of macropinocyosis, and has no effect on
phagocytosis or other uptake mechanisms [327] [117]. However, a number of studies have shown
that this drug, which has been used since the 1950s, has many pleiotropic effects. It’s best
characterized effect is to inhibit the reuptake of norepinephrine and serotonin, but it affects a number
of other receptors [432] and other diverse functions ranging from acid sphingomyelinase to
phagosome function and effects on the actin cytoskeleton [433] [434]. Additional critiques on the use
of inhibitors can be found in many reviews [31, 34, 39, 351].
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We have made a survey of 22 semi-randomly selected NP papers in which inhibitors have been used
to identify different endocytic pathways and realized that the problem of inhibitor use runs much
deeper than the simple fact that almost all the commonly used drugs lack specificity (an exception
would be cytochalasin D). The poor appreciation of basic cell biology becomes apparent in
misconceptions related to the inhibitors (see Box 4). For most of the drugs there is not even a
consensus as to what process (under ideal conditions) each drug is supposed to inhibit. There is also
no consensus as to the range of concentrations at which specific drugs should be used. The minimum
and maximum concentrations for some inhibitors can vary up to 20,000 times between studies (Box
3).

5) QUANTIFYING NP ENTRY: THE NEED FOR CAUTION WITH TRYPSIN AND FLOW
CYTOMETRY

Itis far from trivial to show convincingly that an exogenously applied NP that enters cells does so by
a particular pathway. Even before trying to identify a pathway, it is important to be able to distinguish
between NP or MP that have truly been internalized versus particles that are still on the cell surface.
In most cases particle uptake is quantified by flow cytometry (PubMed has 4385 articles for the
combination of NP and flow cytometry). This approach has two potential problems: 1. The trypsin
problem and 2. Distinguishing between attached and ingested NPs.

For the trypsin problem cells that are attached to a substrate need to be released prior to the flow
cytometry step. Trypsin, a serine protease that can disrupt protein interactions between the cells and
their sub-stratum, is routinely used at 37°C. Often trypsin is combined with EDTA that chelates
divalent cations. Obviously, proteins on the cell exterior are susceptible to proteolysis and this has
been well documented (e.g., [435]. Clearly, this is a harsh procedure and changes in cell shape are
evident for all to see - they round up; when analyzed by thin section EM, trypsin-treated cells appear
pathological and are heavily vacuolated, though with time they can recover [436](Our unpublished
data). A number of studies have described the formation of prominent cell surface blebs [437, 438].
Trypsin has even been claimed to enter the cytoplasm of cultured cells [439] and in the older literature
it has been associated with many pathological changes, including intracellular activities such as
incorporation of radioactive thymidine into DNA (See references in [439]. With respect to NP, it
seems reasonable to assume that this treatment will remove some surface bound particles, but this
will vary for different NP.

Trypsin can inactivate some surface receptors while leaving others unperturbed. Whereas
macrophages have receptors that allow them to bind and phagocytose glutaraldehyde-treated
erythrocytes, as well as F(ab)2 antigen complexes, following trypsin treatment they lose this capacity.
However trypsin had no effect on their ability to bind and phagocytose latex or zymosan particles
[188]. A proteomic analysis identified 36 cellular proteins that were affected by trypsin treatment.
There was a preferential down-regulation of proteins regulating cell metabolism and growth while
proteins controlling apoptosis were up-regulated. Whereas some downregulated proteins recovered
their expression levels in a few hours, others failed to recover even after 24h. Changes in protein
levels at the cell surface can be expected but many of the proteins whose levels were altered were
intracellular proteins, e.g. mitochondrial proteins. The authors concluded that trypsin treatment
induced a stress response in the cells [440]. An alternative enzyme one can consider for removing
cultured cells more gently is proteinase K on ice. Although this is a more potent protease than trypsin
when used at 37°C, when used at 4°C the cells maintain their shape and do not round up as occurs
with trypsin (see [250] [441].

The second problem is that standard flow cytometry cannot distinguish between surface attached and
internalized particles [442]. This is especially a problem when surface particles are located within
PM invaginations (for an extreme example see [443] and Fig 7. However, techniques are available
that can selectively quench a signal due to surface bound NP. For example, trypan blue will
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selectively quench fluorescein-labelled cell surface NP when used at 4°C, a temperature that will
prevent endocytosis and prevent trypan blue access to intracellular NP [444]. An interesting advance
in this area is the development of sensor systems compatible with both flow cytometry and light
microscopy for quantitating endocytosis [15, 445]. A feature of these systems is that when used for
flow cytometry the quencher is added while the cells are adherent and before addition of trypsin.
Unfortunately, the use of such assays still appears to be an exception in the NP field.

6) ESCAPE OF NP FROM ENDOCYTIC ORGANELLES INTO THE CYTOSOL

After entering the endocytic pathway an important question associated with NP uptake is whether the
particle, or parts thereof containing the cargo, can gain access to the cytosol? It can be argued that,
from the broader perspective of how NP interact with cells, this question is more important than
understanding the precise mechanism by which NP enters the cell. Endosomal escape remains a major
challenge and bottleneck for many therapeutic cargoes, from relatively small siRNA through to
mRNA and plasmid DNA. The same is true with strategies for delivering peptides and proteins
targeting intracellular processes in the cytosol or an organelle. For NP that deliver DNA into the cell,
the DNA must first enter the cytoplasm and then the nucleus. The process of endosome escape should
prefeRably occur without activating innate immune responses [446] [447] [448] and obviously
without too much disruption to cell physiology.

A broad spectrum of reagents has been used in conjunction with the cargo-carrying NP to facilitate
the escape of the cargo from the endocytic pathway to the cytosol. The best known of these
compounds are cationic polymers, fusogenic lipids (discussed below) and cell penetrating peptides
(CPP), usually 5-30 amino acid residues that are either cationic or amphiphilic [449, 450]. Other
prominent systems include virus like particles (VLP) and bacterial toxins [451]. The mechanisms by
which these reagents function in facilitating escape into the cytosol is complex and still actively being
deciphered. We will restrict our discussion of these issues here to a few general remarks (below) in
order to focus more on the basic cell biology issues.

One key question is whether the NP or its content can cross the membrane of endosomes or
lysosomes, and if so, how efficient is this process relative to the total number of NP entering the
endocytic pathway [447]? This is a much more difficult question to address than is often realized in
the nanomedicine field and many of the published claims are not convincing. Two extreme scenarios
can be envisaged. In the first, the intact NP crosses the membrane of the endocytic compartment and
the polymer, or other scaffold, is degraded in the cytosol to release the active molecule. In the second,
the NP scaffold is broken down in the endocytic pathway and the active molecule has to traverse the
endosome or endolysosome membrane barrier.

6A) The complexity of the endocytic organelles

First, we recapitulate the main points about the endocytic pathway with an emphasis on those aspects
that are most relevant for ‘endosome escape’. This pathway at a minimum comprises early
endosomes, including recycling endosomes, endosome carrier vesiclessMVB and the endolysosome
compartment, the amalgamation of LE and lysosomes.

NP that have been fully internalized by cells will almost invariably end up first within the lumen of
EE (pH 6 -6.2). From there, unless the NP have information (such as transferrin on their surface) that
can direct them into a recycling pathway back to the plasma membrane, or the TGN, the default
pathway will carry them into the lumen of the late endosomes/lysosomes within 5-20 min of entry
[452] [453] [39]. This means that if NP or their active molecules have to escape from EE they only
have a few minutes to do so before they are carried downstream to ECV/MVB and then to
endolysosomes [276]. The latter compartment has a lower pH, down to 4.5, and can contain in the
order of 50 acid hydrolases [454]. The boundary membrane of this compartment has a high density
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of the two heavily glycosylated integral membrane proteins LAMP 1 and 2. When NP or their cargo
need to escape from this structure, this dense carbohydrate coat presumably acts as an additional
barrier besides the membrane to limit escape. As discussed in Section 3, there can be significant
heterogeneity in all the endocytic compartments, especially the endolysosomes, that is still poorly
understood. Markers such as lysotracker (for low pH), LAMP 1 and 2, CD63 and fluid phase markers
that are taken up from the medium do not uniformly label individual organelles or profiles of the
same compartment as might be expected [226].

6B) The available tools to monitor endosome escape

In contrast to the serious problem of identifying the mechanisms by which NP enter cells, there are
potentially more reliable assays available for monitoring endosome escape. These rigorous assays
rely on a signal being registered only when a component in the NP has access to a partner component
that is permanently in the cytoplasm or in the case of plasmid delivery, in the nucleus. These assays
can be roughly separated into, 1. A fluorescence-based positive signal (or its knockdown), read either
by microscopy or by flow cytometry, 2. A biochemical assay, and/or 3. A functional/physiological
readout, such as apoptosis. To aid the subsequent discussion, we briefly summarize examples of the
first two types of assays. For examples of assay type 3 see [447].

Microscopy assays

Before we briefly discuss recently developed assays, it is important to mention that a large number
of studies have used unsatisfactory approaches based on perceived differences in the fluorescence
pattern between ‘endosomal’(vesicular) and ‘cytosolic’ signal (discussed below). Other studies rely
on assessing dyes such as calcein, a membrane impermeable dye that appears punctate when
concentrated in endosomal compartments but diffuse in the cytosol, as an indicator of endosomal
escape. Again, assessment of escape appears somewhat subjective and provides only an indirect
indication of endosomal leakiness rather than assessing escape of the particle of interest.

Many investigations have used chemically fixed cells for microscopical analysis of endosome escape.
In a comprehensive overview, [447] summarized the potential artifacts associated with standard
fixation protocols for light microscopy, using paraformaldehyde, or more harsh, methanol. We agree
with their statement that ‘only live cell imaging should be used to examine subcellular localization
of a cargo or molecule of interest’. A striking example of artifacts induced by paraformaldehyde
fixation was described in two seminal papers on cell penetrating peptides, delivering either a protein
[455] or a fluorophore [456]. Whereas in living cells the fluorescent conjugates localized to an
expected pattern for endocytic vesicles, after fixation with paraformaldehyde or methanol and
compromising of cell membranes, the signal was seen associated with the nuclei due to the artefactual
binding of peptides to DNA [455]. More details are given in [1] and [447].

Notwithstanding, there are a number of interesting systems that allow one to identify the transfer of
fluorescent molecules from the lumen of endocytic organelles to the cytosol and also to monitor the
response of the cell. In an impressive recent super-resolution microscopy study, Zerial’s group was
able to clearly resolve different functional domains in the early endosome and to provide evidence
that RNA delivered to cells within liposomes was segregated into the recycling tubules of EE from
where the RNA crossed into the cytoplasm [363].

Galectins.

Galectins are a family of 15 mammalian proteins expressed in the cytoplasm of many cell types.
They function as lectins that bind -galactoside sugars such as N-acetylglucosamine. These sugars
are assembled onto glycoproteins and glycolipids in the lumen of the biosynthetic pathway and are
normally not exposed to the cytosol. However, when membranes of endocytic organelles are
perturbed, their luminal surfaces can become transiently exposed to the cytosolic milieu and are
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available to bind one of these lectins. Using a GFP-tagged galectin, ideally expressed in stable cell
lines [457], transient exposure of endosomal (3-galactosides on the luminal face of the endosome
membrane due to its rupture generates a punctate distribution of fluorescent galectins and is
increasingly being used as a marker of endocytic organelle integrity following incubation of cells
with NP [458] [459] [460, 461]. Although this can indicate some loss of endosomal integrity, it
remains to be determined to what extent membrane damage is needed for galectin recruitment and
how this relates to the transfer of NP and NP cargoes out of endocytic organelles.

An impressive example of the use of live cell imaging that combined a galectin with other markers is
a study by Wittrup and colleagues [458] in which lipid NP carrying siRNA aimed at downregulating
cytosolically expressed GFP were delivered to cells. The passage of Alexa 488 labeled siRNA to the
cytosol was linked to redistribution of YFP-galectin 8 to the escape sites, first detected in less than
15 mins after NP entry into cells. Further combinations of GFP family labels revealed that the
endosome stage involved could be mapped to a post EEA1, Rab5-positive stage, that preceded the

late endosome Rab7-positive stage (See Fig. 1). This is one of the few studies where the kinetics of
release agree with established kinetics of trafficking through the endocytic pathway and shows that
lipid NP and/or their cargo can escape from endosomes relatively early after entry into the cells.

An important caveat: Galectins are also secreted from cells by non-classical secretion across the
plasma membrane. They can then be endocytosed into the endocytic pathway, precisely the very sites
where should not be localized for the purpose of analyzing endolysosomal membrane integrity [462].
However, another body of evidence argues that galectins can assemble into lattices that prevent their
entry into cells. For a comprehensive summary of the literature see [462, 463]. Clearly these findings
need to be taken into consideration in studies of NP escape that use galectins as markers of membrane
damage.

Split GFP and other proteins

Another elegant assay for endosomal escape takes advantage of the fact that GFP is composed of 11
beta strands that form a barrel structure. When one of the strands (11-16 amino acids, termed M3) is
removed, the remaining molecule (usually residues 1-214 and depicted as GFP 1-10) is non-
fluorescent. When the two parts (M3 and GFP 1-10) are allowed to interact the fluorescent GFP
molecule is reconstituted by self-assembly [449]. In an escape assay, the M3 peptide associated with
an NP is delivered to cells expressing GFP 1-10 in the cytosol. If M3 enters the cytosol it will combine
with GFP-1-10 to generate a fluorescent protein that can be quantified by microscopy or flow
cytometry [449], A similar approach has been applied to split-luciferase and other reporters (see [447]
[464]. In the latter publication, the addition of a nuclear localization signal allowed endosome escape
and nuclear delivery to be monitored. A recent study described the development and application of
an elegant modified split-luciferase approach, termed SLEEQ, to provide quantitative data on
endosomal escape relative to cellular uptake [312]. Endosomal escape varied between the cell types
studied from <2% of the internalized marker to approximately 7%. In another study aimed at
delivering siRNA within liposomes, only 1-2% of the NP could escape into the cytoplasm and only
for a limited period [465].

Flow cytometry-based assays

Fluorescence-based flow cytometry assays, as routinely used, cannot distinguish between signal at
the cell surface, inside endocytic organelles or in the cytoplasm (unless combined with specific
endosomal escape sensors, e.g. [466]. Hence alternative assays are essential.

Biochemical assays

For measuring whole protein delivery at the population level, assays have been developed based on,
for example, biotinylation of cytosol-located proteins that are then detected using streptavidin pull-
down [467]. One such assay is based on expression in the target cell cytosol of a prokaryotic biotin-
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ligase (BirA) that can biotinylate a short 15 amino acid peptide (avi tag). Avi-tagged, NP associated,
proteins that gain access to the target cell cytosol will be biotinylated by BirA and can then be
quantitated following cell lysis and streptavidin pull-down [447].

6 C) The mechanism of escape

A spectrum of different molecules ranging from highly charged polymers such as polyethylenimin
(PEI) [468], fusogenic lipids in liposomes or lipid nanoparticles (LNP), to CPP [321], has been
attached in various ways to NP to facilitate escape from endocytic organelles. A popular strategy to
facilitate delivery involves fabricating NP with molecules that respond to cellular environmental cues,
such as the low pH encountered in endocytic organelles, to become membrane-lytic. Alternatively,
NP that can respond to exogenous triggers, such as light [469] or increased temperature [470], have
also been developed.

PEI has been the prototype cationic polymer for drug delivery applications and for the ‘proton
sponge’ hypothesis. This posits that the enrichment of secondary and tertiary amines in PEI allows
the polymer to buffer protons in endosomes and lysosomes. This is claimed to lead to more protons
being pumped in which requires an influx of chloride counterions and water molecules leading to
osmotic swelling and rupture of the organelles, thereby allowing the NP/cargo access to the cytosol
[471]. This hypothesis has been strongly contested [472] and alternative mechanisms have been
proposed that involve direct charge driven interactions of the cationic molecules with membranes that
induce lipid reorganization. The idea here is that the overall effect on membranes is a less aggressive
disruption than with the proton sponge mechanisms (that predict total lysis) to cause escape through
pore formation [473].

Extensive analysis in artificial membrane systems of hundreds of different cell penetrating peptides
(CPP) that are able to facilitate endosome escape of cargo such as siRNA, have led to different
theoretical models that try to explain how the peptides first interact with the host cell membranes to
cause some degree of destabilization leading to pore formation and translocation of the cargo [474].
Importantly, recent studies provide compelling evidence that CPPs increase uptake of target proteins
through increased endocytosis, not by enhancing endosomal escape [312]. This study offers a
different explanation of endosomal escape in which natural leakiness of endosomes can be exploited
for delivery to the cytosol by increasing non-specific adsorption to the plasma membrane and delivery
to the endosome. Nevertheless, it is difficult to be completely certain that any individual CPP acts in
endosomes and not on the plasma membrane.

NP mixtures of liposomes and polymers have also been described [475]. For nucleic acid delivery,
the polymers are often used together with cationic lipids, such as 1,-Dioctadecenoyl-3-
trimethylammonium-propane (DOTAP), that promotes encapsulation of negatively charged DNA or
RNA [476] [477]. Dioleoylphosphatidylethanolamine (DOPE) is a typical ‘helper’ lipid which, at
low pH, causes destabilization of the liposome and fusion with the organelle membrane to allow
release of the cargo into the cytosol. Though extensively characterized in artificial membrane
systems, the interaction of these systems with endocytic organelle membranes still needs to be
elucidated to identify those features that are critical for transfection. This is extremely challenging as
the spatio-temporal environment inside the endocytic organelles is poorly characterized, including
the lipid/protein composition of the organelle membrane and their sub-domains. Despite this paucity
of information, dynamic simulations have been usefully applied to model endosomal escape of
lipoplexes containing, e.g. DOTAP/DOPE, based on a very simple endosomal model [478]. Even in
this simplistic model the number of variables that can potentially affect transfection is high and one
hesitates to imagine how more complex the situation is in real cells. For recent discussions on CPP
see [312, 479-481]

6D) The site of NP escape
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In surveying the literature, we identified a number of problems associated with interpreting the
available data on NP escape from endocytic organelles:

1. There is a general trend to refer to this process as endosomal escape, that is generally interpreted
as being pre-lysosomal (or pre-endolysosome). The assumption appears to be that NP must escape
before entering low pH, hydrolytic environment of LE/lysosomes; in many cases the escape site is
referred to as EE, but there is little evidence to support this claim [131]([482] [449] [483] [484]. This
is compounded by the common strategy that involves allowing NP to internalize for many hours, a
condition that we expect to fill the endocytic pathway and accumulate the bulk of NP in the
LE/lysosomes (see References in Box 3). Only a few studies have investigated the location of NP in
endocytic pathways at early time points (i.e. <15-30 mins uptake); for example, of the 22 references
cited in Box 3 only three monitor NP uptake in times less than 30 min. In practice, a wide array of
particles (especially gold NP) and both fluid phase and receptor-mediated markers added to cells are
found to traverse EE in a few minutes and by 15-45 min have reach LE/lysosomes [276, 452, 485-
488]. If NP enter cells relatively slowly and inefficiently, it may be necessary to monitor their uptake
first by live cell imaging, using assays that allow surface bound NP to be distinguished from NP that
are in the cytoplasm [444].

2. When one analyses cells by fluorescence microscopy, using endocytic markers or compartment
markers the most prominent labeled structures are vesicles. In the NP literature this leads to the
erroneous conclusion that the endocytic pathway consists only of vesicles, and is often simplified into
two classes, endosomes and lysosomes (e.g. [489] [490]. It is a common misconception that
endosomes, (assumed to be vesicles) are discrete particles that can be counted. Detailed EM analyses
of the endocytic pathway using multiple markers reveals that both EE and LE are an interconnected
network of vesicles, cisternae and tubules that can be quantified using stereology, either as surface
area or volume, but not number [276]. The tubules, and especially the cisternae are less prominent
than the vesicles by fluorescence microscopy and are evident as a diffuse signal. A consequence of
this is that, at the light microscopy level, the EE and LE (and the endolysosomes) do not have strictly
defined boundaries, as erroneously concluded in many publications. Based on that misconception,
many studies have measured endosome escape of fluorescent NP by assuming that after
internalization, but before escape, one can quantify the signal by focusing on the ‘vesicular’ signal.
Then, after escape, one aims to quantify the ‘diffuse’ fluorescent signal that is supposed to represent
the ‘escaped cytosolic pool’ [448]. In contrast to the EE and LE, the ECV/MVB and the ‘real’
lysosomes are predominantly vesicles that can be counted [357] [276, 386] [487] [358, 491].

3. The cytosol represents the cellular space in between cytoplasmic membrane-bound organelles,
excluding the nucleus. That the common practice of identifying the cytosol by light microscopy is a
fruitless endeavor is illustrated in Fig 8. Whereas the boundaries of the cytosol cannot be defined by
light microscopy, including super-resolution microscopy, by thin section (~60nm) electron
microscopy, where resolution can be better than 5nm, the boundaries imposed by membranes can be
defined. This example shows a vascular endothelial cell in a 5 day old zebrafish larva that had a
mixture of cationized ferritin (electron dense core, 5 nm) and BSA-gold (10 nm) injected into the
caudal vein 2h before fixation and embedding. Both markers enter endothelial cells via clathrin-
mediated endocytosis, with BSA-gold entering via receptor-mediated endocytosis (most likely via a
scavenger receptor Stab 2; [300] and ferritin that enters cells via fluid phase endocytosis (see Fig 7).
Both markers label the entire endocytic pathway (Fig 8A drawn in red). Other cytoplasmic membrane
organelles are colored in blue and the cytosolic compartment appears in green. Imagine the
hypothetical situation where a red fluorescent marker has escaped from the endocytic compartments
into the cytosol (Fig 8B). The green cytoplasm is now indicated in a light red whereas the intensity
of the signal in the ‘red’ compartment is slightly lower, consistent with some loss of the signal to the
cytosol. If the fluorescence signal could be quantified at this level of resolution it would be an
extremely demanding task to estimate the light red signal that is exclusively in the cytosol, especially
when (as with fluorescence microscopy) all the (non-labeled) organelles are invisible!

37



4. The above example assumes a situation where a fluorescent marker uniformly traverses the
boundary of all endocytic compartments. In a real experiment it has been estimated that only a few
‘events’ of escape are visualized over a period of many hours [458, 465]. This makes it even more
difficult to quantify the cytosolic pool. For cationic lipid formulations endosomal escape and
membrane interaction at the cell surface can most likely coexist.

5. Fig 8 demonstrates another problem when one restricts the analysis of NP uptake into cells to using
light microscopy. In yellow one can see deep invaginations of the plasma membrane of the endothelial
cell into the cytoplasmic space. At the level of light microscopy or flow cytometry, a NP within these
domains (i.e outside the cytosol) could easily be mistaken to be intracellular.

6. There is a general tendency in the cell biology field, even in the most prominent journals, to publish
fluorescence images of cells at magnifications that are too low to recognize details that are described.
In the NP field this problem is invariably much more serious and it is very common to see images of
arrays of cells to illustrate uptake or escape of NP where each cell is about 2mm or less in diameter
and one is expected to recognize intracellular structures!

6E) Bacterial and viral escape from endocytic organelles

There are many intracellular pathogens that enter cells via endocytosis and then access the cytosol by
crossing the membrane of an endocytic organelle. These pathogens can provide us with tools and
concepts that can be applied to NP to improve cargo delivery to the cytosol. The pathogens range
from the size of large macroparticles to the smallest NP [492].

The large particles are bacterial pathogens, best exemplified by Listeria monocytogenes and Shigella
flexnieri that enter cells such as macrophages and epithelial cells by phagocytosis. This leads to
temporary residence in a phagosome (Shigella turns out to be more complicated, as discussed under
‘Macropinocytosis’ above) where the bacteria secrete a cholesterol binding, low pH-activated,
membrane permeabilizing protein, exotoxin- Listerolysin O (LLO) in the case of Listeria and Ipa B
in the case of Shigella. The detailed mechanisms of lysis of the phagosomal membranes are still being
debated but there is no doubt that a significant fraction of, initially phagosomal, pathogens end up in
the cytosol where a dramatic next stage in the life cycle is the nucleation of actin filaments on the
surface of the bacteria that can propel the pathogens from one cell to the next [492]. Examples using
this concept for enhancing NP escape from endosomes in conjunction with liposome carriers or with
cationic carriers are described by [489, 493]

Viruses also offer a rich source of tools and concepts for endosome escape. Many viruses contain a
membrane, or ‘envelope’, that encloses and protects the viral genome during the extracellular phase
of the viral life cycle. The envelope contains virally encoded fusion proteins that sense cellular cues
during engagement with a cell and use these cues to activate membrane fusion whereby the viral
membrane fuses with a cellular membrane to deliver the viral genome to the cytosol of the cell.
Enveloped viruses, such as the alphavirus, Semliki Forest virus (SFV) or influenza virus (Flu), can
enter cell by receptor mediated endocytosis in CCV. Subsequently, the acidic pH in the endocytic
pathway can activate fusion, in EE for SFV and in later compartments for influenza. Other enveloped
viruses can pick up on different cellular cues. For HIV, co-receptor binding triggers membrane fusion
at the plasma membrane or in endosomes; for filoviruses, such as Ebola virus, following endocytosis,
proteolytic cleavage of the fusion protein by LE/lysosomal proteases and engagement with a
LE/lysosomal membrane protein (NPC1) is required for fusion; while bunyaviruses may be activated
by high endosomal potassium levels [494] [40, 492, 495]. Incorporation of viral envelope proteins
into liposome membranes can provide a mechanism for NPs to exploit the same pathways and cellular
cues to mediate cargo delivery to the cytosol.
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Although the endosomal escape mechanisms for non-enveloped viruses are not as well understood as
those of enveloped viruses, non-enveloped viruses are nevertheless interesting for the fabrication of
NP. Non-enveloped viruses (such as adenoviruses, papillomaviruses and picornaviruses [e.g.,
poliovirus]), for which the genome is protected within a protein shell, are also internalized by receptor
mediated endocytosis, often in CCVs, as described for enveloped viruses [40]. Since viruses such as
the adenoviruses or picornaviruses are devoid of a membrane, they cannot fuse with the endosome
membrane, and have evolved alternative strategies to escape endosomes [495]. As with enveloped
viruses, non-enveloped viruses exploit cellular cues to induce conformational changes in their surface
proteins that can result in pore formation, e.g., picornaviruses, calciviruses [496], activation of lytic
factors (e.g. adenoviruses [497] and lipid modification [457]. Each virus family appears to have its
own mechanism of membrane disruption. For example, parvoviruses, small ~25 nm diameter DNA
viruses that include adeno-associated viruses and are frequently used in gene therapy applications,
enters EE where one of their two proteins (VP1), which has phospholipase A2 activity, is exposed
following a conformational change induced by exposure to the low pH in EE. This PLA2 activity
likely induces localized modification of EE lipids that facilitate penetration of the EE membrane. By
contrast, the simian polyoma virus SV40 (~45 nm diameter DNA viruses) has information that directs
particles from EE to the ER, where disulfide exchange reactions and interaction with the ER-
associated degradation machinery have been implicated in escape to the cytosol [498]; see also [499].

6F) Mechanisms of repair of lysosomes/endocytic organelles

In the past decade it has emerged that when the plasma membrane or membrane-containing organelles
are compromised, for example through mitosis-associated fragmentation, physical stresses or as a
consequence of engagement with bacterial or viral pathogens, cells have evolved sophisticated
mechanisms to take care of the damage. Although it is too early to tell, there is a possibility that the
major goal of fabricating NP whose cargo can cross cell membranes can be compromised by these
membrane repair mechanisms.

For endocytic organelles, cytoplasmic lectins, the galectins (discussed above), play a key role in
enabling the cell to identify sites of organelle damage via exposed lumen associated N-linked
oligosaccharides to the cytosol [500]. [381, 457, 501, 502]. Recent evidence shows that endosomal
membranes can be repaired by the Endosomal Sorting Complex Required for Transport (ESCRT)
[503] [504] [505] [395]. This is an evolutionary-conserved machinery composed of four protein
complexes (ESCRT-O, -I, -11, -111), and the AAA-ATPase Vps4 and accessory proteins, which drives
intracellular membrane deformation processes that occur away from the cytoplasm in a direction
opposite to most membrane traffic events that bud into the cytoplasm [501, 502] [457]. Biophysical
studies of the yeast ESCRT IlI protein, Snf7, have identified the principle that ESCRT I1I proteins
can polymerize to form spiral filaments on membrane surfaces that somehow apply a spring-like force
to drive membrane bending and fission [506, 507] [508].

There appear to be two different but related strategies that the cell use to deal with damaged
membrane organelles [502]. Most of these studies have focused on the terminal compartments of the
endocytic pathway, the endolysosomes (EL), but it seems highly likely that the same machinery can
also operate earlier in the pathway. A consensus is emerging that when the membrane of these
compartments is compromised in a minor way, the cell can ‘patch up’ the ‘leak’ by first releasing
calcium from endocytic organelles into the cytosol. [509] focused on three pathogens known to
escape from the endocytic pathway into the cytosol, Listeria monocytogenes, Mycobacterium
tuberculosis and Candida albicans and discovered an ESCRT repair mechanism shared by cells
infected with these pathogens and the endolysosome damaging di-peptide, L-leucine, L-leucine
methyl ester (LLOMe; see below). They identified a kinase, Leucine Rich Repeat Kinase 2 (LRRK2),
that is activated under these conditions that recruits and phosphorylates Rab 8A to the damaged
membrane sites within minutes of the damage. The recruitment of Rab8A coincides with recruitment
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of an ESCRT Il component, but precedes the accumulation of galectin 3. In cells lacking LRRK2
the damaged endolysosomes are targeted for destruction by lysophagy, selective autophagy of
lysosomes. A similar study showed that ESCRTSs are also involved in repairing the damage caused
by Mycobacterium marinum containing vacuoles in Dictyostelium discoideum [505].

This process of repairing membrane damage by the ESCRT machinery is not limited to the endocytic
organelles; a similar mechanism has been shown to repair damage to the plasma membrane [510] as
well as the nuclear envelope [511] [512].

When damage to an organelle membrane is more extensive the strategy for repair appears to be
different, the cell tags the site for removal and digestion [502, 509]. Again, a galectin appears to be
an early ‘warning signal’ presumably involving a more intensive binding to the damaged site than for
minor disruptions. This is followed by binding of ubiquitin ligases that tag the site with multiple
ubiquitin molecules. One identified ubiquitin ligase is Trim 16 that then leads to recruitment of the
molecular machinery, including the common autophagy marker LC3 [504]. An autophagic membrane
cisterna then forms that can engulf the tagged membranes in an autophagic vacuole that then fuses
with endolysosomes where the damaged membranes are degraded [500, 502]. Trim 16 also binds
galectin 3 which gives a hint of how complex and inter-connected these mechanisms are [505].[503].

A number of different particles, such as crystalline silica, appear to induce membrane damage in
endocytic organelles, [513], as indicated by loss of acidification and calcium release from
endolysosomes, even at otherwise non-toxic levels of silica [200]. Another prominent source of
damage is amyloid aggregates that accumulate in endocytic organelles of cells during neurogenerative
disease progression, although the mechanism of organelle lysis is poorly understood [457].
Lysosomal disruption can also occur in other patho-physiological conditions, as exemplified by
studies of pancreatic ductal adenocarcinoma (PDA) cells. In response to increased endocytic traffic
into PDA lysosomes due to elevated autophagy and macropinocytosis, lysosomal repair pathways are
upregulated to maintain the function of the organelles [432].

The di-peptide, L-leucine-L-leucine methyl ester (LLOMe) is a powerful research tool for inducing
controlled and reversible permeabilization of endosomal membranes. LLOMe is taken into cells by
fluid phase endocytosis and condenses in acidic organelles where the action of cathepsin C induces
the formation of aggregates that transiently permeabilize the membrane [514, 515]. Within seconds
the effect of this compound becomes evident through the loss of the proton gradient, as seen with
dyes such as lyso-tracker. With increasing time or concentration lysosomal enzymes are claimed to
leak out of the EL, though this could not be confirmed in our recent study [515]. ESCRT proteins
can be seen associating with the compromised EL even before the loss of protons is evident and,
when the damage is severe, membrane repair can be seen by the re-establishment of a proton
gradient and of the expected localization of lyososomal enzymes [502]. Another widely used
dipeptide that is similar to LLOMe and can transiently permeabilize late endocytic organelles is the
dipeptide glycyl-I-phenylalanine 2-naphthylamide (GPN) [472, 516].

6G) Implications of membrane repair and removal mechanisms for NP endosome release
Although the details of these repair and removal processes are still being elucidated, it seems highly
likely that they may be relevant for NP release. This is to be expected because the repair and removal
mechanisms do not seem to distinguish between membrane damage induced by pathogens, amyloid
aggregates or LLOMe. Moreover, the sSiRNA-lipid NP loaded endosomes investigated by [458] were
rapidly tagged with galectin 8 when damaged and were then targeted for autophagy.

A number of important questions can be raised:

1. In different cell types how much impact does ESCRT-mediated membrane repair and
autophagy-based removal of NP-containing endocytic organelles have on the fraction of NP
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cargo that manages to reach the cytosol or the nucleus? Are these mechanisms the reason why
the efficiency of endosome escape until now has tended to be relatively low [465]? This can
be addressed by knocking out key players of the ESCRT or autophagy machinery at the cell
culture level.

2. Can NP be fabricated that have a ‘burst’-like release before the repair or removal mechanisms
are switched on? For sure, more detailed kinetic analysis and attention needs to be focused on
the precise endocytic stage where endosome escape occurs.

7) FROM CELLS IN CULTURE TO CELLS IN VIVO

In the standard strategy for characterizing NP, cell culture studies are usually followed by in vivo
analysis, most commonly in mouse models. Since so much of what we have discussed at the cell
culture level involves imaging methods, it follows that the same or similar methods need to be applied
to monitor NP in in vivo studies. However, mice are opaque for imaging and one cannot easily put a
live mouse under the microscope and monitor the detailed fate of NP. This problem is gradually being
overcome with recent improvements in two-photon or multi-photon, intra-vital microscopy [117]
[517]. With this approach one can cut open the animal and follow fluorescently labeled NP and cells
of interest in selected parts of some tissues for a limited period of time. As this technology develops
the results are increasingly impressive and interactions of NP with different cells in the animal are
becoming more and more striking - see [117] [114-116] [93, 200, 518].

Nevertheless, this approach is technically demanding, invasive and one still cannot put the whole live
mouse under a high resolution microscope. However, this can be done with the embryo of another
vertebrate, the zebrafish, that is transparent for imaging. A number of groups are reaching a consensus
that this ‘see-through’ fish has many advantages for visualizing NP and can best be considered as an
intermediate model between cultured cells and murine pre-clinical models [463] [38] [2] [200].

Zebrafish eggs are fertilized and develop rapidly outside the mother's body. The embryos are
therefore accessible, easy to maintain and available in high numbers. Aside from being transparent
for imaging, Zebrafish have a similar genetic structure to humans; they share 70 % of genes with
humans while 84% of genes known to be associated with human disease have a zebrafish counterpart
[93].

For testing NP, a wide variety of different disease models are available, all of which take advantage
of difference fluorescence colors to identify diseased cells and different host cells of interest. For
infections with pathogens, fluorescent pathogens can be injected into a choice of different locations
where the diseases then develop. We used a zebrafish embryo model of tuberculosis developed by
Davis and colleagues [292] to monitor and characterize different types of NP loaded with antibiotics
[463, 519].

For cancer models a variety of different fluorescent cancer cells are injected. A number of groups
have shown that human cancer cells xenotransplanted into zebrafish embryos exhibit three important
features of human solid tumors: rapid cell proliferation, angiogenesis and metastasis [520, 521]. A
typical experiment requires only about a week, compared to several weeks to months in the mouse,
and experiments are relatively cheap. Only a small number of cancer cells are required and a lack of
adaptive immunity in early zebrafish development means that there is no rejection of the transplanted
cells. Finally, the ethical barriers to working with zebrafish are relatively low compared to
mammalian models [93, 200].

Our group introduced and optimized xenotransplants of mammalian cells in zebrafish to visualize

fluorescent and drug-loaded NP [51, 522]. An important innovation was to replace existing sites for
injecting cancer cells by the neural tube, the precursor of the central nervous system and a large,
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morphologically distinct organ; this allows more robust tumor growth and development of tumor
blood vessels, as first shown with mouse melanoma B16 cancer cells. After intravenous injection of
NP, this system allowed us to monitor and quantify NP extravasating from the vasculature in the
vicinity of the tumor, both inside and outside cancer cells [522].

For characterizing NP, there are four important types of information that are readily available in the
zebrafish model simply by imaging the embryos in a basic stereo microscope, namely:

1. Localization. One can rapidly evaluate which cell type has internalized the NP. In our
experience with different NP the most common destinations are macrophages, neutrophils and
endothelial cells [300] [523] [463, 519].

2. NP circulation time. Again, via imaging, one can quantify the length of time that the NP stay
in circulation in the fish [524] [525]. The latter study shows that the results in zebrafish
embryos are reasonably predictive of how NP behave in mice.

3. NP toxicity. The zebrafish embryo is exquisitely sensitive to toxins in the water or injected
into the embryo [526] [527] [528] [200].

4. Therapy. Two different types of assays can be used to quantify possible therapeutic effects of
NP. First the survival of the embryos; the capacity of embryos to die from a disease should be
reflected in longer survival times following effective NP treatment. The second method is to
image the fluorescent signal in the pathogen or the cancer cells. A successful therapy should
result in a reduced total fluorescence in diseased cells [529] [463, 519, 522]. The latter
references deal with NP for therapeutic drug delivery. Other studies have shown successful
delivery of siRNA in NP to target gene expression in the adult zebrafish heart [530] [531]
[532]. See also [2, 533] for applications of sSIRNA against cancer in zebrafish embryos.

Organoids

An alternative to using model organisms are organoids, simplified in vitro 3-D organs based on self-
assembly of a limited number of cell types. These models can now be generated for a number of
different tissues and species, including human, from tissue explants, biopsy material, or pluripotent
stem cells [534] [535]. Organoids for brain, gut, liver, respiratory epithelium and other tissues have
been shown to achieve significant degrees of cell diversity and organisation, highly reminiscent of
the cognate tissue in vivo. Moreover, they can be genetically manipulated using, for example,
CRISPR/Cas methods combined with various viral or NP delivery approaches. These systems are
highly accessible for NP analysis using a variety of imaging techniques, including live fluorescence
microscopy and EM. Indeed, they are particularly amenable to analysis using advance lattice light
sheet imaging with the potential for high temporal analysis, combined with high resolution and
minimal phototoxicity. Similarly, advanced EM techniques, including 3D volume EM can provide
high resolution, and can be coupled with correlative live cell techniques. The use of stem cells can
provide highly reproducible experimental material that can be ‘bulked-up’ for quantitative high
through-put approaches [536] [201].

However, a word of caution is required. Poorly constructed and characterized organoids may have

few advantages over a cell culture system. Even the most advanced systems that are currently
available will be unable to reproduce all the complexities of the in vivo environment, meaning that
distribution studies using drugs or NP must be carefully interpreted.

8) GENERAL CONCLUSIONS

In this review we have discussed two major aspects of the interactions between NP and cells: 1. NP
uptake into the endocytic pathway and 2. NP escape from the endocytic organelles into the cytosol.
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Central to this discussion, we have suggested that two different groups of researchers are involved in
analyzing these processes: those who are trained to make and characterize NP, whom we refer to as
the ‘chemists’ for simplicity, and scientists trained as cell biologists. We contend that if cell biologists
took on the role of ‘chemists’ and made and characterized their own NP in a manner that ignored the
‘standard rules’ rigorously developed by the ‘chemists’, it is unlikely that any manuscript describing
their work would be well-received by professional nanomedicine journals. However, these cell
biologists would have more of a chance to publish their papers in cell biology journals, where there
would be less NP expertise available amongst the commonly used reviewers. We argue that the
reverse scenario is precisely what is occurring in the NP field, i.e., ‘chemists’ are taking on the mantle
of cell biologists.

In our review of the literature, it is apparent that while understanding the different routes of entry into
cells is complicated for cell biologists, it is seemingly relatively easy for ‘chemists’, many of whom
erroneously believe that there are a number of well-defined, specific inhibitors that allow them not
only to distinguish a specific pathway but even to quantify the relative contribution of individual
pathways when a combination of routes is used. By now it should be evident that the vast majority of
these inhibitors should be used with care and certainly only alongside other more definitive methods.

Given their complexity, we have refrained from trying to proclaim a simple set of rules for
distinguishing experimentally between the different uptake mechanisms. In Box 2 we attempt rough
definitions and suggest guidelines, though there will be some expert cell biologists who may not
agree with all our suggestions (for suggested targets for genetic manipulation of specific pathways
see [39]. We propose the use of multiple techniques and tools to test the route of nanoparticle entry.

There is an irony in this situation in that with respect to the main uptake processes ‘all roads lead to
Rome’ in that all the known entry pathways deliver NP into the EE network. Thus, perhaps NP
specialists should consider avoiding the issue of identifying specific pathways and focus instead on
establishing that internalization occurs, its relative efficiency and showing where in the endocytic
pathway internalized NP are located at specific times after endocytosis. The markers, timings, and
imaging techniques we discuss above provide a basis for such analysis, which should preferably be
done in collaboration with cell biologists who have experience with endocytosis. Another way of
articulating this point is to state that nanomedicine is generally accepted as being a multi-disciplinary
field, we are simply asking that this should be true in practice — see also [39].

Overall, NP have extraordinary possibilities as vehicles for delivering a variety of cargoes, from small
molecules to more complex nucleic acids and proteins, for targeted medical interventions. The
success of NP in recently developed RNA vaccines and the promise of similar delivery vehicles in in
vivo gene editing therapies is indicative of this potential. We believe that more rigorous attention to
the cell biology of targeting, uptake and delivery will further improve NP efficiency and specificity
and broaden the range of opportunities for their application. We strongly urge NP chemists and the
nanomedicine field in general to work closely with expert cell biologists to realize the full medical
and therapeutic potential of nanoparticles.
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2.

3.

Box 1. Key points
1.

Useful insights from cell biological studies of NP endocytosis are limited due to substandard
methodology and interpretation.

Studies of NP should make use of state-of-the-art cell biological systems and techniques carried out
by cell biologists.

Few of the widely used inhibitors in the field are sufficiently specific to be used as agents to test
the role of different endocytic pathways.

The evidence for involvement of caveolae in endocytosis of nanoparticles is, in general, not
convincing

The role of phagocytosis as an uptake mechanism for a range of NP, including many less than 500
nm in diameter, has been under-appreciated

Studies of endocytosis should be carried out in conjunction with assays of NP efficacy to ascertain
how particles reach their site of action
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Box 2

Rough definitions and guidelines to distinguish between the four main endocytic pathways

1. Phagocytosis: Uptake of particles larger than 50-100nm occur via tight multivalent interactions
between ligands on the particle surface and receptors on the plasma membrane of the phagocytic cell.
This leads to close contact between particles and enwrapping membrane and strong transient trans-
membrane signaling especially to actin assembly (in seconds) and to gene expression (minutes to
hours). Phagosomes can maintain their (content) identity for long periods, up to many days depending
on the cargo; this is a unique feature of these vesicles (all other vesicles lose their identity in minutes).
Fluid phase markers co-administered with the particles are excluded from the newly assembled
phagosome vesicle. Significantly inhibited by cytochalasin D.

2. Macropinocytosis: Uptake of any sized particles (up to 1um) via cell ruffling that is either
constitutive (macrophages, dendritic cells) or induced by the particles after transient contact with
receptors on the plasma membrane or via an inducer such as epidermal growth factor. Signaling leads
to potent transient actin assembly. Large vesicles (macropinosomes) form that include the particles in
the bulk phase as passengers. Fluid phase markers co-administered with the particles label the spacious
macropinosomes. Significantly inhibited by cytochalasin D.

3. Endocytic clathrin coated vesicles: Invaginations of the plasma membrane of most cell types
that are coated with clathrin triskelions and adaptor proteins that carry and concentrate nutrient and
other receptors into the cell. These proteins form a distinct polyhedral, electron dense coat on the
cytoplasmic surface of the vesicle seen by electron microscopy. Requires dynamin GTPase to pinch off
vesicles that are usually between 50 and 100 nm in diameter but can be up to 300 nm. Takes 30-60 sec
to form vesicles that subsequently lose the clathrin coat and fuse with early endosomes. Particles up to
50 nm can enter the vesicles very inefficiently via the fluid phase but can enter efficiently if there are
partner receptors in the forming vesicle. Inhibited by genetically manipulating clathrin or adaptor
protein 2.

4. Caveolae: Bulb-shaped invaginations of the plasma membrane around 60nm in diameter that
are devoid of an electron dense coat. Easily identified by electron microscopy. Especially prominent in
endothelial cells, adipocytes and smooth muscle. They bud from the cell surface in a process regulated
by EHD?2 to fuse with early endosomes. Inhibited by genetically manipulating key structural proteins
such as caveolin-1 or cavinl.

5. Bulb-shaped invaginations of the plasma membrane around 60nm in diameter that are devoid of
an electron dense coat. Easily identified by electron microscopy. Especially prominent in endothelial
cells, adipocytes and smooth muscle. They bud from the cell surface in a process regulated by EHD?2 to
fuse with early endosomes. Inhibited by genetically manipulating key structural proteins such as
caveolin-1 or cavinl.

74




BOX 3: Comparison of phagocytosis and macropinocytosis
Different features.

1.

6.

Phagocytosis involves receptor-mediated contact and uptake of particles. Receptor contact lasts
at least until the particle has been internalized and, with degradable particles, digested; in
macropinocytosis there is no persistent contact of particles with receptors.

In vivo, intravenously injected particles from plasma are cleared by tissue macrophages by
phagocytosis. There is no evidence that macropinocytosis can carry out an equivalent clearance
of particles.

Phagocytosis of specific particles can be competed by co- or pre-incubation with particles that
use the same receptors. There is no evidence that such competition occurs with
macropinocytosis.

When the particles are stealth coated with, for example PEG or poly-sarcosine, phagocytic
uptake is strongly reduced. Stealth coating is not expected to have an effect on
macropinocytosis.

Phagocytosis leads to robust activation of gene expression in response to interaction between
particle and cell surface receptors. Such signaling does not appear to occur during
macropinocytosis. Many macropinocytosis events are studied after stimulation by growth
factors, which themselves modulate gene expression.

Macropinocytosis but not phagocytosis is dependent on Rab10 [2]

Shared features

1.

2.

Both processes involve dynamic actin filament nucleation on the plasma membrane within
seconds of initiation. Both processes are blocked by cytochalasin D and other actin inhibitors
After uptake, both macropinosomes (in most cases) and phagosomes usually undergo similar
maturation processes involving fusion with endocytic compartments, including lysosomes.
Although ruffling is extremely prominent during macropinocytosis it often occurs also during
phagocytosis. Even non-professional phagocytic cells can show ruffling when they come in
contact with particles [4].

Many signaling molecules are shared between the two processes.
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BOX 4: The mis-use of inhibitors in NP uptake studies

22 semi randomly selected studies containing the search terms: Nanoparticle, Uptake and Inhibitor between 2010 and 2021.
To study uptake mechanisms the authors used a broad range of (1): Unsuitable methods. Many of the inhibitors were used
at (2): An extreme range of concentrations. Many (3): interpretations bear no relation to known theory, even taking into
account the fact that many of the inhibitors are non-specific. There are examples of (4): the same inhibitor being claimed
to affect different pathways. The special case of (5): macropinocytosis.

1: Unsuitable methods:

We maintain that the best method for studying uptake mechanisms is quantitative (in part, live cell-) fluorescence
microscopy- in combination with electron- microscopy, using distinct binding and uptake assays. Of these 22 studies, only
one used live cell imaging and none tested the effects of the inhibitor in combination with fluorescence microscopy. Only
one study used electron microscopy, albeit at a poor quality and using an unsuitable approach for the quantification. More
than half of the studies used flow cytometry; only one [1] of these used methods to separate surface bound and internalised
NPs and almost all used trypsin for cell detachment.

Examples of extremely unsuitable methods include:

“seedless deposition” — a method were gold NPs are internalised, gold enhanced and semi - quantified at the bright
field microscopy level by visual inspection [3].

Using cornea epithelial cells grown on filters, uptake was assessed by a poorly described method evaluating
transcytosis from one side of the monolayer to the other, and quantified by HPLC [5].

Estimating NP uptake by analysis of cell lysates after treatment with detergents (Triton-X-100) [6, 7] or an

unspecified lysis buffer [8], using either ELISA[8] or spectrofluorometry [6, 7]. No distinction made between
surface bound and internalised NP.

2: Extreme range of inhibitor concentrations used in these studies:

Amiloride / EIPA 5uM-1mM, (Factor 200) [9, 10]
Genistein 100nM-400uM, (Factor 4000) [1, 11]
Methyl-B-cyclodextrin 500nM-10mM, (Factor 20000) [6, 13]

Sodium azide 1uM-50mM, (Factor 50000) [14, 15]
Hypotonic sucrose 100uM-500mM, (Factor 5000) [13, 16]

3: Interpretations (based on multiple inhibitors) that make no sense:

Latex NP taken up by A549 cells “by macropinocytosis or non-endocytic process(es) (e.g., diffusion across and/or
poration of apical cell plasma membranes)”. [17]

PLA nanocapsule uptake is based on ‘> a multifaceted mechanism involving clathrin, caveolin, cytoskeleton, and
micropinocytosis in MDA-MB 231 cells”’. [7]

Dextran NP “uptake in SK-NBE(2) cells showed no response to the individual inhibitors, indicating that none of
the known major endocytic pathways were responsible for internalization”. [11]

The NP “uptake in THP-1-derived macrophages was only inhibited by NaN3, indicating that the internalization
occurred through phagocytosis.” [7]

“40% Inhibition by both latrunculinA and dynasore, implying a role of actin and dynamin, which led to the
conclusion the uptake happens by caveolae and clathrin mediated endocytosis”.[7]

4: The same inhibitor is claimed to affect different pathways:

Genistein is variously used for inhibition of caveolae-mediated uptake [10], clathrin independent endocytosis [11],
as a general tyrosine kinase inhibitor [29] or unspecific endocytosis inhibitor. [33]

methyl-B-cyclodextrin is variously used to inhibit micropinocytosis mediated endocytosis [6, 28], clathrin
independent endocytosis [11], clathrin- as well as caveolin-mediated endocytosis [37], non-caveola- but
cholesterol-dependent endocytosis [9] or caveolae dependent and micropinocytosis [33]. Its uptake inhibition was
suggested to work by “affecting the integrity of membrane lipid microdomains or inhibiting clathrin-mediated
endocytosis” [9] or the inhibition of lipid rafts. [38, 39]

Hypotonic sucrose is variously used for the inhibition of clathrin mediated endocytosis [16] or clathrin-mediated,
caveolar, and micropinocytosis pathways”[41]

Wortmannin is variously considered to inhibit: caveolae budding [8], macropinosome development [29] or
affecting phagocytosis mechanisms. [10, 45]

5: Macropinocytosis:

Even though macropinocytosis is described to happen very fast, within 1-15 mins, almost all these studies testing
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Fig.1: Overview of the endocytic pathway

Schematic illustration of the different endocytic processes based on data from mammalian cells in
culture: CME-clathrin mediated endocytosis: CAV-caveolae; MPC-macropinocytosis; PC-
phagocytosis; RE-recycling endosome; EE-early endosome; ECV-endosome carrier vesicle, also
referred to as Multivesicular body; LE-late endosome; LYS- lysosome; PS-phagosome; PLS-
phgolysosome. On the left side of the diagram are the typical times spent in each stage. On the right
are some of the main marker proteins associated with each compartment. Note that the distinction
between LE and LYS is based on the presence of markers such as the cation independent mannose -
6- phosphate receptor (CI M6PR) in LE but not in LYS. The pH of LYS has only been estimated in
only a few studies that used markers to separate it from LE and found to be neutral (Bright et al
2016)[402] but clearly this needs more investigation in different cell types. The term Endolysosome
is increasingly used to refer to the combination of LE and Lys. Based on in vitro experiments with
purified endosomes EE can fuse with EE and LE can fuse with LE, indicated by arrows. Nocodazole
(which depolymerizes microtubules), reduced temperature (around 15°C) and leupeptin can inhibit
the step from ECV to LE. For more detail and references see the text.
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Fig.2: Phagocytosis-SEM

Phagocytosis of 100 nm and 500 nm latex beads (added together) after 15 min by J7774 A1 mouse
macrophage cell line seen in different stages of uptake by scanning EM (SEM). Scale bar - 500nm
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Fig.3A:Phagocytosis TEM

Phagocytosis of 100 nm (A-E- colored in orange) or 500 nm latex beads (F-M-colored in green)
after 15 min by J7774 A1 mouse macrophage cell line seen after epoxy resin embedding and
sectioning imaged by transmission EM (TEM). The cells were allowed to internalize 15 nm gold -
BSA particles for 30min followed by 2h chase in medium free of gold. The gold then serves as a
marker to identify both LE and LY'S without distinguishing the two compartments. Different stages
in the uptake process are shown. J shows a 500 nm bead in the cytoplasm after the initial stage of
fusion with LE/Lys- a single gold particle (arrow) is indicated in the phagosome lumen. The arrow
in L shows two gold particles next to the large bead and a higher density of gold particles in late
endocytic structures can be seen. M shows a putative clathrin coated pit (arrowhead) associated
with the phagocytic uptake of a 500 nm latex particle. Scale bar — 200nm.
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Fig 3B. Phagocytosis-cytochalasin D-TEM

Cytochalasin D blocks phagocytic and macropinocytotic uptake but not binding of large and small
nanoparticles. J774 A1 macrophages were either treated with 15uM cytochalasin D (B, D, E, F) or
kept untreated (A, C,). Before Cyto D treatment micropinocytosis (MPC) was induced by 1h
treatment with serum-free medium (B-F). All samples were incubated with a mixture of serum
containing medium containing 100 and 500 nm latex particles for 15 min followed by chemical
fixation and TEM preparation. Large beads are indicated by arrows or labelled green in E, small
beads are labelled orange in F. The uptake inhibition with CytoD treatment is apparent by the
absence of endocytosed beads in the cytoplasm (B, D) in contrast to the cells not treated with the
inhibitor (A, C). The binding of both sizes of particles to the plasma membrane was similar with
and without the inhibitor. Scale bars 5um in A-D, 200nm in E and F.
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Fig.4: Macropinocytosis SEM and TEM

J774 A1l macrophages were left untreated in serum-containing medium (A, B) or stimulated for
micropinocytosis (C+D) by 1h with serum-free medium followed by a mixture of serum containing
(10%) medium with a. mixture of 100 and 500 nm latex particles for 15 min (A-J). Both specimens
were prepared for SEM imaging. Although diverse surface projections are evident in the control cells
they lack the striking lamellar structures typical of forming macropinosomes (colored in pink in C to
F). In G one macropinosome is seen taking up 100 and 500 nm latex particles- highlighted in H. I and
J show the same specimen as C-H prepared for TEM thin sections. Large beads are indicated by
arrows. A putative forming macropinosome is shown-the area boxed in I is enlarged in J. This image
shows the difficulty in unequivocally identifying the formation of macropinosomes using 2D
sections.
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Fig.5: Clathrin coated pits and vesicles

Zebrafish embryos (five day old) were injected via the caudal vein with a mixture of 15 mm gold-
BSA and anionic ferritin (A-E). At different times, starting at five minutes the embryos were fixed
with glutaraldehyde and prepared for TEM thin section analysis. The focus then was on how the
endothelial cells endocytose the 15nm gold (small black arrows) and the 5nm electron dense iron
core of the ferritin particles (small red arrows) from the lumen of the blood vessels. It became
evident that within minutes of the injection both the gold particles and the ferritin enter the
endothelial cells via clathrin coated pits (CCP), with the characteristic electron dense projections on
their cytoplasmic surface (arrowheads). However, there is a fundamental difference in the
mechanism by which these two markers enter the coated pit. The ferritin appears to enter by bulk
phase endocytosis since its concentration in the CCP is similar to that in the blood vessel lumen. In
contrast, the gold particles seem to enter by receptor mediated endocytosis, presumably by receptors
binding the albumin on the gold surface (A-E). This is evident in the significant concentration of the
particles in the CCP/CCV relative to the concentration in the blood vessel and in the concentration
of gold relative ferritin in the endocytic compartments (red asterisk in A). F shows an example of
particles significantly larger than the standard 100 nm diameter what is usually considered to be the
maximum diameter of the internalize particle. Shown are Poly Lactic acid A particles which co-
encapsulated gold particles (arrows; made according to [299]); these were injected into the caudal
vein of zebrafish larvae and are seen here entering CCV that are bigger than 250-300 nm. G: shows
a 100 nm latex bead entering via a putative CCP in a J774 A1 macrophage. Scale bars: 100 nm
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Fig.5B: Thawed cryo sections labeled with anti-clathrin and immunogold

J774A.1 mouse macrophage cells were incubated with 5nm gold-BSA for 0,5 h followed by a chase
in medium free of gold for 1h to pre-label late endosomes and lysosomes (arrows). The cells were
then incubated with 500 nm (A;B;C;K) or 100 nm D;E;F;H;G;J) latex beads for 15 min before
fixation in 4% paraformaldehyde in PHEM buffer for 20h and preparation of cryo sections. The
sections were labeled with a commercial monoclonal rabbit anti clathrin antibody (abcam,
ab172958) at 1: 5 dilution. Clathrin labeling indicated by arrowheads.

A and B show 500 nm beads entering the cells without any signs of clathrin while C shows a patch
of clathrin labeling. D shows a cluster of 100nm latex beads in a clathrin pit showing the respective
morphology and labeling, similar to Yoshida 1984 [317]. E and F show 100nm particles entering
cells without clathrin while H shows these small beads entering via a clathrin coated pit.
Quantitation showed that only 1.8% of the 100nm beads and 4.3% of the 500nm beads entered cells
via clathrin pits. | shows clathrin coated pits/vesicles free of latex beads adjacent to LE/ Lys while J
shows 100 nm beads and K 500 nm beads of the minority which had entered LE/Lys afterl5 min.
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Fig.6:-Caveolae

A: High numbers of caveolae are evident on adjacent plasma membranes of two cells of the notochord
of a 5 day old zebrafish larva. B-H is from the zebrafish experiment described in the legend to Fig 5.
In C a small amount of ferritin but no gold-BSA enters the caveolae of the dorsal aorta endothelium.
D-G show sections from a serial section reconstruction of caveolae on the two surfaces of the
endothelial cell. C shows a high magnification image of a caveola to show the ferritin. In yellow in
D-G are shown putative caveolae that could be interpreted as having h budded to form free vesicles.
However, the serial section reconstruction seen in F failed to reveal any free vesicles. Scale bars:
100nm
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Fig.7: Overview of the endocytic pathway

This is from the experiment described in Fig 5 at 2h after injection of 10 nm gold-BSA and ferritin.
This shows the caudal vein endothelium labeled with high concentration of gold (black arrow) and
much lower concentration of ferritin (arrowheads). All figures except G show Epoxy resin-embedded
sections imaged by TEM. A and B show putative early endosomes (EE) that are typically
heterogeneous in structure. Putative LE and LYS are indicated in E-G. D shows an overview of the
crowded area in the perinuclear region; indicated are Golgi stack (G), mitochondrion (M), CCV
(arrowhead), LE, blood vessel lumen (L). Fig G shows a thawed cryo section of a J774 macrophage
that had internalized 5 nm gold BSA (red arrow) into the lumen of LE/LY'S after a pulse-chase (as in
Fig 5). The section was labeled with anti-Lamp 1 and 10 nm gold (red arrowheads). Lamp labels
predominantly the peripheral membranes of both LE and LY'S. Scale bars: 200nm
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Fig 8. The complexity at endocytic compartments as visualized by electron microscopy.
Pseudocolored electron micrographs; A) external milieu in yellow, cytosol in green, endocytic
compartments containing colloidal gold in red. B) shows a hypothetical situation where some of the
red marker has escaped from the endocytic organelles to the cytosol.

See text at page 39, Scale bars: 200nm.
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