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Engineering nanoparticles to deliver drugs has the potential to 
improve cancer therapy, vaccination and treatment of genetic 
disorders. The key advantages of nanoparticle delivery lie in the 

potential to reduce side effects by targeting specific cells, protecting 
delicate therapeutics from premature degradation, improving the 
solubility of hard-to-deliver drugs and providing sustained and con-
trolled release of drugs. While a number of barriers must be overcome 
to achieve targeted nanoparticle drug delivery, ultimately in most 
cases the ability for a drug to have a therapeutic effect at its site of 
action is governed by the capacity of the nanoparticle to enter the cell.

Internalization pathways are not ubiquitous. Phagocytosis and 
macropinocytosis, for example, may not be a feature of all cell types. 
However, it is less well recognized that other commonly studied 
internalization pathways are also limited to certain cells. When 
investigating nanoparticle uptake, it is crucial to understand if the 
pathways being studied are actually present in the cells. Determining 
the mechanism of uptake can give important information about 
efficiency of delivery, therapeutic activity and translation to other 
cells or in vivo studies. However, reporting an uptake mechanism 
for the sake of it and without reference to the biological relevance 
adds little to our knowledge.

There are two main routes of entry into the cell: direct fusion 
with the plasma membrane or endocytosis. Direct fusion to the 
plasma membrane is exploited by some encapsulated viruses1, and 
a number of interesting nanoparticle systems have been engineered 
to exploit this pathway2,3. However, the principal route of entry of 
nanoparticles into the cell is via endocytosis. The importance of 
understanding endocytosis is highlighted by the effect nanoparticle 
targeting has on tumour regression. In vivo targeting of nanopar-
ticles to tumours typically results in <1% of the total dose accumu-
lating at the tumour site4. However, compared with non-targeted 
nanoparticles, the tumour regression for targeted systems is substan-
tially greater than the increased accumulation. This suggests that 
uptake of nanoparticles by tumour cells is the driving force behind 

the increased activity of targeted nanoparticles. Understanding 
endocytosis is also important for engineered nanoparticles that can 
avoid clearance by the mononuclear phagocytic system (MPS)5, 
phagocytic immune cells that form the first line of defence in the 
body against foreign invaders. A major hindrance to nanoparticle 
therapies is the rapid clearance of nanoparticles by the MPS, which 
results in accumulation in the liver and spleen. This accumulation 
results in a loss of active therapeutic from the circulation and can 
result in significant toxic side effects if the nanoparticle carries a 
cytotoxic payload. A critical step in avoiding clearance by the MPS 
is avoiding nanoparticle uptake by these cells.

An understanding of endocytosis can also benefit the devel-
opment of different types of therapeutic strategy, independent of 
nanoparticle uptake. For example, a recent study demonstrated 
that the antitumour effects of anti-EGFR (epidermal growth fac-
tor receptor) antibodies can be potentiated by inhibition of specific 
endocytic pathways, leading to enhanced antibody-dependent cel-
lular cytotoxicity mediated by natural killer cells6.

The role of endocytosis is also important for naturally occur-
ring nanoparticles, such as viruses and exosomes. The rise of 
viruses such as SARS-CoV-2 highlights the importance of under-
standing uptake mechanisms, as this understanding can help to 
inform potential antiviral treatments. Exosome signalling plays an 
important role in normal growth and development, but also plays 
a key role in the progression of diseases such as cancer. Exosomes 
can also be exploited for their therapeutic potential, and are cur-
rently being used for short interfering RNA (siRNA), protein and 
small-molecule drug delivery7. As with synthetic nanoparticles, the 
ability of exosomes to carry out these functions is governed by the 
ability of a target cell to internalize the exosome and its cargo.

While cellular uptake plays a critical role in the efficiency of ther-
apeutic delivery, the analysis of internalization is often hampered by 
an outdated understanding of the mechanisms that drive cellular 
uptake. In this Review we will highlight the latest advances in our 
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understanding of the cellular mechanisms of internalization and 
critically assess the current techniques that can be used to deter-
mine the pathways involved. We also provide guidelines for future 
experiments assessing nanoparticle uptake (Box 1).

Pathways of endocytosis
Understanding the mechanisms by which nanoparticles can be 
internalized into cells is important for a number of reasons. First, 
the physical properties (for example size) of the nanoparticles 
govern the mechanisms that are able to mediate the uptake of the 
particle. Second, the rate of nanoparticle uptake is largely depen-
dent on the internalization mechanism. Finally, not all cells pos-
sess the same internalization machinery; therefore, understanding 
the mechanisms of uptake can inform which cells will be likely 
to internalize nanoparticles that are engineered to target specific 
pathways. A poor understanding of internalization mechanisms 
can lead to poorly engineered nanoparticles that have suboptimal 
therapeutic performance and can lead to unexpected results when 
studying nanoparticles with different cell lines, or when translating 
nanoparticles from in vitro to in vivo studies. The same nanopar-
ticle may also be internalized by different mechanisms in different 
cell types8,9, again emphasizing the need to understand endocytic 
pathways in the model cell studied in culture and within the target 
cells of interest in vivo.

Before considering the relevance of different endocytic pathways 
for nanoparticles to enter the cell and reach their intracellular tar-
gets, a brief summary of the current view of endocytosis is required. 
This is particularly important in view of recent major developments 
in our understanding of the endocytic pathways in vertebrate cells, 
particularly those that do not use clathrin. For more extensive 
reviews of this area the reader is referred to recent articles10,11.

A consensus is now developing for five major types of  
endo cytosis: (1) clathrin-coated pit-mediated endocytosis (CME;  
clathrin and dynamin dependent), (2) fast endophilin-mediated 
endocytosis (FEME, a clathrin-independent but dynamin- 
dependent pathway for rapid ligand-driven endocytosis of specific 
membrane proteins), (3) clathrin-independent carrier (CLIC)/
glycosylphosphatidyl inositol-anchored protein enriched early 
endocytic compartment (GEEC) endocytosis (clathrin and dynamin  
independent), (4) macropinocytosis and (5) phagocytosis (Fig. 1 
and Box 2). Caveolae represent a sixth pathway, which in theory can 
also contribute to endocytic uptake. While caveolae can bud from 
the plasma membrane, few if any cargoes are dependent on caveolae 
for their uptake12 and endocytosis by the FEME and CLIC/GEEC 
pathways may be confused with the caveola pathway due to poor 
specificity of endocytosis inhibitors (Tools to study mechanisms  
of uptake and Table 1).

These endocytic pathways will be briefly considered here as a 
framework for understanding the uptake of nanoparticles. Model 

cargoes for each pathway are highlighted, but no cargo is shown for 
the caveolin pathway due to the limited evidence of protein cargo 
that is specifically internalized by this pathway. A common feature 
of these pathways is that the majority of cargoes they internalize 
are trafficked to the early endosome. Cargo can be recycled back 
to the cell surface or onwards to the late endosome and subse-
quently to the lysosome. It should also be appreciated that we are 
presenting a simplified view of the pathways as a working model 
for classifying and defining the different endocytic mechanisms. 
The study of endocytosis is an actively evolving field, so it is impor-
tant for nanomaterial researchers to remain up to date with the lat-
est advances in cellular understanding. Clathrin, for example, is a 
defining feature of CME but can also be involved in the uptake of 
large particles through a mechanism that is distinct from the clas-
sical CME pathway. Boundaries between CLIC/GEEC endocytosis 
and macropinocytosis can also be unclear, and the two pathways 
may share common components13. There is also clearly cross-talk 
between pathways: for example, perturbation of the levels of caveo-
lar components can affect the CLIC/GEEC pathway14. Finally, inhi-
bition of one pathway can modulate another and so compensate 
for the lack of that pathway. For example, inhibition of dynamin 
using a temperature-sensitive mutant causes rapid upregulation of 
dynamin-independent endocytosis15. This is a crucial consideration 
in studies using inhibitors of specific pathways to define uptake 
mechanisms and emphasizes the need for multiple techniques.

Clathrin-mediated endocytosis, CME. The clathrin-dependent 
pathway of endocytosis is the best understood endocytic route. It 
occurs in all mammalian cells and is the principal route for cells 
to obtain nutrients, for example facilitating the uptake of iron (via 
transferrin) and cholesterol (via low-density lipoproteins). CME is 
sometimes referred to as receptor-mediated endocytosis; however, 
this term is outdated and misleading, as clathrin-independent inter-
nalization mechanisms can also involve specific receptor–ligand 
interactions (for example the FEME pathway)16. Clathrin-coated 
pits occupy 0.5–2% of the cell surface17. Receptor clustering or 
phosphorylation within the cytoplasmic domain of surface mem-
brane proteins recruits adaptin proteins and initiates a cascade of 
low-affinity protein–protein and protein–lipid interactions (partic-
ularly with phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2)), 
which lead to the formation of a clathrin-coated pit. This is a highly 
dynamic and cooperative system in which a multitude of interac-
tions form a pit within 30–120 s of ligand binding18. The pit rapidly 
invaginates to form a clathrin-coated vesicle, which pinches off the 
plasma membrane through the activity of dynamin, a large mechan-
ical GTPase. Clathrin-coated vesicles have an average diameter of 
~100 nm (ref. 18), representing the upper size limit of nanoparticles 
that can be internalized via this pathway.

Bacteria and large particles up to 1 µm in diameter have been 
shown to co-opt clathrin and form actin-rich pedestals to facilitate 
their uptake19. It has also been proposed that rod-like viruses and 
nanoparticles, longer than the diameter of the typical clathrin-coated 
vesicle, can be internalized by CME through the actin elongation of 
the clathrin-coated pit20. The requirement for actin recruitment can 
slow the endocytic process, leading to altered internalization kinet-
ics compared with conventional CME.

The distinct morphology of the clathrin-coated pit, systems to 
effectively and specifically perturb the pathway, and well charac-
terized cargoes that are completely dependent on this pathway for 
uptake have facilitated the extensive characterization of this ubiqui-
tous and constitutive pathway.

Clathrin-independent/dynamin-dependent endocytosis, FEME. 
FEME has recently emerged as an important pathway for rapid 
endocytosis of specific transmembrane receptors, important in 
growth factor signalling and in cell migration16. Cargoes for FEME 

Box 1 | Key points to consider in nanoparticle uptake 
experiments

 1. What endocytic pathways exist in the cell culture system  
being used and in the target cells of interest in vivo?

 2. Does efficient uptake in a cultured cell equate to efficient  
uptake in vivo?

 3. Are inhibitors specific for a single pathway and are they 
non-toxic (are there positive and negative controls with 
pathway-specific markers)?

 4. Can genetic perturbation be used to define the endocytic 
pathway(s) being used?

 5. How does a nanoparticle of interest pass from the blood-
stream to the target tissue?
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include G-protein-coupled receptors, such as β1-adrenergic, dopa-
minergic and acetylcholine receptors, as well as the IL-2 recep-
tor and growth factor receptors (EGFR, hepatocyte growth factor 
receptor (HGFR)).

The FEME pathway has a number of unique features that distin-
guish it from other pathways. First, the pathway is clathrin indepen-
dent but dynamin dependent. Second, the formation of endocytic 
carriers is induced upon ligand binding to specific receptors. FEME 
relies on interactions between the SH3 domain of endophilin and 
cognate receptors (for example G-protein-coupled receptors) or 
indirect association through intermediate proteins such as CIN85 
and Cbl (for EGFR and HGFR). These interactions stabilize 
endophilin localized to the leading edge of migrating cells through 
the PtdIns(3,4)P2-binding protein lamellipodin. Formation of FEME 
carriers is extremely rapid (<10 s), is dependent on pre-enrichment 
of endophilin at the membrane and leads to the formation of tubu-
lar carriers, which are 60–80 nm in diameter and several hundred 
nanometres in length16.

Clathrin-independent/dynamin-independent endocytosis, CLIC/ 
GEEC. CLICs are involved in a distinct endocytic pathway, inde-
pendent of dynamin or clathrin, which has been shown to be a 
high-capacity pathway in mammalian cultured cells and is also 
conserved in Drosophila21,22. This pathway, termed CLIC/GEEC 
endocytosis, shares some features with the FEME pathway, as  
they both localize to the leading edge of migrating cells and  
involve tubular and ring-shaped pleomorphic carriers (ranging in 
diameter and length). However unlike FEME, which is stimulated  

by specific ligand–receptor interactions, CLIC/GEEC endocytosis  
is a constitutive pathway (that is, it continuously occurs in the 
cells that possess the pathway) that mediates the uptake of  
cargoes that are different from those using the FEME pathway16. 
Notably, this pathway is involved in the uptake of abundant sur-
face proteins such as the hyaluronic acid receptor (CD44) and 
glycosylphosphatidylinositol-anchored proteins, and in some 
cells also mediates the uptake of substantial amounts of fluid and 
membrane. Using a real-time fluorescence assay and total inter-
nal reflection fluorescence microscopy to follow the early steps in 
this pathway, it was shown that there is minimal concentration of 
cargo proteins (glycosylphosphatidylinositol-anchored proteins) 
in the forming carriers before endocytosis23. This feature of the 
pathway has made its study difficult in comparison with FEME 
and CME, where clustering of cargo in the forming carrier makes 
for more straightforward observation by fluorescence microscopy. 
The CLICs mature into tubular GEECs. The pathway is regulated 
by ARF1/GBF1, the actin regulatory complex Arp2/3 and the small 
GTPase Cdc42, and is associated with a specific BAR domain pro-
tein, IRSp53, as well as GRAF1 (ref. 23). In addition to this cytoplas-
mic machinery, a novel extracellular mechanism has been proposed 
for the uptake of specific CLIC/GEEC markers24. This process 
involves extracellular lectins called galectins that cluster glycosyl-
ated proteins and glycosphingolipids into nanoscale domains that 
then invaginate inwards to generate the tubular carrier. A similar 
mechanism is exploited by infectious agents such as the SV40 virus, 
cholera and Shiga toxins to enter the CLIC/GEEC endocytosis path-
way (although note that these toxins are associated with a number 
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Fig. 1 | overview of the primary mechanisms of uptake into cells. CME is driven by the adaptor complex, AP2, that recruits clathrin to cytosolic receptor 
domains, initiating the formation of a clathrin-coated pit. FEME is triggered by ligand–receptor interactions and regulated by endophilin A2 recruitment 
and actin polymerization. Both CME and FEME require dynamin to facilitate scission from the membrane and involve interactions of the intracellular 
domains of cell surface receptors with cytoplasmic machinery. Formation of caveolae is dependent on caveolin and cavin proteins. EhD2 stabilizes the 
neck of caveolae to regulate endocytosis. CLIC/GEEC endocytosis appears to be a constitutive process (that is, a continuous endocytic uptake mechanism 
independent of receptor–ligand interactions) and is clathrin and dynamin independent. Extracellular galectin proteins (not shown) cocluster glycoproteins 
and glycolipids to drive carrier formation and cargo incorporation. Macropinocytosis is generally a stimulated pathway involving uptake of large volumes 
of fluid. CLIC/GEEC endocytosis and macropinocytosis are controlled by actin dynamics and different BAR domain proteins with macropinosome fission 
from the surface also influenced by C-terminal-binding protein 1 (CTBP1). Phagocytosis occurs after a binding event at the cell surface triggers actin 
polymerization and a vesicle forms tightly around the bound material. After internalization, pathways merge into early endosomes before undergoing 
sorting, where material may be sent back to the surface or onwards to the late endosome and lysosome.
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of other endocytic pathways including FEME, CME and caveo-
lae)25. This mechanism is dependent on the multivalent nature of 
the galectin, which is secreted extracellularly in large quantities, and 
the coordinated interaction of the galectin with lipids and proteins, 
such as CD44 and integrins24. The pathway is particularly sensitive 
to changes in membrane tension and has been shown to be crucial 
for homoeostatic regulation of plasma membrane tension through 
the mechanotransducer protein vinculin26.

Macropinocytosis. Macropinosomes form by the actin-driven 
extension of plasma membrane sheets followed by enclosure of large 
volumes of the extracellular medium as the macropinosome folds 
back. The mechanisms involved in this process have been elegantly 
described in macrophages using lattice light sheet microscopy and 
have demonstrated the formation of tentpole-like actin exten-
sions with sheets of membrane between27. Twisting of the ‘tent-
poles’ causes the trapping of fluid at the base of the structure. After  
closure, the macropinosome undergoes a transformation as mem-

brane tubules form and detach to recycle out membrane while the 
remaining vacuole shrinks. The macropinosome undergoes interac-
tions with other compartments to acquire the characteristics of an 
early endosomal compartment.

The capacity for cells to macropinocytose material is highly 
dependent on the cell type and can be a constitutive or an induced 
process28. Macrophages and dendritic cells exhibit high levels of 
constitutive macropinocytosis to sample the extracellular environ-
ment for pathogens29. Induction of macropinocytosis can occur 
through a range of stimuli, including receptor tyrosine kinase family 
receptors (for example EGFR), proteoglycans or G-protein-coupled 
receptors. Neutrophils have been shown to induce macropinocy-
tosis in response to viral infections, and dendritic cells upregulate 
their native levels of macropinocytosis in response to treatment 
with lipopolysaccharide30.

In transformed cells with a RAS mutation, macropinocyto-
sis plays a crucial role in uptake of protein to be used as a source 
of amino acids for fuel31. It has also been shown that breast and 
prostate cancer cells use macropinocytosis to increase trafficking 
of ErbB3 into the nucleus to promote proliferation32. Constitutive 
macropinocytosis levels vary in different cell lines in culture and 
undoubtedly also in different cells in vivo. Macropinocytosis can 
also be stimulated by growth factors in culture medium33. These fac-
tors make it important to ascertain the role of macropinocytosis in 
the target cells in vivo.

Phagocytosis. Phagocytosis involves the uptake of particulate mate-
rial by professional phagocytes (polymorphonuclear neutrophils, 
monocytes and macrophages) and non-professional phagocytes34,35. 
This has been considered to involve the uptake of particles over 
0.5 µm in diameter, but the lower limits for phagocytic uptake are 
actually unclear and phagocytosis could be involved in the uptake 
of far smaller particles, including nanoparticles36. Phagocytosis is 
a crucial cellular process for uptake of cellular debris, including 
dead cells, and for the elimination of pathogenic microorganisms 
by cells of the innate immune system. Particles or microorganisms 
are engulfed by a tight-fitting membrane that extends around the 
particle until it is completely enclosed and scission from the plasma 
membrane occurs. The resultant intracellular vacuole, the early 
phagosome, matures into a degradative compartment containing a 
full complement of microbiocidal agents.

Phagocytosis is initiated by binding of particles to surface pro-
teins such as scavenger receptors, which can recognize a diverse 
range of materials35, or by specific receptor interactions. The uptake 
of pathogens by macrophages is one of the best understood phago-
cytic processes. Clustering of surface receptors that recognize  
opsonized particles via their associated immunoglobulins acti-
vates Src family kinases. Sustained activation requires exclusion of  
key phosphatases, such as CD45 and CD148, from the site of 
phagocytosis. This process depends on the close apposition of the 
macrophage’s enclosing phagosomal membrane and coordina-
tion with actin and integrin signalling networks. This signalling 
network strengthens the association of the phagosomal cup mem-
brane with the phagocytosed particle, while the exclusion of CD45 
and CD148 phosphatases accelerates the expansion of the phago-
cytic cup. Membrane extension and phagosome formation rely on  
the actin cytoskeleton, with actin filaments depolymerizing at the 
base of the cup and polymerizing at the tips of the lamellae as they 
extend over the particle. This relies on a series of small GTPases 
including Cdc42, Rac and RhoA working together with effectors 
such as WASP and Arp2/3 to generate a branched actin network. 
Actin remodelling also relies on transient changes in membrane  
lipids such as the consumption of PtdIns(4,5)P2, through both 
hydrolysis and conversion to PtdIns(3,4,5)P3. Phagocytic cup 
extension also requires dynamin-2, which regulates both actin 
dynamics and scission from the plasma membrane; however, the 

Box 2 | Summary of classical endocytic pathways

Understanding the properties of each internalization pathway is 
crucial to understanding nanoparticle uptake. The table below 
provides a brief comparison of the parameters that should be con-
sidered for each internalization pathway. There is evidence to sug-
gest that elements from these classical pathways can be involved in 
hybrid pathways; however, the behaviour of these hybrid pathways 
differs substantially from that of the classical pathways and should 
be considered separately.

CME FEME CLIC/GEEC Caveolin Macrop 
inocytosis

Phago-
cytosis

Classical  
size of 
endocytic 
vesicle 
(diameter)

~100 nm 
spherical

~60–80 nm  
tubular  
(may be  
several  
hundred  
nm long)

~100 nma ~60 nm >200 nm >200 nmb

Present in  
all cells

Yes Possiblyc No No d e

Validated 
cargo

Transferrin Anti-β1- 
adrenergic  
receptor

Anti-CD44 
anti-CD98

– Dextranf Chemically 
killed  
bacteria

aSize is not well defined but is generally considered to be similar 
to that for CME and FEME.

bGenerally considered to involve particles larger than 500 nm 
in diameter but could play a role in uptake of smaller particles36.

cThe FEME pathway has been found in most cell lines studied; 
however, only a limited number of cell lines have been explored.

dMacropinocytosis is often upregulated in cultured cell lines 
and can be stimulated by growth factors.

eMany non-professional phagocytic cells appear to have the 
molecular machinery to undergo phagocytosis, but lack the 
classical receptors to bind cargo and initiate the process. Knockin 
studies of these receptors have shown that a number of classically 
non-phagocytic cells will phagocytose cargo if the appropriate 
receptor is expressed on their surfaces108.

fNote that if dextran is behaving as a true fluid phase marker 
it will be incorporated into all forming endocytic vesicles, 
particularly at low molecular masses (<10,000 Da), and cannot 
only label the macropinocytic pathway. However, the magnitude 
of the pathway, and size of the forming macropinosomes, provide 
some apparent specificity for macropinosomes depending on the 
concentration and imaging conditions used, especially for very 
large dextrans (for example 2,000,000 Da).
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mechanism of action is probably different from other internaliza-
tion mechanisms37.

Once the phagosome forms, a series of complex maturation 
events occurs as the phagosome fuses with endosomal compart-
ments and acquires the characteristics of a late-endosomal/lyso-
somal compartment. These maturation steps involve a series of 
complex membrane trafficking steps, including sequential acquisi-
tion of Rab GTPases, microtubule-dependent trafficking through 
dynein/dynactin, recruitment of elements of the autophagosomal 
machinery and selective retrieval of membrane-associated compo-
nents from the forming phagolysosomes38.

Caveolae: limited evidence for nanoparticle uptake. An exten-
sive literature links caveolae to endocytosis. This includes decades 
of work in vascular endothelia, in which caveolae have been pro-
posed to mediate transcellular transport from the lumen of vessels 
across the endothelium and into tissues. In non-endothelial cells, 
caveolae have also been implicated in a number of endocytic pro-
cesses including uptake of toxins, viruses, whole bacteria, lipids and 
a range of nanoparticles. Each of these pathways remains some-
what controversial, particularly as studies using genetic knockout 
of caveolar components have not generally shown a dependence 
on caveolae for endocytic uptake in any system12,39. For example, 

Table 1 | Summary of chemical endocytosis inhibitors

Inhibitor target pathway Mode of action Pathways affected comments

cMe FeMe cav clIc Macro Phago

2-deoxy-d-glucose/ 
sodium azide

All energy- 
dependent  
pathways

Decreases ATP and 
NADh by inhibiting 
glycolysis

✓ ✓ ✓ ✓ ✓ ✓

hypertonic sucrose79 CME Prevents disassembly of 
clathrin cage

✓ • • Non-specific80

Potassium ion depletion81 CME Causes aggregation of 
clathrin

✓ • • • • • Non-specific, interferes 
with actin80

Chlorpromazine CME Mechanism unknown82, 
but probably inhibits 
AP283

✓ • • • Increases the uptake of 
lactosylceramide, which 
is not internalized by 
CME;84 inhibits FEME16

Chloroquine83 CME Affects the function 
of clathrin and 
clathrin-coated vesicles85

✓ Also inhibits endosome 
acidification

Pitstop 286 CME Interferes with binding to 
the N-terminal domain of 
clathrin86

✓ ◌ ◌ ◌ ◌ ◌ Mechanism 
and specificity 
questioned87,88

Dynasore89 & Dyngo90 All dynamin- 
dependent  
pathways  
(CME & FEME)

Block the GTPase activity 
of dynamin

✓ ✓ • • Can also interfere with 
actin, as shown in 
triple-knockout  
dynamin cells91

Methyl-β-cyclodextrin92 Lipid rafts/
cholesterol-enriched 
microdomains/
caveolae

Removes cholesterol 
from the plasma 
membrane

◌ • ✓ ✓ • • Interferes with other 
uptake mechanisms 
because of changes in 
membrane fluidity93

Nystatin Lipid rafts/
cholesterol-enriched 
microdomains/
caveolae

Binds to cholesterol94 ◌ • ✓ ✓ • • Interferes with other 
uptake mechanisms 
because of changes in 
membrane fluidity93

7-keto-cholesterol14 CLIC/GEEC Prevents the close 
packing of acyl chains95

✓

LG18626 CLIC/GEEC Reversible inhibitor of 
Arf-GEF function

✓

Genistein Unclear Broad-spectrum tyrosine 
kinase inhibitor96

• • • • • Shown to partially 
inhibit endocytosis by 
caveolae, but specificity 
unclear97

Cytochalasin D Macropinocytosis 
and phagocytosis

Depolymerizes F-actin98 • • • • ✓ ✓ Interference with actin 
polymerization affects 
multiple pathways99

Amiloride (EIPA)100 Macropinocytosis Inhibits Na+ channels and 
Na+/h+ exchange101

◌ • ✓ Reports have shown 
inhibition100, or lack of 
inhibition102, of EGFR 
uptake; has been shown 
to inhibit FEME16

✓ Proposed target pathway. • Other, ‘off-target’, pathways. ◌ Requires specific conditions to prevent ‘off-target’ effects.
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mice lacking caveolae show efficient transport of albumin from the 
bloodstream to tissues40, while viruses and toxins shown to asso-
ciate with caveolae are not dependent on caveolae for their infec-
tious entry and toxicity41. A set of criteria that can be used to assess 
uptake via caveolae has been discussed elsewhere42.

Caveolae are characterized by a unique morphology as seen 
by electron microscopy: a bulb-shaped pit of approximately 
60 nm diameter connected to the plasma membrane by a slightly 
smaller neck43. Caveolae are very abundant in some cell types but 
absent from others (for example neurons and many blood cells). 
Many commonly used mammalian cell lines also lack caveo-
lae, including PC3 cells and at least some MCF7 strains (Box 3). 
This cell- and tissue-specific distribution is very different from 
clathrin-coated pits, which show a fairly constant density in dif-
ferent cell types. Caveolae are generated by caveolins and cavins 
working together with accessory proteins such as Eps15 homol-
ogy domain-containing 2 (EHD2), pacsin/syndapins and ROR1 
(ref. 12). Cavins are peripheral membrane proteins that associate 
primarily with caveolae under steady-state conditions. However, 
caveolins are integral membrane proteins that associate with a 
number of cellular compartments, including caveolae, endosomes, 
the Golgi complex and lipid droplets. This wide distribution of 
caveolins has led in part to confusion over the role of caveolins in 
endocytic pathways. Loss of caveolae occurs when the expression 
of caveolin-1 (CAV1; in non-muscle cells), caveolin-3 (CAV3; stri-
ated muscle cells) or cavin1 (in both muscle and non-muscle cells) 
is ablated. This provides a way to test whether uptake of specific 
markers is dependent on caveolae.

The role of caveolae in endocytic processes, as endocytic carriers 
analogous to clathrin-coated pits, is not clear despite the dogma that 
has developed in some research fields. A number of factors have 
added confusion to the field. First, a number of studies have relied 
on inhibitors to test for the involvement of caveolae. Invariably 
these inhibitors have insufficient specificity to prove the involve-
ment of caveolae (Table 1). For example, cholesterol perturbation 
not only disrupts caveolae but also perturbs CLIC/GEEC endocy-
tosis and FEME, even under conditions where transferrin uptake 
via clathrin-coated pits is unaffected14,16,41,44. Second, colocalization 
with caveolin has been considered an indicator of caveolar endocy-
tosis. In fact, overexpression of caveolin-1 leads to its association 
with a number of endocytic pathways and compartments, as the 
levels of endogenous cavin limit caveolar formation. An example 
of this is the proposed association of caveolin-1 with a novel com-
partment called the caveosome45, subsequently proposed by the 
original authors to be an artefact of caveolin-1 overexpression46. 
Experiments using fluorescently tagged caveolin-1 must also be 
performed with care in view of studies proposing that both amino- 
and carboxy-terminal-tagged proteins can act as dominant-negative 
inhibitors45.

Another important aspect of studies proposing involvement of 
caveolae is whether the particle or agent of interest can be physically 
accommodated within a caveola. The interior of caveolae, around 
50 nm in diameter, can only accommodate relatively small cargo. 
Large cargo, such as bacteria47 and larger nanoparticles48, have been 
proposed to use caveolae, but it is not clear how the caveola struc-
ture could accommodate materials greater than the diameter of this 
pathway. The structure of vesicles to accommodate these particles 
would need to be dramatically modified and so they should not 
be considered caveolae. However, caveolar proteins could still be 
hijacked to facilitate the internalization process. We suggest that if 
such mechanisms are proven they should be very clearly differenti-
ated from bona fide caveolar endocytosis, which should be confined 
to budding of intact caveolae with cargo.

In conclusion, without further evidence, it is difficult to estab-
lish whether any nanoparticles require caveolae for endocytosis, 
at least in non-endothelial cells. Use of genetically modified cells 

and organisms should be able to resolve many of these issues in the 
future (Table 2).

Nanoparticle uptake: general considerations. Many notable stud-
ies investigating nanoparticle size, shape, charge and targeting were 
performed before we fully understood the roles of the CLIC/GEEC 
and FEME pathways. Furthermore, recent advances in our under-
standing of how pharmacological inhibitors interact with multiple 
endocytosis pathways also calls for us to reassess the properties that 
govern endocytosis49. The pathways of CME, FEME, CLIC/GEEC 
and caveolae are all associated with carriers with a diameter smaller 
than 200 nm, which means it is unlikely that particles larger than 
200 nm can be internalized by these routes. Particles larger than 
200 nm will typically be internalized by macropinocytosis or phago-
cytosis (but note that proteins such as clathrin and dynamin can 
still play a crucial role in these pathways)50,51. Reports that particles 
larger than 200 nm are endocytosed by caveolae conflict with our 
current understanding of the caveola structure48. Below 100 nm, the 
size of the nanoparticle plays a less important role in possible routes 
of uptake, as the geometry of each pathway can readily accommo-
date small nanoparticles.

When nanoparticles are placed in cell media or are injected 
in vivo, serum proteins quickly adsorb to the surface of the nanopar-
ticle, forming a protein corona. These adsorbed proteins, such as 
vitronectin, can induce binding to specific cell surface receptors, 
which in turn can influence the uptake pathway52. The formation 
of a protein corona can also cause particles to aggregate before they 
reach the cell, causing the effective nanoparticle size to be signifi-
cantly larger than the size measured ex vivo in water or PBS. We 
have recently helped to draft the MIRIBEL standard for reporting 
the properties of nanoparticles, and feel that reporting the full char-
acterization of these materials will help with the comparison of dif-
ferent studies53.

tools to study mechanisms of uptake
A considerable research effort has been, and is still being, expended 
on understanding the pathways by which nanoparticles are internal-
ized9. Many of these studies employ inhibitors, and particularly in 
the nanoparticle literature many rely solely on the use of inhibitors 
and cell culture models. A pertinent question is whether these stud-
ies have helped the field to progress, and in particular whether their 
use helps in the design and application of new therapeutics (here 
we are not discussing the use of endocytosis inhibitors themselves 
as therapeutic agents, something that has considerable potential)6.

Aside from the question of the importance of dissecting the 
pathways of endocytosis of nanoparticles in cultured cells, a crucial 
question is how specific these inhibitors are. Many inhibitors con-
sidered specific for macropinocytosis also inhibit FEME (Table 1). 
In fact, in one study all tested inhibitors of macropinocytosis and 
clathrin-independent endocytosis also inhibited FEME16. A number 
of inhibitors of clathrin-coated pit endocytosis also inhibit FEME, 
including chlorpromazine and potassium depletion, whereas cho-
lesterol depletion to inhibit uptake via caveolae also inhibits the 
CLIC/GEEC and FEME pathways.

The non-specific and cross-reactive nature of these inhibitors 
means that it is important to confirm the activity of the inhibitors54. 
This can be achieved using markers that have been extensively vali-
dated to be specifically internalized by particular pathways (Box 1). 
Use of these markers not only confirms the activity of the inhibitor 
but can also give information about non-specific inhibition.

The methods used to study endocytosis are also important. The 
uptake of nanoparticles into cells is typically investigated by fluo-
rescently labelling materials and measuring uptake using fluores-
cence microscopy or flow cytometry. One challenge is accurately 
distinguishing material bound to the plasma membrane from inter-
nalized material55. Confocal microscopy offers a low-throughput 
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technique to qualitatively determine if nanoparticles are inside the 
cell; however, it can be difficult to distinguish between material that 
is internalized, but close to the cell surface, and material bound to 
the outer plasma membrane. Flow cytometry is a high-throughput 

method for rapidly quantifying the association of material with cells;  
however, by default flow cytometry quantifies total association, 
rather than distinguishing internalized material from surface-bound 
material. Recently a number of new techniques have been devel-
oped that allow rapid quantification of uptake using flow cytom-
etry56,57. The specific techniques to quantify uptake are beyond the 
scope of this Review; however, we have recently reviewed the lat-
est advances in quantifying cellular uptake elsewhere58. A common 
technique to synchronize internalization and normalize nanopar-
ticle binding is to initially incubate nanoparticles with cells at 4 °C 
to inhibit uptake. Unbound particles are then washed away and the 
cells returned to 37 °C to initiate uptake. The synchronized inter-
nalization allows for easy interpretation of internalization kinetics. 
However, CLIC/GEEC endocytosis has been reported to recover 
slowly after a low-temperature incubation while clathrin-dependent 
endocytosis recovers rapidly10. This has the potential to underrep-
resent the importance of CLIC/GEEC pathway and overestimate 
the importance of CME if a low-temperature protocol is used. To 
visualize the FEME pathway it is important that the cells are fixed 
at 37 °C, which suggests that temperature may also influence this 
pathway16. Furthermore, a number of endocytosis inhibitors require 
serum-free media; however, it has been established that serum stim-
ulates FEME but not CLIC/GEEC endocytosis, while serum star-
vation downregulates FEME16,21. Consequently, decoupling the role 
of FEME from other pathways using small-molecule inhibitors can 
be challenging. Increasingly researchers are employing incubation 
at 37 °C with no cooling step and a serum-containing medium to 
minimize these problems.

Knockout of key components in the internalization pathways, or 
expression of dominant-negative inhibitors, if performed carefully 
with appropriate controls, can overcome these problems (Table 2; 
although note that these inhibitors can also have off-target effects 
because some components can be shared by different pathways or 
can influence these pathways)13. These include the expression of 
the BAR domain of endophilin lacking its N-terminal amphipathic 
helix (b) for the FEME pathway, caveolin-1 or cavin1 knockout for 
the caveolar pathway, and the use of dynamin-knockout cells in 
which all three isoforms are genetically ablated or can be condition-
ally downregulated. RNA interference is a valuable tool to achieve 
knockdown of these key proteins and has been used to interrogate 
the role of different endocytic pathways in the endocytosis of nano-
materials8. siRNA can also be used to screen numerous proteins 
either individually or in concert to assess their implications in dif-
ferent endocytic pathways59,60. Although this approach is likely to 
be more specific than pharmacological inhibitors, the highly intri-
cate nature of these endocytic pathways, which may share protein 
components (an aspect that may not be well understood currently), 
means that validation is critical to avoid affecting multiple pathways. 
siRNA-mediated knockdown can also suffer from off-target effects.

Fate
For delivery of therapeutic nanoparticles, internalization is only the 
first step. The subsequent trafficking substantially impacts the effi-
cacy of the delivery system. For delivery of the therapeutic to its 
site of action, typically in the cytosol or nucleus, a number of ques-
tions arise. First, does the endocytic pathway matter? Second, can 
we specifically exploit the distinct characteristics of specific path-
ways to benefit drug or nanoparticle uptake and trafficking? Third, 
what do we know about these pathways in vivo? Surprisingly, in 
view of the importance of the question and the number of research 
papers devoted to nanoparticle or drug delivery, the answer to this 
last question is that very little is known. These questions will be 
addressed in turn.

There is strong evidence to suggest that all major endocyto-
sis pathways are capable of delivering their contents to the early  
endosome through a Rab5/EEA1-dependent trafficking pathway61. 

Box 3 | Summary of endocytic mechanisms in common human 
cell lines

Understanding the biology of the cells being studied and the in-
ternalization pathways they possess is crucial to understanding 
nanoparticle uptake. The table below provides a brief summary 
of the endocytic mechanisms present in seven commonly studied  
human cell lines. While all cell lines possess CME machinery,  
not all uptake mechanisms are ubiquitous. Of note, PC3 cells (lack 
cavins)105, HEK293 cells (lack cavin1), Caco2 cells (lack CAV1) and 
many MCF7 cell lines (lack caveolins and cavins)109 do not possess 
caveolae. Despite this, a number of studies have concluded that 
nanoparticles are internalized via a caveola-mediated process. Fur-
thermore, HeLa cells do not possess the CLIC/GEEC pathway, as 
judged by a number of criteria26,110; therefore, it cannot be assumed 
that this pathway is present in all cells. Phagocytosis is initiated by 
binding to surface receptors that are not present on all cells. How-
ever, phagocytosis can be induced in some non-phagocytic cells if 
they are modified to express these receptors111. Recent work has 
also suggested that dividing cells in culture differ from the same 
cells in a non-dividing quiescent state in their endocytic uptake 
pathways109. All of these examples illustrate the importance of  
understanding the limitation of cell culture models and the need to 
develop assays for in vivo studies of endocytosis.

Cell line Internalization pathway

CME112 FEME Cav CLIC/GEEC Macro113

A549 ✓ ✓a114 ◌b115,116 ✓a117 ✓✓c118

MCF7 ✓ ? ✕109 ? ✓

PC3 ✓ ? ✕105 ? ✓

heLa ✓ ✓119 ✓120 ⦸26,110 ✓

hepG2 ✓ ? ◌ ✓121 ✓

hEK293 ✓ ✓a122 ✕123 ◌124 ✓

Caco2 ✓ ✓125 ✕126 ✓127 ✓

✓ Present.
✓✓ Upregulated.
✕ Not present due to the lack of key molecular machinery.
⦸ Not present on the basis of comparative cellular studies. This 

does not rule out modification of the classical pathway.
? Not investigated.
◌ Conflicting evidence.
aIndirect evidence.
bConflicting evidence but probably very low.
cA549 cells have the KRAS mutation, which has been shown to 

upregulate macropinocytosis31,32.
Note that the table is only an indication of the variability that can 

occur in commonly used lines. For many cultured cells definitive 
evidence is lacking, and we have noted considerable variation in 
published findings even with apparently identical cell lines. It is 
also often difficult to demonstrate the lack of a particular pathway, 
such as CLIC/GEEC, rather than the existence of a modified 
version of this pathway in a specific cell type. However, the table 
serves to illustrate the dangers of assuming that all pathways 
exist in all cultured mammalian cell types, also illustrated by 
comparison of caveolae for which structural components and well 
defined ultrastructural morphology are available.
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From the early endosome, cargo can be recycled back to the cell sur-
face either directly or via the Rab11-positive recycling endosome, 
or can remain with the vacuolar portion of the early endosome 
as it converts to a late-endosomal compartment and is eventually  
trafficked to the lysosomes. The majority of studies investigating the 
fate of nanoparticles and their cargo show substantial accumulation 
in the lysosomes.

In addition to the classical pathway of uptake to the EEA1-positive 
early endosome, internalized cargo in clathrin-coated vesicles is also 
delivered to the APPL1-positive early endosome, a parallel stable 
sorting compartment62,63. This compartment may be not an essen-
tial station for bulk endocytic cargo but rather a signalling compart-
ment62. Traffic to the APPL endosome may delay transport into the 
EAA1 endosome, where recycling or degradation could occur to 
allow prolonged signalling.

It is important to note that cargo endocytosed by the same 
mechanism can be sorted into different endosomal compartments, 
and that cargo endocytosed by different mechanisms can be sorted 
into the same endosomal compartment. CD44, CD98, CD147 and 
MHCI enter cells via a clathrin-independent pathway, and colo-
calize to the same endocytic vesicles after 5 min (ref. 64). However, 
CD44, CD98 and CD147 are rapidly sorted in a different way from 
MHCI into EEA1-negative endosomal compartments and avoid the 
degradative lysosomal pathway. This altered trafficking is controlled 
by sequences in the cytoplasmic domain of the receptors65. It has yet 
to be tested whether this distinct trafficking route can influence the 
fate of nanoparticles.

The fate of nanoparticles can be driven by a number of factors 
that relate to the mechanism of internalization. These include the 
rate of internalization, the percentage of material internalized and 
signalling on the cytosolic side of the internalized receptor. There is 
some evidence to suggest that certain internalization pathways can 
influence subsequent cellular trafficking; however, it is not clear if 
it is the internalization pathway or signalling from the receptor that 
is the major driver of this trafficking. As an example of differential 
trafficking, liposomes with high surface densities of octa-arginine 
have been shown to increase macropinocytosis, and had higher 

transfection efficiencies than lower-density octa-arginine lipo-
somes, which were internalized by other pathways66.

The delivery requirements of small-molecule drugs and large 
macromolecules such as proteins or RNA/DNA are quite differ-
ent. Small-molecule drugs are generally synthesized such that 
their properties allow the passive diffusion across cell membranes. 
Therefore, simply achieving accumulation in a target tissue without 
regard for the subsequent internalization mechanism may be suf-
ficient to attain enhanced drug delivery to a specific subset of cells. 
Comparatively large macromolecules are unable to passively diffuse 
across these membranes due to their size and polarity, and therefore 
rely on endosomal escape to reach sites of action within the cyto-
sol or nucleus67. It remains to be seen whether endosomal escape 
is dependent on the trafficking route within which the internalized 
material finds itself. If certain trafficking vesicles result in increased 
endosomal escape (perhaps due to specific lipid content)68, it may 
be possible to target specific endocytic compartments to control 
the therapeutics’ fate and enhance cytosolic delivery. Methods to 
understand endosomal escape and engineer nanoparticles to pro-
mote cytosolic delivery have been reviewed recently67,69,70, and are 
beyond the scope of this Review.

endocytic pathways in vivo
We have highlighted the variation in endocytic pathways in dif-
ferent commonly used laboratory cell lines. It is clear that there 
will be even more variation in endocytosis between different cell 
types in vivo, reflecting the particular properties of these cells, their 
physiological functions and the ever changing local environment of 
cells in different tissues within a whole organism. The organization 
of the endosomal circuits differs between cell types in vivo71, and 
particular cell types, such as cells of the kidney proximal tubules, 
have evolved high-capacity internalization mechanisms. Even cells 
of the same type grown in culture under different conditions can 
dramatically remodel their endocytic pathways as they change 
from a dividing to a quiescent state72, and so it is not surprising that 
the few studies that have compared endocytosis by cells in culture 
with their in vivo counterparts have shown notable differences in 

Table 2 | Summary of genetic inhibitors of endocytosis

Protein/gene Pathway targeted Mode of action Inhibition

Knockout/down Dominant 
negative

Dynamin-2 (DNM2) CME/FEMEa Depletion of dynamin prevents vesicles 
budding from cell membrane

✓91 ✓103

Clathrin (CLTC) CME Clathrin depletion prevents formation of 
clathrin-coated pits

✓8 ✓104

Endophilin A2 (ENDOA2) FEME Endophilin A2 depletion prevents reshaping of 
the membrane before scission of the vesicle

✓[b18 ✓16

Caveolin-1 (CAV1) CAV Caveolin-1 depletion prevents caveola 
formation

✓8 ✓45

Caveolae associated protein 1 
(CAVIN1)

CAV Cavin-1 depletion prevents caveola formation ✓105

IRSp53 CLIC/GEEC IRSp53 depletion interferes with actin dynamics ✓23

PICK1 CLIC/GEEC PICK1 depletion interferes with actin dynamics, 
specifically the Arp2/3 complex

✓23

CtBP1 (CTBP1) Macropinocytosis CtBP1 depletion inhibits macropinosome fission 
from the cell surface106

✓8 ✓107

Rabankyrin-5 (ANKFY1) Macropinocytosis Depletion of rabankyrin-5 inhibits formation of 
macropinosomes

✓8

aDynamin-2 is implicated in phagocytosis; however, only specialized cells are phagocytic. bFor unambiguous knockdown it may be necessary to knock down all three forms of endophilin, although some 
show inhibition by only knocking down endophilin A2.
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endocytic pathways73. Very little is still known of the magnitude 
of different endocytic pathways in physiological cell types in dif-
ferent tissues and how these differences impact on the delivery of 
nanoparticles into the cells of interest in vivo. However, the appli-
cation of intravital subcellular microscopy, including the use of 
light microscopy techniques such as spinning-disc, confocal and 
multiphoton microscopy in live animals, is now starting to provide 
new insights into the uptake of biological and therapeutic agents 
in vivo74–76. Another important aspect of delivery in vivo, which lies 
outside the scope of this Review, is transport from the bloodstream 
across the endothelium to the target cells, and the reader is referred 
to a recent review on this subject77. A crucial future aim must be to 
develop tractable systems that go beyond the culture dish and into 
more physiological systems.

conclusion
Nanoparticle delivery systems have the potential to improve the 
treatment of various diseases. Understanding how these nanopar-
ticles are internalized by cells and then processed within the cells 
is critical for understanding how nanoparticles can reach their site 
of action. Here we present an overview of the current understand-
ing of endocytosis, and the limitations of current experimental 
techniques, in the hope of stimulating research directed at under-
standing how a nanoparticle is internalized in target cells in vivo, 
and how an understanding of this process can dictate therapeu-
tic strategies. Increased understanding of the process can poten-
tially help harness cell biological mechanisms for more efficient 
delivery. Whether we can actually modulate the endocytic process 
to favour therapeutic delivery via a productive pathway is still 
unclear, although modulation of endocytosis in the clinic is now 
becoming a real possibility. Simple analysis of nanoparticle uptake 
mechanisms through the use of one or two non-specific pharma-
ceutical inhibitors adds little knowledge to our understanding of 
nanoparticle–cell interactions. It is important to recognize that 
most endocytosis inhibitors are working on multiple pathways 
(Table 1), which makes it difficult to draw definitive conclusions 
about the endocytic pathways. Instead, genetic knockouts or 
dominant-negative proteins may provide a more specific approach 
to understand uptake. There are a number of conflicting reports 
in the literature that conclude specific endocytic pathways without 
using the most up-to-date tools and knowledge. Compounding 
this, a number of commonly reported pathways are not ubiquitous 
to all cells.

Aspects of nanoparticle design, such as size, shape and sur-
face chemistry, are thought to influence the route of internaliza-
tion. However, many of these studies were performed before we 
developed our current understanding of endocytosis mechanisms, 
and it is important to re-evaluate them with the most up-to-date 
understanding.

While cell culture systems are vital for elucidating the funda-
mental mechanisms, molecules and pathways of endocytosis, it 
is important to understand their limitations. In vitro studies help 
answer specific questions about the pathways being studied, but 
they do not answer the wider question of whether these mecha-
nisms are relevant in vivo. We see use of systems that more faith-
fully reflect the in vivo environment as vital. Ultimately this might 
require the use of whole-animal systems and development of new 
tools to study these in vivo. This does not mean that cell culture 
studies are not valid; rather, it means that in vitro studies should be 
informed by in vivo evidence. The use of intermediate systems such 
as explants or organoids, in which endocytosis can be manipulated 
in vitro, might be an excellent intermediate step in characteriza-
tion. The study of EGFR endocytosis in live ex vivo human tumour 
biopsies represents an interesting step in this direction6,78. Creating 
nanoparticle systems with this in mind will aid the development 
and testing of delivery systems in a rational scientific fashion and 

most importantly should improve the efficacy of nanoparticles in 
therapeutic applications.
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