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Nanomedicines employ multiple endocytic pathways to enter cells. Their following fate is
interesting, but it is not sufficient understood currently. This review introduces the
endocytic pathways, presents new technologies to confirm the specific endocytic pathways
and discusses factors for pathway selection. In addition, some intriguing implication about
nanomedicine design based on endocytosis will also be discussed at the end. This review

may provide new thoughts for the design of novel multifunctional nanomedicines.
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1. Introduction

With the continuous development and progress of human
society, people are suffering much more modern diseases
than before. Tumors, for example, are characterized by
heterogeneity and adaptive resistance. Regarding tradi-
tional drugs, they work while trafficking in the blood cir-
culation and the concentration at the lesion site determines
the therapeutic efficacy of the drugs. Usually, to achieve

high concentration at the lesion site, excess drugs are taken.
Simultaneously, however, systemic side effects and disor-
der of other organic or tissular function would appear. It
was an inevitable problem for pharmaceutical scientists to
solve until nanomedicines emerge. Compared to traditional
small molecule drugs, theoretically speaking, nano-
medicines can concentrate at certain organs, tissues and
even cells, load more drugs to final targets, deliver macro-
molecules (like proteins and peptides) and minimize side
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effects or toxicity [1]. Scientists see a future in the
nanomedicine.

A series of nano-sized preparations, such as liposomes,
nanoparticles, polymeric micelles and polymeric-drug conju-
gates, have been developed in laboratory, and some of them are
undertaking preclinical studies. Some successful nano-sized
preparations have already emerged in today’s pharmaceutical
market and shown better clinical performance than traditional
drugs [2]. Traditional drugs with small molecule enter cells
mainly through the passive diffusion or active transport while
nanomedicines come into cells via endocytosis. Endocytosis
helps nanomedicines to enter specific cells and accumulate
there. Pharmaceutical scientists showed a great interest in this
process and spent much time and energy to study, and they
have obtained some achievements. The endocytosis pathway
has been classified according to the proteins which play a role
in the process. Correspondingly, it has been explained that how
nanomedicines interact with cytomembrane, enter cells and
travel in the cells in different pathways. Even so, there are still
many problems that have not been solved. Some pathways are
still insufficiently understood, and the functions of some pro-
teins involved in endocytosis are still uncertain, and the factors
that affect the pathway for nanomedicines entering cells are
not absolutely proven, etc. It is necessary to study further for a
better understanding, and the findings may contribute to the
emerging of the novel multifunction nanomedicine.

This review summarizes much important advancement
about endocytosis mechanisms and the subsequent intracel-
lular fate of nanomedicines. We will focus on the cellular
uptake and intracellular route in different type of endocytosis
pathways, the tools used to confirm the specific endocytic
pathway, and the effect of physicochemical properties of
particles and cell types on the selection of the endocytic
routes. In addition, some meaningful implications about
rational nanomedicine design depending on endocytosis are
also introduced in separate paragraphs. The review may
provide new thoughts for the design of novel multifunctional
nanomedicine and will be helpful to related workers.

2. Endocytic pathways for nanomedicines to
enter cells

Endocytosis is the major route for nanomedicines to transport
across the membrane (Fig. 1). It is generally classified into
phagocytosis and pinocytosis. Phagocytosis was originally
discovered in macrophages. Pinocytosis is present in all types
of cells in four forms, such as clathrin-dependent endocytosis,
caveolae-dependent endocytosis, macropinocytosis, and cla-
thrin- and caveolae-independent endocytosis [3,4].

2.1. Phagocytosis

Phagocytosis is a special endocytic pathway predominantly
occurred in phagocytes, such as macrophages, neutrophils and
monocytes [5]. Relatively, large particles are more likely to take
this way. Nanoparticles which adopt this way of entry into
cells need to be recognized by the opsonin firstly, such as
immunoglobulin (IgG and IgM), complement component (C3,
C4, and C5) and blood serum proteins. Thereafter, the
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Fig. 1 — Nanoparticles internalization pathways in
mammalian cells. The picture briefly shows the
classification of endocytic trafficking and different
mechanisms of endocytosis. Abbreviation is: CCV, clathrin
coated vesicle.

opsonized nanoparticles bind to the cell surface and interact
with the receptor, inducing the cup-shaped membrane
extension formation. The membrane extensions enclose the
nanoparticles and then internalize them, forming the phag-
osomes which have a diameter of 0.5-10 um. Finally, the
phagosomes move to fuse with lysosomes [5,6]. But the cargo
contained in the phagosomes will be destroyed by acidification
and enzymolysis in the lysosomes. Therefore, to produce
desired effects, nanomedicines must bypass this route to avoid
degradation.

2.2. Pinocytosis

Pinocytosis is a major route for the cells to drink fluid, solutes
and suspensions containing small particles. It is classified
to clathrin-dependent endocytosis, caveolae-dependent
endocytosis, macropinocytosis and clathrin- and caveolae-
independent endocytosis, based on the proteins involved in
the pathways [3,4].

2.2.1. Clathrin-dependent endocytosis

Clathrin-dependent endocytosis is present in all mammalian
cells, occupying an important part in cellar entry. After
nanomaterials interact with receptors on the cytomembrane,
a kind of cytosolic protein named clathrin-1 polymerizes on
the cytosolic side of the plasma where the cargo is internal-
ized [4]. After wrapping the nanoparticles inside, the vesicle is
pinched off through the GTPase activity of dynamin, forminga
clathrin coated vesicles (CCV) [7]. With energy supplied by
actin, CCVs move towards inside the cells, and the route is
regulated by the cytoskeleton [8]. The clathrin coat is shed off
in the cytosol. Where is the destination of the vesicles? It may
be associated with the receptor that nanoparticles’ ligands
attach to. For example, low-density lipoprotein particles are
internalized through LDL receptor and transferred to lyso-
somes for degradation; while, iron-loaded transferrin is
engulfed via transferrin receptor and recycled to the cell
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surface [9]. This route can be blocked by its inhibitors or some
other factors, such as chlorpromazine, a hypertonic medium
or potassium depletion [10,11].

2.2.2. Caveolae-dependent endocytosis
Caveolae-dependent endocytosis is also a common cellular
entry pathway. It could bypass lysosomes [9], thus many
pathogens including viruses and bacteria select this way to
avoid lysosomal degradation [12]. For the same reason, this
route is believed to be beneficial for enhancement of con-
centration of targeting position and improvement of thera-
peutic effect. In this pathway, caveolin, a protein exist in most
cells, plays a dominate role. There are three isoforms of cav-
eolin in mammalian cells. Caveolin-3 is muscle specific, while
caveolin-1 and -2 are abundant in most nonmuscle cells (such
as endothelial cells, fibroblasts and adipocytes) and absent in
neurons and leukocytes [9]. By binding to the receptors on the
plasma membrane, nanoparticles or pathogens, like Simian
virus 40 [13] and cholera toxin [14], can interact with the re-
ceptors to induce the formation of the flask-shaped vesicles,
which are cut off from the membrane by dynamin. Similar to
clathrin-dependent endocytosis, caveolar vesicles require
actin to move and intact microtubules to traffic within the cell.
The caveolae vesicles traffic to fuse with caveosomes or
multivesicular bodies (MTV) which have a neutral pH [15]. The
caveosomes containing nanomedicine move along with mi-
crotubules to the ER [13,14]. It is thought that nanomaterials in
ER penetrate into the cytosol, and then enter nuclear via the
nuclear pore complex [16]. Compared to clathrin-dependent
endocytosis, this pathway takes longer time and has smaller
vesicles in the process [17]. According to those described
above, nanomaterials taking this way in some certain avoid a
degradative fate and enhance the delivery to a target organelle
(such as ER or nucleus), which is critical for improvement of
therapeutic delivery [13].

2.2.3. Macropinocytosis

Macropinocytosis is commonly defined as a transient, cla-
thrin- and caveolin-independent, growth factor-induced,
actin-driven endocytosis that internalizes the surrounding
fluid into large vacuoles [9,18]. The cargo absorbed through
this way is nonspecific. Actually, macropinocytosis can be
found in almost all cells with few exceptions, like brain
microvessel endothelial cells. This pathway is generally star-
ted with external stimulations which activate the receptor
tyrosine kinases. The activation of receptor mediates a
signaling cascade that induces the formation of membrane
ruffles. However, according to the form of the ruffles, there are
different mechanisms of the macropinosomes pinched off
from the membrane is different. Circular ruffles are cut off by
the multi-functional GTPase of dynamin. In contrast, the
lamellipodial macropinosomes separated from the membrane
is free of dynamin. The macropinosomes with a diameter of
0.5—10 pm are distinct from other vesicles that formed in
other pinocytosis. The surrounding fluid and particles can be
internalized into the macropinosomes. In macrophages, after
separating from the membrane, macropinosomes move into
the cytosol and fuse with lysosomes. In contrast, in human
A431 cells, the macropinosomes travel back to the cell surface
of the membrane and release the contents to the extracellular

space. Therefore, the final fate of macropinosomes depends
on the cell type [19].

2.2.4. Clathrin- and caveolae-independent endocytosis

This is a distinct pathway, which relies on cholesterol and
requires specific lipid compositions. According to GTPases
which play a role of regulation in the cellular entry pathway,
the clathrin- and caveolae-independent endocytosis is clas-
sified to Arf6-dependent, Cdc42-dependent and Rhoa-
dependent [19]. Dynamins also play a dominant part in
these ways, while it is not deeply understood. This field draws
more and more attentions, but unfortunately, it is still far
away from deep understanding and need further research.
The involved endocytic apparatus may contain clathrin-
independent carrier (CLIC) or GPI-anchored protein-enriched
early endosomal compartment (GEEC) [9]. Furthermore, their
later stages are not yet clearly identified.

3. Study method of the endocytic pathways

The review has introduced the pathways for nanomedicines
entering cell. In this section, we will discuss how to study
these processes and identify certain pathway that nano-
medicines employ. Previous researches usually use endocytic
markers to show the location of the nanomedicine, or use
endocytic inhibitors to confirm whether the corresponding
pathway plays an important role in the uptake of the nano-
medicine. Actually, jointly use the two methods, and the re-
sults will be more convincing.

3.1. Markers

Thereis amethod thatuses proper molecular probers or markers
to study the intracellular fate of nanomedicines. Mark the spe-
cific probers or markers which can show specific fluorescence or
color on the nanomedicines, the marked nanomedicines in the
intracellular compartments or organelles can be viewed intui-
tively with the help of the confocal imaging technology. It is
important to confirm the destination of the cargo and the
pathway employed by nanomedicines. Additionally, combined
with a three dimensional confocal technology, we can get more
intact information of the whole cell layer by layer [20].

Some classical probers or makers are known to be inter-
nalized through specific endocytic pathway. Low density li-
poprotein (LDL) [21] and transferrin (Tf) [22] enter cells
through clathrin dependent endocytosis (CME), so they are
commonly used as markers of CME. Moreover, cholera toxin
beta subunit (CTBs) [23], Shiga Toxin [24] and even caveolin-1
are usually used as markers of caveolae dependent endocy-
tosis, and dextran is the marker of macropinocytosis [25].
However, these markers are hard to select, and while entering
different cells these markers may use different pathways. For
example, when CTBs enter cells that lack caveolae, they
cannot use caveolae dependent endocytosis, and a series of
electron microscopic assay show that it may be related to a
novel clathrin-independent internalization pathway [26].

Some markers can indicate the destination of the nano-
medicines within cells. Especially, the proteins contained in
specific endocytic vesicles or intracellular organelles, can be
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fused with fluorescent proteins, and the formed fusion pro-
teins can show the exact position of the nanomedicines in the
cells, like Rab5 in the early endosome [27], Rab7 in the late
endosome [28], the lysosome associated membrane protein
1(LAMP-1) around the lysosome [28], caveolin-1 in caveolae,
endoplasmic reticulum retention signal KDEL of ER [29]. They
can help to solve the problem associated with the intracellular
fate of the nanomedicines.

There are also dyes for organelles, such as LysoTracker and
LysoSensor for lysosome [30]. They can be used to detect the
colocalization of lysosome and the labeled nanomedicine with
the confocal microscope. Apart from the confocal imaging
technology, electron microscope and atomic force microscope
also can be used in this area.

3.2. Inhibitors

Inhibitors of endocytosis can be used to block the specific
endocytic pathway to confirm whether it is employed by the
nanomedicines to enter cells. It can be used along with the
markers to confirm the endocytic mechanisms used by the
nanomedicines and achieve a more convincing result. Un-
fortunately, there are some disadvantages for the commonly
used inhibitor tools, either. For example, previous researches
show that the inhibitor of the specific endocytic pathway
always influence on other pathways [31], and the inhibitor
can block different endocytic mechanisms in different cell
types [32]. Some widely used inhibitors and methods related
to inhibition will be introduced in the following paragraph.

As almost all endocytic pathways are energy dependent
processes, they can be inhibited by low temperature and an
ATPase inhibitor (like sodium azide) at the same time [33].
Therefore, the two factors can be used together to distinguish
from the non-endocytic pathways. As respect to the specific
endocytosis mechanisms, hypertonic sucrose (0.4-0.5 M),
chlorpromazine (50—100 pM) and potassium depletion can be
used to inhibit the clathrin dependent endocytosis [34]; methyl-
B-cyclodextrin (MBCD), filipin, nystatin and cholesterol oxidase
can be used as the inhibitors for caveolae dependent endocy-
tosis [35]; amiloride, cytochalasin D and rottlerin can block
macropinocytosis [35]. When an inhibitor is firstly used on the
cell, the concentration of sufficient inhibitory efficiency and
lowest cytotoxicity need to be detected to make sure a proper
concentration to be used in the experiments.

Apart from inhibitors, mutants which lack of the protein
involved in a specific endocytic pathway, like knock-out cell
lines [36], also can be used to exclude or verify specific endo-
cytic pathways for nanomedicines. This method is becoming
increasingly popular.

4. Effect factors of endocytosis pathway
selection

Different endocytic pathway varies in the protein involved,
the size of the formed vesicles and the cell type where they
were found. After engulfed, the intracellular fate of the
nanoparticles is dependent upon the selected endocytic
pathway. Modern drug delivery systems pay more attention
on the nanoparticles’ intracellular travel. A growing number

of researches show that the selection of nanomaterials
transport pathway was affected by the physicochemical
characteristics of nanoparticles (size, charge, shape, etc.) and
the different endocytic machinery in various cell type [3,4,6].
But, in fact, in the studies of diversified nanoparticles and cell
models, there is no common factor. In this paper, we will take
an attempt to present these factors and make recommenda-
tions for the design of drugs in the future.

4.1. Size

In the endocytic process, the size of the vesicles that contain
nanoparticles varies with the specific pathway. It has always
been believed that the size of nanoparticles may be a
considerable factor that affects which pathway will be
employed by the nanoparticles [37]. Firstly, keep the particles
small enough to enter the vesicles, and the size range from
10 nm to 500 nm and limited up to 5 um. The large particles are
most likely to be engulfed via macropinocytosis. The size of
vesicle involved in clathrin mediated endocytosis is about
100 nm, while the size involved in caveolae mediated endo-
cytosis is about 60—80 nm [9]. On the other hand, some re-
searchers suggest that the size may not be that important
compared to other factors in the pathway selection of nano-
particles entry into cells [38]. But it is understandable that the
small particles may be beneficial to enter the cells rapidly.

4.2. Surface charge

It is known that the cytomembrane possess negative charge
[39]. Therefore, the cationic nanoparticles may show a strong
electrostatic interaction with the cells, which result in a rapid
entry (Fig. 2). It’s worth mentioning that positively charged
nanoparticles can escape from endosomes after internaliza-
tion and exhibit perinuclear localization because of the ‘pro-
ton-sponge’ effect. The nanoparticles without any charge at
physiological pH may interact with the cells with the aid of
hydrophobic and hydrogen bond interactions [40]. Addition-
ally, neutral particles coated with hydrophilic polymers can

Extracellular
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Fig. 2 — Nanoparticles which possess different charge or no
internalization into cells. a) Cationic particles strongly
interact with the membrane and enter cells rapidly. b)
Anionic particles bind the positive site at the membrane and
enter cells. c) Neutral nanoparticles also can get into cells.
Two different neutral particles will be showed in Fig. 3.
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prevent interaction with the cytomembrane leading to less
absorption. The anionic nanoparticles may be endocytosed
through the interaction with the positive site of the proteins in
membrane, and they can be highly captured by cells because
of their repulsive interactions with the negatively charged cell
surface [41]. Is the charge a parameter to determine which
trafficking pathway will be chosen? It seems confused. For
cationic nanoparticles, the majority of the reports indicated
they mainly enter cells through CME [42,43], while some
others show that they utilize macropinocytosis [44]| or cav-
eolae- and clathrin-independent endocytosis [45] or even
multiple pathways including caveolae mediated endocytosis
[46]. The anionic nanoparticles are more likely to use
caveolae-dependent endocytosis [45], but there are also some
exceptions [47]. In addition, the neutral nanoparticles show no
clear preference for specific routes.

4.3. Surface hydrophobicity

Hydrophobic nanoparticles have higher affinity for the cell
membrane than hydrophilic ones, leading to an improvement
of cell uptake in the kinetics and the amount (Fig. 3). Hydro-
philic polymers used to modified nanoparticles, such as poly-
ethylene glycol (PEG) [48—50], poly (N-vinyl-2-pyrrolidone)
(PVP) [51], poly(amino acids) [52] and dextran [53], form a ‘cloud’
to suppress the interaction between the nanoparticles and lipid
bilayer of cells. On the other hand, it can prolong nanoparticles’
life in blood to reach specific site. The chemical composition at
the surface nanoparticles determines the surface hydropho-
bicity which can promote or suppress the interaction with cells,
thereby influencing the route of cell uptake. It is worth noting
that the kinds of polymer used in the formation of nano-
particles may contribute to the route selection.

4.4. Shape

Precious experimental studies have discovered the role of the
particle shape in drug delivery, but these mainly focus on
phagocytosis (Fig. 4) [54,55] and there is no specific conclusion
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Fig. 3 — Nanoparticles with different hydrophobicity
present different affinity with the cell membrane.

Fig. 4 — The effect of particle shape on phagocytosis. Q is
defined as the angle between the membrane normal at the
point of attachment and the line defining the particle
curvature at this point. Particles are internalized
successfully at Q < 45°; the internalization of particles can
be inhibited at Q@ > 45°.

on the pathway selection of nanoparticles. It is notable that
particles with a proper aspect ratio enjoy a perceptible advan-
tage as to internalized rate [56—58]. Moreover, a particle fabri-
cation technique called PRINT may be extensively applied in the
preparation of nanoparticles with needed size or shape [59].

4.5. Cell type

If the cells have no necessary proteins involved in the specific
endocytic pathway, it is easy to understand that the endocytic
pathway cannot be adopted by this kind of cells. For example,
HepG2 cells have no endogenous caveolin, so they are unable
to uptake nanoparticles by caveolae mediated endocytosis [60].
In addition, the growing environment of cells, such as cell
density and hormones, may affect the phenotype of cell and
further affect the endocytic pathway. Notably, there are distinct
differences between normal cells and tumor cells, and it is
promising to target the tumor based on the different endocytic
pathway [61]. However, the current studies fail to focus on the
connection between the cell origin and the endocytic pathways.
It is necessary to supply a gap in this area.

In fact, all factors work jointly to result in the selected
pathway. These factors make their contribution in union to
defining nanoparticles’ entry into cells and final destination in
cells, and it is better to consider these factors as far as possible
in design of the desired nanoparticles.

5. Implication for rational design of
nanomedicines

There are many interesting phenomena associated with the
endocytosis of nanomedicines within our bodies. Some of
them enlighten us on rational design of nanoparticles. Next,
we will introduce them.

5.1.  Transcytosis

The medicine is believed to perform well only if it can be
delivered to specific organs or cells. For orally preparations,
they need to travel across the epithelial cells in gastrointes-
tinal tract and get into blood vessels. But this is not the end.
They can work unless they traffic across the vessel endothelial
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cells to lesion site. The drugs for lung have the similar path.
Transcytosis play a critical role in these processes. From above
we know that nanoparticles which take caveolae-dependent
endocytosis can bypass the lysosomes and avoid the degra-
dation compared with classic clathrin-dependent endocytosis
and other endocytic pathways. After that, the cargo could be
released to extracellular matrix. Therefore, the transcytosis of
nanoparticles is predominantly mediated by the caveolae,
which is determined by the property of caveolae-mediated
endocytic pathway [62]. Literature have revealed that cla-
thrin also participate in the transcytosis, but its contribution is
less than 1% [63].

Caveolae-mediated transcytosis can be thought in three
steps (Fig. 5) [64]. It starts with the formation of the separate
caveolae pinched off from the membrane, in short, endocy-
tosis. Following, the caveolae traffic through cytoplasm.
Finally, the free caveolar vesicles dock and fuse with specific
membranes to release the cargo into the perivascular space,
and this process may rely on the presence of members of
SNARE complex [65].

The particular character and function of caveolae make
itself be an ideal drug target. It has the potential therapeutic
value that increasing the absorption of drugs and accumula-
tion in specific site by enhancing transport through the
epithelial or endothelial cells. As an obvious obstacle, endo-
thelial cells can forbid many materials from circular blood into
underlying tissue cells; likewise they can limit the drug to
enter target cells. For example, monoclonal antibody was
promising initially, but it is far away from success in target the
extravascular sites. This is, in part, because it cannot extrav-
asate across the tight and continuous endothelial tissue [64].
In physiology field, specific ligands, modified ligands and an-
tibodies are usually used to target receptor. An accessible
approach to raise uptake of nanomedicines is binding an
antibody which can recognize or target the caveolae to the
nanoparticles [65]. It provides a method to overcome the
barrier of endothelial or epithelial cells for drug and gene de-
livery. We can achieve theoretical expected value in phar-
macokinetics and desired therapeutic effects.
antibodies and peptides of tumors only recognize the antigens
expressed on the surface of the tumor. As a result, they are
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e/
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t-SNARE

Sub-endothelial space

restricted by solid tumors partly because of the barrier formed
by endothelial cells and the increased pressure in tissue space
[66]. The therapeutics which target caveolae at vascular
endothelium can overcome the barrier to deliver into tumors
successfully. The albumin which can be transported from the
luminal to the basal poles of the membrane with the help of
caveolae after binding to its receptor gp60, is a best example
[67]. Paclitaxel that packed in the nanoparticles with albumin
covering can be easily delivered to the tumor tissue after
transcytosis. Compared to control paclitaxel, the increased
antitumor activity and higher intratumoral paclitaxel level
have been conformed according to clinical researches [68].

5.2 A potential method to minimize first past effect of
nanomedicine

The oral administration of macromolecular drug such as
proteins and peptides or nanoparticles is faced with chal-
lenges in drug absorption delivery. Recent researches have
revealed that M cells in the Follicle Associated Epithelium
overlying organized mucosa-associated lymphoid tissues
(Fig. 6A), namely the intestinal Peyer’s patches, may be
necessary in absorption transport of macromolecules and
nanoparticles for oral administration [69,70]. The intestinal
surface area is physically protected by a layer of tightly joined
epithelial cells, which consist of M cells and enterocytes
(Fig. 6B). Compared to enterocytes, M cells are characterized
with fewer lysosomes, more mitochondria, a lack of mucous
glycocalyx covering, poorly organized brush border mem-
brane and a basolateral cytoplasmic invagination that forms a
pocket containing lymphocytes and occasional macrophages
[71,72]. Otherwise, M cells have reduced levels of membrane
hydrolase activity, which can keep the absorbed drug intact
[71]. M cells’ high transcytotic capacity is most remarkable
and interesting. This property indicates that M cells may act
as a highly efficient portal for macromolecular drug, nano-
medicine and mucosal vaccination. M cells can delivery
foreign materials bound to their surface from the intestinal
tract to the underlying lymphoid tissues, such as lymphoid
follicle or lymphatic vessels, where immune response occurs
for vaccine. Studies on polystyrene particles show that the

Endothelial

v-SNARE
SNARE complex

Fig. 5 — Model of caveolae-mediated transcytosis. A) After the fission mediated by dynamin, the free caveolar vesicle forms.
This is the first step. B) The formed vesicle is changing. C) v-SNARE forms at the surface of the vesicle. B and C make up the
second step. D) v-SNARE contacts with t-SNARE at target membrane, and SNARE complex forms. E) The cargo in the vesicle

is released to outside cells. D and E make up the third step.
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Fig. 6 — A Model of follicle associated epithelium (FAE). B
Model of M cells in FAE. (Adapted from the reference [71,72]).

most suitable size range from 50 nm to 100 nm for the parti-
cles absorbed into the lymphatic vessels, while particles above
1 um remain entrapped in the peyer’s patches [73].

As for M cells, it is clear that the transport of nano-
medicines is predominantly mediated by endocytosis, an
energy-dependent mechanism, but the question is which
specific mechanism of endocytosis will be employed?
Although the process can be considered as transcytosis, the
caveolae-mediated endocytosis is unlikely to be solely
responsible for M cells [73]. Previous literature in this field
remain controversial. Jae Sung Lim, etc, considered that
caveolin-1 plays a crucial role in the entry of nanoparticles
into M cells, and they found that caveolin-1 has a high level of
expression in M-like cells, while not in caco-2 cells (an intes-
tinal epithelial cell simulated model) [74]. Anne des Rieux, etc,
suggested that nanoparticle endocytosis of M cells is most
likely macropinocytosis [70]. Some other reported that cla-
thrin mediates endocytosis of particles, macromolecules and
microorganisms [75]. Sometimes, phagocytosis also is a
candidate [76]. Therefore, as for M cells every mechanism may
contributes to the endocytosis of nanoparticles to some
extent. Physicochemical properties of nanoparticles, such
as size, shape, surface potential and hydrophobicity/

hydrophilicity balance, etc, may exert their effects on the
mechanism selection of nanoparticles uptake of M cells [73].

M cells are not the only gate for the particulates in the
gastrointestinal tract. However, their relative high trans-
cytotic capacity and intimate relationship with inductive sites
of the mucosal immune system make them to be a perfect
target for strategic delivery of nanoparticles and mucosal
vaccines. Some literature said that the bulk of particle trans-
location occurs in the FAE [73], and M cells began to be the
subject of intense research. As the specific mechanism
employed by M cells is uncertain, it makes little sense to
modify the particles with the ligands to target clathrin or
caveolae, or other associated component. It is a relative
wonderful strategy to decorate nanoparticle surface with
a molecule targeting on M cell, which can enhance their ab-
sorption transport through specific interactions between
nanocarriers and M cells [70,73]. The special interactions
might be non-specific interactions or targeting on M cells by a
specific ligand or both [77]. Studies have attained significant
achievements, such as lectins derived from Sambucus nigra
and Viscum album could label the surface of human FAE [74],
RGD derivatives could target Bl integrin concentrated at the
apical pole of M cells [78], and Claudin 4 highly expressed in
peyer’s patch M cells also could be a site for oral nanoparticles
target delivery [79]. Nanoparticles targeting on M cells could
not only enhance the oral bioavailability but also bypass the
liver and avoid the first pass effect to some extent owing to
their lymphatic delivery. Therefore, the continuous attention
given to M cells is not surprising.

5.3. Organelle target selection

In contemporary drug therapy, most drugs are designed to
target specific sites in the human body. Nevertheless, many
therapeutical sites are located in the cells. Like the nucleus,
the mitochondria or lysosomes, they all require drugs to be
delivered to specific organelles. In ideal circumstances,
nanoparticles as carriers could transfer their payload to spe-
cific tissues, cells, or even cellular organelles. Therefore, the
nanoparticles which can be delivered to specific site may be
an answer for organelle target selection. Nanoparticles take
various endocytic pathways to come into cells, and the way
they employ influences the intracellular fate of the nano-
particles [80]. The intracellular delivery of nanoparticles based
on endocytosis will be discussed in detail in the following part.

Except for caveolae-mediated endocytosis, the other
pathways all have a relationship with lysosomes, and it is a
great idea for drugs to target lysosomes. Enzyme replacement
therapy should had perfect therapeutic effect on lysosomal
storage disease, but the enzyme can be eliminated easily in
the blood circulation, which result in the dramatic decrease of
drug in desired site [81-83]. Encapsulated in the nanocarriers,
the enzyme could be protected from clearance and keep sta-
ble. After endocytosis, the drug will deliver to lysosomes and
produce improved therapeutic effects. While, as regard to
drugs used for other diseases, the lysosomes will be their hell.
These drugs will be entrapped in endosomes and degraded in
lysosomes and lost their activity in the end.

In the process of caveolae-mediated endocytosis, the
nanoparticles do not fuse with lysosomes after their entry into
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Table 1 — Overview of strategies based on nanotechnology for organelle targeting mentioned in this article.

Target organelle Strategy Ref.

Lysosomes Increase drug accumulation in lysosomes by load the drug in liposomes [82,83]

Endoplasmic reticulum pH-sensitive liposomes improve therapeutic efficiency [85]
Nanoparticles decorated with ER-targeting peptides [86]

Cytosol Nanoparticles modified with CPPs [89—-91]
pH-sensitive nanoparticles enhance endosomal escape [87,88]
Transferrin modified nanoparticles interact with the receptor at the [92]
surface of cell

Nucleus Nuclear localization signal modified nanoparticles [93]
Nanoparticles modified with CCPs [96]

Mitochondria Mitochondria targeting sequence modified quantum dots [95]
Polymer micelles show mitochondria targeting property [97]

cells, which not only prevent the drugs from degrading but
also give them a chance to arrive other organelles. After
engulfed in the cells, the vesicles containing nanoparticles
fuse with caveosomes or multivesicular body (MTV). There-
after, the payload can be delivered to endoplasmic reticulum
or Golgi complex, or even released to outside the cells [84]. So
the drugs that work by targeting ER or Golgi complex can be
designed to employ caveolae mediated endocytosis. This
strategy may be helpful to increase the accumulation of the
drugs in ER or Golgi apparatus [85,86].

Also, there are still some targets at other organelles need
to be treat, like cytosol, nucleus and mitochondria. How can
we deliver the drugs to that desired sites? As mentioned,
nanoparticles which transferred to ER via caveolae-mediated
endocytosis can penetrate into cytosol and have a chance to
pass through nuclear pore complex and get into nucleus. In
addition, if released from the endosomes, particles could
target the sites at cytosol and other organelles. Literature
show that the application of pH-sensitive polymeric blocks
in nanoparticles design can help the particles to be released
from the endosomes [87,88]. Additionally, nanoparticles that
modified with cell penetrating peptides [89—-91] or ligands
which interact with the receptor at the surface of membrane
[92] also could enter cells. To reach the desired organelle
sites, Drugs are still confronted with some barriers, such as
cytoskeletal proteins in cytosol and membrane structure of
target organelle. With the help of signal sequence, like nu-
clear localization sequences [93] and mitochondrial locali-
zation sequences [94,95], drugs can target the appointed
organelle. Additionally, modified nanoparticle [96] or poly-
mer micelles [97] also present organelle target property.

As a new promising approach for optimizing the drug
pharmacological activities, organelle targeted drug delivery will
draw more attention (Table 1). The different endocytic pathway
and their intracellular fate may enlighten the researchers who
are interested in organelle targeting preparation.

6. Conclusion

Nowadays, nanomedicines are increasingly showing its
outstanding advantages in diagnosis and treatment of the
diseases. As for the design of nanomedicines, it is critical to
understand their uptake pathways. We have summarized the
characteristics of the endocytic pathways, the tools to dissect
the specific mechanism and the factors affecting the selection

of pathway employed by nanomedicines. In addition, some
rational designs associated with endocytosis in human body
have been introduced in this review.

Although considerable achievements have been acquired,
this field is still in the infancy. The existing results are mostly
based on the in vitro experiments, so the crux of the research is
to study the complex endocytic process of nanomedicine
entering into cells in vivo. Besides, there are still many
controversial points and unstated field. A deep and elaborate
study on this field is still necessary.

In the near future, organelle target will be a hotspot. Drugs
will be delivered to lesion site in the specific organelles. If so, it
is not difficult to imagine the dose of medication will dramati-
cally decrease. Correspondingly, unwanted adverse effects will
be minimized. In the design of nanocarriers targeting on spe-
cific organelle, researchers will spend much more time on the
study of their intracellular fate. What’s more, everybody looks
forward to applying the designed nanomedicine to treat dis-
eases and achieve desirable therapeutic effect.

REFERENCES

[1] Moghimi SM, Hunter AC, Murray JC. Nanomedicine: current
status and future prospects. FASEB ] 2005;19:311—330.
Sumer B, Gao J. Theranostic nanomedicine for cancer.
Nanomedicine 2008;3:137—140.

Wang J, Byrne JD, Napier ME, et al. More effective

nanomedicines through particle design. Small

2011,;7:1919—-1931.

Rappoport J. Focusing on clathrin-mediated endocytosis.

Biochem ] 2008;412:415—423.

Aderem A, Underhill DM. Mechanisms of phagocytosis in

macrophages. Annu Rev Immunol 1999;17:593—-623.

Xiang S, Tong H, Shi Q, et al. Uptake mechanisms of non-

viral gene delivery. ] Control Release 2012;158:371—-378.

Pucadyil TJ, Schmid SL. Conserved functions of membrane

active GTPases in coated vesicle formation. Science

2009;325:1217-1220.

Doherty GJ, McMahon HT. Mechanisms of endocytosis. Annu

Rev Biochem 2009;78:857—902.

Benmerah A, Lamaze C. Clathrin-coated Pits: Vive La

Différence? Traffic 2007;8:970—982.

[10] Delva E, Jennings JM, Calkins CC, et al. Pemphigus vulgaris
IgG-induced desmoglein-3 endocytosis and desmosomal
disassembly are mediated by a clathrin-and dynamin-
independent mechanism. ] Biol Chem 2008;283:18303—18313.

[11] Richard JP, Melikov K, Brooks H, et al. Cellular uptake of
unconjugated TAT peptide involves clathrin-dependent

2

3

[4

5

6

7

8

9


http://refhub.elsevier.com/S1818-0876(13)00002-0/sref1
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref1
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref1
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref2
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref2
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref2
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref3
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref3
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref3
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref3
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref4
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref4
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref4
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref5
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref5
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref5
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref6
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref6
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref6
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref7
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref7
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref7
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref7
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref8
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref8
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref8
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref9
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref9
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref9
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref10
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref10
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref10
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref10
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref10
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref11
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref11
http://dx.doi.org/10.1016/j.ajps.2013.07.001
http://dx.doi.org/10.1016/j.ajps.2013.07.001

ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 8 (2013) I—-IO 9

(12]

(13]

(14]

(15]
[16]

(17]

(18]
(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

endocytosis and heparan sulfate receptors. ] Biol Chem
2005;280:15300—15306.

Medina-Kauwe LK. “Alternative” endocytic mechanisms
exploited by pathogens: new avenues for therapeutic
delivery? Adv Drug Del Rev 2007;59:798—809.

Pelkmans L, Pintener D, Helenius A. Local actin
polymerization and dynamin recruitment in SV40-
induced internalization of caveolae. Science
2002;296:535-539.

Khalil IA, Kogure K, Akita H, et al. Uptake pathways and
subsequent intracellular trafficking in nonviral gene
delivery. Pharmacol Rev 2006;58:32—45.

Parton RG, Simons K. The multiple faces of caveolae. Nat Rev
Mol Cell Biol 2007;8:185—194.

Kasamatsu H, Nakanishi A. How do animal DNA viruses get
to the nucleus? Annu Rev Microbiol 1998;52:627—686.
Pelkmans L, Kartenbeck ], Helenius A. Caveolar endocytosis
of simian virus 40 reveals a new two-step vesicular-transport
pathway to the ER. Nat Cell Biol 2001;3:473—483.

Mercer J, Helenius A. Virus entry by macropinocytosis. Nat
Cell Biol 2009;11:510—520.

Mayor S, Pagano RE. Pathways of clathrin-independent
endocytosis. Nat Rev Mol Cell Biol 2007;8:603—612.
Gumbleton M, Stephens DJ. Coming out of the dark: the
evolving role of fluorescence imaging in drug delivery
research. Adv Drug Del Rev 2005;57:5—15.

Duit S, Mayer H, Blake SM, et al. Differential functions of
ApoER2 and very low density lipoprotein receptor in Reelin
signaling depend on differential sorting of the receptors. J
Biol Chem 2010;285:4896—4908.

Liu AP, Aguet F, Danuser G, et al. Local clustering of
transferrin receptors promotes clathrin-coated pit initiation.
J Cell Biol 2010;191:1381—1393.

Hamelers IHL, Staffhorst RWHM, Voortman J, et al. High
cytotoxicity of cisplatin nanocapsules in ovarian carcinoma
cells depends on uptake by caveolae-mediated endocytosis.
Clin Cancer Res 2009;15:1259—1268.

Sandvig K, Bergan ], Dyve AB, et al. Endocytosis and
retrograde transport of Shiga toxin. Toxicon
2010;56:1181—1185.

Petrescu AD, Vespa A, Huang H, et al. Fluorescent sterols
monitor cell penetrating peptide Pep-1 mediated uptake and
intracellular targeting of cargo protein in living cells.
Biochim Biophys Acta Biomembr 2009;1788:425—441.
Bareford LM, Swaan PW. Endocytic mechanisms for targeted
drug delivery. Adv Drug Del Rev 2007;59:748—758.

Wolf M, Deal EM, Greenberg HB. Rhesus rotavirus trafficking
during entry into MA104 cells is restricted to the early
endosome compartment. ] Virol 2012;86:4009—4013.
Schmerk CL, Duplantis BN, Howard PL, et al. A Francisella
novicida pdpA mutant exhibits limited intracellular
replication and remains associated with the lysosomal
marker LAMP-1. Microbiology 2009;155:1498—1504.

Sharma P, Ignatchenko V, Grace K, et al. Endoplasmic
reticulum protein targeting of phospholamban: a common
role for an N-terminal di-arginine motif in ER retention? PloS
One 2010;5:e11496.

Collins TP, Bayliss R, Churchill GC, et al. NAADP influences
excitation—contraction coupling by releasing calcium from
lysosomes in atrial myocytes. Cell Calcium 2011;50:449—458.
Nichols B. Caveosomes and endocytosis of lipid rafts. J Cell
Sci 2003;116:4707—-4714.

Vercauteren D, Vandenbroucke RE, Jones AT, et al. The use of
inhibitors to study endocytic pathways of gene carriers:
optimization and pitfalls. Mol Ther 2009;18:561—569.

Hong S, Rattan R, Majoros IJ, et al. The role of ganglioside
GM1 in cellular internalization mechanisms of poly
(amidoamine) dendrimers. Bioconj Chem 2009;20:1503—1513.

(34]

(35]

(36]

(371
(38]

(39]

(40]

(41]

(42]

(43]

(44

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

Ivanov Al. Pharmacological inhibition of endocytic
pathways: is it specific enough to be useful? Methods Mol
Biol 2008;440:15—33.

Diken M, Kreiter S, Selmi A, et al. Selective uptake of naked
vaccine RNA by dendritic cells is driven by macropinocytosis
and abrogated upon DC maturation. Gene Ther
2011;18:702—708.

Ter-Avetisyan G, Tlinnemann G, Nowak D, et al. Cell entry of
arginine-rich peptides is independent of endocytosis. ] Biol
Chem 2009;284:3370—3378.

Zhang S, Li], Lykotrafitis G, et al. Size-dependent endocytosis
of nanoparticles. Adv Mater 2008;21:419—424.

Huang M, Ma Z, Khor E, et al. Uptake of FITC-chitosan
nanoparticles by A549 cells. Pharm Res 2002;19:1488—1494.
Coulman SA, Anstey A, Gateley C, et al. Microneedle
mediated delivery of nanoparticles into human skin. Int J
Pharm 2009;366:190—200.

Vandamme TF, Brobeck L. Poly (amidoamine) dendrimers as
ophthalmic vehicles for ocular delivery of pilocarpine nitrate
and tropicamide. ] Controlled Release 2005;102:23—38.
Yeung T, Gilbert GE, Shi J, et al. Membrane
phosphatidylserine regulates surface charge and protein
localization. Science 2008;319:210—213.

Vina-Vilaseca A, Bender-Sigel J, Sorkina T, et al. Protein
kinase C-dependent ubiquitination and clathrin-mediated
endocytosis of the cationic amino acid transporter CAT-1. ]
Biol Chem 2011;286:8697—8706.

Kovacs T, Karasz A, Szollssi ], et al. The density of GM1-
enriched lipid rafts correlates inversely with the efficiency of
transfection mediated by cationic liposomes. Cytometry A
2009;75:650—657.

Harush-Frenkel O, Rozentur E, Benita S, et al. Surface charge
of nanoparticles determines their endocytic and transcytotic
pathway in polarized MDCK cells. Biomacromolecules
2008;9:435—443.

Perumal OP, Inapagolla R, Kannan S, et al. The effect of
surface functionality on cellular trafficking of dendrimers.
Biomaterials 2008;29:3469—3476.

Vighi E, Leo E. Studying the in vitro behavior of cationic solid
lipid nanoparticles as a nonviral vector. Nanomedicine
(Lond) 2012;7:9-12.

Qaddoumi MG, Ueda H, Yang ], et al. The characteristics
and mechanisms of uptake of PLGA nanoparticles in rabbit
conjunctival epithelial cell layers. Pharm Res
2004;21:641—648.

Lankveld DP, Rayavarapu RG, Krystek P, et al. Blood
clearance and tissue distribution of PEGylated and non-
PEGylated gold nanorods after intravenous administration in
rats. Nanomedicine 2011;6:339—349.

Larsen EKU, Nielsen T, Wittenborn T, et al. Accumulation of
magnetic iron oxide nanoparticles coated with variably sized
polyethylene glycol in murine tumors. Nanoscale
2012;4:2352—-2361.

Daou TJ, Li L, Reiss P, et al. Effect of poly (ethylene glycol)
length on the in vivo behavior of coated quantum dots.
Langmuir 2009;25:3040—3044.

Kaneda Y, Tsutsumi Y, Yoshioka Y, et al. The use of PVP as a
polymeric carrier to improve the plasma half-life of drugs.
Biomaterials 2004;25:3259—3266.

Riche EL, Erickson BW, Cho MJ. Novel long-circulating
liposomes containing peptide library-lipid conjugates:
synthesis and in vivo behavior. ] Drug Target 2004;12:355—361.
Moore A, Marecos E, Bogdanov A, et al. Tumoral distribution
of long-circulating dextran-coated iron oxide nanoparticles
in a rodent modell. Radiology 2000;214:568—574.

Lu Z, Qiao Y, Zheng XT, et al. Effect of particle shape on
phagocytosis of CdTe quantum dot—cystine composites. Med
Chem Commun. 2010;1:84—86.


http://refhub.elsevier.com/S1818-0876(13)00002-0/sref11
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref11
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref11
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref12
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref12
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref12
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref12
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref13
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref13
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref13
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref13
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref13
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref14
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref14
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref14
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref14
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref15
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref15
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref15
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref16
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref16
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref16
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref17
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref17
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref17
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref17
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref18
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref18
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref18
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref19
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref19
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref19
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref20
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref20
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref20
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref20
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref21
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref21
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref21
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref21
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref21
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref22
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref22
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref22
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref22
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref23
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref23
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref23
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref23
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref23
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref24
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref24
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref24
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref24
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref25
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref25
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref25
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref25
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref25
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref26
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref26
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref26
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref27
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref27
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref27
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref27
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref28
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref28
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref28
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref28
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref28
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref29
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref29
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref29
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref29
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref30
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref30
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref30
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref30
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref30
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref31
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref31
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref31
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref32
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref32
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref32
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref32
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref33
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref33
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref33
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref33
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref34
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref34
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref34
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref34
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref35
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref35
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref35
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref35
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref35
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref36
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref36
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref36
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref36
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref37
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref37
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref37
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref38
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref38
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref38
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref39
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref39
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref39
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref39
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref40
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref40
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref40
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref40
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref41
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref41
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref41
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref41
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref42
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref42
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref42
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref42
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref42
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref43
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref43
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref43
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref43
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref43
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref43
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref44
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref44
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref44
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref44
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref44
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref45
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref45
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref45
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref45
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref46
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref46
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref46
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref46
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref47
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref47
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref47
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref47
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref47
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref48
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref48
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref48
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref48
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref48
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref49
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref49
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref49
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref49
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref49
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref50
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref50
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref50
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref50
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref51
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref51
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref51
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref51
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref52
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref52
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref52
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref52
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref53
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref53
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref53
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref53
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref54
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref54
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref54
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref54
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref54
http://dx.doi.org/10.1016/j.ajps.2013.07.001
http://dx.doi.org/10.1016/j.ajps.2013.07.001

10

ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 8 (2013) I—-IO0

(53]

(56]

(571

(58]

(591

(60]

(61]

(62]

(63]

(64]

(65]

[66]

(67]

(68]

(6]

(70]

(71]

(72]

(73]

(74]

(73]

[76]

(77

Champion JA, Mitragotri S. Shape induced inhibition of
phagocytosis of polymer particles. Pharm Res
2009;26:244—249.

Gratton SEA, Ropp PA, Pohlhaus PD, et al. The effect of
particle design on cellular internalization pathways. Proc
Natl Acad Sci 2008;105:11613—11618.

Mitragotri S, Lahann J. Physical approaches to biomaterial
design. Nat Mater 2009;8:15—23.

Meng H, Yang S, Li Z, et al. Aspect ratio determines the
quantity of mesoporous silica nanoparticle uptake by a small
GTPase-dependent macropinocytosis mechanism. ACS Nano
2011;5:4434—4447.

DeSimone J. Engineered colloids having particles of
controlled size, shape, and chemistry. BAPS 2009;54.
Fujimoto T, Kogo H, Nomura R, et al. Isoforms of caveolin-1
and caveolar structure. J Cell Sci 2000;113:3509—3517.

Sahay G, Kim JO, Kabanov AV, et al. The exploitation of
differential endocytic pathways in normal and tumor cells in
the selective targeting of nanoparticulate chemotherapeutic
agents. Biomaterials 2010;31:923—933.

Tiruppathi C, Naqvi T, Wu Y, et al. Albumin mediates the
transcytosis of myeloperoxidase by means of caveolae in
endothelial cells. Proc Natl Acad Sci 2004;101:7699—7704.
Hu G, Minshall RD. Regulation of transendothelial
permeability by Src Kinase. Microvasc Res 2009;77:21—-25.
Schnitzer JE. Caveolae: from basic trafficking mechanisms to
targeting transcytosis for tissue-specific drug and gene
delivery in vivo. Adv Drug Del Rev 2001;49:265—280.
Trachsel E, Neri D. Antibodies for angiogenesis inhibition,
vascular targeting and endothelial cell transcytosis. Adv
Drug Del Rev 2006;58:735—754.

Bouzin C, Feron O. Targeting tumor stroma and exploiting
mature tumor vasculature to improve anti-cancer drug
delivery. Drug Resist Update 2007;10:109—120.

Vogel SM, Easington CR, Minshall RD, et al. Evidence of
transcellular permeability pathway in microvessels.
Microvasc Res 2001;61:87—101.

Gradishar WJ. Albumin-bound paclitaxel: a next-generation
taxane. Expert Opin Pharmacother 2006;7:1041—1053.

des Rieux A, Fievez V, Théate I, et al. An improved in vitro
model of human intestinal follicle-associated epithelium to
study nanoparticle transport by M cells. Eur ] Pharm Sci
2007,30:380—391.

Kyd JM, Cripps AW. Functional differences between M cells
and enterocytes in sampling luminal antigens. Vaccine
2008;26:6221—6224.

Des Rieux A, Fievez V, Garinot M, et al. Nanoparticles as
potential oral delivery systems of proteins and vaccines: a
mechanistic approach. ] Control Release 2006;116:1—27.
Clark M, Jepson MA, Hirst BH. Exploiting M cells for drug and
vaccine delivery. Adv Drug Del Rev 2001;50:81—106.

Jepson MA, Clark M, Hirst BH. M cell targeting by lectins: a
strategy for mucosal vaccination and drug delivery. Adv Drug
Del Rev 2004;56:511—525.

Lim JS, Na HS, Lee HC, et al. Caveolae-mediated entry of
Salmonella typhimurium in a human M-cell model. Biochem
Biophys Res Commun 2009;390:1322—1327.

Green BT, Brown DR. Differential effects of clathrin and actin
inhibitors on internalization of Escherichia coli and Salmonella
choleraesuis in porcine jejunal Peyer’s patches. Vet Microbiol
2006;113:117-122.

Buda A, Sands C, Jepson MA. Use of fluorescence imaging to
investigate the structure and function of intestinal M cells.
Adv Drug Del Rev 2005;57:123—134.

Garinot M, Fiévez V, Pourcelle V, et al. PEGylated PLGA-based
nanoparticles targeting M cells for oral vaccination. J
Controlled Release 2007;120:195—204.

(78]

[79]

(80]

(81]

(82]

(83]

(84]

85]

(86]

(871

(88]

(89]

(90]

(01]

[92]

(93]

(94]

(93]

(98]

[97]

Kim WJ, Yockman JW, Lee M, et al. Soluble Flt-1 gene delivery
using PEI-g-PEG-RGD conjugate for anti-angiogenesis. J
Control Release 2005;106:224—234.

Rajapaksa TE, Stover-Hamer M, Fernandez X, et al. Claudin 4-
targeted protein incorporated into PLGA nanoparticles can
mediate M cell targeted delivery. ] Control Release
2010;142:196—205.

Conner SD, Schmid SL. Regulated portals of entry into the
cell. Nature 2003;422:37—44.

Neufeld EF. Lysosomal storage diseases. Annu Rev Biochem
1991,60:257—280.

Belchetz P, Crawley J, Braidman I, et al. Treatment of
Gaucher’s disease with liposome-entrapped
glucocerebroside: p-glucosidase. The Lancet
1977,310:116—117.

Chu Z, Sun Y, Kuan CY, et al. Saposin C: neuronal effect and
CNS delivery by liposomes. Ann N Y Acad Sci
2005;1053:237—246.

Guo CJ, Wu YY, Yang LS, et al. Infectious spleen and kidney
necrosis virus (a fish iridovirus) enters mandarin fish fry
cells via caveola-dependent endocytosis. ] Virol
2012;86:2621—-2631.

Costin G-E, Trif M, Nichita N, et al. pH-sensitive liposomes
are efficient carriers for endoplasmic reticulum-targeted
drugs in mouse melanoma cells. Biochem Biophys Res
Commun 2002;293:918—-923.

Sneh-Edri H, Likhtenshtein D, Stepensky D. Intracellular
targeting of PLGA nanoparticles encapsulating antigenic
peptide to the endoplasmic reticulum of dendritic cells and
its effect on antigen cross-presentation in vitro. Mol Pharm
2011,;8:1266—1275.

Murthy N, Campbell J, Fausto N, et al. Bioinspired pH-
responsive polymers for the intracellular delivery of
biomolecular drugs. Bioconj Chem 2003;14:412—419.

Park JY, Choi H, Hwang JS, et al. Enhanced depigmenting
effects of N-glycosylation inhibitors delivered by pH-
sensitive liposomes into HM3KO melanoma cells. ] Cosmet
Sci 2008;59:139—150.

Wunderbaldinger P, Josephson L, Weissleder R. Tat peptide
directs enhanced clearance and hepatic permeability of
magnetic nanoparticles. Bioconj Chem 2002;13:264—268.
Marty C, Meylan C, Schott H, et al. Enhanced heparan
sulfate proteoglycan-mediated uptake of cell-penetrating
peptide-modified liposomes. Cell Mol Life Sci
2004,61:1785—1794.

Sethuraman VA, Bae YH. TAT peptide-based micelle system
for potential active targeting of anti-cancer agents to acidic
solid tumors. ] Control Release 2007;118:216—224.

Sahoo SK, Labhasetwar V. Enhanced antiproliferative
activity of transferrin-conjugated paclitaxel-loaded
nanoparticles is mediated via sustained intracellular drug
retention. Mol Pharm 2005;2:373—383.

Cheng F-Y, Wang SP-H, Su C-H, et al. Stabilizer-free poly
(lactide- co-glycolide) nanoparticles for multimodal
biomedical probes. Biomaterials 2008;29:2104—2112.

Hild W, Breunig M, Gopferich A. Quantum dots—nano-sized
probes for the exploration of cellular and intracellular
targeting. Eur ] Pharm Biopharm 2008;68:153—168.
Rozenzhak SM, Kadakia MP, Caserta TM, et al. Cellular
internalization and targeting of semiconductor quantum
dots. Chem Commun 2005:2217—-2219.

Jesus M, Berry CC. Tat peptide as an efficient molecule to
translocate gold nanoparticles into the cell nucleus. Bioconj
Chem 2005;16:1176—1180.

Savi¢ R, Luo L, Eisenberg A, et al. Micellar nanocontainers
distribute to defined cytoplasmic organelles. Science
2003;300:615—618.


http://refhub.elsevier.com/S1818-0876(13)00002-0/sref55
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref55
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref55
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref55
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref56
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref56
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref56
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref56
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref57
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref57
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref57
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref58
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref58
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref58
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref58
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref58
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref59
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref59
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref60
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref60
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref60
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref61
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref61
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref61
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref61
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref61
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref62
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref62
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref62
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref62
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref63
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref63
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref63
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref64
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref64
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref64
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref64
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref65
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref65
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref65
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref65
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref66
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref66
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref66
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref66
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref67
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref67
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref67
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref67
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref68
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref68
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref68
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref69
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref69
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref69
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref69
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref69
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref70
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref70
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref70
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref70
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref71
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref71
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref71
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref71
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref72
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref72
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref72
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref73
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref73
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref73
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref73
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref74
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref74
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref74
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref74
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref75
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref75
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref75
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref75
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref75
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref76
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref76
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref76
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref76
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref77
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref77
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref77
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref77
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref78
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref78
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref78
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref78
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref79
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref79
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref79
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref79
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref79
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref80
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref80
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref80
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref81
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref81
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref81
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref82
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref82
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref82
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref82
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref82
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref83
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref83
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref83
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref83
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref84
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref84
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref84
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref84
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref84
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref85
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref85
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref85
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref85
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref85
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref86
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref86
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref86
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref86
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref86
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref86
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref87
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref87
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref87
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref87
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref88
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref88
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref88
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref88
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref88
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref89
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref89
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref89
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref89
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref90
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref90
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref90
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref90
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref90
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref91
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref91
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref91
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref91
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref92
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref92
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref92
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref92
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref92
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref93
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref93
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref93
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref93
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref94
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref94
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref94
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref94
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref94
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref95
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref95
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref95
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref95
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref96
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref96
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref96
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref96
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref97
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref97
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref97
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref97
http://refhub.elsevier.com/S1818-0876(13)00002-0/sref97
http://dx.doi.org/10.1016/j.ajps.2013.07.001
http://dx.doi.org/10.1016/j.ajps.2013.07.001

	The endocytosis and intracellular fate of nanomedicines: Implication for rational design
	1 Introduction
	2 Endocytic pathways for nanomedicines to enter cells
	2.1 Phagocytosis
	2.2 Pinocytosis
	2.2.1 Clathrin-dependent endocytosis
	2.2.2 Caveolae-dependent endocytosis
	2.2.3 Macropinocytosis
	2.2.4 Clathrin- and caveolae-independent endocytosis


	3 Study method of the endocytic pathways
	3.1 Markers
	3.2 Inhibitors

	4 Effect factors of endocytosis pathway selection
	4.1 Size
	4.2 Surface charge
	4.3 Surface hydrophobicity
	4.4 Shape
	4.5 Cell type

	5 Implication for rational design of nanomedicines
	5.1 Transcytosis
	5.2 A potential method to minimize first past effect of nanomedicine
	5.3 Organelle target selection

	6 Conclusion
	References


