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ABSTRACT
To develop novel therapies for clinical treatments, it increasingly depends on sophisticated delivery
systems that facilitate the drugs entry into targeting cells. Profound understanding of cellular uptake
routes for transporting carriers promotes the optimization of performance in drug delivery systems.
Although endocytic pathway is the most important part of cellular uptake routes for many delivery sys-
tems, it suffers the trouble of enzymatic degradation of transporting carriers trapped in endosomes/
lysosomes. Therefore, it is desirable to develop alternative transporting methods for delivery systems
via non-endocytic pathways to achieve more effective intracellular delivery. In this review, we summar-
ize the literature exploring transporting carriers that mediate intracellular delivery via non-endocytic
pathways to present the current research status in this field. Cell-penetrating peptides, pH (low) inser-
tion peptides, and nanoparticles are categorized to exhibit their ability to directly transport various car-
gos into cytoplasm via non-endocytic uptake in different cell lines. It is hoped that this review can
spur the interesting on development of drug delivery systems via non-endocytic uptake pathway.
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Introduction

Rapid advance in biotechnology and nanotechnology have
permitted the incorporation of therapeutic and imaging
agents into a variety of delivery systems, offering new oppor-
tunities for treatment, detection, and prevention in clinical
application (Jain & Stylianopoulos, 2010; Kratz & Warnecke,
2012; Gandhi et al., 2014). Many biologically active substance
need to be delivered into intracellular compartments to exert
their therapeutic effects in cytoplasm or other specific organ-
elles, such as nucleus and mitochondria. However, the nature
of biological membranes restricts the intracellular delivery of
drug delivery systems. The cellular plasma membrane consti-
tutes an effective barrier and regulates the transport of car-
goes inside and outside the cell (Prestegard & Obrien, 1987;
Jahn & Sudhof, 1999). Hence, the internalization pathway for
entry into cells and the intracellular fate of transporting
carriers are key issues for delivered cargoes to be efficient.

The internalization of drug delivery systems with their car-
goes may utilize one or several physiological routes to enter
into cells. In many cases, transporting carriers, such as nano-
particles (NPs), can be internalized via endocytosis after
immobilization on the outer leaflet of plasma membrane.
Endocytosis represents the natural route for macromolecules
into cells (Mellman, 1996; D’Hondt et al., 2000; Doherty &
McMahon, 2009). The plasma membrane locally invaginates

or forms protrusions, surrounding, and enclosing the loaded
substance. After membrane fission, the cargo molecules are
located inside the lumen of the newly formed vesicles,
mostly referred to as endosomes. Then, these vesicles are
tethered to the next stop on their itinerary and fuse to their
ultimate organelles, such as lysosomes. Although dozens of
drug delivery systems can enter into cells via endocytosis,
generally they are inevitably entrapped in endosomes and
subsequent lysosomes, which are regarded as the overriding
intracellular barriers for some payloads due to the harsh
environment (Savic et al., 2006; Hillaireau & Couvreur, 2009).
The lysosomes are the most acidic compartments in most
cells, where low pH facilitates the activity of lysosomal hydro-
lases whose optimal pH ranging from 4.5 to 5.5, providing
favorable conditions for enzymatic hydrolyses (Mellman et al.,
1986). In this circumstance, many substrates become acid-
denatured, and thus more susceptible to enzymatic
degradation.

For some therapeutic agents, they have to be firstly deliv-
ered into the cytosol to become active drugs. Yet, the jour-
ney of transporting carriers entrapped inside endosomes and
lysosomes results in degradation of the loaded therapeutic
drugs. Accordingly, direct cytosolic delivery of cargo mole-
cules via non-endocytic pathways is an optimal approach,
and minimizes the degradation loss of transported agents.
Therefore, it is desirable to develop new alternative delivery
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methods for enhanced non-endocytic uptake pathway to cir-
cumvent the entrapment in endosomes/lysosomes
altogether. This review attempts to provide an overview of
different transporting carriers currently known to be involved
in non-endocytic uptake pathways for direct intracellular
delivery. We hope that the review could be a valuable start-
ing point for researchers who wish to investigate and
develop delivery systems with the ability to transport cargo
molecules via non-endocytic pathway.

Uptake mechanism of transporting carriers

Endocytic pathways

Endocytosis, the natural entry route for extracellular macro-
molecules into cell, encompasses a variety of mechanistically
complex processes, which is still unveiling (Mellman, 1996).
Eukaryotic cells display a number of distinct endocytic mech-
anisms. The processes of endocytosis play key roles in regu-
lating mitosis, antigen presentation, and cell migration. They
share some characteristics and effectors and may compen-
sate for one another when one is abrogated. Several excel-
lent reviews have presented an overview on this rapidly
growing field (D’Hondt et al., 2000; Doherty & McMahon,
2009; Kumari et al., 2010; Iversen et al., 2011). Commonly the
following main endocytic routes are distinguished: phagocyt-
osis, clathrin-mediated endocytosis, caveolae-mediated endo-
cytosis (CvME), and macropinocytosis.

Phagocytosis
Phagocytosis is a special type of endocytic pathway, which is
defined as the engulfment of cells, bacteria, and large solid
particles. It is typically restricted to specialized professional
phagocytes such as macrophages, neutrophils, monocytes,
and dendritic cells (Aderem & Underhill, 1999; Swanson,
2008). Phagocytosis is mediated by cup-like membrane
extensions that are usually larger than 1lm to internalize
particles. It is noticed that the geometry, size, stiffness, and
topography of the targeting particles all influence phagocyt-
osis (Champion & Mitragotri, 2006; Underhill & Goodridge,
2012), which may give an impact on internalization of deliv-
ery systems by phagocytic cells. The phagosomes, containing
opsonized complexes, will mature and fuse with lysosomes
where the acidic environment and multiple enzymes pro-
mote degradation of internalized contents.

Clathrin-mediated endocytosis
Clathrin-mediated endocytosis is clathrin-mediated, recep-
tor-dependent and GTPase dynamin-required endocytic
pathway. In this pathway, a series of downstream events
are activated after the recognition of ligands by receptors
on the cell surface. The process comprises initiation of cla-
thrin-coated pits, recruitment of cargo-specific proteins,
coat assembly, dynamin-mediated scission, and uncoating
by the ATPase. Then, the endocytotic vesicles are inte-
grated into late endosomes and deliver their cargoes to
lysosomes (Luzio et al., 2009).

Caveolae-mediated endocytosis
CvME is a type of cholesterol, dynamin-dependent, and
receptor-mediated pathway (Nichols, 2003). CvME forms a
special flask-shaped structure on the cell membrane called
caveola, which is a plasma membrane domain enriched in
cholesterol and sphingolipid (Parton & del Pozo, 2013). The
fission of the caveolae from the cell membrane is mediated
by the GTPase dynamin, and then generates the cytosolic
caveolar vesicle (Hillaireau & Couvreur, 2009). The intracellular
fate of caveolar vesicle remains under debate. It is worth not-
ing that one research group draws the conclusion that the
cavesome, a previously unrecognized membrane-bound
organelle, itself is an artifact in cells over-expressing different
constructs of caveolin-1 and that the term cavesome no lon-
ger should be used. This is especially important in light of
CvME being regarded as a route away from lysosomal deg-
radation. The caveolae that do pinch off are considered to
fuse with normal acidified endosomes being able to transfer
loaded cargos to lysosomes (Hayer et al., 2010; Parton &
Howes, 2010; Iversen et al., 2011). Moreover, collected data
from Kiss et al. support the discovery that sometimes the
fusion of caveolar vesicle with lysosomes cannot be avoided
(Kiss & Botos, 2009).

Macropinocytosis
Macropinocytosis, a type of distinct pathway, is typically char-
acterized by the formation of membrane ruffles and the
engulfment of large volumes of fluid into large uncoated
vacuoles, known as macropinosomes (Sarkar et al., 2005; Kerr
& Teasdale, 2009). Macropinosomes form spontaneously or in
response to growth factors or other signals (Kaplan et al.,
2005). Their formation can be also induced by bacteria, apop-
totic bodies, and viruses (Mercer & Helenius, 2009). Distinct
from clathrin-coated vesicles and caveolae, the macropino-
somes have no apparent coat structures and are heterogen-
ous in vesicular size distribution (Hewlett et al., 1994).
Macropinosomes mature by modification of their lipid and
regulatory membrane protein composition, before fusion
with the degradative compartments of the cells.

Non-endocytic pathways

As the most important part of cellular uptake routes, the pro-
cess of endocytic pathway has received a great deal of atten-
tion in the last couple of years, especially for clathrin-
mediated endocytosis. The mechanisms that are involved in
the process of recruiting cargo into developing pits and sub-
sequently forming vesicles are becoming increasingly under-
stood. In contrast, there have been, so far, a few of studies
concerning on non-endocytic uptake pathway, because this
pathway is usually poorly considered as it challenges the
idea of non-permeability of membranes to large hydrophilic
molecules (Jahn & Sudhof, 1999). However, the discovery of
cell-penetrating peptides (CPPs) and some NPs capable of
direct cytosolic delivery reminds that there are naturally exist-
ing non-endocytic pathways, although a tremendous amount
of research work is needed to reveal the specific details
behind this mechanism. In the following contents, available
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articles covering the transporting carriers for non-endocytic
pathway are summarized and classified into two categories
to discuss.

CPPs and pHLIPs-mediated non-endocytic uptake

Cell-penetrating peptides

CPPs, also referred as protein transduction domains, are a
class of diverse peptides typically with 5–30 amino acids,
which derived from natural proteins and synthetic peptides
(Bechara & Sagan, 2013; Shi et al., 2014). Commonly, based
on their physical-chemical properties, CPPs can be classified
into three subgroups (Milletti, 2012): cationic CPPs, amphi-
pathic CPPs, and hydrophobic CPPs. Since the two first CPPs,
Tat (Green et al., 1989; Vives et al., 1997) and Penetratin
(Derossi et al., 1994) originated from transactivating protein
of HIV-1 and Drosophila homeoprotein, respectively, were
discovered more than 20 years ago, CPPs have been reported
in a number of applications (Gupta et al., 2005; Bolhassani,
2011). CPPs serving as transporting carriers have been
employed to deliver various cargoes including proteins, pep-
tides, nucleic acids, and contrast agents into cells in vitro and
in vivo.

Quantitation of the membrane translocation efficiency of
cationic oligopeptides was determined, allowing for selective
measurement of direct translocation (Zaro & Shen, 2003). It
was found that Tat-(YGRKKRRQRRR), YG(R)9 and guanidi-
nated-YG(K)9 were preferentially translocate into the cytosolic
compartment, while YG(K)9 was primarily endocytosed in
Chinese hamster ovary cells. Studies of various oligoarginine
peptides (4–15 residues) demonstrated that internalization
through direct translocation remained constant, while the
amount internalized via endocytosis increased with arginine
length, indicating that oligopeptide translocation requires the
guanidine structure of arginine, while endocytosis depends
only on the number of positive charges. Moreover, direct
translocation of YG(R)9 was not affected by incubation at
16 �C as compared to that at 37 �C, and only partially inhib-
ited at 4 �C in Chinese hamster ovary cells (Zaro & Shen,
2005). Membrane translocation was not inhibited to the
same extend as endocytosis following treatment with ammo-
nium chloride, hypertonic medium, amiloride, or filipin.
Intracellular trafficking of cargos attached nona-arginine
(GLPK(FITC)RRRRRRRRR) were measured in four cancer cell
lines with a series of microenvironments altered by the pres-
ence of endocytic inhibitors and different temperature (Ma
et al., 2011). The results revealed that FITC-CPPs may enter
cells rapidly via direct translocation in addition to the endo-
cytic route, while Avidin-CPPs tend to be internalized by
macropinocytosis in an energy-dependent manner with
slower rates. Kinetics of translocation into cells with NrTPs
(YKQCHKKGGKKGSG) in lymphocyte and monocyte cell was
addressed (Rodrigues et al., 2013). Uptake results obtained at
4 �C or using chemical endocytosis inhibitors support the
importance of non-endocytic mechanisms in the cellular
internalization of NrTPs. Fretz et al. analyzed the effects of
temperature, concentration, and plasma membrane choles-
terol levels on the uptake of Alexa Fluor 488 attached CPPs

(R8) in KG1a cells (Fretz et al., 2007). The results found that
Alexa Fluor 488-R8 uniformly labels the cytoplasm and
nucleus at 4–12 �C, suggesting a pathway of direct transloca-
tion across the plasma membrane. Relatively small increases
in peptide concentration or sequestering plasma membrane
cholesterol can enhance the fraction of the peptide that
localizes to the cytosol. These processes seemed to be spe-
cific for the peptide, as they did not observe any parallel
increases in membrane permeability or toxicity.

Mass spectrometry-based method was utilized to quantify
the internalization of biotin-conjugated Tat peptide (Biot-G4-
RKKRRQRRRPPQ) and R9 (Biot-G4-R9) at 37 and 4 �C in both
wild type and proteoglycan-deficient Chinese hamster ovary
cells (Jiao et al., 2009). Both direct translocation and endo-
cytosis were internalization pathways for Biot-CPPs. Direct
translocation occurred at low extracellular peptide concentra-
tion, whereas endocytosis was activated at higher concentra-
tions. Direct translocation operates in a narrow time window,
which implied a specific lipid/peptide co-import in cells.
Zhang et al. developed stearic acid modified arginine
octamer derivatives (SAR6EW) for the enhanced transport of
insulin (Zhang et al., 2015). A significant decrease in the
fluorescent intensity was observed when the cells were
treated with SAR6EW-insulin at 4 �C. However, there were still
fluorescent signals achieved in treated cells, suggesting that
both energy dependent pathway and energy-independent
direct translocation were involved, which were consistent
with the results of inhibitor studies. The protein uptake and
translocation efficiency of four avidin linked CPPs (Penetratin,
Tat peptide, Transportan, and pVEC) were studied in HeLa
cells (Saalik et al., 2004). The results demonstrated that even
under conditions of cellular energy depletion, ceasing of cel-
lular traffic, and partial depolarization of plasma membrane,
peptide-protein complexes still entered into cells, suggesting
an energy, and endocytosis independent internalization path-
way. Pan et al. evaluated the internalization process of
designed CPPs, STR-KV (stearylation-HHHKKKVVVVVV), com-
plexed with siRNA targeting at the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) gene in A549 and CHO-K1
cells (Pan et al., 2016). It was elucidated that the electrostatic
interaction of STR-KV/siRNA complex with heparin sulfate
proteoglycans at the cell membrane surface triggered the
energy-independent uptake of the majority of the complexes,
using heparin treatment, and chemical endocytic inhibitors.
Intracellular trafficking and internalization kinetics observed
by confocal microscopy confirmed that the complex was
uptaken through a non-endocytic pathway.

Direct translocation involves destabilization of the plasma
membrane in an energy- and temperature-independent man-
ner. Some hypotheses, including inverted micelle formation
(Derossi et al., 1996), pore formation (Matsuzaki et al., 1996),
adaptive translocation (Rothbard et al., 2004), the carpet-like
model (Pouny et al., 1992), and the membrane thinning
model (Lee et al., 2005), were proposed to explain direct
translocation of CPPs across the lipid bilayer (Figure 1). The
first step in all these mechanisms comprises interaction of
the positively charged CPP with negatively charged compo-
nents of membrane, such as phospholipid bilayer and hep-
arin. Peptide folding and transient destabilization of lipid
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membrane are involved in this process. The subsequent steps
of internalization depend highly on the peptide concentra-
tion, peptide sequence and lipid composition in each model.

The inverted micelle model was proposed for the direct
translocation of penetratin (Derossi et al., 1998; Alves et al.,
2008; Joanne et al., 2009; Kawamoto et al., 2011). In addition
to the interaction between the positively charged CPP and
negatively charged lipid components, interaction between
hydrophobic residues, such as tryptophan and the hydropho-
bic part of the membrane is also shown to be involved in
this mechanism. Pore formation model consists of barrel
stave model and toroidal model (Deshayes et al., 2006; Herce
& Garcia, 2007; Herce et al., 2009). The barrel stave model
shows that helical CPPs form a barrel by which hydrophobic
residues are close to the lipid chains, and hydrophilic resi-
dues construct the central pore. In the toroidal model, lipids
bend in a way that the CPP is always close to the headgroup,
both CPP and lipids forming a pore. In both models, pores
appear when the peptide concentration is beyond a certain
concentration threshold, which is varied for different CPPs.
The adaptive translocation model proposes that oligoargi-
nines can possess either a hydrophilic or hydrophobic charac-
ter depending on the associated counteranion due to the
capacity of guanidinium headgroups to form bidentate
hydrogen bonds (Wender et al., 2008). Then, the interaction
between guanidinium-rich peptides and the phosphate lipid
headgroups will mask the peptide charge, attenuating its
polarity and enabling its diffusion into and across the plasma
membrane.

pH (Low) insertion peptides

pH (Low) insertion peptides (pHLIPs) are water soluble and
moderately hydrophobic polypeptides originally derived from
the bacteriorhodopsin C helix. At neutral pH, pHLIP is in
equilibrium between soluble and membrane-bound unstruc-
tured forms, whereas in a low pH environment, a pHLIP is

triggered by acidity to fold and insert across a membrane to
form a stable trans-membrane a-helix (Hunt et al., 1997;
Andreev et al., 2009; Musial-Siwek et al., 2010). It is shown
that the N terminus of pHLIP stays outside of the bilayer,
while the C terminus inserts across the lipid bilayer
(Reshetnyak et al., 2007). The insertion of pHLIP into lipid
bilayer is associated with an energy release which can be
used to move cargo molecules across a membrane, raising
the possibility of transporting drug into cell cytoplasm
(Karabadzhak et al., 2012). It is noting that pHLIP-mediated
translocation of cargo molecules into cells is not mediated
by endocytosis or interactions with cell surface receptors
(Figure 2).

Peptide nucleic acid (PNA) can inhibit both transcription
and translation of gene to which it has been targeted, which
holds promise for its use for antigene and antisense therapy
(Nielsen et al., 1991; Ray & Norden, 2000; Kaihatsu et al.,
2004). However, the major obstacle is the delivery of PNA
across the membrane into cytoplasm. Reshetnyak et al. exam-
ined the ability of pHLIP to translocate a fluorescent-labeled
12-base PNA (TAMRA-CATAGTATAAGT-Cys) into HeLa cells
(Reshetnyak et al., 2006). After incubation of pHLIP-S-S-PNA-
TAMRA with HeLa cells, no retention of fluorescence was
seen in the cells at normal pH, but significant cytoplasm
fluorescent staining of cells was observed at low pH value.
By contrast, the treatment of cells with PNA-TAMRA did not
show fluorescent staining of cells at pH 6.5 or 7.4. Moreover,
they prepared pHLIP conjugated to dansyl dye Ph–TRITC via
a disulfide bond, and tested the construct with live HeLa cells
at different pH values. The results showed that the uptake of
dansyl dye was significantly higher at low pH. The relative
uptake at pH 6.5 was about 4.3-fold higher than that at pH
7.4. pHLIP was also employed to translocate phalloidin, a cell
impermeable polar toxin, to inhibit the proliferation of Hela,
JC, and M4A4 cancer cells in a pH-dependent fashion (An
et al., 2010; Wijesinghe et al., 2011). The polypeptide complex
carried phalloidin attaching to the C terminus via a disulfide
bond that was cleaved inside cell cytoplasm to release the

Figure 1. The proposed internalization mechanisms of direct translocation for positively charged CPPs.
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toxin. Thevenin et al. (2009) studied the properties of cell
impermeable cargo molecules that can be delivered into cell
cytoplasm by pHLIP in cancer cells. Four cyclic hexapeptides
were selected as model cargo molecules, which contain four
X positions that were varied as Ser, Asp, Asn, or Arg residues
(NC(X)4), allowing adjustments of cargo polarity. The results
indicated that NC(Ser)4 and NC(Asp)4 cargos were translo-
cated and released into cell cytoplasm only when the cells
were incubated at pH 6.2. These findings in the cancer cells
correlated very well with that obtained with the lipid vesicles,
which supported that pHLIP peptides traversed cell
membrane via direct insertion into the bilayer, reinforcing
the view of pHLIP-assisted translocation independent of
membrane protein or endocytosis. Then, they developed a
pHLIP-based delivery platform that targeted the acidic tumor
microenvironment to evade systemic clearance by the liver
and facilitated cell entry via a non-endocytic pathway (Cheng
et al., 2015). The attachment of antimiRNAs to pHLIP pro-
duced a novel construct that could transport antimiRNAs
across plasma membranes under acidic conditions in solid
tumors (pH approximately 6), and effectively inhibit the miR-
155 oncomiR in a mouse model of lymphoma.

In contrast to CPPs, pHLIPs still stay in the cellular mem-
brane after insertion, translocating one end into cytoplasm
and leaving the other end in the extracellular environment.
Thus, pHLIP possesses dual delivery capabilities, which
can tether cargo molecules to cellular surfaces and/or can
translocate and release cell impermeable molecules into

cytoplasm. Usually, polar cargo molecule attaching to the
C-terminus of pHLIP utilizes a chemical bond that is stable
outside the cellular environment, but cleaved inside the cyto-
plasm. The chemical conjugation of polar molecules to
pHLIPs is convenient, since Lys and Cys residues can be easily
introduced in the synthesis of polypeptides.

Nanoparticle mediated non-endocytic uptake

NPs offer new opportunity to improve the delivery of various
drugs into cells (Giljohann & Mirkin, 2009; Riehemann et al.,
2009; Jain & Stylianopoulos, 2010; Dreaden et al., 2012).
Previous studies have demonstrated that different endocytic
mechanisms involved in the cellular internalization of NPs,
which dramatically influenced by physicochemical properties
of NPs, such as size, surface charge and composition (Gratton
et al., 2008; Harush-Frenkel et al., 2008; Mailander &
Landfester, 2009; Ernsting et al., 2013). Recent updates of
knowledge about uptake pathways imply that NPs can pass
through cell membrane and entry into cytoplasm via non-
endocytic pathway (Figure 3).

Bao et al. reported that the positively charged
delaminated layered double hydroxide lactate nanosheets
(LDH-lactate-NS) with 0.5–2 nm thickness and 30–60 nm
diameter could enter the cytoplasma in terms of free pene-
tration of plasma membrane in BY-2 cell line (Bao et al.,
2016). The LDH-lactate-NS electrostatically binding
negative charged fluorescent dyes or ssDNA to form neutral

Figure 2. Direct cytosolic cargos delivery mediated by pHLIP. (A) Schematic of pHLIP-mediated PNA antimiR delivery and confocal projection of A549 cells incu-
bated with labeled pHLIP-antimiR at different pH (Cheng et al., 2015). Reproduced with permission. Copyright 2015, Nature Publishing Group. (B) Schematic dia-
gram of pHLIP for cargo delivery into cell and fluorescence images of Hela cells incubated with cleavable pHLIP-S-S-dansyl construct at different pH value
(Reshetnyak et al., 2006). Reproduced with permission. Copyright 2006, National Academy of Sciences.
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Figure 3. Nanoparticle mediated intracellular delivery via non-endocytic uptake. (A) Schematic diagram of LDH-Lactate-NS internalization via free penetration and
fluorescence images of BY-2 cells incubated with LDH-lactate-NS-TRITC under different conditions (Bao et al., 2016). Reproduced with permission. Copyright 2016,
Nature Publishing Group. (B) Fluorescence images of dendritic cells incubated with surface functional gold nanoparticles at 4 �C (Verma et al., 2008). Reproduced
with permission. Copyright 2008, Nature Publishing Group. (C) Proposed mechanism for SR-BI mediated cytosolic delivery of FAM-Chol-siRNA in Cy5.5-rHDL/FAM-
Chol-siRNA complexes (Ding et al., 2014). Reproduced with permission. Copyright 2014, Elsevier. (D) Scheme of fusion between cell and liposomes as well as the
effect of ice incubation and endocytic inhibitors on delivery of fluorescent dyes by liposomes to Hela cells (Yang et al., 2016). Reproduced with permission.
Copyright 2016, American Chemical Society.
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nano-aggregates were internalized into cytosol via non-endo-
cytic pathway without uptake inhibition of low temperature
and inhibitor treatment. Bossi et al. found that cobalt oxide
NPs, but neither cobalt nor cobalt oxide NPs surrounded by
protein corona, can enter inside the cells by penetrating
plasma membranes (Bossi et al., 2016). Mature Xenopus
oocytes were filled with Calcein, whose fluorescence was
strongly quenched by divalent metal ions, and exposed to
different NPs to quantify quenching, indicating the increase
of Co2þ concentration released from cobalt NPs located in
the cytosol. The results suggested that Co3O4 NPs succeed in
penetrating the plasma membrane and caused the observed
quenching activity in cytoplasm. Quenching experiments
under the condition of Dynasore pre-incubation showed that
the internalization of Co3O4 NPs was dynamin-independent
process. Fully grown oocytes exposed to Lucifer yellow and
Co3O4 NPs demonstrated that there was no formation of
endocytotic vesicles after Co3O4 NPs exposure. One interest-
ing study stated that 6 nm gold NPs coated with subnanome-
ter striations of alternating anionic and hydrophobic groups
can directly penetrate the plasma membrane into cytoplasm
via energy-independent pathway without bilayer lipid disrup-
tion in dendritic cells (Verma et al., 2008). Those NPs were
modified with a shell of hydrophobic and anionic ligands
regularly arranged in ribbon-like domains of alternating com-
position. Under the temperature of 4 �C, the ‘striped’ NPs still
entered cells at substantial levels, exhibiting a diffuse fluores-
cence pattern consistent with cytosolic location. Further test
in the presence of pharmacological inhibitors of sodium
azide and 2-deoxyglucose showed that ‘striped’ NPs readily
entered the cytoplasm under the condition of inhibited
active uptake processes.

A research group reported that amino functionalized
cross-linked polystyrene microspheres with diameters of 0.2,
0.5, and 2 lm were internalized via an energy-independent
non-endocytic pathway in mouse melanoma cells (Alexander
et al., 2010). The uptake of microsphere was independent of
both ATP and cholesterol depletion, which were both
required for endocytosis. Utilization of a number of inhibitors
to examine endocytosis had no impact on microsphere
uptake, meanwhile lysosomal, and endosomal tracking
agents did not show co-localization of microsphere with lyso-
somes/endosomes. In another study, arginine analogs conju-
gated mesoporous silica nanoparticles (MSN) (300 nm)
enhanced the uptake through non-endocytotic pathway by
introducing Arg analogs with varying side chain lengths in
HeLa cells (Wu et al., 2013). After cells were treated with
sodium azide and 2-deoxy-D-glucose, 20% of the cells still
showed uptake of MSN upon inhibition of endocytosis, sug-
gesting portion of the MSN crossed the cell membrane
through energy-independent non-endocytotic pathways. Mu
et al. found that amorphous silica NPs with 14 nm diameters
can directly enter into A549 cells in the absence of serum
proteins (Mu et al., 2012). Transmission electron microscopy
and energy-dispersive X-ray spectroscopy demonstrated that
silica NPs entered into cytoplasm but not within membrane
bound vesicles or in the nucleus.

A novel nanoparticle was described for direct drug deliv-
ery into the cytosol of live cells in vitro and in vivo utilizing

membrane fusion between liposomes and cells (Yang et al.,
2016). A pair of complementary coiled-coil lipopeptides (CPK4
and CPE4) was integrated in the cellular membranes and lipid
bilayer of liposomes respectively, which resulted in targeted
membrane fusion with concomitant release of encapsulated
cargoes including fluorescent dyes and doxorubicin
entrapped in liposomes. Utilization of a wide variety of endo-
some trackers and endocytosis inhibitors demonstrated that
the dominant pathway for intracellular delivery is membrane
fusion between liposomes and plasma membrane of live
cells. Torchilin et al. reported that TAT peptides attached lip-
osomes of 200 nm diameters can be directly translocated
into cell cytoplasm via energy-independent process in H9C2
cells and BT20 cells (Torchilin et al., 2001). The internalization
of TAT-liposomes continued effectively under 4 �C treatment,
suggesting the translocation process seemed to be energy-
independent. Moreover, the internalized process was not
inhibited by sodium azide or IAA, which indicated that there
was no involvement of oxidative respiration or cytoskeleton.
Moreover, one study employed reconstituted high density
lipoprotein to load cholesterol-siRNA (rHDL/Chol-siRNA com-
plex), providing an effective approach to directly transfer
Chol-siRNA into the cytoplasm via scavenger receptor BI-
mediated non-endocytotic mechanism (Ding et al., 2014). The
cellular uptake of Chol-siRNA in SR-BI high (MCF-7) and low-
expressing (HT1080) cell line suggested that the delivery of
Chol-siRNA in rHDL was mediated by scavenger receptor BI.
Co-localization of stained lysosomes and FAM-Chol-siRNA
showed that FAM-Chol-siRNA appeared as a direct cytosolic
delivery with endocytosis-independent process. Meanwhile,
the observation of Cy5.5-rHDL/FAM-Chol-siRNA internalization
indicated that the uptake process did not only arise from
bringing the SR-BI-docked rHDL/Chol-siRNA complex close to
the plasma membrane, but it would involve permitting the
removal of Chol-siRNA from the complex and selective
absorption into cytosol.

As far as is known, many factors are involved in the selec-
tion of uptake pathway in endocytosis, such as particle size
and shape, charge density, cell types, and even culture condi-
tion (Alexis et al., 2008; Jiang et al., 2008; Xiang et al., 2012).
Also, these factors influence the uptake pathways for nano-
particle-mediated non-endocytosis. However, in some cases,
NPs with different size distribution, surface charge, and com-
position seem to be all capable of directly penetrating cells
following the same mode. For instance, the investigation of
polystyrene microspheres with differing diameters of 200 nm,
500 nm, and 2lm indicated that the direct penetration of
three NPs was energy-independent process via a rapid non-
endocytic pathway. While the volume of formed endocytic
vesicle after engulfment in endocytosis usually limits the size
distribution of transporting carriers in specific endocytic path-
way, typically a diameter of 120 nm for clathrin pit and a
diameter of 60–80 nm for caveolae. Further, neutral LDH-
nanosheet conjugates, consisting of negatively charged bio-
molecules and positively charged layered double
hydroxide lactate nanosheets with a 0.5–2 nm thickness and
a 30–60 nm diameter, also exhibited direct penetration fol-
lowing an energy-independent non-endocytic pathway.
Nevertheless, to fully explore the nanoparticle-mediated
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non-endocytosis, there is actually a lack of comprehensive
study to characterize the uptake pathways in some studies
which roughly confirm the appearance of non-endocytic
uptake to exclude the endocytosis. Thus, it is strongly recom-
mended that more quantitative analysis should be employed
to carefully examine and validate the process of non-
endocytic pathway, avoiding the disturbance of artifacts aris-
ing from endocytosis (Skotland et al., 2015).

Methods used to study non-endocytic uptake

Currently there is no well-established general methodology
on how non-endocytic uptake of transporting carriers should
be studied. The adoption of different methods to exclude
presently known endocytic pathways serves as primary way
to characterize non-endocytic uptake pathways. Exclusion
studies can be performed using pharmacological inhibitors,
molecular probes, and organelle specific dyes.

Pharmacological inhibitors are the effective tools to block
specific endocytic pathway in order to determine whether it
plays an important role in the uptake of transporting carriers.
However, none of the commonly used inhibitors of endo-
cytosis is absolutely specific. Besides their cell type-depend-
ent manner, they can either affect the actin cytoskeleton
with side effects or interfere with alternative endocytic path-
ways simultaneously.

To distinguish phagocytic and macropinocytic pathways
with non-endocytic uptake pathways, some pharmacological
inhibitors are utilized in mechanism studies, including
inhibitor of sodium-proton exchange ‘amiloride’, F-actin
depolymerizing drug ‘cytochalasin D’, and inhibitor of phos-
phoinositide metabolism ‘wortmannin’. The specificity of all
these inhibitors is still in doubt as depolymerizing F-actin
and inhibition of phosphoinositide metabolism may also dis-
rupt other endocytic pathways. For example, cytochalasin D
is also applied as inhibitor in the study of CvME (Parton
et al., 1994). Methods such as incubation of cells with hyper-
tonic sucrose and inhibitor ‘chlorpromazine’ were used to
block clathrin-dependent endocytosis and to demonstrate
the existence of different uptake mechanisms. However, the
co-incubation with hypertonic sucrose is unspecific method
with side-effects on cellular physiology. For instance, high
sucrose can also affect other types of endocytosis than cla-
thrin-mediated, since the fluid phase uptake can be com-
pletely blocked in fibroblasts (Heuser & Anderson, 1989). As
to caveolae-mediated endocytic pathway, the commonly
used inhibitors are methyl-b-cyclodextrin (MbCD), filipin,
nystatin, and genestein. MbCD causes acute cholesterol
depletion to block caveolae-dependent endocytosis.
However, cholesterol is not only important for the caveolae-
mediated uptake, but also for other mechanism such as mac-
ropinocytosis and clathrin-dependent uptake (Van
Kerkhof et al., 2001; Grimmer et al., 2002). Furthermore, the
most direct way to distinguish endocytic pathways and non-
endocytic pathways is the utilization of inhibitor or method
for energy depletion, because most endocytic uptake is
energy-dependent active transport process. Sodium azide (an
ATPase inhibitor) and low temperature (4 �C) are commonly

used inhibitor and method. In some conditions, low tempera-
ture and ATPase inhibitor should be used together because
some of the non-endocytic pathways are also sensitive to
low temperature (Pan et al., 2016).

Except for pharmacological inhibitors, molecular probes are
also important tools for the studies in non-endocytic uptake
pathways. Transferrin is often used as a probe of clathrin-
mediated endocytosis in many studies (Alexander et al., 2010;
Pan et al., 2016). Transferrin receptor mediates transferrin
uptake via clathrin-mediated endocytosis, so that it can be
used as specific marker and detected by anti-transferrin recep-
tor. The organelle specific dyes are other ideal tools for the
detection of co-localization. LysoTracker is the widely used
dye for lysosomes. Combined with confocal imaging technol-
ogy, the co-localization of labeled transporting carriers, and
intracellular compartments can be observed visually.
Measuring the co-localization with specific organelle dyes can
be very helpful, but it should be kept in mind that apparent
co-localization may be obtained from structures in close prox-
imity without real co-localization in the same organelle.
Moreover, false co-localization can easily be obtained if one
fluorescent marker displays large patches or continuous areas
of fluorescence which inevitably will overlap with fluorescent
spots of other markers (Iversen et al., 2011).

Conclusions and perspectives

In recent years, the field of endocytosis has undergone enor-
mous growth with the realization that these internalization
pathways play important roles in the regulation of extracellu-
lar nutrients uptake, membrane dynamics, and recycling cel-
lular components. Meanwhile, a number of drug delivery
systems have been proved to enter cells via endocytosis,
albeit they typically suffer the harsh environment of endo-
somes and lysosomes during intracellular trafficking. In some
cases, the delivered therapeutic agents can keep their
pharmacological activities after endocytosis processes, how-
ever, many macromolecular drugs such as polypeptides, pro-
teins, and nucleic acids are susceptible to enzymatic
degradation and lose their activities after entrapment in
endosomes and lysosomes. Thus, it is highly desirable to
develop alternative delivery methods that bypass the endo-
cytic pathways. Here, CPPs, pHLIPs, and some NPs are
reviewed to exhibit their abilities to directly transport the car-
goes into cytoplasm via non-endocytic pathways (Table 1).
Based on pH-dependent membrane-associated folding,
pHLIPs can fold and insert across cell membranes to deliver
C-terminus linked cargo molecules into cytosol at low pH
value. Also, different length and sequence of CPPs conju-
gated with small molecules, protein, and siRNA can enter
into cytoplasm in the manner of direct translocation in differ-
ent cell lines. In addition, some NPs with distinct diameter,
composition, and surface properties could be internalized
into cell via energy-independent non-endocytic pathways
rather than endocytosis.

Although recent studies bring strong data for the exist-
ence of direct translocation for CPPs, the mechanisms under-
lying the non-endocytic uptake of CPPs remain far from
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being fully understood. To date, several hypotheses have
been proposed to explain direct translocation of CPPs across
the lipid bilayer, including inverted micelle formation, pore
formation, adaptive translocation, the carpet-like model, and
the membrane thinning model. The model of inverted
micelle formation was first proposed to explain the direct
translocation of penetratin. Molecular dynamic simulation
and31 P-NMR experiments emphasize the importance of tryp-
tophan residues and hydrogen bonding between the guani-
dinium headgroups and phosphate groups. Pore formation
model was evoked to illustrate the passive diffusion of Tat
and arginine-rich peptides across the plasma membrane with
molecular dynamic simulations and electrophysiology experi-
ments. Studies with other CPPs also suggested the formation
of transient pores as a mechanism of direct translocation.
While these models provide reasonable explanation of
molecular mechanism for direct translocation of CPPs, the
exact mechanisms of non-endocytic uptake is still indecisive.
In addition, due to their cationic nature, the potential toxicity
of CPPs to cells or tissues needs to be comprehensively
investigated in vitro and in vivo if they are to be utilized as
drug delivery systems. The in vitro toxicity of CPPs has been
detected frequently, but in vivo evaluations are limited cur-
rently. Generally, toxicity of CPPs mainly bases on two pat-
terns: toxic effect on lipid membrane of cells and organelles,
and specific interaction with cell ingredients (Ziegler, 2008).
Exposure time, length, and concentration of CPPs, attached
cargoes and cell types can influence their toxicity (El-
Andaloussi et al., 2007).

Inspired by the SNARE protein complex, an artificial mem-
brane fusion system composed of a complementary pair of
lipidated coiled-coil peptides was developed, enabling tar-
geted liposome-cell membrane fusion. The endocytic path-
ways are almost completely circumvented, and the major site
of cargo release is at the plasma membrane. Additionally, the
rHDL/Chol-siRNA NPs were prepared to provide a highly
effective approach to directly transport Chol-siRNA into cyto-
plasm via the SR-BI mediated non-endocytic mechanism. The
recognition of apoA-I by SR-BI would result in formation of a
non-aqueous ‘channel’ and subsequent cross-membrane
transfer of Chol-siRNA cargo from rHDL to cytosolic

compartments without internalization of the intact
rHDL/Chol-siRNA complexes. Yet, the mechanism for direct
penetration of NPs is still unclear. There have no models or
hypotheses were proposed to explain this energy-independ-
ent non-endocytic pathway.

Molecular and functional dissection of non-endocytic
mechanisms is vital for rational design of highly potential
drug delivery systems to directly transport cargos into cyto-
plasm. The investigations are now underway regarding what
are the structural bases of transporting carriers for non-endo-
cytic uptake, how do they interact with the cellular compo-
nents to drive their way across the membrane, and whether
certain non-endocytic pathway is found only in specialized
cell type. Furthermore, another big question in this field is
how the non-endocytic pathways are regulated with other
internalization processes such as endocytosis. Endocytosis is
highly active process existing in all cell types. Several endo-
cytic pathways are rather unspecific, therefore, it is highly
unlikely that any transporting carrier would enter cell exclu-
sively via non-endocytic pathways. What is the balance
between endocytic/non-endocytic pathways? Which factors
would affect this balance? Addressing these important issues
is the major challenge for future studies.
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