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Abstract

Cell delivery reagents often exploit the endocytic pathway as a route of cell entry. Once 

endocytosed, these reagents must overcome endosomal entrapment to insure the release of their 

macromolecular cargos into the cytosol of cells. In this review, we describe several examples of 

prototypical synthetic reagents that are capable of endosomal escape and examine their 

mechanisms of action, their efficiencies, and effects on cells. Although these delivery systems are 

chemically distinct, some commonalities in how they interact with cellular membranes can be 

inferred. This, in turn, sheds some light on the process of endosomal escape, and may help guide 

the development and optimization of next-generation delivery tools.
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Introduction

Delivering macromolecules such as nucleic acids or proteins (subsequently referred to as 

cargos) into live cells requires traversing cellular membranes. The plasma membrane of 

human cells is a biological barrier that prevents access into the cell’s interior, and, 

consequently, numerous delivery strategies have focused on facilitating the transport of 

molecular cargos across this membrane. However, reagents that can permeabilize the plasma 

membrane, and thereby allow the passage of large molecules, are often toxic. In particular, 

extensive bilayer damage, as may be necessary to accommodate large cargos, can lead to 

immediate necrosis. Conversely, cells can repair membrane defects and sustain some level of 

disruption in the integrity of their plasma membrane (1). Repair processes are typically 

initiated by the influx of calcium into the cell, a process that may accompany cargo 

membrane translocation (2). Yet, calcium influx may also initiate the apoptotic cascade and 

lead to cell death several hours after the membrane translocation events have taken place (3, 

4). Overall, it is therefore clear that achieving direct plasma translocation of large molecules 

often constitute a perilous balancing act between delivery efficiency and cell death.

To enter cells, membrane systems other than the plasma membrane can be exploited. In 

particular, human cells internalize extracellularly administered cargos by endocytosis. This 

can be mediated by specific cell surface interactions, or simply involve non-specific 

engulfment of molecules present in the extracellular fluid (5, 6). Upon internalization, 

cargos are sequestered within membrane-bound endosomes. Through fusion and fission 

events, endosomes exchange some of their luminal content, and cargos can subsequently 

distribute throughout a complex endosomal pathway that includes early endosomes, 

recycling endosomes, multivesicular bodies, late endosomes, and lysosomes (7). Cargos 

trapped in this pathway may either be recycled to the cell surface or undergo degradation by 

exposure to lysosomal enzymes (7). Notably, while conceptually in the cell, endosomally-

trapped cargos do not have access to the cell interior, that is the cytosolic space and 

organelles such as the nucleus. Delivery vectors that simply promote endocytosis of cargos 

are therefore not sufficient to permit successful cytosolic penetration. Instead, cargos have to 

cross the membrane of endosomes and delivery agents need to mediate this process. 

Therefore, delivery remains a membrane translocation challenge and some of the issues 

previously described in the context of crossing the plasma membrane apply. Yet, the 

endosomal pathway includes membrane systems that are different from the plasma 

membrane. Consequently, the mechanisms by which translocation is mediated, the 

efficiencies with which this is achieved, and the cellular responses that accompany delivery 

may all be distinct.

The idea of promoting endosomal escape so as to achieve cytosolic delivery has been 

pursued for several decades (8). How this can be done efficiently and what accompanies this 

process, on both a molecular or cellular level, have remained challenging questions. In this 

review, we described a survey of reagents that have been used to enhance endosomal escape. 

We focus on several prototypical examples that span various areas of the chemical space, 

including small molecules, peptides, lipids, and polymers. Using cell-based studies as a 

primary source of information, we highlight how these reagents escape from endosomes, 

how well they mediate this process, and what cellular responses are engaged upon 
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membrane permeation. These insights reveal future directions that may be exploited for the 

development of optimized delivery tools.

1. What are the molecules that induce endosomal escape?

Several molecules have been identified that have the ability to undergo endocytic uptake 

followed by endosomal escape. While chemically distinct, several of these species share 

some common features, highlighting how some fundamental chemical rule may underlie 

their activity. All reagents typically improve delivery outcomes for a variety of cargo. 

Herein, we do not describe applications in which they have been found to be useful. Instead, 

we focus on what these reagents are and how they are thought to mediate escape of 

macromolecular cargos.

1.1 Cationic lipid/cationic polymers

Cationic lipids spontaneously form liposomes in aqueous media. These liposomes form 

complexes with RNA or DNA, referred to as lipoplexes, by coating the phosphate backbone 

of the polynucleotides. The complexes formed are typically highly positively charged as the 

total number of cations contributed by the liposomes exceeds the number of anionic 

phosphates contributed by the nucleic acids. Alternatively, cationic lipids are common 

constituents of lipid nanoparticles (LNP), one of the most advanced delivery systems for 

siRNAs (9). LNPs encapsulate their nucleic acid cargos within their core, thereby yielding 

structures distinct from lipoplexes.

Fluorescently-labeled lipoplexes and LNPs have been shown to enter cells through 

endocytosis (10, 11). Once endocytosed, the weakening of electrostatic interactions within 

the lipoplex is thought to contribute to leakage. In this model, negatively-charged 

phospholipids, which are typically located on the cytoplasmic leaflet of endosomal 

membrane (e.g. phosphatidylserine, PS), would flip across the bilayer to the luminal leaflet. 

Electrostatic interactions between the cationic lipids and the anionic phospholipids may then 

form, thereby promoting lipid mixing and translocation (Figure 1) (12). Alternatively, 

endosomal escape may involve the zwitterionic lipid phosphatidylethanolamine (PE), an 

endogenous constituent of human membranes. In particular, lipoplexes fuse in vitro with 

bilayers containing DOPE (dioleoyl PE), an activity attributed to the inherent fusogenicity of 

PE (13). In this model, the bilayers of the lipoplexes would mix lipids with PE-containing 

endosomal membranes and DNA would escape through a hemifusion pore (Figure 1) (14, 

15). Notably, a similar in vitro fusogenic process was observed between lipoplexes and 

bilayers containing bis(monoacylglycero)phosphate (BMP, also referred to as LBPA). Unlike 

PE, which represents approximately 20% of the lipids present in human cells. BMP is of 

relative low abundance overall (16, 17). Yet, BMP is highly enriched in the membrane of 

late endosomes and lysosomes. For instance, BMP represents up to 77% of total lipids in the 

membrane of some of the vesicles endogenously present in the lumen of late endosomes.

(16–18). Notably, BMP is both anionic and fusogenic (17, 19, 20). It therefore combines the 

two important features highlighted in the two models described. One may therefore 

speculate that late endosomes or lysosomes may represent cellular compartments favorable 

for endosomal escape. It is also possible that cationic lipids are engaged in similar 
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endosomal escape mechanisms regardless of whether they are incorporated into lipoplexes 

or LNPs. A notable difference, however, is that LNPs also often include ionizable lipids, 

species that are neutral during LNP formation but that become cationic within the acidic 

lumen of endosomes (21). Unlike their constitutively cationic counterparts, ionizable lipids 

are less likely to be involved in direct binding to anionic siRNAs. Lipid-RNA binding, which 

is necessary for entrapping the nucleic acid cargo, may conceptually inhibit the lipids 

involved from interacting with membranes. In turn, this means that ionizable lipids may then 

be better able to mediate endosomal escape, as observed by their improved delivery 

efficacies (22).

Polyethylenimine (PEI) is a cationic polymer composed of repeating amine groups that can 

complex with RNA or DNA. Like lipoplexes, PEI/nucleic acid polyplexes enter cells 

through endocytosis (23). A commonly proposed mechanism for PEI-mediated endosomal 

escape is based on the “proton sponge effect” (24). In this model, as polyplexes traffic 

through endosomes of increasing luminal acidity (pH~6.5, 5.5, and 4.5 for early endosomes, 

late endosomes, lysosomes, respectively), PEI becomes increasingly protonated. In 

particular, upon reaching lysosomes, the protonation of PEI continues and results in an 

influx of protons, Cl− ions and water. Subsequent osmotic pressure and repulsions between 

the protonated polyplexes result in the swelling of the organelles and subsequent leakage 

(25). Yet, using a pH-sensor to monitor lysosomal pH, Andresen and coworkers have 

detected no change in lysosomal pH post PEI uptake. These results are therefore in 

contradiction with the “proton sponge” model (26). Alternatively, as with lipoplexes, 

cationic polyplexes may disrupt membranes by coming into contact with the endosomal 

membrane (27).

1.2 Cationic peptides/cationic synthetic proteins

Several classes of peptides can permeabilize endosomal membranes. They include arginine 

rich cationic peptides and amphiphilic peptides. A prototypical arginine-rich cell-penetrating 

peptide (CPP) is TAT. Derived from the HIV-1 transactivator of transcription, the TAT 

peptide (RKKRRQRRR) enters cells through macropinocytosis (28–30). From within the 

endocytic pathway, TAT is capable of delivering a variety of cargos into the cytosol of cells 

(31, 32). Quantitative measurements of how much material escapes endosomes have 

however indicated that the endosomal escape activity of TAT is poor (see section 2). This 

low activity is in turn challenging to monitor and gaining mechanistic insights has been 

challenging. Nonetheless, by blocking the endocytic pathway at various steps and by 

monitoring cytosolic access with sensitive assays, Shepartz and coworkers have established 

that the late endosomes are sites of escape within the pathway (33). Melikov and co-workers 

corroborated these results by demonstrating that TAT can cause the leakage of bilayers of a 

composition similar to that expected for late endosomal membranes (i.e. containing BMP) 

(Figure 1) (34).

Several studies have highlighted how linking several TAT peptides to one another can 

improved endosomal escape. Multimeric TAT constructs can be constructed by linking 

multiple repeats of the peptide tag at the termini of a protein, or by attaching the peptides 

onto synthetic scaffold (35–37). Recently, constructs containing 2 of 3 TAT branches (e.g. 
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dfTAT or 2TAT have 2 branches, 3TAT has 3) have been shown to be significantly more 

prone to escaping endosomes than constructs with a single TAT unit (1TAT) (38, 39). Here 

again, late endosomes were found to be the sites of endosomal leakage and cytosolic egress. 

In addition, the endosomolytic species 2TAT and 3TAT mediate the leakage of bilayers 

containing BMP. Notably, leakage is abolished when BMP is substituted to other anionic 

lipids. This in turn suggests that electrostatic interactions alone are not sufficient to explain 

membrane leakage. In addition, 2TAT or 3TAT do not cause the leakage of single liposomes. 

Instead, these reagents bring multiple liposomes into contact and induce fusion between 

liposomes. It is during these fusion events that leakage may then take place. Notably, the 

BMP-specific leakage-inducing activity of the reagents increases with the number of TAT 

repeats (3TAT>2TAT>>1TAT), as do their cell penetration activity. Finally, an anti-BMP 

antibody, which blocks the contact and fusion of BMP-containing bilayers in vitro, also 

blocks cell penetration in live cells (39). Overall, these results suggest that the polycationic 

peptides interact with anionic BMP, thereby promoting the contact, fusion, and leakage of 

late endosomal membranes.

1.3 Amphiphilic peptides

Amphiphilic peptides that bind lipid bilayers because of their partial hydrophobicity can be 

used to disrupt endosomal membrane. An example includes 6His-CM18-PTD4, a chimera of 

the 6His tag, PTD4 (YARAAAARQARA), and CM18 (KWKLFKKIGAVLKVLTTG). 

Because its interaction with membranes is presumably primarily driven by its 

hydrophobicity, this peptide permeabilizes membranes in a nonselective manner. It can 

therefore destabilize the plasma membrane of cells and be rather toxic. However, by limiting 

the time of peptide exposure, cells can survive treatment. Similarly, low concentrations of 

peptides may be tolerated. In both situations, endocytosis may take place before surface 

damage occurs. Subsequently, the peptide may accumulate inside the lumen of endosomes 

and reach a threshold concentration above which membrane leakage is achieved (40). Gene-

editing CRISPR ribonucleoproteins have been successfully delivered into cells using this 

approach (41).

In order to make membrane-disrupting peptides specific towards endosomal membrane, a 

strategy is to make them pH-responsive. Using such peptides, one can take advantage of the 

fact that the lumen of endosomes is acidified, and use low pH as a trigger for membrane 

insertion and leakage (42). One example of a pH-responsive peptide is the fusogenic HA2 

peptide, which is derived from the hemagglutinin (HA2, 

GLFGAIAGFIENGWEGMIDGWYG) glycoprotein of the influenza virus (43). The 

protonation of several aspartate and glutamate residues present in the peptide results in an 

overall increase in the hydrophobicity of the peptide. In turn, the protonated peptide inserts 

into lipid bilayer, resulting in disruption of the membrane (44, 45). HA2-containing 

constructs have improved the endosomal escape activity of several delivery agents (46, 47). 

HA2 has for instance been attached to TAT, TAT being designed to mediate endocytosis 

while HA2 is designed to mediate escape. Based on hemolysis-based studies, HA2-TAT 

analogs behave as species with a single pKa (e.g. despite multiple protonation sites) (48). 

Membrane disruption is exclusively mediated by the protonated form of the peptide and 

hemolysis is correlated to how much protonated peptide is present on the surface of a bilayer 
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(Figure 1). Membrane leakage is therefore more efficient at low pH because more protonated 

peptide is present in the protonated/deprotonated equilibrium. Yet, the peptides are not 

inactive at pH 7. Instead, while the equilibrium is shifted towards the deprotonated and 

inactive form of the peptides, some protonated peptides are present at this pH (the 

concentration can be approximated using the Henderson-Hasselbach equation and the 

peptide apparent pKa) (44). In other words, the membrane disruption obtained with such 

peptides at low pH can also be obtained at high pH, as long as the overall concentration of 

peptide is increased. Overall, this means that the peptide disrupts the plasma membrane of 

live cells above a threshold concentration (see Section 3). Nonetheless, below this cytotoxic 

threshold concentration, HA2-TAT analogs can remain relatively innocuous to cells, be 

internalized by cells, mediate endosomal leakage, and release cargos trapped inside 

endosomes. However, HA2-like moieties tend to remain bound to the membrane of 

endosomes post-leakage (48, 49). Consequently, cargos that are directly linked to HA2-like 

moieties can remain tethered to endosomes even after the endosomes have been 

permeabilized.

Recently, Akishiba et al. synthesized analogs of the cationic and amphipathic peptide M-

lycotoxin and found that a single leucine to glutamic acid substitution (L17E) prompted the 

selective disruption of endosomal membranes. In vitro liposome assays showed that the 

peptide requires an acidic pH and protonation of E17 for membrane leakage. However, 

unlike HA2, the protonated L17E-lycotoxin peptide does not disrupt all bilayers. Instead, it 

displays a propensity for membranes enriched in negatively-charged phospholipids. Because 

anionic lipids are relatively absent from the outer leaflet of a cellular plasma membrane, 

reagents such as L17E-lycotoxin may have limited impact at the cell surface and display 

reduced toxicities (50).

1.4 Small molecules

Small molecules, often referred to as lysosomotropic agents, can disrupt late endosomal or 

lysosomal membranes. For instance, L-leucyl-L-leucine O-methyl ester (LLOME) is 

believed to accumulate in lysosomes and lead to osmotic swelling followed by leakage (51). 

Additionally, cathepsin C may mediate the formation of a membrane-lytic LLOME polymer 

within these organelles (52). Similar to LLOME, the antimalarial drug chloroquine 

accumulates in acidic vesicles (51). Chloroquine is a weak base that gets protonated in late 

endosomes and lysosomes. As with LLOME, its lysosomal accumulation is thought to result 

in osmotic swelling (53). Both LLOME and chloroquine are rather toxic. Yet, 

lysosomotropic agents can be used to enhance the cytosolic penetration of various delivery 

approaches. (54, 55).

In an effort to increase the cytosolic delivery of antisense and siRNA oligonucleotides, 

Juliano and coworkers screened compound libraries to identify small molecules that enhance 

the delivery of oligonucleotides. The authors found one candidate in particular, UNC7938, 

that could deliver oligonucleotide cargo at low concentrations, in cell cultures and in vivo. 

Colocalization between UNC7938 and GFP-Rab7, but not with GFP-LAMP1, suggests that 

UNC7938-mediated endosomal escape likely occurs at the late endosome (56). The 

mechanism of action of UNC7938 has not been described. However, UNC7938 contains a 
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pyridopyrazine core and amine substituent that presumably confers a cationic charge to the 

molecule. It is therefore possible that UNC7938 may interact with anionic bilayers.

Photosensitizers are small molecule chromophores that can generate reactive oxygen species 

when irradiated with visible light. Photosensitizers typically consist of conjugated ring 

structures and these molecules are often hydrophobic. They therefore tend to partition 

indiscriminately in the membranes of cells. Irradiation then leads to lipid peroxidation, 

membrane rupture and cell death (4, 57). Historically, photosensitizers have therefore been 

used as cell killing agents in the context of photodynamic therapy applications. Interestingly, 

linking hydrophilic groups to the hydrophobic core of photosensitizers, whether by addition 

of charged moieties or peptides sequences, render these molecules more soluble (58). When 

incubated with cells, they then tend to accumulate within the endocytic pathway without 

partitioning in the plasma membrane (59–61). Such reagents can then be irradiated while 

trapped within endosomes and selectively photo-oxidize the membrane of these organelles 

(Figure 1) (62). Macromolecular cargos loaded in the lumen of endosomes by prior 

incubation with cells can then be released in the cytosol of cells. This approach is referred to 

as Photo-Chemical Internalization (PCI) (63).

1.5 Conclusions

All reagents described herein are chemically quite distinct. They may therefore display 

unique membrane disruption behaviors. Yet, when combined, it is clear that many share 

some similar features: positive charges combined with hydrophobicity. One exception, at 

least at first glance, may be arginine-rich CPPs, which are often cationic but not 

hydrophobic. Yet, it has been observed that the addition of short hydrophobic sequences can 

enhance their activity (64, 65). Moreover, such peptides are typically conjugated to 

fluorophores for cellular tracking. These fluorophores, by contributing some hydrophobicity, 

may themselves be involved in some aspects of the membrane disruption process. This has 

been clearly demonstrated in the context of monomeric CPPs, where the fluorophore used 

for peptide labeling impacts cell viability, peptide uptake, and CPP binding to bilayers (39, 

66–68). Similarly, fluorophores also impact multivalent systems such as 3TAT, as suggested 

by the fact that a non-labeled 3TAT construct is noticeably less prone to inducing membrane 

leakage that an analog labeled with tetramethylrhodamine (the relationship 

3TAT>2TAT>1TAT in regard to membrane penetration is however true when comparing 

labeled or unlabeled analogs) (39).

The commonalities observed here may also apply to how these reagents disrupt membranes. 

In particular, it is becoming apparent that late endosomes represent a unique membrane 

system that is utilized for escape. In particular, the lipid BMP appears to provide fusogenic 

and anionic properties that uniquely respond to cationic/hydrophobic reagents. Notably, 

similar observations have recently been made with cationic viral components, late 

endosomes being a site of viral entry for the blue tongue or dengue viruses (69, 70). Overall, 

it is therefore likely that defining the rules that govern the interplay between current reagents 

and late endosomes may reveal how to better exploit these organelles as gateways into cells.
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2. How efficient is endosomal escape?

The issue of endosomal escape efficiency is complicated. In particular, it includes several 

intertwined questions. To what extent do delivery agents and macromolecules escape from 

endosomes? To what extent does the endocytosed material remain trapped within the 

endosomal lumen? How many endosomes undergo leakage in a given cell? How does this 

process vary from cell to cell within the same experiment? These questions remain 

unanswered in many instances. Herein, we highlight several reports that address these 

questions quantitatively.

2.1 Reagents with low apparent endosomal escape activity

The efficiency of plasmid DNA transfection by LipofectAMINE2000 (LFA), a cationic lipid 

formulation, and PEI have been assessed by Glover et al (71). The goal of their study was 

not to measure endosomal escape per se, but instead to assess how many plasmids reach the 

nucleus of cells. Furthermore, the authors were interested in establishing how nuclear access 

correlates with expression of a gene encoded in the delivered plasmid. To address these 

questions, cells were transfected with a plasmid encoding DsRed2-H2A, a fluorescently-

tagged histone that is incorporated into chromatin upon expression (Figure 2a). The nuclei 

of cells containing both the delivered plasmid and its protein product were subsequently 

isolated (the viability of cells is not directly discussed in this report; yet, one can infer that 

cells capable of expressing DsRed2-H2A are likely alive prior to nuclear isolation). Real-

time PCR was then used to quantitatively measure the amount of plasmid DNA present 

while flow cytometry was used to determine the amount of protein expressed based on its 

fluorescence signal. This analysis reveals that cells exposed to 4μg of plasmid (2.2×106 

plasmids per cell) for 24h accumulate 350 plasmids/h in the first 8h of exposure, this rate 

subsequently accelerating. At the end of the 24h incubation, PEI could deliver 1.8×104 

plasmids per nucleus while LFA delivered 8.3×103, representing overall yields (nuclear 

plasmid per cell/total DNA administered per cell) of 0.8% and 0.4%, respectively. Notably, 

while LFA delivers less plasmid into the nucleus of cells than PEI, it leads to equivalent 

levels of DsRed-H2A expression per cell, while also transfecting a higher percentage of cells 

overall. These results are in agreement with the notion that cationic lipids dissociate from 

their DNA cargo upon endosomal escape and cytosolic egress (72), leaving a naked DNA 

that may enter the nucleus only inefficiently. In contrast, PEI remains associated with DNA 

after endosomal escape and subsequently promotes the nuclear delivery of the cargo (73). 

While this may be an advantage for delivery, it is possible that the PEI that remains bound to 

DNA upon reaching the nuclear destination may then interfere with transcription. Overall, 

these results indicate that the multi-step process of DNA transfection is of relatively poor 

efficiency. Yet, they do not reveal directly whether endosomal escape is itself a bottleneck. 

However, cells incubated with fluorescently-labeled polyplexes or lipoplexes typically show 

a punctate distribution of fluorescence signal, as observed by high-magnification 

microscopy. This punctate signal corresponds to the accumulation of fluorescent material 

within endosomes. By contrast, no signal is typically detectable in the cytosol or nucleus of 

cells. Overall, this indicates that the vast majority of endocytosed complexes stay trapped 

within the endocytic pathway and that endosomal escape is a limiting step.
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The TAT peptide is a ubiquitous delivery agent that has been used in with a variety of cargos 

in many applications. Despite its popularity, how well TAT works remains often unclear. In 

order to assess the extent to which TAT is capable of delivering enzymes into cells, Dowdy 

and co-workers have used Cre recombinase (Figure 2b) as a model (74). In this assay, cells 

are transfected with a loxP-STOP-LoxP-eGFP. Upon introduction of Cre recombinase into 

the cytosol and nucleus of cells, the enzyme excises the STOP signal present in the reporter 

DNA, leading to expression of eGFP. The expression of eGFP was quantitated via flow 

cytometry, excluding dead cells stained with propidium iodide (PI) from analysis. The 

authors showed that incubation of cells with the fusion TAT-Cre for 1 h led to a majority 

(~80%) of cells expressing eGFP 18 h later. On one hand, these results clearly highlight that 

TAT can successfully bring cargos into cells. However, as described with lipoplexes, 

microscopy observation of a fluorescently labeled TAT-Cre shows exclusive retention of the 

protein inside endosomes. It is therefore likely that, while the endosomal escape activity of 

TAT is limited. In particular, TAT may be capable to deliver a few copies of TAT-Cre per 

cells, and given the catalytic properties of Cre, these few copies may be sufficient to activate 

the reporter plasmids present in the cell (as few as 4 Cre molecules, 4 Cre-bound sites being 

required for excision). Moreover, this assay is binary: there is enough Cre recombinase that 

enters cells to activate eGFP expression or there isn’t. Therefore, above a given Cre 

recombinase threshold, eGFP is expressed regardless of how many enzymes are delivered. 

This, in turn, does not allow the testing of cell-to-cell variability.

In order to assess how much peptides may enter the cytosol of cells, two groups have 

recently reported the use of fluorescence correlation spectroscopy (Figure 2c) (75, 76). In 

these assays, fluorescently-labeled peptides are incubated with cells. In one instance, live 

cells are isolated by FACS (based on size and granularity) and lysed. Cell lysates are then 

subjected to ultracentrifugation so as to isolate a cytosolic fraction. Samples are 

subsequently analyzed by bulk Fluorescence Correlation Spectroscopy (FCS) and the 

concentration of fluorophore present is extracted from autocorrelation curves, using 

standards of known concentration as calibration. In another instance, FCS is directly 

performed in the focal volume contained in the cytoplasmic space of cells (cells observed 

are determined to be viable based on their ability to remain adherent after a brief treatment 

with trypsin). Autocorrelation analysis yields an estimate of the number of molecules 

present in this volume. Using these alternative approaches, TAT was found to enter the 

cytosol of cells with an efficient of 2% ([TAT]cytosol vs [TAT]outside cells). More 

specifically, a 30 min incubation with 500 nM of peptide yields to a cytosolic concentration 

of 10 nM (76). Similarly, Antp, a cationic CPP (RQIKIWFQNRRMKWKK) also used for 

delivery applications, was found to enter at very low level (75). In particular, incubation of 

1×106 cells with 1 μM peptide for 2 h (~1.2×108 molecules/cell), yields approximately 

9.0×105 molecules/cell of Antp internalized. Moreover, only 1.8×104 molecules/cell are 

present in the cytosol, the remainder being trapped inside endosomes. Overall, this 

represents efficiencies of 2% (cytosol/endosome) and 0.015% (cytosol/total outside cells). 

Notably, the authors observed that addition of PAS (GKPILFF), a hydrophobic peptide 

previously shown to enhance endosomal escape by Futaki and co-workers (64), showed an 

increase in both total internalization (i.e. endocytosis, up to 1.5×107 molecules/cell) and 

cytosolic release (up to 4.2×106 molecules/cell), corresponding in yields of 28% (cytosol/
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endosome) and 3.5% (cytosol/total). Notably, despite this higher endosomal escape activity, 

the distribution of fluorescence signal remains punctate in microscopy images. Because 

endosomal escape remains relatively low, it is unknown whether the cytosolic delivery 

achieved involves just a few molecules escaping many endosomes in a cell, or conversely, 

many molecules escaping a single endosome among hundreds of organelles.

2.2 Reagents with high apparent endosomal escape activity.

Several reports have highlighted how some reagents are efficient enough that the molecules 

they deliver can readily be observed in the cytosol of cells by fluorescence microscopy (30, 

56, 71). For instance, when PCI is used as a delivery method, molecules trapped inside 

endosomes can be seen bursting out into the cytoplasm upon irradiation of photosensitizers 

(77). Similarly, dfTAT, a disulfide-bonded dimer of TAT labeled with two 

tetramethylrhodamine fluorophores, can release high levels of molecules in the cytosol of 

cells, albeit in the absence of light activation (78). Herein, we use dfTAT as an example to 

illustrate how efficient endosomal escape can be. Like monomeric TAT, at low incubation 

concentration (<2 μM, 1h), dfTAT accumulates within endosomes without any apparent 

access to the cytosol. However, as incubation concentration is increased, a majority of cells 

display a diffuse fluorescence signal throughout the cell, with noticeable staining of 

nucleolar compartments. This staining is, in turn, confirmation that some of the signal 

detected is indeed intracellular, and not simply caused by out-of-focus fluorescence from 

peptide bound to the exterior of the cell. This staining is detectable in close to 100% of cells 

when 5 μM of peptide or more is used (dead cells, identified by SYTOX nuclear staining, 

represent less than 5% of the total population and are excluded from quantitation). In 

contrast, monomeric TAT remains trapped inside endosomes, even when the amount of TAT 

internalized in endosomes exceed that of dfTAT by more than 2-fold (50 μM TAT vs 5 μM 

dfTAT incubation).

The cytosolic entry of dfTAT is such that microscopy images typically show little to no 

fluorescence left inside endosomes. Inhibitors of endocytosis and of endosomal trafficking 

nonetheless, all confirm that the peptide enters the cytosol by escaping from endosomes 

(79). Endosomal escape therefore appears highly efficiently. However, one may envision 

how, above a certain level of cytosolic entry, the cytosolic fluorescence may mask the signal 

left trapped inside endosomes. To address this question, an assay based on the cell-

impermeable fluorophore SNAP-Surface was developed (Figure 2d). In this assay, cells are 

transfected with SNAP-H2B, a histone protein fused to the SNAP-tag. Upon cell entry, as 

mediated by endocytosis and dfTAT-induced endosomal escape, SNAP-Surface diffuses 

freely into the cytosol of cells. However, upon nuclear entry, SNAP-H2B covalently captures 

the fluorophore. This leads to the retention of the fluorophore in the nuclear compartments 

and to a depletion of the signal in the cytosol. Importantly, this means that the signal that 

remains trapped inside endosomes, that is signal from failed endosomal escape, is better 

revealed. Based on this assay, up to 90% of the fluorophore molecules reach the nucleus of 

cells in the presence of dfTAT (0% in its absence). The number of observable endosomes 

loaded with fluorophore is as low as a dozen, while hundreds are present when dfTAT is 

absent. Overall, this suggests that dfTAT can release a majority of internalized molecules 

into the cytosol, and that this activity involves the leakage of many organelles in a cell. 
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Notably, because dfTAT can stimulate an increase in cellular fluid-phase uptake (as reported 

for TAT and other arginine-rich peptides), the concentration of macromolecules that reach 

the interior of cells can exceed the extracellular concentration. Nonetheless, when 

comparing these results to the previous studies described, it is important to note that the 

number of moles of molecules that enter cells remain an overall small percentage of the 

number of molecules extracellularly administered. Specifically, with cells exposed to 

1.5×1010 molecules/cell of GFP, dfTAT-mediated delivery yields to 4.2×108 molecules/cell 

of protein internalized overall (leading to a 0.28% yield). As with SNAP-surface, the 

fluorescence of the protein is almost exclusively in the cytosol of cells, indicating that the 

cytosol/endosome yield of release is close to 100%. This notion is further supported by the 

delivery of the transcription factor HOXB4: while TAT can deliver HOXB4 and induce the 

expression of a luciferase gene-reporter, dfTAT can improve this activity by more than 60-

fold (80).

2.3. Conclusions

The efficiency of endosomal escape of various delivery agents appears to vary widely. It is 

important to note that, in many instances, high efficiency is not required. As pointed out 

earlier with the example of DNA plasmid or Cre recombinase, low levels of cell entry are 

adequate if few macromolecules delivered are sufficient to execute a biological function. For 

other applications, this may however not be satisfactory and more robust delivery tools are 

then required. Additionally, more efficient endosomal escape may, in principle provide, 

other advantages. They may include lower variability and higher percentage of cells with 

successfully delivered cargos. Moreover, by improving endosomal escape, lower levels of 

externally administered cargo may be required. While this may only provide added 

convenience in cell cultures by reducing the loss of reagents often challenging and costly to 

prepare, this may prove absolutely necessary for in vivo applications where delivery agents 

and their cargos cannot be introduced in high concentrations. Yet, as desirable as it may be 

to develop delivery reagents with improved endosomal activity, this raises the question of 

whether or not cells can tolerate high levels of endosomal membrane disruption. This 

question is addressed in the next section.

3. Toxicity associated with delivery tools

The toxicity of delivery agents tends to generally increase with concentration and often 

correlates with whether or not cytosolic entry has taken place. Thus, is it possible that the 

endosomal escape event is in itself causing cell death? Moreover, if the cell survives 

cytosolic penetration, what cellular processes may then be impacted?

3.1. Evidence of toxicity associated directly with endosomal escape

As previously described, PCI can be very efficient in mediating endosomal escape. 

Unfortunately, PCI can also be very toxic. The plasma membrane of cells often bleb and 

become permeable within seconds of endosomes rupturing upon light activation (4). This is 

indicative of rapid necrosis (62). Because endosomal leakage can release the 

photosensitizers used for PCI into various areas of the cell, one possibility may be that these 

photosensitizers act upon the membranes of organelles other than endosomes (e.g. 
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mitochondria) as irradiation is prolonged. However, when directly microinjected and 

irradiated in the cytoplasm of cells, photosensitizers do not necessarily reproduce the 

necrotic response observed during light-induced endosomal leakage (4). It is therefore the 

disruption of the endosomal membrane itself that may induce necrosis (Figure 3). Notably, 

the rapid endosomal membrane disruption achieved in this photochemical process is 

accompanied by a burst of calcium release into the cytosol of cells (4). Indeed, while the 

concentration of calcium is relatively high outside cells and within the endocytic pathway, it 

is low in the cytoplasm (81). Endosomal membrane disruption therefore yields an increase in 

how much calcium enters the cytosol of cells. This excess of cytoplasmic calcium then 

enters mitochondria, triggering opening of the mitochondrial permeability transition pore 

and necrosis (82). Conversely, performing PCI in the absence of calcium, in the presence of 

calcium chelators, or in the presence of inhibitors of calcium mitochondrial transport, 

abolish cell death (4). Therefore, calcium alone accounts for the cell-death observed in this 

example. The release of late endosomal/lysosomal proteases, such as cathepsins, into the 

cytosol can also trigger cell death. Cathepsin B activates pro-apoptotic factors Bid and Bax, 

leading to subsequent mitochondrial outer membrane permeabilization and caspase 

activation (83–85). The toxicity associated with cathepsin release may be more pronounced 

when lysosomes are permeabilized, as these organelles may be more concentrated in these 

hydrolases than other compartments of the endosomal pathway (86).

3.2. Evidence that endosomal escape is not necessarily toxic

dfTAT-mediated endosomal escape is nontoxic: ~100% of cells are viable even when 

exposed to a peptide concentration that exceeds that required for achieving efficient 

endosomal release (i.e. 25 μM dfTAT, 5 μM being sufficient for cytosolic delivery in >90% 

cells). Moreover, dfTAT-mediated escape does not affect proliferation rates, indicating an 

absence of metabolic stress. In addition, dfTAT does not induce a noticeable transcriptional 

response. In particular, only 11 mRNA transcripts, out of 47000 surveyed, were found to be 

up or down-regulated immediately after a 1h incubation with the peptide. Treated and 

untreated cells were virtually indistinguishable 1 and 24h later (38). This is in marked 

contrast with cationic lipids, as similar analyses reveal that the expression of hundreds of 

genes are modified when cells are exposed to Lipofectamine (87). Obviously, this is also in 

stark contrast to PCI, as described above. To explain such differences, it may be worth 

noting that dfTAT-mediated endosomal release is rather specific, dfTAT apparently acting 

upon the membrane of late endosomes and not on that of other organelles (in particular 

lysosomes; PCI may not discriminate which organelles are disrupted). In addition, 

endosomal release is progressive. The number of cells containing successfully delivered 

cytosolic cargo increases steadily over a period of 30 to 45 min, consistent with the 

progressive transport of dfTAT/cargos from the cell surface to the late endosomes (88). Once 

in the late endosomes, it is unclear how rapidly dfTAT will mediate membrane disruption. 

Yet, one can envision that a threshold concentration of peptide must first accumulate. 

Endosomal leakage may not happen in all endocytic organelles at almost the same time, as 

can be achieved with PCI, but instead one late endosome at a time. If so, calcium may be 

released steadily, and not in a large and sudden concentration burst. Cells may then be better 

capable of maintaining homeostasis via calcium pumps and channels.
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3.3. Delivery agents can be toxic independently of endosomal escape

As pointed out above, the gene expression responses induced by dfTAT and Lipofectamine 

do not match the efficiency with which these reagents escape endosomes. It is therefore 

unclear that the paradigm “high membrane disruption efficiency = high level of deleterious 

effects on cells” is true. On one hand, it is possible that delivery agents impact cells 

negatively by interactions that take place on the cell surface. This is likely the case for 

reagents such as HA2, which, while tuned to disrupt endosomal membrane, can also act 

upon the plasma membrane (Figure 3) (89). It is also possible that delivery agents may 

modify cells from within the endosomal pathway. In particular, it is unclear how cells 

respond to the accumulation of cationic lipids within the endosomal pathway, as these 

species may incorporate within bilayers throughout the cell, and significantly change the 

biophysical behavior of membrane in general (i.e. there are no natural cationic lipids in 

human cells). Finally, a delivery agent may have deleterious effects not outside the cell, not 

from within the endocytic pathway, but once it enters the cytosol of cells (Figure 3). An 

example is D-dfTAT, an analog of dfTAT synthesized with D, instead of L, amino acids. D-

dfTAT displays a similar endosomal escape activity to dfTAT. However, unlike dfTAT, D-

dfTAT is not rapidly degraded during delivery because of its inherent resistance to 

proteolytic cleavage. For instance, while dfTAT is rapidly degraded within cells (all peptide 

being cleared in less than 3h once in the cell), D-dfTAT remains intact in the cytosol and 

nucleus of cells for a period of over 3 days. In contrast to dfTAT, D-dfTAT dramatically 

impacts gene expression, and, while non-toxic, reduces cellular proliferation rates (90). 

Given that dfTAT and D-dfTAT both mediate membrane-disruption and endosomal escape, 

the differences in cellular responses may therefore arise from what D-dfTAT does once it 

stably resides in the cell. In turn, this example may serve as a cautionary tale. In particular, 

while high endosomal escape efficiency is desirable to deliver high levels of cargos inside 

cells, it is also likely to be accompanied by the cytosolic egress of a relatively high amount 

of delivery agents. How this delivery agent impacts the cell, especially if it stays in the cell 

for a prolonged period of time, then becomes an important consideration.

3.4. Membrane repair and degradation processes may mask the damage produced by 
delivery agents

Depending on the extent of membrane damage, cells may respond by either degrading 

damaged membranes through autophagy or repairing them. The clearance of damaged 

organelles is characterized by the initial recruitment of galectins, specifically galectin-3 and 

galectin-8, that bind β-galactoside moieties exposed on the cytosol-exposed leaflet of 

vesicular membranes (Figure 3) (91–93). Galectin recruitment followed by the subsequent 

induction of autophagy has been characterized for a number of systems, including siRNA-

lipid nanoparticles, calcium phosphate precipitates and cationic lipids (94–96). Recently, 

Skowyra et al. found that galectin-3 recruitment is characteristic of large membrane 

disruptions. In contrast, smaller disruptions (i.e. small enough so as to not lead to the 

cytosolic release of a 40kDa Dextran) trigger the recruitment of ESCRT proteins (97). In 

turn, ESCRT repairs damaged membranes, as observed by the reacidification and recovery 

of damaged organelles. Alternatively, the annexin A2/S100A10 complex may also be 

recruited to damaged endosomal membranes (98). It is speculated that ESCRT and annexin 
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A2/S100A10 complex repair membranes by either sealing sites of permeation, or by 

recruiting nearby vesicles for bilayer patching (Figure 3).

4. Conclusions and Future challenges

The endocytic pathway provides numerous opportunities to achieve the delivery of 

macromolecules into cells. As highlighted in this review, it is becoming increasing clear that 

a long-standing bottleneck, endosomal entrapment, is a problem that can be circumvented. 

With new delivery agents being developed, and as issues of delivery efficiencies are being 

progressively solved with continuous optimization of these systems, new challenges are 

emerging. In particular, a major limitation in exploiting the endocytic pathway for delivery is 

the exposure of cargos to the highly degradative environment of the endolysosomal lumen. 

Specifically, nucleases and proteases can degrade cargo as it traffics through the endocytic 

pathway, before it may reach its destination. Endosomal escape may then lead to the release 

of no cargo at all, or of partially-degraded products with unexpected and off-target effects 

(i.e. partial cleavage of proteins may lead to the generation of dominant-negative domains). 

As a result, it is often challenging to measure the exact concentrations of macromolecular 

cargo once it enters the cytosol. It is therefore likely that some applications will require the 

development of approaches that protect cargos during delivery. In addition, unless the 

purpose of achieving delivery is to kill cells, delivery should in principle be as traceless as 

possible. A future challenge therefore consists of designing delivery reagents that do not 

trigger any deleterious effects in the cell. Finally, different applications may require distinct 

features. Some may benefit from reagents that work in all cell types, while others may 

necessitate cell-specific delivery. Some reagents may also need to be optimal for protein 

delivery (i.e. cell reprogramming with extracellularly administered transcription factors), for 

nucleic acids (i.e. gene knock-down by RNA interference), or both (i.e. gene editing with 

Cas9-gRNA RNP complexes). The chances that a single delivery tool can fulfill all of these 

expectations are obviously low. Instead it is likely that developing a wide array of synthetic 

delivery reagents, while learning from their respective advantages and limitations, will be 

necessary to push the field forward.
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Figure 1. 
Examples of delivery agents and of their modes of action. A) The acidic pH of the late 

endosome protonates the amphiphilic peptide HA2, triggering a conformational change that 

promotes membrane insertion and membrane permeabilization. B) In the presence of light, 

photosensitizers generate reactive oxygen species (ROS) that oxidize membranes, leading to 

membrane permeabilization. C) Lipoplex- and LNP-mediated escape is triggered by 

electrostatic interactions between the cationic lipids of the lipoplex and the anionic 

phospholipids present in endosomes. In addition, lipid mixing with fusogenic cellular lipids 

enable the cytosolic penetration of nucleic acid cargo. D) Electrostatic interactions between 

the arginine-rich CPP dfTAT and anionic intraluminal vesicles trigger bilayer contact among 

late endosomal membranes. This, in turn, promotes leaky fusion and cytosolic release. For 

all examples, the endosomal escape events are shown as taking place in late endosomes. 

These organelles are not necessarily the only site of escape for these reagents (e.g. HA2, 

photosensitizers). Yet, the presence of BMP, a lipid that is both anionic and fusogenic, 

makes the membranes of late endosomes, and not the PC-enriched plasma membrane, likely 

targets of cationic delivery reagents.
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Figure 2. 
Examples of approaches used to detect the efficiency of cellular delivery and of endosomal 

escape. A) Measuring the efficiency of DNA nuclear delivery by using a DsRed2-H2A 

reporter. Once endocytosed, a plasmid encoding the histone H2A labeled with the 

fluorescent protein DsRed, escapes endosome, penetrate the cytosol, and translocate into the 

nucleus. Expression of the delivered plasmid leads to a fluorescent DsRed signal sequestered 

in the nuclei of cells by incorporation of H2A into chromatin. Nuclei are extracted and 

analyzed by flow cytometry to establish protein expression level. Nuclei of various 

intensities are then sorted, and their plasmid content is quantified by real-time PCR. This 

analysis can therefore reveal how many plasmids entered the nucleus of cells for a given 

transfection reagent and relate delivery efficiency to gene expression outcomes. B) 

Measuring the efficiency of enzyme delivery by using the Cre recombinase as a model. Cells 

transfected with a GFP gene under a loxP split promoter are treated with Cre recombinase 

and a delivery agent. Upon successful delivery of Cre recombinase, the split promoter is 

recombined allowing downstream expression of GFP. Cells are then scored for delivery 

based on the presence or absence of cytosolic GFP fluorescence. C) Quantitative 

measurement of the concentration of a peptide or protein delivered into the cytosol of cells. 
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Cells are treated with a fluorescently labeled cell-penetrating species. Cells are then washed 

to remove all traces of fluorescent signal outside cells and imaged by confocal microscopy. 

A focal volume within the cytoplasmic area of a cell is chosen and Fluorescence Correlation 

Spectroscopy is performed. Autocorrelation analysis is performed, and the y-intercept of the 

autocorrelative curve generated is used to determine the cytosolic concentration of 

fluorescent molecules (76). D) Quantitative determination of how leaky endosomes are upon 

treatment with a delivery agent. Cells are transfected with a gene encoding a fusion 

construct of the histone H2B labeled with a SNAP-tag. Cells are then treated with the 

delivery agent and the cell-impermeable fluorophore SNAP-Surface 488 (SS488). 

Depending on the efficiency of the delivery agent and of its membrane disruption activity, 

endocytosed SS488 is either entrapped in the endosome or released in the cytosol of cells. 

Once in the cytosol, SS488 is sequestered to the nucleus via an irreversible reaction with the 

SNAP-tag. As a result, the fluorescence of SS488 is either punctate (trapped inside 

endosomes), or nuclear (bond to SNAP-H2B). More specifically, the nuclear capture 

depletes the cytosolic signal, thereby revealing more clearly the signal left inside 

endosomes. In turn, this approach can be used to estimate the efficiency of endosomal 

leakage, that is, how much signal is in the nucleus vs how much is left trapped inside 

endosomes.
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Figure 3. 
Delivery agents trigger various intracellular responses, related or unrelated to their 

endosomal escape activity. (1) Delivery agents that display low membrane selectivity may 

promote endosomal leakage while disrupting other cellular membranes. In particular, they 

may disrupt the plasma membrane of cells before cytosolic delivery is achieved, and that of 

intracellular organelles after successful endosomal escape. (2) Non-degradable reagents, 

such as D-dfTAT, exert deleterious effects on cells that its degradable counterpart dfTAT 

does not elicit. In particular, D-dfTAT inhibits cell proliferation and alters gene expression. 

This is independent of endosomal escape as both dfTAT and D-dfTAT mediate the leakage of 

late endosomal membranes with equivalent efficiencies. (3) Endosomal membrane 

disruption can lead to the release of luminal calcium and cathepsins into the cytosol of cells. 

This can in turn trigger apoptotic pathways. In the case of PCI, if endosomal escape is rapid, 

the rapid burst of calcium released triggers simultaneous mitochondrial membrane 

permeabilization necrosis. 4) Small membrane defects, that is, defects that cause the release 

of small molecules such as calcium but not of large species such as a 40 kDa Dextran, 

initiate the recruitment of annexin 2A and of the ESCRT machinery. This then initiates 

membrane repair, as detected by the rescue of endosomal acidification and function. (5) 

Endosomes exposed to large membrane disruptions, that is, disruptions that may 

accommodate large cargos such as a 40 kDa Dextran, are targeted for degradation by 

autophagy. In particular, upon membrane disruption, luminal N-linked glycans become 
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exposed and accessible to intracellular lectins such galectin-3. This triggers the assembly of 

autophagy machinery bound to a phagophore, eventually leading to the engulfment and 

degradation of the damaged organelles.
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