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Abstract 

Using nanoparticles to deliver drugs to cells has the potential to revolutionize the treatment of many 
diseases, including HIV, cancer and diabetes. One of the major challenges facing this field is 
controlling where the drug is trafficked once the nanoparticle is taken up into the cell. In particular, 
if drugs remain localized in an endosomal or lysosomal compartment, the therapeutic can be 
rendered completely ineffective. To ensure the design of more effective delivery systems we must 
first develop a better understanding of how nanoparticles and their cargo are trafficked inside cells. 
This needs to be combined with an understanding of what characteristics are required for 
nanoparticles to achieve endosomal escape, along with methods to detect endosomal escape 
effectively. This review is focused into three sections; firstly, an introduction to the mechanisms 
governing internalization and trafficking in cells, secondly a discussion of methods to detect 
endosomal escape and finally, recent advances in controlling endosomal escape from polymer and 
lipid based nanoparticles, with a focus on engineering materials to promote endosomal escape. 
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Nanoparticles have the potential to drastically improve the delivery of therapeutics, but their use 
is limited by their ability to escape endosomes after being internalized into cells. As new materials 
are engineered it is essential we understand how they behave in cells to overcome this substantial 
barrier.  

 



1. INTRODUCTION  

The treatment of a wide range of diseases and the development of improved vaccines both stand to 
benefit from more efficient therapeutic delivery.1,2 Nanomaterials have the capacity to transform 
conventional drug delivery, with the potential to reduce side effects through targeting, improve 
solubility of hard to deliver drugs, and provide sustained and controlled release of therapeutics.3 
Nanomaterials also have the potential to offer protection to promising but delicate therapeutics 
such as nucleic acids and proteins through encapsulation.4,5 However, while encapsulation can 
protect a therapeutic from degradation before it reaches the target cell, it is also critical that it is 
trafficked to the site inside the cell where the drug is therapeutically active. The optimal 
nanoparticle size depends on the delivery application. For most applications where the nanoparticles 
enter the systemic circulation system, the optimal size is above 10 nm, to prevent clearance by the 
kidneys, and below 200 nm to enable passage through microcapillaries.6  

Nanoparticles are typically taken up into cells via endocytosis into endosomes, and are then 
subsequently trafficked into acidic lysosomal compartments.7 The highly degradative environment of 
the lysosome can result in significant degradation of the therapeutic cargo. Nanoparticle systems are 
of particular interest for the delivery of short interfering RNA (siRNA) for RNA interference (RNAi),8 
DNA for gene therapy,9 antigens for vaccines10 and proteins for anti-cancer treatment or enzyme 
delivery.11,12 The aforementioned therapies exert their effect in either the cytosol or nucleus and 
hence must escape endocytic vesicles in a fundamental step known as endosomal escape. This 
critical event is widely considered to be the rate-limiting step or “bottleneck” of intracellular delivery 
of therapeutics using nanoparticle-based systems.13–15 

A variety of both natural and synthetic materials have been investigated for their potential to induce 
endosomal escape. Naturally occurring fusogenic or endosomolytic peptides derived from viruses21,22 
and bacterial toxins23 have been explored as both bear the innate ability to escape the trafficking 
pathway as is required for their pathogenicity.24,25 This has created a drive for the design of synthetic 
peptides with similar chemical properties.26,27 Carbon-based materials such as fullrenes16 and 
nanotubes17 have been developed, along with functionalized inorganic nanoparticles including 
quantum dots18 and nanoparticles with gold, mesoporous silica and calcium phosphate cores.19,20 A 
significant body of work has focused on soft materials, such as liposomes and polymeric particles,28 
29 and these materials will be the focus of this review. 

A major roadblock in the development of endosomal escape materials is the lack of methods to 
quantify escape efficiency and subsequently the ability to determine the mechanisms behind it. To 
engineer nanoparticles for endosomal escape requires a fundamental understanding of how they 
interact with cells, and our current knowledge in this area is still lacking. Herein, we outline the 
current understanding of cellular processing of polymeric and lipid nanoparticles and the methods 
for probing endosomal escape. The final section of this review focuses on the recent progress in 
engineering soft materials (polymers and lipids) that have been demonstrated to induce endosomal 
escape. 

2. UPTAKE AND INTRACELLULAR TRAFFICKING 

2.1 Internalization Mechanisms 



Knowledge of nanoparticle uptake mechanisms and the subsequent trafficking within the cell is 
imperative if we are to design nanomaterials capable of delivering therapeutic cargo to its active 
site. Endocytosis is the dominant mechanism of uptake for nanoparticles into cells (Figure 1),7,30,31 as 
opposed to direct diffusion across the cellular membrane. However, fusion of nanoparticles with the 
plasma membrane has also been demonstrated.32 Endocytosis is a broad term for many specific 
endocytic pathways with individual mechanisms.33 While much research has focused on clathrin and 
caveolae-dependent mechanisms, growing evidence suggests additional clathrin and caveolin-
independent pathways may play a substantial role in endocytosis.34 Nanoparticles decorated with 
targeting moieties aim to exploit particular receptors such as the transferrin35 or folate36 receptor to 
induce uptake, but non-targeted particles can still enter through receptor-mediated endocytosis 
through scavenger or G-protein coupled receptors.37 The uptake mechanism and subsequent 
trafficking is nanoparticle and cell line dependant, and entry into multiple pathways can occur 
simultaneously.38  

Our understanding of these pathways is currently quite limited, in part due to a lack of acceptable 
markers and specific inhibitors for these processes.7,39 Following endocytosis at the cell membrane, 
Rab5 (a signalling protein) binds to the cytoplasmic side of the endocytic vesicle. Rab5 then interacts 
with EEA1 on early endosomes, which tethers to the surface of the vesicle and draws it in to fuse 
with the early endosome.40 The endocytic vesicles rapidly acidify via V-type H+ ATPases,41 reducing 
the pH from an extracellular pH of 7.4 down to ~6.3.42 The initial fate of clathrin and caveolin 
dependent or independent vesicles is similar in most cell lines, with fusion to early endosomes 
occurring within minutes of internalization.43 Endosomes are then either recycled back to the cell 
surface or continue to acidify to pH 5.5 in late endosomes and multivesicular bodies before fusion 
with lysosomes (pH 4.7).42 As the major function of the lysosomes is to break down incoming 
material, they contain a range of acid hydrolases, including proteases, nucleases, esterases and 
lipases.44 Nanoparticles that are trafficked to the lysosome are subjected to these enzymes, 
degrading the cargo.45 Nanoparticles can also be engineered to degrade the presence of enzymes 
such as proteases46,47 and nucleases.  Rupture of lysosomes is associated with cell death (apoptosis) 
through release of cathepsins and calcium ions, so timing of escape and limiting the release of pro-
apoptotic molecules is critical.48,49 Therefore, the window of time between internalization into the 
initial vesicles and fusion with lysosomes has been targeted as optimal period for pH responsive 
nanomaterials to be engineered to induce endosomal escape.50,51 

The principal method for determining the mechanism of nanoparticle internalisation is treating cells 
with drugs that inhibit endocytic pathways. These drugs work via a variety of mechanisms, such as 
by affecting the formation of clathrin-coated vesicles or by blocking enzymes involved in the budding 
of the vesicles from the cell surface.52 Caution is required when interpreting data from inhibitor 
studies, as most inhibitors show off target effects. For example, methyl-β-cyclodextrin causes 
cholesterol depletion and filipin disturbs cholesterol function to inhibit caveolae-mediated 
endocytosis, but both drugs may also alter clathrin-mediated uptake and other clathrin-independent 
mechanisms for which cholesterol is required.39 Caveolin has also been identified to localize in late 
endosomes and lysosomes after it has been tagged for degradation. This can lead to incorrect 
assumptions over the role caveolin plays in nanoparticle internalization. The existence of 
‘caveosomes’ as distinct organelles involved in a unique caveolae mediated trafficking pathway has 
previously been hypothesized, however this is now regarded as unlikely.53 Helenius and co-workers, 
the originators of the caveosome hypothesis, demonstrated in more recent work that the presence 



of caveolin on endosomal compartments corresponds to ubiquitinylated caveolin marked for 
degradation, rather than corresponding to a distinct endosomal compartment.54 Despite these 
findings, there are still a number of reports in the literature relating to caveosomes playing a role in 
nanoparticle trafficking. 

The uptake mechanism of nanoparticles has been extensively studied and shown to be highly 
dependent on the physical properties of the material55,56 as well as cell type.57,58 The protein corona 
that forms from the adsorption of proteins and other biomolecules onto the surface of nanoparticles 
from in vivo circulation69 also plays a role in cellular processing. Which proteins are adsorbed has 
been shown to be dependent on both the size and surface chemistry of particles.70 In addition, the 
surface chemistry can disrupt proteins in the corona and change the mechanism of uptake.71 The 
targeting ability to specific receptors can also be compromised from the corona shielding access to 
groups.72 Experiments testing nanoparticles are typically carried out in media supplemented with 
serum to simulate in vivo conditions and induce corona formation. However, chemical differences 
even in the media itself can cause differences in corona formation which in turn effects cellular 
processing.73  

Furthermore, it has been suggested that the specific mechanism of internalization can be associated 
with the fate of the particles. This is exemplified by studies into polyethylenimine (PEI) mediated 
gene delivery. Gabrielson and Pack suggest PEI-mediated transfection is only highly efficient when 
taken up through the caveolae-dependent pathway, and when taken up by the clathrin-dependent 
pathway, particles were trafficked quickly to the lysosomes for degradation.59 Rejman et al. reached 
a similar conclusion by demonstrating that clathrin-dependent internalized particles were trafficked 
to lysosomes using the inhibitors chlorpromazine and K+ depletion for clathrin-dependent or filipin 
and genistein for caveolae-dependent endocytosis.60 They also found that inhibition of the caveolae-
dependent pathway stopped transfection via PEI polyplexes completely, while inhibition of the 
clathrin-dependent pathway had no effect.  

Quantifying nanoparticle internalisation is also critical, as the kinetics and level of internalisation 
may influence endosomal escape. This requires the ability to differentiate between nanoparticles 
that have been internalized and those remaining bound to the cell surface. Fluorescence microscopy 
is commonly used to qualitatively determine internalisation, however it is inherently low throughput 
Recently confocal microscopy combined with flow cytometry has been used to increase the 
throughput of analysis.64,65 Internalisation can also be quantified using flow cytometry by acid 
washing61 or surface etching the cells,62 where acidic pH or particular chemicals remove particles 
remaining bound to the surface. Alternatively trypan blue63 can be used to non-discriminately 
quench cell-surface fluorescence. Both these techniques are limited by removal of all surface 
markers, limiting the ability to phenotype different populations of cells. Alternatively, a fluorescent 
sensor can be incorporated into the nanoparticles that remains switched on only when the particle is 
internalised into the cell (SHIP method).66 The SHIP method has been used to demonstrate distinct 
differences in uptake in separate cell lines and when used in conjunction with inhibitors, can explore 
the mechanisms of internalization.67 Flow cytometry assays can also be enhanced by deconvolving 
flow cytometry histograms to enhance the detection of interactions that would otherwise be lost in 
the background noise of cell autofluorescence.68 



While there is some evidence to suggest internalization pathways play a role in the subsequent fate 
of the cargo, it is unclear the mechanism by which this happens. As the fate of most endocytic 
vesicles that bud from the plasma membrane is trafficking to an early endosome, it has not been 
established how the subsequent trafficking pathways are differentiated. It is possible that 
differences in intracellular trafficking and endosomal escape relate to interactions that occur within 
the endosomal compartment rather than the initial mechanism of entry. Notwithstanding, the link 
between the mechanism of nanoparticle uptake and successive efficacy clearly warrants further 
investigation, as successful targeting to a particular pathway may be the key to an improvement in 
delivery efficiency. 

 

 

2.2 Mechanisms of Endosomal Escape 

The mechanism by which endosomal escape occurs is still highly contentious. There is little 
consensus in the literature around the mechanism of trafficking across the endosomal membrane, 
and there are a number of diverse mechanisms that can be employed to induce endosomal escape 
(Figure 2). We have focused on three proposed strategies for inducing endosomal escape, however it 
is highly likely that one or more of the mechanisms are required for efficient cytoplasmic delivery of 
therapeutics. 

2.2.1 Proton Sponge Effect and Osmotic Lysis  

A common strategy for inducing endosomal escape is via the proton sponge effect, which is based 
on the buffering effect of polymers with a pKa in a physiologically relevant range. This mechanism is 
often assigned to polycationic materials such as PEI74 and poly(amidoamine) (PAMAM) dendrimers75 
but is still heavily debated.76–78 As the polymer becomes protonated, protons are continuously 
pumped into the endosomes/lysosomes, necessitating the transport of chloride counter ions to 
maintain a change balance. This results in a high osmotic pressure that eventually causes the 
endosome/lysosome to rupture (Figure 2a). While in theory this is quite an elegant hypothesis, it 
does not provide a full explanation for endosomal escape. Not all polymers that buffer within the pH 
5-7 range are capable of inducing endosomal escape, and efforts to engineer polymers with an 
enhanced buffering capacity within a physiologically relevant range has not resulted in an increased 
escape capacity.79 It has also been shown that when PEI is added to HeLa cells, the pH of the 
lysosomes remains at pH 4.5 over 24 hours.78 It is clear that changes in pH play an important role in 
endosomal escape. However, it is difficult to decouple the role that pH buffering plays from other 
factors such as membrane interactions and conformational changes that are induced by a drop in 
the pH. 

A related mechanism proposed by Battaglia and co-workers describes the role of osmotic pressure 
upon the disassembly of nanoparticles in the endosome.80 In this mechanism, rather than the 
buffering capacity of the polymer inducing the osmotic pressure and subsequent lysis, it is proposed 
that the disassembly of a particle into many polymer subunits causes an osmotic shock that ruptures 
the endosome.81 

2.2.2 Membrane Fusion  



In nature, enveloped viruses can induce endosomal escape by fusion of the viral envelop with the 
endosomal membrane, allowing the viral capsid to enter the cytoplasm.82 Similarly, for particles 
assembled from lipids or amphiphilic materials, it is proposed that the phospholipid bilayer of a 
liposome can fuse with the cell membrane (Figure 2b), inverting the structure of the liposome and 
delivering the therapeutic core to the cytoplasm.83 This process can also be induced by the particle 
from within the endosome.  This has been demonstrated with fluorescence microscopy experiments 
with DOPE/DODAC liposomes containing self-quenched rhodamine.84 Safinya and co-workers have 
also used synchrotron small-angle X-ray scattering (SAXS) to relate the structure of DOTAP:DOPE to 
its transfection efficiency.85 DOPE was found to induce the transition from a multilamellar structure 
to an inverted hexagonal liquid crystalline phase in DNA lipoplexes. The inverted hexagonal structure 
interacts more favourably with model anionic membranes, resulting in membrane fusion and DNA 
release. Effectively, disruption of the endosomal membrane leads to release of the cargo.83,86 

2.2.3 Membrane Disruption and Pore Formation 

Destabilizing the endosomal membrane can allow therapeutic cargo to diffuse out of the endosomal 
compartment through holes or pores. Endosomal disruption can occur through the direct interaction 
of polymers87 or peptides88 with the endosomal membrane, or via peptides that self-assemble across 
the membrane to create defined pores (Figure 2c).89,90 Typically, the dimensions of transmembrane 
pores are ~1 nm91, which generally limits their usefulness to induce efficient release of therapeutic 
cargo. However, the engineered peptide GALA is capable of inducing release of molecules up to 
5,000 Da (see section 4.7).89  

In addition, a large body of evidence suggests that polymer based systems induce escape by 
interacting with cellular membranes (Figure 2d). Coarse-grain molecular simulations with 
asymmetric lipid membranes demonstrated that dendrimers insert into membranes and interfere 
with asymmetry.92 Supported-lipid bilayer studies with atomic force microscopy visually 
demonstrate dendrimers and PEI induce thinning or hole formation.93,94 It is likely simulations and 
artificial membranes are not able to fully represent the complexities of cell membranes but in vitro 
experiments have shown similar results. Whole-cell patch clamp conductance measurements show 
that polycations cause membrane defects and that these can heal overtime.95 In addition, electron 
microscopy shows direct interaction and disruption of lysosomal membranes by PEI.96 The escape 
mechanism for polyanionic polymers is attributed to an increase in hydrophobicity due to 
protonated carboxylate groups which results in membrane insertion and subsequent membrane 
disruption.87 

It is important to understand the mechanism by which endosomal escape can occur when designing 
a delivery system. Endosomal lysis and membrane fusion have the potential to deliver cargo to the 
cytoplasm regardless of the cargo size, while membrane disruption and pore formation will 
inherently have limits to the molecular weight than can diffuse across the destabilized membrane. 
Additionally, how the cargo is encapsulated or attached to the delivery vehicle can affect the 
therapeutic outcome. For example, conjugation of therapeutics to the components of the particle 
responsible for membrane fusion can be counterproductive and even lead to increased localization 
in endosomes and lysosomes.97 It is also important to consider the potentially toxic side effects of 
endosomal escape. Lysosomes play an important role in regulating apoptosis, and the uncontrolled 
release of cathepsin as well as calcium ions can significantly affect the viability of cells.98 



2 DETECTION OF ENDOSOMAL ESCAPE 

The difficulty in engineering materials for endosomal escape is due in part to a lack of understanding 
how nanoparticles behave in cells.  Thus, more robust and reliable methods to detect escape and 
probe the mechanisms by which it occurs are needed. The complex nature of cellular trafficking 
means that a number of techniques must be used in combination to probe the mechanisms. It is also 
important to understand what information each assay can provide, and what it cannot. This review 
summarizes some of the most commonly used approaches to detect endosomal escape. A 
comprehensive review of the methods has recently been published.99  

3.1 Fluorescent Labelling 

Fluorescent labelling is one of the simplest methods to identify endosomal escape. The polymers or 
lipids used to assemble the nanoparticles,49,79 or the therapeutic cargo within the nanopartilce,100,101 
can be conjugated with small fluorescent dyes. This allows for the intracellular distribution of the 
fluorescence to be imaged.  Labelled material trapped in endocytic vesicles has a punctate 
appearance (Figure 3a) while a diffuse appearance (Figure 3b) suggests material has left the vesicles 
and moved into the cytosol. Difficulties arise when the degree of escape is low, causing the 
fluorescence from escaped material to be indiscernible from the background of the image.  

By labelling organelles involved in cellular trafficking, colocalization studies can be performed to gain 
a better understanding of where nanoparticles are transported. Trafficking vesicles can be labelled in 
live cells with acidotropic dyes such as acridine orange87,102 and LysoTracker,103,104 which accumulate 
non-specifically in acidic organelles.105,106 While these stains can be useful to gain a basic level of 
understanding of cellular trafficking, they have a number of limitations. As the accumulation is non-
specific, they often exhibit high levels of background that leads to low signal to noise ratios. 
Furthermore, nanoparticles often interfere with the fluorescence of these sensors. Nanoparticles 
that buffer endosomal pH typically suppress LysoTracker signal, as LysoTracker relies on a decrease 
in pH to sense the lysosomal compartments.106 

For precise labelling, specific organelle markers such as lysosomal-associated membrane protein-1 
(LAMP-1) can be immunostained107 or expressed fused with a fluorescent protein via transfection.108 
Immunofluorescence labelling can be performed in almost any cell type after fixing and 
permeabilizing the cells.109 Fixation relies on crosslinking amines, amides and hydroxyl groups into a 
formaldehyde/glutaraldehyde network to preserve the structure of the cell.110 If the nanoparticles 
are not cross-linked to the network of proteins during fixation, they will diffuse out of the cell during 
permeabilization. This is particularly problematic for nanoparticles that are engineered to have 
stealth characteristics.  

Imaging localization in live cells can be achieved by transfection with markers for specific cellular 
compartments, such as LAMP, EEA1 or Rab, fused to fluorescent proteins. This enables colocalization 
imaging of particles in situ.111 The limitation with this technique is that it can only be performed in 
cell lines that can be readily transfected, making it difficult to study primary cells. Also, the effect of 
the transfection process and over expression of trafficking proteins on the behaviour of cells has to 
be considered.112 



While organelle labelling is much more specific than using pH sensitive or lysosomal accumulating 
dyes, quantitative assessment of colocalization can be challenging. The endosomal/lysosomal 
markers are associated with the vesicular membrane and as a result may not overlap with the 
enclosed particle (Figure 4). This can give rise to low degrees of colocalization from statistical 
calculations even though the particle is enclosed in the vesicle.  Furthermore, the lack of 
colocalization of particles with an endosomal/lysosomal marker can be confused with endosomal 
escape. Punctate fluorescence in the cell is an indicator of nanoparticles or therapeutic cargo 
encapsulated within vesicular membranes that is not accessible to the cytoplasm. 

Fluorescent labelling is a versatile tool for investigating both the trafficking and endosomal escape 
capacity of nanoparticles. However, imaging gives limited insight into the mechanism of endosomal 
escape and therefore should be considered as a starting point. Complementary assays to probe the 
mechanism of escape are required. Furthermore, the use of high intensity light in fluorescence 
imaging has been observed to induce the redistribution of fluorescently labelled peptides from the 
endosome to the cytoplasm. This phenomenon can easily be limited by ensuring low levels of light 
during imaging with short exposure times, but must be considered as a factor during live cell imaging 
assays with extended durations113. 

3.2 Leakage assays 

These assays examine the ability of a given material to induce leakage in cell and vesicle membranes. 
The behaviour of the material can be examined under either ex vivo or in vitro conditions. 

3.2.1 Ex Vivo Leakage Assays 

Preliminary evaluation of the endosome escape capacity of a material can be performed using 
liposomes as a model membrane. The liposomes are composed of combinations of phospholipids 
representative of those found in cells and contain an encapsulated fluorescent dye. The local 
concentration of the dye is high and this quenches the fluorescence, allowing for a large increase in 
fluorescence intensity if leakage occurs. An example of this is 6-carboxyfluorescein which increases 
in fluorescence 30-fold on release.114 This method has been used for a variety of membrane 
destabilizing materials including cell-penetrating peptides97 and cationic polymers115,116 and has been 
used to show differences in the behaviour of liposome nanoparticles functionalized with 
octaarginine or octalyysine.117 

Red blood cells have also been used as a more biologically relevant model to study membrane 
disruption. By observing the lysis of red blood cells and release of hemoglobin at varying pH values, 
the pH dependent membrane disruption of nanoparticles can be determined. Red blood cells in 
solutions buffered at pH values mimicking those corresponding to the extracellular, endosomal and 
lysosomal environments are co-incubated with the material of interest. pH-induced changes in the 
material that cause membrane disruption results in hemoglobin release into the surrounding media, 
which is then measured via spectrophotometry.118,119 This information can be used to assess when 
the material is likely to activate its disruptive properties along the intracellular trafficking pathway. 
For example, cationic lipid nanoparticles formed from (1-aminoethyl)iminobis[N-(oleicylcysteinyl-1-
amino-ethyl)- propionamide] showed ~50% hemolytic activity at the pH of early endosomes and  
~90% at the pH of lysosomes but minimal disruption at the pH of the extracellular space.120 The 



increase in lysis corresponded with an increase in protonation of the lipid head groups as assessed 
by the zeta potential. 

These ex vivo assays give insight into the mechanism of escape as they rely on membrane disruption 
or pore formation to release dye or hemoglobin from within the membrane. Materials that induce 
escape solely via osmotic lysis are unlikely to induce escape in these assays. It is important to note 
that in addition to any proton sponge effect that PEI may have, PEI also induces red blood cell 
lysis,121 further indicating the role membrane interactions play in inducing endosomal escape. 

3.2.2 In Vitro Leakage Assays 

Calcein, 6-carboxyfluorescein and fluorescently labelled dextran have been used in vitro to 
investigate escape from trafficking vesicles.87,117,122,123 Cells macropinocytose the dye into lysosomes 
where a combination of low pH and self-quenching leads to a weak, punctate fluorescence in the 
endosomes (Figure 5d). If the nanoparticles can induce escape, a high fluorescent signal distributed 
through the cytoplasm is observed (Figure 5e).87 This method is limited by low throughput, as cells 
with diffuse fluorescence are identified and counted manually. Attempts have been made to 
improve throughput by incorporating an algorithm to recognise cells with diffuse fluorescence. The 
escape efficiency of a polyamidoamine-PEG polyplex system was investigated by acquiring multiple 
fields of view and using the intensity of the calcein fluorescence in the nuclear region to count cells 
with endosomal escape.124 Alternatively, the calcein assay can be used with flow cytometry. pH 
sensitive poly-(β-amino ester)-core phospholipid-shell particles showed a drastic increase in the 
percentage of cells positive for a calcein signal while the signal from samples incubated with pH-
insensitive poly-(lactide-co-gycolide) particles remained similar to the value for cells incubated with 
only calcein.125 A combination of flow cytometry and microscopy is normally required when 
assessing escape, as calcein can associate with nanoparticles and induce an increase in calcein signal 
due to increased calcein uptake rather than endosomal escape.  

Although leakage assays have the ability to show that membranes have been compromised, they 
cannot determine if the disruption is sufficient to allow the escape of particles or cargo unless these 
are labelled separately. The molecular weight threshold of escape can be investigated using dextrans 
with a range of molecular weights (3,000 – 2,000,000 Da).126,127 The release of small but not large 
dextran suggests leakage, while escape of all sizes implies complete disruption. While dextran is a 
useful model, it should be noted that dextran is a highly flexible molecule, enabling it to diffuse 
through pores that would inhibit the diffusion of globular proteins of a similar molecular weight. 
Leakage assays can be complimented by studies that inhibit the acidification of lysosomes through 
the use of drugs such as bafilomycin A1. Inhibiting lysosomal acidification typically inhibits 
endosomal escape.128  

3.3 Transfection Assays 

In addition to small molecule therapeutics, endosomal escape is important for the delivery of nucleic 
acids for gene silencing or expression. siRNA must reach the cytosol to access the RNA-induced 
silencing complex (RISC)129 and DNA needs to enter the nucleus before it can be transcribed into RNA 
for protein expression.130,131 These criteria allow transfection assays to indirectly determine if escape 
has occurred by measuring knockdown or expression of the protein of interest. The most commonly 
used assays include delivery of genes for the enzymes luciferase132,133 and β-galactosidase.79,134,135 



When successfully delivered and transcribed, an enzyme is produced that converts a specific 
substrate into a luminescent or coloured compound. The luminescence or absorbance of cell lysates 
in the presence of the substrate can then be compared to non-transfected cells to give a relative 
level of escape.  Transfection with plasmids coding for inherently fluorescent molecules such as 
green fluorescent protein (GFP)136,137 has also been used in a similar way using flow cytometry or 
microscopy. Since transportation of DNA to the nucleus can be a significant barrier, RNA interference 
can be used to evaluate cytoplasmic release through delivery of siRNAs to silence reporter 
genes.138,139 RNA interference occurs in the cytosol, and hence is a more direct method of assessing 
endosomal escape.  

Transfection assays are able to provide confirmation of escape with a reasonable amount of 
certainty by detection of, or reduction in expression of a reporter gene. Yet, these assays are an 
indirect indicator of escape and cannot elucidate the mechanism. It is also imperative that the 
cytotoxicity of the materials is considered to ensure that any signal measured is not simply due to 
necrotic/apoptotic cells. This is highlighted with PEI, which is widely considered to be one of the 
most efficient non-viral transfection agents but also highly cytotoxic.58 Bieber et al. introduced 
fluorescently labelled PEI/DNA complexes to human embryonic kidney (HEK) cells and found after an 
18-hour incubation, the majority of cells displayed fluorescence in a punctate distribution in the 
perinuclear region.96 Although a small proportion of cells had a cytoplasmic distribution of 
fluorescence, they were also necrotic in appearance. The cells had become non-adherent and the 
morphology did not reoccur following subsequent media change, which suggested the cells were 
irreversibly damaged. As these cells were not part of the collective that express the reporter gene, 
they cannot be used to show escape regardless of the presence of labelled PEI-DNA complexes in the 
cytoplasm. Godbey et al. also demonstrated an inverse relationship between transfection efficiency 
and cell viability, using free and complexed PEI on the EA.hy 926 endothelial cell line.140 As 
transfection with toxic materials is futile for the application of gene therapy, this research highlights 
the need to carefully consider the viability of cells alongside the ability to induce endosomal escape. 

There is a significant need for new quantitative assays to assess endosomal escape. End point assays 
such as transfection do not quantify the efficiency of escape, but instead give a yes/no answer if 
escape has occurred in the remaining healthy cells. Endosomal escape efficiency is rarely quoted, 
partly because it is a difficult parameter to quantify. No individual method is able to provide a 
conclusive answer on the mechanism and extent of escape. Therefore, it is important for multiple 
complementary techniques to be employed before drawing conclusions about the mode and extent 
of endosomal escape. 

4. STRATEGIES TO ENGINEER ENDOSOMAL ESCAPE 

Over the past decade, numerous nanoparticle systems have been developed to enhance the 
cytoplasmic delivery of therapeutics. These nanoparticles rely on a diverse array of mechanisms to 
promote escape and in a number of instances, the mechanism by which endosomal escape occurs is 
not entirely clear. It is important we gain better insight into the parameters that control endosomal 
escape, to enable nanoparticles to be engineered so their cellular fate can be controlled and thus 
have improved efficacy. 

4.1 Lipid Mediated Membrane Fusion 



Liposomal formulations have demonstrated potential for cytoplasmic delivery, particularly through 
the use of cationic lipids (DOTAP, DOTMA, DODAC) for use in gene therapy.142 Cationic liposomes are 
usually prepared with the neutral or helper lipids DOPE or DOPC in the mixture to provide 
stabilization of the lipid bilayer. Cationic liposomes prepared with DOPE have been shown to 
facilitate escape due to structural transitions when exposed to the low pH of endocytic vesicles.143,144 
DOPC is a structural analogue of DOPE and promotes stable lamellar structures, but does not 
improve endosomal escape and hence transfection. Electron microscopy of DOPE containing cationic 
liposomes showed an endosomal destabilizing effect, whereas DOPC formulations did not have an 
effect.144,145  

 

Modification of liposomes with PEG is used extensively to improve in vivo circulation time, as 
demonstrated by the clinical liposomal formulation of doxorubicin, Doxil. However, the presence of 
PEG in liposomes has been observed to reduce endosomal escape. This has also been observed with 
other polymer-based nanoparticles, including PEI- and b-cyclodextrin-based polyplexes.101 In 
contrast to PEGylated polyplexes,146 PEGylation in this lipid system had minimal effect on cellular 
uptake147 and delivery was instead limited by effective escape.148,149 The steric barrier provided by 
PEG is thought to interfere with membrane fusion events that occur between fusogenic lipids and 
the endosomal membrane.148 In a study by Song et al, DODAC:DOPE liposomes at a 1:1 mole ratio 
with 5% PEG-lipid showed inefficient transfection in HepG2 cells.148 By reducing the molecular 
weight of the PEG from 3400 Da to 220 Da and the amide chain length of the lipid anchor, 
transfection efficiency was improved. This suggests that PEG molecular weight and the size of the 
hydrophobic anchor are important. With confocal microscopy, they demonstrated a difference in the 
intracellular fate of PEGylated and naked liposomes. Lipids from liposomes without PEG localized in 
the perinuclear space while the oligonucleotide cargo escaped from endosomes and accumulated in 
the nucleus. In PEGylated liposomes, both the cargo and lipid remained perinuclear.  

A number of groups have overcome the adverse effect of PEGylation on endosomal escape by 
designing pH-sensitive PEG analogues150 or PEG that can be cleaved in reducing conditions.151,152 Bio-
functionalization with targeting moieties has also been shown to address the effects of PEGylation. 
Meyer et al. showed that conjugation of anti-HER2 F(ab’) fragments on the PEG chains improved 
uptake, albeit non-specifically, by a factor of ~2.5 compared with PEGylated liposomes alone.153 
Importantly, there was a significant improvement in the release and nuclear localization of 
encapsulated cargo with targeted PEGylated liposomes. It was suggested that targeted liposomes 
are trafficked by receptor mediated endocytosis into early endosomes that are more permissible to 
cargo release than those in early endosomes from non-specific pinocytosis, however the mechanism 
by which this happens is not clear.153  

Hybrid systems can also be of significant interest as they can combine the advantages of different 
materials (e.g. proteins with polymers). An interesting example was reported by Rotello and co-
workers, where an oil template stabilised by a mixture of protein and gold nanoparticles 
functionalised with a HKRK peptide motif was prepared.32 The proteins GFP and Caspase-3 were 
incorporated and the resulting particle sizes were 130 ± 40 nm and 140 ± 20 nm respectively. This 
study demonstrated GFP could be delivered effectively into HeLa cells, showing diffuse fluorescence 
throughout the cell, including the nucleus (Figure 6). The authors postulate the mechanism for this 



process is through direct membrane fusion, delivering the protein directly into the cytoplasm and 
not through endosomal escape from an acidic compartment. 

4.2 Polymers Capable of Endosomal Buffering 

A number of studies demonstrate that polymers with cationic amino substituents can buffer the 
endosomal/lysosomal compartments to induce endosomal escape. PEI is a well-known example of 
such a polymer and is commonly used to complex DNA and siRNA to form polyion complexes. It has 
generally been observed that higher molecular weight PEI achieves better transfection than lower 
molecular weight but is also significantly more toxic. Recent studies have looked at using different 
PEI hybrids to improve transfection efficiency of low molecular weight variants.154 Polypeptides 
poly(L-histidine) (Phis)155 and poly(arginine) (PArg)156 have also been shown to assist with endosomal 
buffering and thus have been incorporated into different polymer carriers.157  

4.3 Expandable pH-Responsive Nanoparticles 

Mechanical stress has also been used to induce endosomal disruption by designing nanoparticles 
that change size upon a change in pH. One strategy is the synthesis of cross-linked polymer 
nanoparticles that are assembled from pH responsive polymers. Such materials swell significantly 
when they become ionized due to repulsion between the polymer chains and can disassemble158 
while other materials aggregate.37  

Irvine and co-workers have performed a number of elegant studies on emulsion particles with a 
diethylamino ethyl methacrylate (DEAEMA) core cross-linked with poly(ethylene glycol) 
dimethacrylate (PEGDMA) and a 2-aminoethyl methacrylate (AEMA) shell.123 The particles 
underwent a 2.8-fold change in diameter (by dynamic light scattering (DLS)) on changing the pH 
from extracellular pH (7.4) to an endolysosomal pH of 5.  A pH insensitive control particle was also 
synthesized based on cross-linked methyl methacrylate (MMA). These particles had minimal toxicity 
at concentrations below 25 µg/mL. The capability of these particles to disrupt the endosome was 
investigated using calcein in the model dendritic cell line, DC2.4. Microscopy showed cells loaded 
with control particles (pH insensitive) demonstrated only punctate fluorescence of the calcein while 
PDEAEMA particles showed diffuse fluorescence throughout the cell, indicating release from the 
endosomal compartments. Approximately 90% of cells incubated with PDEAEMA had diffuse cytosol 
fluorescence compared to fewer than 5 % of cells incubated with calcein or calcein with control 
particles. Functional escape was also confirmed by loading particles with the model antigen 
ovalbumin (OVA) and measuring interferon-γ (IFN- γ) secretion by primary T cells in response to 
antigen presentation by DCs.122 The responsive nanoparticles showed a 9 - 10 fold increase in IFN-γ 
production compared to non-responsive particles or soluble OVA. In addition, the level of response 
was related to the concentration of OVA, with higher levels of protein showing an increased 
response. The authors hypothesise that the endosomal escape mechanism of these particles is 
based on a combination of osmotically driven uptake of water into the endosome caused by 
counterion build-up and mechanical pressure from particle swelling. Interestingly, it was found that 
particles had to be delivered at the same time as the fluid phase marker (e.g. calcein) for endosomal 
escape to occur, suggesting the fluid phase marker needed to be colocalized in the same endosome.  
The nanoparticles were also used to load fluorescently labelled siRNA. While 40% of cells had diffuse 
siRNA fluorescence when incubated for 1 hour, knockdown of this system was lower compared to a 



commercially available lipid reagent at 23 +/- 14% and 6+/- 1.2 % respectively. This was thought to 
be due to an electrostatic interaction between the cargo and the carrier when in the cytosol.  

A similar nanoparticle was reported by Nagasaki and co-workers based on the emulsion 
polymerization of DEAEMA in the presence of heterobifunctional poly(ethylene glycol) (CH2=CH-Ph-
PEG-COOH) and using ethylene glycol dimethacrylate (EGDMA) as a crosslinker.159 The nanoparticles 
were shown to increase in size between 5.1 - 6.8 fold when the PDEAEMA was protonated, 
depending on the size of the heterofunctional PEG used. A nanoparticle based on this chemistry was 
then functionalized with a lactose group (p-aminophenyl-β-D-lactopyranoside) using the carboxylic 
acid functional group on the PEG. This particle was added in combination with a PEG-b-poly(L-
Lysine)/pDNA polyplex to investigate the effect on transfection efficiency of HuH-7 cells. A significant 
increase was observed when the two nanoparticles were added together, while a control sample 
with asialofetuin (ASF) showed less binding. This suggested that the particles were being internalized 
through an asiaoglycoprotein receptor (ASGP) mediated process as ASF acts as a competitive 
inhibitor of ASGP receptor-mediated endocytosis. 

4.4 Rapid Disassembly of pH-Responsive Nanoparticles 

Another endosomal escape mechanism postulated in the literature involves the disassembly of a 
cationic polymer particle into component unimers to create an increase in osmotic pressure and 
rupture of the endosomal membrane. One of the initial studies using this approach involved the 
synthesis of a responsive polymersome that could disassemble within the endosomal pH range. The 
polymersomes were synthesised from poly(2-methacryloyloxy)ethylphosphorylchlorine)-co-poly(2-
(diisopropylamino)ethyl methacrylate) (PMPC-PDPAEMA). Stable vesicles were formed at 
physiological pH but disassembled below pH 6 due to a change in hydrophobicity of the PDPAEMA 
component. To test transfection efficiency, the plasmid encoding luciferase was encapsulated within 
the polymersome and delivered into primary human dermal fibroblast (HDF) cells. Transfection 
efficiency was significantly enhanced by plasmid-loaded polymersomes compared to plasmid 
alone.81  

Irvine and co-workers have also reported a rapidly degradable, pH-dependent nanoparticle based on 
10 kDa molecular weight poly(β-amino ester) (poly-1). Poly-1 is a weak polyelectrolyte that is water 
insoluble at elevated pH but dissolves in aqueous solutions below pH 7.125 This polymer is stabilized 
by a lipid bilayer and a PEG-lipid and forms particles by nanoprecipitation. The particles formed were 
approximately 200 nm in diameter and were found to rapidly degrade ex vivo with a decrease in pH 
(within 5 mins). Endosomal escape capacity was investigated by incubating the particles for 1 hour 
with DC2.4 cells in the presence of calcein. Particles with a non-responsive poly lactic-co-glycolic acid 
(PLGA) core were used as a control. Both flow cytometry and microscopy showed an increase in 
calcein fluorescence when added in the presence of poly-1 particles, compared to calcein or PLGA 
particles added in isolation. In a separate experiment, particles with electrostatically associated 
mRNA encoding for GFP were incubated with cells and the subsequent expression was assessed by 
flow cytometry. Approximately 30% of the cells were successfully transfected thus indicating 
evidence of endosomal escape. The authors proposed two mechanisms for the endosomal escape 
capacity of their particles: (i) a strong osmotic pressure gradient generated across the endosomal 
membrane as the solid particles dissolve into individual polymer chains and (ii) the proton sponge 
effect (section 2.2.1).  



Recently, our group has demonstrated the synthesis of a new pHlexi nanoparticle based on a 
combination of PDEAEMA homopolymer and a block poly(ethylene glycol) –b-PDEAEMA copolymer 
using nanoprecipitation. The particles were found to disassemble rapidly ex vivo when the pH was 
decreased below 6.8 and found to induce endosomal escape as determined via the calcein leakage 
assay. Endosomal escape was observed in approximately 40% of the cells, and there was strong 
colocalization of the polymer building blocks with the lysosomal compartments of the cells160. This 
suggests release was more likely due a membrane disrupting or pore-forming mechanism than 
complete vesicle rupture.  

4.5 Nanoparticles Capable of Interacting with the Endosomal Membrane 

An additional avenue to enhance endosomal escape is engineering the polymer to interact with 
membranes. Some useful polymers to achieve such interactions are poly(propylacrylic acid) (PPAA) 
and poly(butyl acrylate) (PBA). Recently, a new micelle carrier was synthesized based on a cationic 
poly(N,N’-dimethylamino) ethylmethacrylate (DMEAMA) and a second pH-responsive membrane 
disruption block containing DMEAMA, poly(acrylic acid) and BA.100 This polymer formed micelles in 
the size range of 45 nm in physiological conditions. The particles were stable in PBS (pH 7.4) but 
disassembled readily in the lower pH conditions (pH 5.8) that would be present in an endosomal 
compartment. Further confirmation of their action within a biologically relevant range was obtained 
by a red blood cell hemolysis assay which demonstrated the particles increased lysis at a pH range of 
6.6 - 5.8. The micelles were also loaded with siRNA targeting mRNA for the housekeeping gene 
GAPDH by interacting the negatively charged cargo with the DMEAEMA shell. Significant knockdown 
was observed for all concentrations above the critical micelle concentration. Fluorescence 
microscopy was also conducted using fluorescein-labelled siRNA in both loaded carriers and 
Lipofectamine complexes. Lipofectamine transfection resulted in punctate fluorescence while the 
micelle system showed diffuse siRNA release (Figure 7).  

Polymersomes assembled from a triblock copolymer of consisting PEG and polyglycerolmethacrylate 
(poly-GMA) ends, and a central weakly basic block, polyimidazole-hexyl methacrylate (poly-
ImHeMA), showed similar siRNA delivery efficiency.161 A PDEAEMA polymer micelle has also been 
used as a vaccine delivery system, by including pyridyl disulfide methacrylate in the PDEAEMA block 
to load OVA.119 The polymer was then complexed with an adjuvant containing an unmethylated 
cytosine-phosphate-guanine (CpG) sequence. The efficacy of these particles was tested in vivo by 
injecting C57BL/6 mice subcutaneously with polymer-protein conjugate/CpG, polymer-protein 
conjugate or free OVA alone. The CD8+ response was determined by ex vivo stimulation of isolated 
splenocytes with the ova epitope SIINFEKL to determine IFN- γ production. Cytokine production was 
enhanced significantly when CpG and the polymer conjugate were present, inducing a 7-fold 
increase in production compared to conjugate alone and an 18-fold increase over free antigen.  

In another recent study Zhan et al. used a tripolymer based on 2-propyl acrylic acid (PPAA), butyl 
methacrylate (BMA) and 2-(dimethylamino)ethyl methacrylate (DMAEMA) in combination with PLGA 
to make blend particles. To investigate endosomal escape, fluorescent molecules with varying 
molecular weights (calcein, FITC-dextran with the MW of 4, 40, 150 and 2000 kDa) were co-delivered 
with particles into DC2.4 cells. A control of no particles or polystyrene (PS) was used for comparison 
of the cellular distribution126. For both controls, the fluorescence remained punctate indicating little 
diffusion outside the endosomal membrane. In the case of the blend particles, diffuse fluorescence 



was seen for the lower molecular weight fluorescent species but remained punctate in the case of 
150 and 2000 kDa dextran. This study gave interesting insight into the size of the pores that were 
formed in the membrane.  

Poly(N-(2-aminoethyl)-2-aminoethyl-a,b-aspartamide) PAsp(DET) has also shown evidence of 
endosomal escape due to membrane interactions. Kataoka and co-workers used particles with either 
a disulfide or non-degradable linker between the PEG and AspDET components and compared their 
transfection efficiency.162 Knockdown of luciferase expression was enhanced in the carrier containing 
PEG-SS-PAsp(DET) relative to the control sample that contained no disulfide moieties. Such polymers 
are thought to also have capability to fuse with membranes due to their hydrophobic components 
but only below a certain pH range.  

4.6 Drug-Induced Endosomal Escape  

While a number of particle systems undergo endosomal escape as a result of rapid pH-induced 
disassembly to unimers, other similar systems that undergo rapid particle disassembly do not show 
clear evidence of escape.163,164 A recent example is a micelleplex based on PDMEAEMA-b-PDEAEMA, 
which allows for siRNA complexation and pH-induced disassembly below pH 6.3.163 In this system, 
pH responsive cationic components cause an increase in endosomal osmotic pressure due to 
disassembly of the particles into individual polymers.  However, fluorescence from labelled siRNA 
remained punctate after 12 hours incubation in vitro. To improve endolysosomal escape, particles 
were loaded with amphotericin B (AmB), a hydrophobic antifungal drug known to increase 
membrane permeability by forming transmembrane pores. The cellular distribution of siRNA loaded 
into the particles and a fluid marker (tetramethylrhodamine (TMR)-dextran) was investigated using 
confocal microscopy. Diffuse fluorescence was clearly observed with increasing concentration of 
AmB, especially in the case of the fluid phase marker (TMR-dextran). This was confirmed by the 
enhanced knockdown of luciferase in the presence of AmB.  

4.7 Peptide-induced Endosomal Escape 

Beyond using the intrinsic properties of the polymers or lipids, nanoparticles can be modified with 
endosomal escape agents to further enhance trafficking to the cytoplasm. A number of polypeptides 
derived from viral or bacterial proteins have been demonstrated to facilitate endosomal escape. A 
common motif present in many cell penetrating peptides (CPP) that have been observed to escape 
the endosome is the presence of arginine residues.165 Arginine has a guanidinium functional group, 
which readily forms a complex with phosphate groups on phospholipids through a combination of 
hydrogen bonding and electrostatic interactions.166 A number of materials that contain the 
guanidinium group, such as polymers and lipids, also show enhanced membrane permeation.32,166 
The role of guanidinium has been demonstrated in studies comparing octaarginine-functionalized 
liposomes to octalysine-functionalized liposomes. Liposomes functionalized with a high density of 
octaarginine showed significantly increased transfection efficiency compared to liposomes 
functionalized with octalysine.117 

One of the most ubiquitous arginine-rich peptide sequences used for inducing endosomal escape is 
the TAT peptide, which is derived from the Trans-Activator of Transcription protein in HIV. The 
primary role of TAT protein is in the replication of the viral genome and does not play an active role 
in HIV infection.167 However, the high content of arginine residues within the 11-amino acid 



sequence allows the protein to readily translocate across cell membranes.167 This protein 
transduction domain of TAT can be fused to proteins and polymers to induce endosomal escape. TAT 
induced escape is generally quite inefficient, requires high concentrations of TAT, and can be highly 
variable depending on the cargo to escape and the cells being targeted.22 In particular, direct fusion 
of TAT to materials to induce trafficking from the endosome has had limited success.22 This suggests 
that either free TAT is required for membrane disruption, or that TAT remains in the endosomal 
membrane as part of the destabilization process. In recent work, a disulfide linked TAT dimer has 
shown significantly enhanced endosomal escape at concentrations more than an order of magnitude 
less than that of monomeric TAT.22 The mechanism by which TAT and dimeric TAT induce endosomal 
escape is not understood. 

Both TAT and Arg8 peptides are initially trafficked to Rab5 positive early endosomes then to Rab7+ 
late endosomes before they can escape from the endosomal compartments.165 Schepartz and co-
workers have developed peptide sequences with controlled arginine topology, whereby 5 arginine 
residues are presented on the same face of an alpha helical peptide. This peptide (5.3) induces 
endosomal escape that is more efficient than TAT or Arg8, and interestingly enables endosomal 
escape from the Rab5+ early endosomes without the need for maturation into Rab7+ late 
endosomes.165  

The second class of endosomal escape peptides lack arginine residues and are thought to disrupt the 
endosomal membrane via insertion into the lipid bilayer. A number of useful peptides have been 
derived from the hemagglutinin HA2 subunit of the influenza virus. The flu virus escapes from the 
endosomal compartment by pH induced conformational changes in the HA2 subunit that enables 
the virus to fuse with the endosomal membrane. The 23 N-terminal amino acid sequence of HA2 
fuses and disrupts cell membranes, and has been shown to induce membrane fusion, leakage and 
lysis.168 While the HA2 peptide and its variants can effectively induce membrane fusion and leakage, 
direct attachment of the HA2 peptide to a protein cargo increased association to endosomal 
compartments. However, when free HA2 was co-delivered with the protein, escape was induced but 
the HA2 fusion protein remained in the endosome.97 This is likely due to HA2 remaining inserted in 
the endosomal membrane, preventing the conjugated protein cargo from escaping. Although HA2 
and related peptides have potential, their application must be carefully considered so they cause 
release of the particle or cargo without remaining attached. 

A peptide with a related mechanism of action is GALA, a purely synthetic sequence designed to 
adopt an alpha helical confirmation at low pH that can span the lipid bilayer of the endosome. GALA 
is negatively charged at pH 7 and comprises a repeated EALA (glu-ala-leu-ala) motif, which forms an 
alpha helix when the glutamic acid residues become protonated. The sequence induces pH 
dependent fusion of lipid membranes and can also self-assemble to form transmembrane pores 
capable of transporting molecules up to 5000 Da.89 Cationic variants of GALA have been engineered 
by substituting the glutamic acid for lysine (KALA). Despite the KALA sequence undergoing the 
opposite conformational change to GALA (alpha helix to random coil, rather than random coil to 
alpha helix), KALA is still able to induce endosomal escape. DNA complexed with KALA has shown 
significantly increased transfection efficiency compared to polylysine-condensed DNA. Modification 
of liposomes with a shortened GALA (shGALA) has also been shown to enhance endosomal escape. 
shGALA-modified and PEGylated lipid-based particles called multi-functional nano devices (PEG-
MEND) demonstrated 82% knockdown of the target gene through RNA silencing.169 Reduced gene 



silencing efficiency was seen in cells incubated with NH4Cl, which suppresses endosome acidification. 
This pH-dependence suggests the peptide requires an acid environment to exert its fusogenic 
properties.169 

Using a screen of antimicrobial peptides from the antimicrobial peptide database, Liu and co-
workers have identified the aurein 1.2 peptide sequence to have endosomolytic properties. This 
sequence has been demonstrated to induce endosomal escape both in vitro and in vivo. In another 
study Liang et al. demonstrated enhanced cytoplasmic localization of a therapeutic loaded 
nanoparticle when it contained a R4H4 peptide consisting of four arginine units and four histidine 
units.170   

5. CONCLUSIONS 

Significant progress has been made over the last 10 years in developing nanoparticles to address the 
challenges of cytoplasmic delivery. However, as we rapidly generate new materials, our knowledge 
of how nanoparticles induce endosomal escape lags behind. Furthermore, significant promise seen 
in vitro is not matched with efficient delivery in vivo. A fundamental understanding of how 
nanoparticles are transported within the cell is key to engineering materials to improve escape and 
overcome this significant bottleneck.  

Our ability to understand the mechanisms of escape is limited by the current techniques used to 
detect it. We need to move beyond assays that simply report the percent of cells that show escape, 
and develop techniques that can also quantify efficiency. New assays and sensors will help us 
address some of the fundamental questions behind endosomal escape. These include: Does the 
mechanism of nanoparticle internalization affect the subsequent trafficking and escape of the 
particle? What physical and chemical properties such as size, shape or charge must a particle possess 
in order to be successful at escaping the endosome and are they interdependent? What role does 
targeting play in endosomal escape, and does targeting to a specific pathway dominate trafficking 
over the native pathways untargeted nanoparticles take? 

The answers to these questions will not be straight forward. Mammalian cells are innately complex 
and highly regulated, coordinating a multitude of biochemical processes. This is compounded by 
interactions between the nanoparticle and endogenous biomolecules in the extracellular space. This 
complexity highlights the need for studies where the properties of nanoparticles are understood and 
controlled in order to link their attributes to how they behave in cells.  

Although the interactions between cell and particle are complicated, it is imperative that we make 
the nanoparticle solution simple. Nanoparticles must be engineered keeping their eventual 
application in mind and as such must have characteristics suitable for a drug delivery system if they 
are going to have a significant impact in the way we treat diseases. Next generation treatment of 
diseases with gene therapy, vaccination and drugs active in the cytosol all rely on the development 
of delivery systems that effectively deliver cargo from the endosome into the cytoplasm. We must 
overcome the barrier of endosomal escape to fulfil the promise these therapies offer. This begins 
with a greater understanding of how materials interact with cells. 

 



Figures and Captions 

 

Figure 1 Nanoparticles can enter cells through multiple mechanisms. Particles are taken up into 
vesicles coated with clathrin, caveolin or by using a clathrin/caveolin-independent mechanism. EEA1 
tethers to RAB5 on internalized vesicles and draws them into RAB5-positive early endosomes. The 
pH drops to ~ 6.3 and cargo is recycled to the surface or trafficked to RAB7-positive late endosomes 
(pH ~ 5.5). Contents are trafficked to the lysosome (pH ~ 4.7) where they are degraded by acid 
hydrolases. Alternative modes of entry include membrane fusion or direct translocation across the 
membrane, bypassing the trafficking pathway.171–173 



 

Figure 2 Mechanisms of endosomal escape. a. Proton sponge effect – Polymers capable of buffering 
become protonated as protons are pumped into endosomes as part of the regular trafficking process 
by ATPases. Chloride ions are also transported in to maintain the charge balance within the 
endosome. The increase in ion concentration causes osmotic swelling and ruptures the membrane.74  
b. Membrane fusion - Anionic lipids on the cytoplasmic side of the endosomes rearrange to form a 
neutral ion-pair with cationic lipids of the carrier, destabilizing the membrane. The membranes fuse 
and allow the cargo to move into the cytoplasm.83 c. Pore formation – certain peptides self-assemble 
in the lipid membrane to form pores that enable low molecular therapeutics to escape. d. 
Membrane disruption – Polymers or peptides interact directly with the endosomal membrane 
causing disruption, allowing cargo to escape.  



 

 

Figure 3 Fluorescence microscopy image contrasting a. zero to low levels of endosomal escape with 
b. high levels of escape. Fluorescently labelled cargo sequestered in endo/lysosomes appears 
punctate while a cytosolic localization causes a diffuse appearance.22 Reprinted with permission 
from Ref 16. Copyright Nature Publishing Group 2014. 

 

 

Figure 4 Cargo enclosed in lysosomes appears as a ring of the labelled lysosome marker around the 
labelled particle and results in low overlap coefficients. 
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Figure 5 pH-responsive nanoparticles induce endosomal escape of calcein in a dendritic cell line. (A-I) 
Confocal microscopy images. (A-C) bright-field images. (D-I) Fluorescence overlays (red, 
nanoparticles; green, calcein). (A,D,G) Cells were treated with calcein alone. (B,E,H) Cells were co-
incubated with calcein and PDEAEMA-core/PAEMA-shell nanoparticles. (C,F,I) Cells were co-



incubated with calcein and PMMA-core/PAEMA-shell nanoparticles. Scale bars: (A-F) 20 μm; (G- I) 10 
μm. (J) Average percentage of cells observed by confocal microscopy exhibiting endosomal vs 
cytosolic/nuclear calcein distributions after 1 h from three independent experiments: calcein alone 
(gray bar), calcein with PDEAEMA core-shell particles (white bar), or calcein with PMMA core-shell 
particles (black bar). Reprinted with permission from Ref 87. Copyright American Chemical Society 
2007. 

 

Figure 6. Delivery of GFP into HeLa cells. (a) Confocal image showing GFP delivery into HeLa cells by 
nanoparticles (NPSCs). (b) Confocal images showing the co-localization of delivered GFP with 
expressed mCherry in HeLa cell. (c) Flow cytometry results of HeLa cells treated with GFP-NPSCs 
(red) or GFP alone (blue) for 2 h, using untreated HeLa cells as the control (black). Scale bars: 20 μm. 
Reprinted with permission from Ref 31. Copyright American Chemical Society 2013. 

 



 

Figure 7. Polymer enhanced intracellular delivery of FAM-labeled siRNA. Representative images 
illustrating (a) punctate staining (green) in the samples treated with lipofectamine/siRNA complexes 
alone and (b) dispersed fluorescence within the cytosol following delivery of diblock 
copolymer/siRNA complexes. Samples were treated for 15 min with 25 nM FAM-siRNA and prepared 
for microscopic examination following DAPI nuclear staining (blue). Reprinted with permission from 
Ref 134. Copyright American Chemical Society 2010. 
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