The Endosomal Escape of Nanoparticles: Towards More
Efficient Cellular Delivery
Samuel A. Smith†, Laura I. Selby‡, Angus P. R. Johnston‡, Georgina K. Such†,*.
†

‡

The School of Chemistry, The University of Melbourne, Parkville, Victoria,
Australia, 3010.

Drug Delivery, Disposition and Dynamics, Monash Institute of Pharmaceutical
Sciences, Monash University, Parkville, Victoria, Australia, 3052.
Email: angus.johnston@monash.edu
Email: gsuch@unimelb.edu.au
Phone number: +61390355258

Abstract
Many emerging therapies rely on the delivery of biological cargo into the cytosol.
Nanoparticle delivery systems hold great potential to deliver these therapeutics but are
hindered by entrapment and subsequent degradation in acidic compartments of the
endo/lysosomal pathway. Engineering polymeric delivery systems that are able to
escape the endosome has significant potential to address this issue. However, the
development of safe and effective delivery systems that can reliably deliver cargo to
the cytosol is still a challenge. Greater understanding of the properties that govern
endosomal escape and how it can be quantified is important for the development of
more efficient nanoparticle delivery systems. This review highlights the current
understanding of the mechanisms by which nanoparticles escape the endosome, and the
emerging techniques to improve the quantification of endosomal escape.

Introduction
Nanoparticles have significant potential to improve the delivery of therapeutics. Their
advantages include the ability to protect cargo, target delivery to a specific cell or tissue,
and control the release of the cargo within a desired cellular region.1 Nanoparticle
technologies are particularly important for the delivery of biological therapeutics such
as DNA, RNA or protein, which have limited in vivo stability when delivered alone.2
Many of the potential applications of biological therapeutics, including precision cellbased therapies and fundamental biomedical research, require the delivery of the
therapeutic to specific intracellular compartments.3, 4 While significant progress has

been made in the encapsulation and release of therapeutics from nanoparticles, there
are still many barriers for achieving efficient intracellular delivery.5
The majority of nanoparticle delivery systems are internalized into cells through the
endocytosis pathway.6 Uptake through endocytosis involves internalization into an
endocytic vesicle, fusion into the early endosomal compartment, maturation into a late
endosome, and accumulation in the lysosome.7 During maturation of the endosome, the
pH decreases from physiological pH of 7.4, down to ~ pH 6.6 in the early endosome, ~
pH 6.0 in the late endosome and ~ pH 5.0 in the lysosome.8 Several studies have
indicated that escape from the endocytic pathway is the rate-determining step in the
delivery of therapeutics, as failure to escape results in entrapment and potential
degradation in the lysosome.9-12
For DNA delivery, viruses are the most efficient delivery system, however concerns
over immunogenicity limit their use, especially in clinical applications.13 To overcome
this, non-viral delivery systems are being investigated, including the synthetic-based
approaches of lipid, inorganic, and polymeric nanoparticles, as well as biological-based
approaches of exosomes, cell ghosts and protein nanoassemblies.14 This review will
focus on the use of polymeric nanoparticles as delivery systems, which have the
advantages of low immunogenicity and easy modulation of particle design.15 There are
numerous types of polymeric nanoparticles that have been explored such as polymer
micelles, polymersomes and nanoparticle aggregate particles.5 Specific functional
groups including positively charged or pH sensitive moieties can be incorporated into
polymeric nanoparticles to facilitate the escape of the encapsulated therapeutic from
the endocytic pathway.16 While progress has been made in designing particles capable
of endosomal escape, the efficiency of these non-viral vectors still remains low.9, 13
An understanding of the mechanisms governing endosomal escape is key to the rational
design of efficient and non-toxic delivery systems. Currently, the understanding of
different endosomal escape mechanisms is limited and, in cases such as the ‘proton
sponge effect’, subject to significant debate. This is unproductive for the field as
attempts made to design better delivery systems are either uninformed or misguided.

In this review, we will highlight the current techniques to probe endosomal escape and
discuss some emerging strategies to better quantify these processes. In addition, we will
discuss progress in understanding the mechanisms underlying nanoparticle-induced
endosomal escape.
Assays for the Detection and Quantification of Endosomal Escape
Developing nanoparticles that exhibit escape activity is made harder by the lack of
effective methods to detect and quantify endosomal escape. Without the ability to
determine the efficiency of escape, it is difficult to determine which material properties
confer escape ability and what modifications may further improve it. As there is
currently no standard method of detection, it is also hard to compare endosomal escape
efficiency across studies. Commonly used endpoint assays that measure transfection
efficiency through expression of reporter proteins are an indirect measure of escape.17
Additional steps are involved after the endo/lysosome is breached, such as dissociation
of the plasmid from the carrier and translocation to nucleus, which makes it difficult to
decouple transfection efficiency from escape ability. Different experimental protocols
across studies introduce variations in DNA size, promoter strength and the cell lines
used which can also impact transfection efficiency.18, 19 This further compounds the
difficulty in cross-study comparisons.
Assays that investigate the interaction between nanoparticles and model cellular
membranes are useful as an indirect indication of endosomal escape. They also allow
for the investigation of trends between material properties and escape ability, as they
reduce the number of variables associated with a cell experiment. These assays are also
helpful to understand the mechanism behind the endosomal escape of polymeric
nanoparticles. The lysis of a red blood cell and leakage of dye from dye-loaded cellmimic liposomes are methods that can be used to understand if polymeric nanoparticles
destabilize the endosomal membrane.20, 21 Kinetic analysis of dye leakage assays have
also been used to predict the specific polymer-membrane interaction behind the
membrane destabilization.22 Several dye-dilution and Förster resonance energy transfer
(FRET) assays have been developed to understand the fusion between both liposomes
and viral capsids with cell membranes.23-26 These assays could be translated over to
nanoparticles to better understand the mechanisms behind their action and predict
endosomal escape, as reviewed elsewhere.27 One limitation with these studies is that

model cellular membrane assays do not completely replicate the complexity of
biological membranes.
To engineer better materials for escape, there must be an increased focus on
understanding the movement of carrier and cargo from endocytic vesicles to the
cytosol. This is a process commonly observed through fluorescent microscopy, where
labelled material constrained to vesicles appears as punctate structures, while escaped
material is diffusely distributed throughout the cell (as reviewed elsewhere).28
However, it is often difficult to detect escape with this method as the amount of material
in the cytosol is usually low relative to the amount retained in the vesicles. Zerial and
co-workers, using a combination of fluorescence and electron microscopy, have
demonstrated that <2% of siRNA delivered using lipid nanoparticles is delivered to the
cytosol.9
Compartmentalization and localization of material inside the cell can be studied either
in live cells, using fluorescent fusion proteins that localise to the lysosome (e.g.
LAMP1) or the endosomes (e.g. EEA1), or in fixed and permeabilized cells using
immunofluorescence staining. For tracking the localization of nanoparticles, it is
preferable to image live cells, as stealth nanoparticles will not be immobilized into the
cell protein network during the fixation processes. Thus when the cell membrane is
permeabilized to enable the immunofluorescence staining, the particles can diffuse to
different locations in the cell, giving the appearance of endosomal escape.29 It is
important to note that just because materials do not localise to LAMP1 positive or
EEA1 positive vesicles, it does not mean the material has escaped from the endocytic
pathway. Delivery to the cytosol is characterized by diffuse fluorescence throughout
the cell and punctate fluorescence indicates that the material is still trapped within a
vesicular structure.
Endosomal leakage assays, with small molecules such as calcein, can assist in
overcoming the low signal to noise inherent in detecting low amounts of release
induced by nanoparticles.30-33 Calcein is a membrane impermeable fluorescent dye that

Figure 1. Calcein leakage assay. (a) The membrane impermeable fluorescent dye
calcein is taken up into vesicles when material is endocytosed. The high local
concentration of dye and low pH partially quenches the fluorescence of the dye, which
has a punctate distribution within the cell. If the membrane of the vesicles is breached,
calcein leaks into the cytosol and results in intense and diffuse fluorescence.
Fluorescence microscopy images of 3T3 cells incubated with (b) calcein only with no
escape or (c) 27 kDa poly(2-(diethylamino)ethyl methacrylate) (PDEAEMA)
nanoparticles showing leakage of calcein. (b, c) reproduced from 32
is passively macropinocytosed by the cell and trafficked into endosomes and lysosomes
(Fig. 1a). Calcein self-quenches at high concentrations and at low pH (such as in an
endosome/lysosome), resulting in low intensity, punctate fluorescence when trapped in
endocytic vesicles (Fig. 1b). However, if the membrane is compromised, calcein
diffuses into the cytosol where the fluorescence increases (Fig. 1c). The limitation of
this method is that slight perturbations in membrane integrity may allow leakage of the

dye but not permit the passage of the material/cargo. The measure of escape is also
qualitative, and does not measure the efficiency of escape, only if escape has occurred.
Several assays have been developed to detect the delivery of cell penetrating peptides
and proteins to the cytosol that also have potential for the study of nanoparticles. These
methods involve using a protein expressed in the cytosol to induce a signal upon contact
with the escaped component. An example of this is the use of the glucocorticoid
receptor (GR), which is complexed with heat shock protein 90 (hsp90) when in the
cytosol.34 In the presence of the agonist dexamethasone (Dex),35 hsp90 is displaced and
the receptor translocates to the nucleus.36 This interaction has been exploited to probe
the cell penetrating attributes of peptides37 and miniature cationic proteins.38 In this
second example, cells were transfected to express a GR-green fluorescent protein (GFP)
fusion protein which resulted in a diffuse GFP signal in both the cytosol and nucleus.
Potential candidates for escape were conjugated with Dex and incubated with the
transfected cells. If the proteins were able to access the cytosol, translocation to the
nucleus and an increase in GFP signal at this location occurred. Using fluorescence
microscopy, the ratio of nuclear to cytosolic GFP signal was used as a relative indicator
of escape ability. However, the GFP in this assay is always fluorescent and only
changes location, restricting its use to microscopy, which is relatively low-throughput.
To overcome this, an assay where a signal is only present when escape has occurred is
advantageous, such as the split GFP-complementation assay. Split-protein
complementation have been used for many applications including investigating protein
solubility,39,

40

protein-protein interactions41 and have been adapted to examine

cytosolic delivery of cell penetrating peptides (CPPs).42-44 In this assay, a 16-amino
acid fragment of GFP is attached to the material of interest (GFP11) while the remaining
fragments (GFP1-10) are expressed in the cytosol (Fig. 2a). Unlike full-length GFP, both
components are non-fluorescent individually (Fig. 2b-d). If the material escapes the
endosome and reaches the cytosol, the small fragment undergoes complementation with
the large fragment and the protein regains its fluorescent properties, allowing

Figure 2. GFP complementation assay. (a) A small fragment of GFP (GFP11) is
conjugated through a linker to a material of interest and allowed to internalize into cells.
If the material escapes, GFP11 complements with the large fragment of GFP1-10 and
becomes fluorescent. Fluorescence microscopy of HEK-293 cells showing that cells
transfected with only the (b) large fragment or (c) small fragment alone are not
fluorescent, but when (d) both are transfected together, diffuse fluorescence is
observed. (b-d) reproduced from 45

detection of the material that the small fragment is attached to in the cytosol. This
technique has been used to show the concentration and sequence-dependent
translocation of CPPs to the cytosol using flow cytometry.42 It has also been adapted to
investigate the delivery of protein mediated by n-octadecyltrimethoxysilane
functionalized silica nanoparticles by attaching GFP1-10 to the particles, while
expressing GFP11 fused to the cytosolic face of a membrane protein predominately
associated with mitochondria.45
Dyes that change fluorescence intensity in response to a shift in pH have also been used
to measure the escape of material from acidic endo/lysosomes to the cytosol (pH
~7.2).46 A core-shell silica nanoparticle probe was synthesised with a pH-insensitive
dye (Atto 647) in the core and a pH-sensitive dye (fluorescein) in the shell. The ratio
of the dyes could then be used as a readout for pH. The particles were then co-incubated
with various cationic polymer/DNA complexes including polyethyleneimine (PEI) and
poly-L-lysine carrying a plasmid coding for GFP. Using flow cytometry, they showed
that a higher pH determined via probe fluorescence correlated with improved
transfection efficiency.47 A similar method has been used to investigate the escape of a
cyclic CPP using the pH sensitive dye naphthofluorescein conjugated directly to the
peptide.48 However, both these methods use dyes that increase their fluorescence
intensity as the pH increases. As extracellular pH (~7.3-7.4) is close in value to
intracellular pH, any material bound to the cell surface will also contribute fluorescence
and decrease the signal-to-noise ratio of the assay. Therefore, complete uptake of the
probe/peptide is required unless dissociation from the membrane of bound material is
induced. A related study by Gao and co-workers investigated a sensor conjugated to a
model protein containing both a FRET acceptor and donor.49 The donor was conjugated
to the protein by a disulfide bond, thus in the presence of glutathione, the donor is
cleaved and the FRET signal changes. It is well established that disulfide cleavage is
more efficient in the cytosol than in endosomes, therefore the change in FRET signal
could be used as a measure of endosomal escape.8
There is a pressing need for simple assays to quantify endosomal escape. Aside from
the widely used calcein leakage assay, the other methods described here have not been
extensively implemented for studying the endosomal escape capacity of nanomaterials.
Although the other assays discussed are often more complex than the routine labelling

of nanomaterial with fluorescent dyes, they do provide more insight into the escape
efficiency of the material. Techniques such as these will allow the description of
endosomal escape to move from exclusively using “punctate” and “diffuse” as
qualitative descriptors towards the quantifying the efficiency of escape. While endpoint
transfection assays remain important, answering why a material is effective at cytosolic
delivery is also crucial for the rational design of future nanoparticles.

Mechanisms that Govern Endosomal Escape of Nanoparticles
It is important that improved assays to measure endosomal escape are used to facilitate
a greater understanding of the impact that nanoparticle structure plays on escape
behaviour. There are many factors that govern endosomal escape and it is critical to
understand each of these mechanisms if we are to engineer particles with optimal
delivery properties. Efficiency of endosomal escape has previously been linked to the
mechanism by which nanoparticles are endocytosed into the cell, although the
mechanisms by which this could happen has not been established. Most endocytic
vesicles are quickly trafficking to the early endosome, thus unless escape occurs before
this fusion event, it is not clear how internalisation mechanisms influence endosomal
escape.

Endosomal Escape via Membrane Fusion
Viruses and some liposomal delivery systems facilitate endosomal escape through
fusion with the lipid cell membrane (Fig. 3a).50,

51

This mechanism can also be

exploited by lipid polymer hybrid particles that combine polymer properties with lipid
characteristics and polymer functionalized inorganic nanoparticle nanoassemblies.
Nanoassemblies of polymer functionalized gold nanoparticles are able to fuse with the
cell membrane to directly deliver encapsulated cargo into the cytosol. Rotello and coworkers developed a hierarchical nanoassembly of polyarginine functionalised gold
nanoparticles and the protein therapeutic tagged with an oligo(glutamate) sequence.52
Time-lapse confocal microscopy revealed the release of protein into the cytosol within
30 seconds of contact with the cell membrane. The fast rate of cytosolic release and the
lack of leakage of the delivered protein out of the cell suggest the nanoassembly

delivers protein to the cytosol through a fusion based mechanism and not through a
membrane destabilization mechanism. The challenge with this method is to control
fusion to a specific target cell and to restrict this membrane fusion to only occur within

the endo/lysosomal compartment.
Figure 3. Schematic representations of the proposed mechanisms of endosomal escape.
a) Membrane fusion is generated between the nanoparticle structure and the endosomal
membrane to release the encapsulated cargo into the cytosol. b) The proton sponge
mechanism where the buffering of the acidifying endo/lysosome increases the influx of
chloride counter ions and lyses the endo/lysosome due to increased osmotic pressure.
c) The swelling of the pH responsive nanogel ruptures the endosomal membrane
through increased mechanical strain. d) pH responsive nanoparticles escape through
particle disassembly and destabilization of the membrane.
One method that has been used to control the onset of fusion is the inclusion of pH
responsive polymers to restrict the fusion event to a specific pH range. The polymers
shield the cationic surface of the particles at basic and neutral pH and deshield at acidic
pH.53 Recently, a carboxylated poly(glycidol)-modified liposome-lipoplex hybrid
complex was designed with pH dependent fusion, only occurring within a
endo/lysosomal pH range.54, 55 It was demonstrated that the hybrid liposome-lipoplex

with the greatest potential for fusion were most efficient at transfecting HeLa cells with
a model gene.56
Endosome Escape using Osmotic Pressure
The proton sponge effect is often described as a mechanism to induce endosomal
escape. The mechanism proposes that during the acidification of the endosome,
polymers with a buffering capacity inhibit the drop in pH, and cause the cell to continue
pumping protons into the endosome to reach the desired pH. This results in an influx
of chloride counter ions and water molecules, increasing the pressure, which eventually
lyses the endosome (Fig. 3b).57 While this has been the standard mechanism to explain
escape events for over 20 years, the lack of predictive power from this mechanism
limits the usefulness of the model.
Under the auspices of the proton sponge model, polymeric delivery systems have been
developed with improved buffering capacities, however, these have had limited success
in enhancing endosome escape.58 This raises questions surrounding the importance of
buffering capacity on escape efficiency. To compound this, polymers with the same
buffering capacity, but differing in molecular weight, have also shown varying levels
of escape.32, 59 It has also been demonstrated that the classic proton sponge polymer PEI
does not need to be internalised with the polyplex, as is required by the proton sponge
mechanism, since the pre, post and co-incubation of PEI with polyplexes results in
similar transfection efficiency.59-61 The inconsistency of intracellular pH measurements
also cast doubt on the occurrence and/or the significance of buffering in the endosome.
62, 63

Importantly, there are other explanations for the endosome escape of materials that

have been ascribed to the proton sponge effect. The free polymer in polyplexes
proposed to escape via the proton sponge effect, including PEI, have been shown to
destabilise membranes, both in the case of model membranes and in vitro cell
cultures.21, 61, 64-66 These points raise a strong argument against the validity of the proton
sponge hypothesis as an independent mechanism of endosomal escape.
Battaglia and co-workers suggest a different mechanism of escape via osmotic pressure
where the transition from particle to unimer is able to trigger endosome escape.67 This
was suggested for polymersomes composed of the diblock copolymer poly(2(methacryloyloxy)ethyl

phosphorylcholine)-poly(2-diisopropylaminoethyl

methacrylate) (PMPC-PDPA) that have been shown to induce the cytosolic delivery of
dyes and therapeutics in a range of different cell types. They suggest that the decrease
in pH inside the endosome results in rapid particle disassembly to a large number of
unimers. This causes a sudden increase in the osmotic pressure inside the endosome
and thus cargo release.
Nanoparticle Swelling induced Endosomal Escape
A number of nanoparticles have been engineered to swell in the endo/lysosome in
response to the drop in pH following endocytosis. There is evidence to support these
particles can facilitate endosomal escape, but the effect of swelling is still unclear.
Some groups have postulated that the mechanical strain of particle swelling causes the
rupture of the endosome and cytosolic delivery of the loaded therapeutic,28, 68 while
others refer to the proton sponge effect.30
Hu et al. developed a particle that consisted of a pH sensitive poly(2(diethylamino)ethyl methacrylate) (PDEAEMA) core and a poly(aminoethyl
methacrylate) (PAEMA) shell crosslinked using poly(ethylene glycol) dimethacrylate
(PEGDMA) (Fig. 3c).30 This particle exhibited a 2.8 fold increase in diameter from ~
200 to 550 nm as the pH was decreased from 7.4 to 4.9 with a sharp swelling transition
occurring between pH 7.0 and 6.8. The increase in particle size is the result of the
electrostatic repulsion and subsequent solvation of the charged polymer in the particle
core. The particle was found to effectively release the small molecule calcein and the
protein ovalbumin to the cytosol of the dendritic cell line, DC2.4. A similar nanoparticle
without the pH sensitive core was unresponsive to pH change and did not induce
endosome escape. Irvine et al. hypothesized that the effective escape capacity was
facilitated by a combination of an increase in osmotic pressure from the proton sponge
effect and from the mechanical pressure of the particle swelling.30
A few papers have begun to investigate the effect of swelling on the efficiency of
endosomal escape, however, in these studies additional considerations complicate
conclusions.68-70 Nagasaki and co-workers compared the transfection efficiency of a
cross-linked siRNA acetal-PEG-VB, DEAEMA and EGDMA nanogel to a non-crosslinked siRNA PEG-b-PDEAEMA complex.70 Without the associated siRNA, the crosslinked nanogel showed an increase in particle diameter from ~ 80 nm to ~ 130 nm,

whereas the PEG-b-PDEAEMA micelles disassembled to unimers as the pH was
decreased from 7.0 to 6.5. The nanogel induced more efficient gene silencing of a
reporter gene compared to the micelles. The two particles had a similar buffering
capacity and a similar percentage of nitrogen in the elemental analysis, however, the
nanogel particles were larger, suggesting potentially more polymer per particle.
Therefore, the differences in transfection efficiency could be due to the particle
swelling, the polymer concentration, or a combination of both properties. It would also
be interesting to investigate the effect of siRNA on the response to pH.
Recently the effect of cross-linking density on transfection efficiency in cross linked
particles of poly(2-(dimethylamino)ethyl methacrylate) PDMAEMA, poly(2(hydroxyethyl methacrylate) (HEMA) and tetraethylene glycol dimethacrylate
(TEGDMA) was investigated.68 Increasing the DMAEMA content in the particle from
10 % to 30 % had limited effect on swelling behaviour and showed minimal effect on
transfection efficiency. However, altering the cross-linking density of the particles from
3 mol % to 9 mol % had a large effect on the transfection efficiency, with the low crosslinking density particles showing higher transfection than those with higher cross
linking. The particles had similar DMAEMA content, but the highly cross-linked
particles showed approximately half the swelling capacity of the low cross-linked
particles. In addition, the highly cross-linked particles also showed less cell association
making it challenging to definitively conclude the major factors that govern endosomal
escape in this study.
Endosomal Escape through Membrane Destabilization
Polymer nanoparticles can be engineered to destabilize and disrupt endosomal
membranes to induce endosome escape (Fig. 3d). Stayton and co-workers have
demonstrated a correlation between destabilization of red blood cell membranes and
endosome escape.20 They developed a library of micelles composed of a PDMAEMA
block and a block containing a statistical copolymer with varying ratios of PDEAEMA
and poly(n-butyl methacrylate) PBMA. The micelles with the greatest disruption to the
red blood cell membrane also facilitated the greatest knockdown of a model gene when
used to deliver siRNA. Shen and co-workers developed blend particles of poly(lactideco-glycolide) PLGA and poly(2-(dimethylamino)ethyl methacrylate-co-propylacrylic
acid-co-butyl methacrylate) P(DMAEMA-r-PAA-r-BMA), the latter, a polymer

previously seen to disrupt membranes.31,

71, 72

The blend particles were found to

facilitate the cytosolic delivery of calcein and ovalbumin in the dendritic cell line,
DC2.4. Increasing the content of P(DMAEMA-r-PAA-r-BMA) in the particle was also
found to improve the CD8+ T cell response, implying improved cytosolic delivery of
antigen. Polymersomes consisting of a triblock copolymer of PEG, polyimidazolehexyl methacrylate (PImHeMA), and poly(glycerol methacrylate) (PGMA) were also
shown to disrupt red blood cells in a pH dependent manner and knock down a model
gene.73
Direct destabilization of the plasma membrane significantly affects the viability of
cells. Therefore, to minimise cytotoxicity, the destabilizing effect of the nanoparticle
needs to be generated during the endo/lysosomal pathway. This typically relies on
engineering nanoparticles that undergo a pH induced change in the endo/lysosomal
compartment, causing interaction of a hydrophobic region of the carrier with the lipid
membrane. Kataoka and co-workers developed a system using micelles composed of
the

block

copolymer

poly(ethylene

glycol)-b-poly(N-[N-(2-aminoethyl)-

2-

aminoethyl]aspartamide) (PEG-PAsp(DET)).74 The PEG-PAsp(DET) micelles were
shown to destabilize membranes at pH 5.5 but had minimal effect at pH 7.4. This
resulted in reduced cytotoxicity in comparison to a similar micelle that exhibited the
ability to destabilize membranes irrespective of pH.
Polymer architecture is another property that has been observed to influence the
endosomal escape capabilities of a nanoparticle.75 Stayton and co-workers investigated
the effect of different architecture of pH-responsive block copolymer micelles on
membrane destabilization and CD8+ T cell response.76 Block copolymer were
synthesized with linear, hyperbranched and cross-linked architectures of a statistical
ratio of PDMAEMA and poly(pyridyl disulfide methacrylate) (PPDSMA), and a block
of P(BMA-r-DEAEMA). The hyperbranched and cross-linked polymers were most
effective at destabilizing red blood cell membranes, and the hyperbranched micelle
produced the greatest CD8+ T cell response when loaded with model antigen. The effect
of nanoparticle architecture indicates it is possible to engineer differences in the
membrane interaction with simple variations in material properties. This is an
interesting avenue for further work.

The timing of the membrane destabilization during endocytosis also impacts on the
ability to escape the endosome. Recently, we investigated the endosome escape
capability of dual component particles of PEG-b-DEAEMA and either PDEAEMA,
poly(2-(diisopropylamino) ethyl methacrylate) (PDPAEMA), or a statistical copolymer
of the two.77 These particles were observed to disassemble at different pH values from
pH 7.2 to 4.9 and show membrane destabilizing properties at ~ 0.5 pH units above the
disassembly point. The particles that disassembled at pH 7.2 and pH 4.9 showed high
levels of calcein escape, while the particle that disassembled at pH 6.2 showed
decreased levels of escape. Jinming Gao and co-workers also showed timing of pH
disassembly effects endosomal escape.49, 78
A potential limitation of endosome escape by membrane destabilization is the size of
the loaded therapeutic that can be delivered.28 In particular cases, while the nanoparticle
systems are shown to destabilize membranes and release small molecules from the
endosome, the polymer components of the particle remain trapped in the lysosome.33,
77

Irvine and co-workers designed a particle based on poly(β-amino ester) (PBAE)

nanoparticles stabilised by a PEG lipid. They showed these particles could only
chaperone dextran of 3 or 10 kDa out of the endosome, with 40 kDa and 70 kDa
remaining trapped.79 This suggests that these particles were unable to fully compromise
the endosomal membrane and as a result there is a size limit of the cargo that is able
diffuse out into the cytosol. Recently, other particle systems have been developed that
have used end point assays to indicate cytosolic delivery of large therapeutics. While
endpoint assays demonstrate activity, further investigations are needed to understand
the efficiency of endosomal escape in these systems.80-82
Understanding the specific mechanisms that drive membrane destabilization by
polymeric nanoparticles is important to overcome the size limit for cargo release. A
number of mechanisms, including the carpet model, barrel stave, toroidal pore and
insertion, have been proposed for cell penetrating peptides and polymers to disrupt
membranes.22, 83, 84 The mechanisms of polymer nanoparticle induced disruption are
likely to be similar as nanoparticles that exhibit this tendency often disassemble in the
endosome and thus the interactions are based on free polymer. In addition, in the case
of PEI polyplexes, the free polymer has been shown to be important for membrane
destabilization.59, 60 On the other hand, there is higher local concentration of polymer

delivered in the nanoparticle case, therefore it is possible concentration plays a role in
efficient membrane interaction.

Conclusion
Nanoparticles have significant potential to improve targeted therapeutic delivery. To
realise this potential requires a greater focus on engineering nanoparticles with the
ability to escape the endo/lysosomal pathway. Currently, a number of mechanisms,
including membrane fusion, membrane destabilization, particle swelling, and osmotic
rupture have been hypothesized as playing a role in nanoparticle mediated endosomal
escape. Greater emphasis on understanding the specifics of these mechanisms is needed
for rational design of escape particles in the future. In addition, better strategies are
needed to enable the quantification and standardization of endosome escape.
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