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Abstract: 

Polymer nanoparticles offer significant benefits for improving delivery of biological 

therapeutics such as DNA and proteins, as they allow the cargo to be protected until it is 

delivered to a target cell. However, there are still challenges with achieving efficient delivery 

to the optimal region within a target cell. One significant roadblock is escape of nanoparticles 

from within the endosomal/lysosomal compartments into the cytosol. Here, we review the 

recent advances in understanding endosomal escape of polymer nanoparticles. We also discuss 

the current progress on investigating how nanoparticle structure can control endosomal escape. 

It is important to understand the fundamental biological processes that govern endosomal 

escape in order to design more effective therapeutic delivery systems. 
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 The application of nanoparticles for therapeutic delivery is an area of significant research 

interest. Nanoparticles can be engineered to protect cargo from degradation and target a 



treatment site, thus reducing unwanted side-effects and premature degradation of the drug [1]. 

However, there are still many challenges in designing effective nanoparticle delivery systems. 

Such materials must evade the natural defenses of the body, internalize into a target cell, and 

then traffic into the correct cellular compartment for optimal efficacy. It is well established that 

nanoparticles are typically endocytosed into cells via endosomal compartments, and are then 

subsequently trafficked to lysosomes [2]. The nanoparticles remain trapped in these 

compartments if they do not have a mechanism to induce endosomal escape. 

Endosomes/lysosomes are not the active site for the majority of therapeutics, thus release from 

these compartments is important for improved efficacy of drugs [3].  In particular, biological 

cargo such as proteins or DNA are typically degraded in the acidic lysosomal compartments. 

Therefore, for improved gene delivery and vaccination, it is important to understand how to 

effectively engineer endosomal escape [4-6]. There is a growing body of research to suggest 

that engineered nanoparticles, such as liposomes, inorganic nanoparticles and polymer 

nanoparticles, can be used to induce endosomal escape. In this review we will first highlight 

progress that has been made in understanding the endosomal escape mechanisms of polymer 

nanoparticles. Secondly, we will discuss recent examples that demonstrate how endosomal 

escape can be tuned by varying polymer composition and architecture. The research 

highlighted in this review will focus on the use of pH variation to induce endosomal escape. 

These studies provide an important foundation in the drive towards improving cytosolic 

delivery of biological therapeutics. 

 

Mechanisms of Endosomal Escape of Polymeric Nanoparticles 

A number of nanoparticle formulations have been shown to induce endosomal escape [7]. 

However, inducing efficient endosomal escape while retaining high levels of cell viability can 

be challenging [8]. To limit toxicity of these nanoparticle delivery systems, and to improve 



their efficiency, it is important to understand the mechanisms involved in endosomal escape. 

The majority of polymer nanoparticles that induce endosomal escape rely on the decrease in 

pH once the nanoparticles enter the endo/lysosomal pathway. This pH variation causes a 

conformational change in the nanoparticle, which then induces escape. While some insights 

have been gained into the escape mechanism  of different polymer particles, there are still many 

questions subject to debate [9-11]. Many escape mechanisms have been proposed (Figure 1) 

but it is likely that multiple mechanisms may act in concert for efficient endosomal escape to 

occur [12]. If multiple mechanisms act synergistically, it is challenging to characterize both the 

specific mechanisms involved in endosomal escape, and to engineer materials with efficient 

escape. Furthermore, the different assays for measuring endosomal escape measure escape in 

different ways, therefore it is important to have an understanding of the mechanisms to ensure 

the correct biological assays are used[13]. 



 

Figure 1. Mechanisms that have been postulated for endosomal escape of polymer nanoparticles which include from right to left 
a) a control particle without endosomal escape capabilities, b) a nanoparticle capable of proton sponge behaviour, c) a 
nanoparticle that interacts with the endosomal membrane and d) a nanoparticle that swells upon a change in pH. 

One of the original endosomal escape mechanisms proposed in the literature is the proton 

sponge effect. In this hypothesis, polymers act to buffer the pH as protons are pumped into the 

endosomes by ATPases. Chloride ions are also pumped into the endosome to maintain charge 

balance, so as the cell attempts to lower the pH of the endosome, a build-up of osmotic pressure 

causes endosomal lysis (Figure 1B). One of the controversies of this mechanism is whether the 

proton sponge effect causes complete membrane rupture or pore formation [14]. Numerous 

polymer nanoparticle systems are said to induce endosomal escape via this mechanism [15-

18], however, it does not fully describe why some polymer nanoparticles will induce escape 

from endosomes/lysosomes. For example, it has been demonstrated that several polymers 



which strongly buffer within the endosomal pH range do not induce endosomal escape [19]. It 

has also been shown that lysosomal pH remains constant over 24 hours after the addition of  

poly(ethylene imine) (PEI), a polymer thought to endosomal escape using this mechanism [10]. 

Therefore, it is most likely that other factors contribute to the ability of the polymer 

nanoparticles to induce endosomal leakage. 

 

In a related mechanism, pH sensitive polymersomes have been reported to induce endosomal 

escape via osmotic pressure changes, where rapid pH triggered disassembly increases the 

particle number and thus induces osmolysis [20, 21]. This effect has been demonstrated to be 

temporary and allows re-healing of the endosomal membrane, thus preserving homeostasis 

[22]. In another study, Irvine and coworkers designed emulsion nanoparticles based on a pH 

responsive polymer core, which shifts from hydrophobic to hydrophilic with a decrease in pH 

[16]. These nanoparticles where shown to effectively buffer in this pH range and also 

demonstrated a 2.8 fold size change. The authors argued that the proton sponge effect and 

swelling (Figure 1D) might contribute to membrane disruption.  

 

Membrane disruption or destabilisation has also been hypothesised as an endosomal escape 

mechanism of polymer nanoparticles. This mechanism proposes that an increase in polymer 

hydrophobicity leads to lipid interaction and thus membrane disruption (Figure 1C). This can 

be confined to the endosome/lysosome compartments by inducing disassembly of the particle 

only when reaching this compartment. Polymer hydrophobicity can be tuned by incorporating 

carboxylic acid monomers that become hydrophobic upon a decrease in pH, or by using 

hydrophobic monomers such as butyl methacrylate (BMA). Membrane disruption can be 

caused through direct interactions of polymers with the endosomal membrane, allowing cargo 

to diffuse out of temporary pores created by the polymers [23]. An example of carboxylate 



protonation increasing hydrophobic interactions and inducing membrane disruption [15] was 

demonstrated by Stayton and co-workers using propylacrylic acid (PAA) and butyl 

methacrylate (BMA) to deliver siRNA [23]. This group also employed polymers comprised of 

2,2-(diethylamino)ethyl methacrylate) (DEAEMA) and BMA to effectively deliver a 

proapoptotic peptide [24]. A similar approach was taken by Hammond who incorporated 

hydrophobic components into biodegradable polymers for enhanced RNA delivery [25].  Also, 

Discher and colleagues have proposed that hydrolysable polymersomes which degrade in the 

endosomes act as temporary and local detergents to destabilise the endosomal membrane and 

deliver cargo [26]. In recent work by our group, we demonstrated that pHlexi particles 

synthesised by combining two pH responsive polymers based on PDEAEMA were capable of 

endosomal escape through membrane interaction. This was shown through pH dependent lysis 

of red blood cells and leakage of a model cargo (calcein [16, 27, 28]) into the cytosol. 

Controlling the size of pores formed during membrane disruption is also important to control 

the leakage of the particle out into the cytosol. If a particle induces membrane pores that are 

smaller than the particle itself, then escape of the nanoparticle is hindered as it physically does 

not fit through the pores. Understanding the size or extent of membrane disruption is also 

important for controlling cargo release as the pores need to be of sufficient size to get the 

therapeutic cargo into the cytoplasm. The current techniques for measuring endosomal escape 

have significant limitations [29, 30]. Directly visualising material in the cytosol is challenging, 

as the strong punctate signal from out of focus lysosomes can be easily confused with diffuse 

cytoplasmic fluorescence. Furthermore, if cells have been fixed/permeabilised for 

immunofluorescence staining, the fluorescent signal from the nanoparticles can diffuse into the 

cytosol. Imaging the distribution of membrane impermeable, pH sensitive fluorophores (such 

as calcein) can be used to qualitatively investigate endosomal escape. Endosomal escape 

induces a change from punctate fluorescence, when there is no endosomal escape, to bright 



diffuse fluorescence in the cytosol. While this technique is widely used, the image analysis is 

subjective and thus trends of endosomal escape can be hard to quantify. Recently, new 

techniques based on a split-GFP complementation assay have been developed. These 

techniques while more complicated than the calcein assay have potential to improve the 

understanding of the type of materials that can escape the endosome. Functional read out 

assays, such as antigen presentation or gene expression, are robust techniques to determine if 

escape has occurred, however they do not give information about levels of escape. Functional 

assays also rely on additional biological processes, so if the functional assay does not work, it 

is not clear if endosomal escape was poor, or if another aspect of the functional assay is 

inhibited. 

 

Although it is clear pH change plays a critical role in governing endosomal escape, it is difficult 

to conclusively establish whether one mechanism occurs in isolation from another. In addition, 

it is challenging to quantify low levels of escape, as it is often difficult to distinguish high 

endosomal signal from a weaker diffuse cytosolic signal. Moreover, this challenge is 

synonymous between endosomal escape mechanisms and means that implicating only one 

method of escape is difficult.  

 
 
The Impact of Nanoparticle Properties on Endosomal Escape Behaviour. 

Over the last twenty years there has been significant expansion in polymer chemistry with the 

development of many controlled polymerisation techniques [31, 32] and efficient coupling 

chemistries [33, 34]. This has enabled polymer chemists to make diverse libraries of polymer 

building blocks. This control over the polymer composition can be used to better understand 

how and why polymeric nanomaterials induce endosomal escape. It is important to consider 

that a number of properties within the nanoparticle that can be tuned, which could potentially 



affect the ability to interact with biological membranes. Hydrophobicity, polymer morphology 

/architecture and pKa are features which can influence endosomal escape. Hence tuning these 

properties, either through monomer selection, or systematic combination of different polymers 

within the particle, can help us better understand how small changes in polymer composition 

have large effects on biological response. 

 

One polymer property that has demonstrated potential for assisting endosomal escape is the 

incorporation of hydrophobic moieties within the polymer chain [35]. Stayton and colleagues 

[36] investigated the addition of hydrophobic monomers, such as  BMA, within pH responsive 

endosomolytic polymer nanoparticles. The endosomolytic polymers were based on the charge-

shifting tertiary amine monomers 2,2-(dimethylamino)ethyl methacrylate (DMAEMA) and 

DEAEMA. These responsive copolymers went from hydrophobic (deprotonated amine, BMA 

component is trapped in the core of nanoparticle) to hydrophilic (protonated amine, 

nanoparticle disassembles, BMA groups available for membrane interaction).  By varying the 

amount of butyl methacrylate from 20 % to 70 % per polymer, a clear trend in membrane 

interaction was observed. 30 % BMA was determined to be the optimum amount of 

hydrophobicity to induce hemolysis at pH values most relevant to cellular endosomes (pH 6.2). 

It is postulated that once a nanoparticle is disassembled, due to the pH transition of the 

nanoparticle, these moieties help the polymer to insert into the endosomal/lysosomal 

membrane and thus disrupt it. It was also shown that when a high amount of BMA was 

incorporated, the nanoparticle did not disassemble efficiently, thus limiting the hydrophobic 

BMA association with the membrane. Interestingly, the disassembly point of the nanoparticle 

observed by DLS was pH 7.0, this is significantly higher than the maximum hemolysis which 

was observed at pH 6.2. Relative to non-pH responsive controls, the 30% BMA formulation 



also gave higher transfection of DNA in RAW 264.7 murine macrophages and JAWSII murine 

dendritic cells.  

 

Another critical factor in nanoparticle design is polymer architecture. This was recently 

investigated by Stayton and coworkers [37], who synthesised similar endosomolytic polymers 

(PDMAEMA, PDEAEMA, BMA) with linear, crosslinked or hyperbranched structures. They 

found nanoparticles self-assembled from these different polymer architectures were a similar 

size, and disassembled into unimers when the pH was lowered. Interestingly, at the same 

polymer concentration, the hemolysis of both the crosslinked and hyperbranched nanoparticles 

was significantly higher than their linear counterparts. This suggests that polymer architecture 

plays a role in controlling membrane interactions. Furthermore, after loading a model antigen 

Ovalbumin (OVA), it was found the hyperbranched variant displayed significantly enhanced 

MHC class I antigen presentation relative to a plain antigen control. As binding of antigen to 

MHCI occurs in the cytoplasm, this implies a higher level of endosomal escape. Interestingly, 

the crosslinked particle showed lower MHCI presentation than the hyperbranched particle, 

while still exhibiting high red blood cell hemolysis.  

 

Kataoka and co-workers [38] have tuned polymer protonation rates to develop materials that 

can effectively escape endosomes. Using N-substituted polyaspartamides with a controlled 

number of protonatable amino ethylene repeats (ranging from one to four), different trends in 

endosomal escape and transfection efficiency were observed. Transfection efficiency 

correlated with the number of amino ethylene repeats, with odd numbered repeats showing 

improved mRNA transcription and more endosomal escape when compared to even numbered 

repeats. Interestingly, when the cargo was changed to pDNA, the opposite trend was observed 



[39]. For pDNA, even numbers of amino ethylene repeats showed greater rates of transfection. 

Another important variable that was investigated was particle size. To study this property 

nanoparticles were designed using block copolymers containing pentafluorophenyl 

methacrylate (PFPMA) and tri(ethylene glycol) methyl ether methacrylate (MEO3MA), which 

were crosslinked using spermine. Cationic particles were synthesized with an average size of 

40 nm and 100 nm. The results indicated nanoparticle size affected cell trafficking as seen by 

different colocalization for the nanoparticles and by knockdown of luciferase only in the case 

of the smaller particle [40].  

 

Recently, our research team investigated the use of dual component pHlexi nanoparticles to 

study the effect of nanoparticle composition on endosomal escape. The particles combine a pH 

responsive core based on DEAEMA and 2,2-(diisopropylamino)ethyl methacrylate 

(DPAEMA) and a stabilizing shell of poly(2,2-(diethylamino)ethyl methacrylate)-b-

poly(ethylene glycol) (PDEAEMA-b-PEG). It was shown these pH responsive polymers self-

assemble into nanoparticles that disassemble within the endosomal compartment, causing 

endosomal escape [41]. In early work, we showed that the endosomal escape was dependent 

on the molecular weight of the core forming polymer [42]. 7kDa PDEAEMA showed limited 

endosomal escape, however PDEAEMA with a molecular weight greater than 25kDa showed 

significant levels of escape [42]. In a related study, the pKa of the nanoparticle core was tuned 

by synthesizing a library of random copolymers with different mole ratios of DEAEMA and 

DPAEMA with pKa values from pH 7.4 to 6.4 [43] (Figure 2). Nanoparticles assembled from 

these polymers disassembled at pHs ranging from pH 7.2 to pH 4.9. Interestingly, the 

endosomal escape measured by the calcein assay was the highest when particle disassembly 

was at either high pH (7.2, PDEAEMA) or low pH (4.9, PDPAEMA) (Figure 2). In contrast 



particles that were made up from a 1:1 PDEAEMA: PDPAEMA copolymer (disassembly at 

pH 6.4) observed the lowest level of escape. These results highlight the possibility that different 

interactions/mechanisms may occur with different cellular membranes. It also highlights that 

tuning the pKa of the nanoparticle and thus tuning when the nanoparticle disassembles can 

have a strong impact on endosomal escape behavior. Jinming Gao and collegues have also 

tuned polymer pKa using tertiary amine-functional monomers [44]. They synthesized a library 

of ultra pH sensitive (UPS) copolymers that covered the entire physiological range of endocytic 

pH. The polymer pKa was tuned by varying the alkyl chain length of the tertiary amine 

monomers. This method achieved high sensitivity, and polymer pKa could be tuned from pH 

7.4 down to pH 4.0 in 0.3 pH increments. In a follow up study [45], the library of UPS 

copolymers was screened to evaluate the best polymer pKa needed at delivering a model cargo 

protein OVA into the cytosol of A549 cells. A quantitative redox-activatable sensor (qRAS) 

was conjugated to OVA, which would allow for the quantification of protein presence in the 

cytosol. It was found that the UPS copolymer with a cyclic seven- membered ring showed the 

greatest level of cytosolic delivery (endosomal escape), exhibiting similar behavior to positive 

controls of JetPEI.  



Figure 2. Controlling endosomal escape of pHlexi nanoparticles by tuning the disassembly of the nanoparticles using polymer 
pKa of the core component. Adapted with permission from [43] Endosomal escape of the nanoparticle tested using the calcein 
assay using A) core polymer of 2,2-(diethylamino)ethyl methacrylate, PDEAEMA, B) core polymer with 3:1 ratio, 2,2-
(diethylamino)ethyl methacrylate (PDEAEMA) : 2,2-(diisopropylamino)ethyl methacrylate (PDPAEMA), C) 1:1 PDEAEMA: 
PDPAEMA, D) 1:3 PDEAEMA: PDPAEMA, E) PDPAEMA. Scale bar is  20 µm. 

 

Shen and colleagues [46] combined the pH responsive and membrane interacting poly(2,2-

(dimethylaminoethyl methacrylate-co-propylacrylic acid-co-butyl methacrylate) (DMAEMA-

co-PAA-co-BMA) with biodegradable and biocompatible poly(lactide-co-glycolide) (PLGA). 

The nanoparticle blends were tested for their ability to target antigens to MHC class I and II 

antigen presentation pathways. These formulations were both biodegradable (from the PLGA 

component) and endosomalytically active (from the terpolymer). It was demonstrated that 

tuning the terpolymer content could control CD 8+ T Cell activation in vitro. MHC class II 

presentation peaked at a value of 0.2 terpolymer weight ratio. Whereas more endosomolytic 

polymer (0.5 wt ratio) was required to acquire the highest MHC class I presentation. In a related 



paper the authors postulate the mechanism of escape is due to proton sponge effect however 

there was not complete rupture. This was demonstrated by a size dependent leakage of labelled 

cargo [47]. 

In addition, work by Nagasaki and coworkers has demonstrated that swelling the endosomes 

causes efficient endosomal escape[48]. Further work in this area involved probing crosslinking 

to control the level swelling [49]. However, it is yet to be determined how much swelling is 

required, and if rate of swelling plays a role in the efficiency of endosomal escape. 

 

Future Perspectives for Controlling Endosomal Escape of Polymer Nanoparticles 

There is a significant focus on designing polymer nanoparticles for better therapeutic delivery 

to cells, yet the success of these delivery systems remains limited by inefficient trafficking of 

the particles to the cellular compartments where they are active. Currently, there is limited 

understanding of the mechanisms that govern endosomal escape, and how these mechanisms 

can be exploited using engineered nanoparticles. We have highlighted that nanoparticle 

composition can play an important role in governing endosomal escape efficiency. However, 

important questions in this area still remain, such as how the disassembly rate of the 

nanoparticle effects membrane interactions, and the impact of having nanoparticles with 

multistage disassembly. It is important to note that nanoparticle/endosomal interactions are 

likely to be different depending on cell type and this must be taken into consideration when 

designing endosomal escape studies. Often these differences are dismissed as inherent to cell 

culture, however the behavior of different cells highlights that we do not understand the 

fundamental processes occurring within the cells. To improve the outcomes of this research it 



is important to combine fundamental nanoparticle studies with the design of better techniques 

to sense endosomal escape events. 

 

Conclusion 

Endosomal escape is a significant bottleneck in the delivery of therapeutics within a cell, 

especially for biological therapeutics such as DNA, siRNA or proteins. Thus, it is important to 

move beyond synthesizing yet another nanoparticle, towards trying to understand trends for 

governing endosomal escape and how can we tune escape using nanoparticle structure. 

Important work in this space has already been achieved showing nanoparticle disassembly, 

polymer architecture and hydrophobicity can be used to tune endosomal escape behavior. 

However, there is still significant scope to improve therapeutic delivery to the cytoplasm 

through understanding the nanoparticle/endosomal interactions. 

Executive Summary 

• Endosomal escape is a significant roadblock to achieving delivery of biological 
therapeutics. 

• It is important to understand how nanoparticle composition controls cell interactions 
and thus endosomal escape. 

Mechanisms of Endosomal Escape of Polymeric Nanoparticles. 
 

• The three main mechanisms postulated for endosomal escape of polymer nanoparticles 
include the proton sponge effect, membrane interaction and particle swelling. 

• Important literature suggests that proton sponge does not occur in isolation but in 
concert with other mechanisms. 

• Endosomal escape remains hard to quantify and thus new sensitive sensing techniques 
are needed. 
 

The Impact of Nanoparticle Properties on Endosomal Escape Behaviour. 
 

• Endosomal escape can be controlled by incorporating hydrophobic moieties with a pH 
responsive nanoparticle. 

• Endosomal escape can be controlled by the size, chemistry and the architecture of the 
polymeric building blocks. 



• Endosomal escape can be tuned by changing the point of nanoparticle disassembly. 
• Endosomal escape can also be tuned by designing hybrid particles with different 

percentages of endosomolytic polymers.  

Future Perspectives for Controlling Endosomal Escape of Polymer Nanoparticles 

• The relationship between nanoparticle composition and endosomal escape is not fully 
understood. 

• More fundamental work is required to understand nanoparticle/cellular interactions. 
• To achieve progress in this area, new endosomal escape assays are required. 
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