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A B S T R A C T   

Non-viral vehicles hold therapeutic promise in advancing the delivery of a variety of cargos in vitro and in vivo, 
including small molecule drugs, biologics, and especially nucleic acids. However, their efficacy at the cellular 
level is limited by several delivery barriers, with endolysosomal degradation being most significant. The 
entrapment of vehicles and their cargo in the acidified endosome prevents access to the cytosol, nucleus, and 
other subcellular compartments. Understanding the factors that contribute to uptake and intracellular traf-
ficking, especially endosomal entrapment and release, is key to overcoming delivery obstacles within cells. In this 
review, we summarize and compare experimental techniques for assessing the extent of endosomal escape of a 
variety of non-viral vehicles and describe proposed escape mechanisms for different classes of lipid-, polymer-, 
and peptide-based delivery agents. Based on this evaluation, we present forward-looking strategies utilizing 
information gained from mechanistic studies to inform the rational design of efficient delivery vehicles.   

1. Introduction 

Nanomedicine in the form of non-viral delivery vehicles has 
tremendous potential to treat a myriad of diseases. Viral vectors have 
been commonly used for gene delivery because of their high transfection 
efficiency, but they also pose the risk of provoking immune responses 
and causing aberrant insertional mutagenesis [1]. Therefore, research 
on alternative non-viral methods has expanded. Advances in these de-
livery systems incorporate improvements in biocompatibility, target-
ability, and the ability to deliver larger payloads [2–4]. For example, due 

to their modifiable properties, polymeric nanoparticles (NPs) have been 
used to enhance delivery to the central nervous system [5] and for 
intravenous delivery of cancer drugs [6,7]. Further, there has been great 
interest in using polymeric NPs and lipid NPs (LNPs) to deliver thera-
peutic nucleic acids [8,9], gene editing agents such as CRISPR/Cas9 
[10,11], and most recently, mRNA-based vaccines [12]. The first two 
FDA-approved vaccines against SARS-COV-2, the Moderna mRNA-1273 
[13] and the Pfizer BNT162b2 [14], both rely on LNP carriers for safe 
and efficacious delivery [15,16]. 

Despite continued progress, the clinical translation of non-viral 
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vectors continues to be hindered by several challenges related to de-
livery. Both extra- and intracellular barriers to delivery after systemic 
administration have been reviewed extensively [17,18], and the ability 
to control delivery to target tissues, cell types, and even certain sites 
within cells remains a desirable characteristic for many formulations 
[19]. At the intracellular level, cellular uptake and endosomal escape are 
the major hurdles for nanomedicines [20]. Polymeric NPs, for example, 
are typically taken up by cells via endocytosis pathways and are there-
fore subject to the endolysosomal pathway [21] (Fig. 1). The relative 
acidity of endosomes—compared to interstitial fluid or cytoplasm—can 
lead to significant degradation of NPs and their cargo, and so they must 
be able to leave this compartment, i.e. “escape” the endosome, to reach 
their intracellular target in a viable state. This process remains the 
prohibitive barrier for efficient gene delivery at the cellular level [20]. 
There are a number of proposed underlying mechanisms to describe how 
non-viral vehicles are released into the cytosol. However, understanding 
the mechanism of intracellular delivery is complicated by the likelihood 
that it is not only vehicle dependent, but also cell-type dependent. 
Different cell types have different gene expression profiles and endo-
somal trafficking patterns (Fig. 1), so they each interact with vehicles in 
unique ways. Other factors, such as cell density, polarity, and differen-
tiation, can also modulate the trafficking patterns [22,23]. These com-
plications build upon the complexity of the process of endocytosis itself, 
as there are still questions about the number of possible uptake path-
ways in cells. Although endocytosis has been the object of study for 
many decades, new pathways and interactions, particularly for clathrin- 
independent endocytosis, are still being elucidated [22,24]. Following 
vehicle uptake, additional crosstalk between the endolysosomal 

pathway and other processes, such as autophagy and exosome biogen-
esis [25], further complicates the picture. Therefore, a generic, universal 
mechanism for nanomedicine trafficking might not exist. To pursue 
rational design strategies that enhance endosomal escape, it is important 
to understand each nanocarrier in its intended delivery context, espe-
cially with respect to the cell-type target of interest. 

In this review, we focus on quantitative and qualitative methods to 
assess the intracellular fate of non-viral vehicles. We describe the most 
common techniques for quantifying endosomal escape and use this un-
derstanding of methods to evaluate what is currently known about the 
intracellular trafficking mechanisms of lipid-, polymer-, and peptide- 
based vehicles. With this as background, we describe ways that cur-
rent knowledge of endosomal escape mechanisms can be used to design 
smarter, more efficient delivery systems. 

2. Experimental methods for assessing endosomal escape and 
cellular uptake mechanisms 

There is no standard technique to determine the mechanisms of 
intracellular trafficking or endosomal escape. Rather, commonly used 
experimental tools have been used to illuminate different aspects of the 
process. Current methods to assess endosomal escape can be subdivided 
into the following categories: leakage assays, complementation assays, 
cytosolic-activation assays, inhibitors and genetic screens, and assess-
ments of co-localization. These experimental methods are described 
below; advantages and shortcomings are summarized in Table 1. One 
conclusion is clear: to gain a comprehensive understanding of the 
intracellular fate of nanomedicines, multiple methods must be used in 

Fig. 1. A schematic overview of the endolysosomal pathway. After uptake, endocytic vesicles fuse with the early endosome, which facilitates sorting of materials that 
have been taken up. At this stage, ingested materials can be recycled back to the plasma membrane, sent to the trans-Golgi Network (TGN), or degraded through 
endosomal acidification. Each compartment in the pathway is marked by characteristic proteins, such as early endosome antigen 1 (EEA1), lysosomal-associated 
membrane protein 1 (LAMP1), and Rab family GTPases. 
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Table 1 
Summary of experimental techniques to assess intracellular trafficking and endosomal escape.  

Technique Description Advantages Limitations Examples from Reported Experimental 
Data 

Ref 

Dye Leakage Assay Measures disruptions in a 
dye-loaded compartment by 
quantitating how much dye 
leaks out  

• Can be done in vitro or ex 
vivo  

• Simple procedure that 
can be used in 
preliminary experiments 
to demonstrate 
endosomal escape 
potential  

• Dye can leak prematurely, 
leading to false positives  

• Does not indicate if the 
cargo has escaped  

• A calcein leakage assay was used to 
compare the endosomal escape of 
PBAE vs. PLGA NPs in dendritic cells. 
The results were quantitated by flow 
cytometry. After 1 h incubation, 
escape by PBAE NPs was detected in 
50% of the cells, compared to 0% of 
the cells treated with PLGA NPs [28].  

• Dye-loaded liposomes were 
incubated with gold NPs to study the 
mechanism of membrane disruption. 
Results suggested that gold NPs 
primarily interacted with the 
membrane through electrostatic 
interactions and that disruption was 
an all-or-none mechanism [79]. 

[28,79] 

Cytosolic Activation 
Assay 

Uses properties or molecules 
present in the cytosol to 
produce a detectable signal 
to measure endosomal 
escape  

• Can distinguish 
cytosolic delivery from 
endosomal disruption  

• Does not necessarily 
require transcription or 
translation machinery  

• Requires delivery of a 
probe, which could affect 
vehicle properties and 
intracellular trafficking  

• A pH-sensor nanoprobe was co- 
incubated with PEI NPs over 25 h. 
Compared to a nanoprobe only con-
trol, PEI was able to prevent complete 
acidification in the endosome, which 
remained at a pH of 5.5. After 15 h, 
the pH rapidly increased and eventu-
ally reached the starting pH of 7.4, 
indicating escape into the cytosol 
[39].  

• The delivery efficiency of a library of 
peptides was assessed based on a 
biotin ligase assay. Upon cytosolic 
delivery in cells expressing the 
bacterial enzyme biotin ligase, the 
cargo was biotinylated at a specific 
avi-tag. Levels of biotin were then 
quantified via western blotting. TAT- 
based CPPs underperformed bacterial 
toxin-based transporters and escape 
varied between four different cell 
lines [80]. 

[39,43,44,80] 

Split-Protein 
Complementation 
Assay 

Depends on the binding of 
two protein fragments to 
generate a functional probe 
to measure endosomal 
escape  

• Can distinguish 
cytosolic delivery from 
endosomal disruption  

• Need to stably transfect cell 
lines beforehand  

• Transfected fragments can 
prematurely bind to one 
another, leading to false 
positives  

• A split-GFP complementation assay 
was used to understand the dynamics 
of TAT peptide-mediated delivery. 
GFP fluorescence was observed by 
microscopy as early as 20 min post- 
treatment and stabilized after 2 h 
[33]. 

[33,34,38,81] 

Chemical Inhibition Uses small-molecule 
inhibitors to disrupt 
intracellular trafficking 
pathways  

• Easy and quick to 
conduct  

• Non-specific and cell line- 
dependent  

• Chemical inhibitors have been used 
to investigate the dynamics and 
mechanisms of PEI-mediated plasmid 
delivery. Pre-treatment with bafilo-
mycin A1 decreased transfection 30- 
fold, whereas addition of the inhibi-
tor 4 h after PEI treatment only 
decreased transfection efficiency by 
33%, suggesting that the majority of 
endosomal escape occurs before 4 h 
[46].  

• The internalization pathway of CPP- 
functionalized iron oxide NPs was 
probed through incubation with en-
ergy inhibitors, a dynamin inhibitor, 
MβCD, and chlorpromazine. In all 
treatment groups, uptake decreased, 
suggesting that endocytosis is medi-
ated by clathrin and caveolae. How-
ever, treatment with another clathrin 
inhibitor, pitstop 2, did not signifi-
cantly impact NP uptake, indicating 
that there are nonspecific effects of 
chemical inhibitors [82]. 

[47] 

CME Inhibition: 
Chlorpromazine 

Sequesters clathrin and AP2 
away from the cell 
membrane and into 
endosomes  

• Can also affect clathrin- 
independent pathways  

• Decreases cell viability 

[83,84] 

Caveolae-Mediated 
Inhibition: 
methyl- 
β-cyclodextrin 
(MβCD) 

Complexes with and 
depletes cholesterol in the 
cell membrane  

• Known to impact CME and 
other endocytosis 
pathways 

[85,86] 

Endosome 
Maturation 
Inhibition: 
Bafilomycin A1 

Inhibits vacuolar proton 
ATPases  

• Can cause accumulation of 
protons in the cytoplasm, 
resulting in acidosis 

[46,82,87] 

Genetic Screen Uses genetic manipulation, 
such as through RNA 
interference or CRISPR/  

• High-throughput  
• Can identify factors 

required for trafficking 
and escape  

• Possible off-target effects  
• Knockdown/knock-out 

limitations  

• A genetic screen using an siRNA 
library revealed a novel role for 
Rab33b in polystyrene NP delivery, as 
knockdown of this marker decreased 

[51,52] 

(continued on next page) 
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Table 1 (continued ) 

Technique Description Advantages Limitations Examples from Reported Experimental 
Data 

Ref 

Cas9, to disrupt intracellular 
trafficking pathways  

• Depending on the genes 
targeted, could alter 
multiple pathways 

NP transport to the late endosome by 
around 20% [51]. 

Co-localization by 
Fluorescence 
Microscopy 

Microscopy of fluorescently- 
labeled vehicles and other 
labeled cellular components 
to determine co-localization 
within the cell  

• Can identify factors 
required for trafficking 
and escape  

• Can monitor trafficking 
dynamics in real-time 
with live imaging  

• Low-throughput  
• Requires fluorescent labels 

that are susceptible to 
photo-bleaching, concen-
tration/pH-dependent 
fluorescence quenching  

• Colocalization analysis showed that 
around 20% of chitosan NPs 
colocalized with a lysosomal marker 
after 1 h in HeLa cells. Compartments 
containing NPs were observed 
moving towards the perinuclear 
region [57].  

• The endosomal escape efficiency of 
fluorescently labeled LNPs was 
estimated at 15% by tracking the 
carriers through single particle 
imaging and following their mRNA 
cargo through single-molecule fluo-
rescence in situ hybridization. Escape 
efficiency was calculated by dividing 
the number of cytosolic mRNA mole-
cules by the number of internalized 
LNPs in a single cell [88]. 

[56–58,88] 

FRET Microscopy technique that 
uses fluorescent donor and 
acceptor probes that 
activate each other when in 
close proximity  

• Can detect interactions 
within 10 nm resolution  

• Requires conjugation and/ 
or delivery of two 
fluorescent probes  

• FRET was used to monitor fusion 
between liposomes and the 
endosomal membrane. Protein- 
modified liposomes were able to 
mediate fusion, as measured by 
changes in the fluorescence intensity 
ratio, while fusion for plain liposomes 
was not observed [62].  

• Nuclear delivery by different sizes of 
chitosan NPs was investigated using 
FRET spectroscopy. Hoechst nuclear 
dye and fluorescein (loaded in the 
NPs) were used as the donor and 
acceptor probes, respectively. 
Whereas the 25 nm NPs did not 
require a nuclear localization 
sequence modification for nuclear 
delivery, the larger 150 nm NPs 
achieved maximum delivery with 
functionalization [89]. 

[62,89,90] 

TEM Microscopy technique that 
uses an electron beam to 
image subcellular 
compartments and labeled 
vehicles at high 
magnification  

• Offers higher resolution 
than confocal 
microscopy and 
visualization of 
subcellular structures  

• Time-intensive sample 
preparation  

• Requires an electron-dense 
probe  

• TEM was used to visualize CPP- 
mediated protein delivery. Out of the 
subcellular compartments shown to 
contain the vehicle, 20% were 
caveolin-positive. Images also 
showed that CPP-protein complexes 
increased the number of caveosomes 
by two-fold [67]. 

[67–69] 

OTHER      
AFM Microscopy technique that 

uses force measurements 
from a probe to map sample 
surface topography  

• Provides lateral 
resolution of 1 nm and 
axial resolution of 0.2 
nm  

• Easier sample 
preparation than 
electron microscopy 
methods  

• Cannot be used to image 
the inner structure of cells  

• Researchers compared the uptake of 
unmodified and poly-L-lysine modi-
fied PLGA NPs by AFM imaging of the 
cell surface. Modified NPs were 
endocytosed in 20 min, while un-
modified NPs remained on the cell 
surface. The max adhesion force of 
unmodified NPs on the cell mem-
brane was 280 pN, while modified 
NPs exerted 1200 pN [91]. 

[73,74,91] 

MS Spectrometry technique that 
identifies proteins and other 
molecules by measuring 
their mass-to-charge ratio  

• Can identify factors 
required for trafficking 
and escape  

• Does not require 
staining or a label  

• Sensitive to impurities and 
requires stringent 
subcellular fractionation 
methods  

• Quantitative MS identified Rab7a, 
Rab9a, and VAMP7 to be enriched in 
endosomal compartments containing 
fluorescently labeled iron oxide 
polystyrene NPs [75]. 

[69,75] 

RS Spectroscopy technique that 
analyzes a chemical sample 
by detecting its vibrational 
modes  

• Does not require 
staining or a label  

• Can have weak signals  • Spectral changes determined by SERS 
tracked the interactions of gold NPs 
with the endosome. At 8 h post- 
treatment, peaks for S-S and C-C 
bonds emerged, which correspond to 
the formation of the endolysosome, 
and at longer incubation times, de-
creases in C-C stretch bonds indicated 
a decrease in interaction between the 
NPs with the endosomal membrane 
[76]. 

[76–78]  
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combination. 

2.1. Leakage assays 

Leakage assays are simple methods to detect disruptions in endo-
somal or model membranes by measuring the presence of a fluorescent 
dye or other detectable molecule outside of the compartment. For 
example, Manganiello et al. used an in vitro hemolysis assay to demon-
strate the membrane disruption potential of a diblock copolymer 
micelle. Free polymer was incubated with erythrocytes in buffers of 
varying pH to mimic the acidifying endosome. The amount of hemo-
globin released was detected using absorbance measurements and used 
to determine the extent of membrane disruption [26]. Another leakage- 
based strategy utilized formulated vesicles similar in composition to 
endosomes, instead of erythrocytes, to more closely model escape [27]. 
However, these strategies cannot adequately simulate the complexity of 
the acidifying endosome within the cell and may produce misleading 
results that do not recapitulate cellular processes. To address this 
problem, more physiologically-relevant approaches to the leakage- 
based assay have been developed in cell culture. In one study by Su 
et al., the impermeable fluorescent dye calcein was co-incubated with 
lipid-enveloped poly(β-amino ester) (PBAE) NPs. Calcein is trafficked by 
the endolysosomal pathway once taken up by the cell. It is both self- 
quenched and quenched by the acidic pH in endosomes, but this phe-
nomenon is reversed once the dye is released into the cytosol (Fig. 2a). 

Flow cytometry can be used to distinguish cell populations based on 
fluorescence intensity [28]. However, like most leakage assays, this 
method is limited by possibility of dye leakage without release of the NP 
or the cargo. 

2.2. Complementation assays 

Split-protein complementation assays are another strategy to mea-
sure endosomal escape. In these assays, reporter proteins are engineered 
into two non-functional halves that produce a measurable readout only 
once they bind to each other. This assay has most commonly been used 
to investigate protein-protein interactions [29,30], subcellular protein 
localization [31], and protein assembly [32], but it can also be used to 
measure cell penetrating peptide (CPP)-mediated delivery to the cytosol 
[33,34]. Milech and colleagues developed their own version of a split 
GFP complementation assay to measure the endosomal escape of a li-
brary of CPPs fused to cargo proteins. The cells were first transfected 
with half of a GFP protein, so that the nonfunctional fragment was stably 
expressed in the cytosol. Then, the other half of the GFP was conjugated 
to the cargo-CPP fusion. Once the CPPs mediated endosomal escape, the 
two GFP components complemented each other and generated a fluo-
rescent signal (Fig. 2b). This assay has the advantage of minimal back-
ground signal and a direct readout independent of enzymatic processes. 
The protocol can also be relatively high-throughput, if the fluorescence 
signal is measured using automated microscopy, flow cytometry, or a 

Fig. 2. A schematic of fluorescence- and luminescence-based assays to measure endosomal escape. In these diagrams, the endosomal compartment is pink and the 
cytoplasm is yellow. (A) NPs and calcein dye are endocytosed by cells and trafficked into endosomes. Calcein is quenched until released into the cytosol upon NP- 
mediated endosomal escape. (B) A split GFP complementation assay can be adapted to measure the endosomal escape of a CPP by fusing the CPP to a GFP fragment. 
Endosomal escape allows for the reconstitution of a functional GFP reporter. (C) A deactivated Renilla luciferase probe (ddRLuc) is delivered into the cell, and once it 
is released into the cytosol, the NGLY1 enzyme restores the functional luciferase and a luminescent signal. 
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plate reader. Similar protein complementation assays have been 
expanded to measure the escape of other vehicles, such as cationic lipids 
[35] and polyplexes [36]. 

Another variant of the GFP complementation assay directly measures 
endosomal disruption. Kilchrist et al. developed two split-luciferase as-
says that rely on the protein interactions of the marker galectin 8 (Gal8), 
which is recruited to damaged endosomes and lysosomes [37]. In the 
first assay, Gal8 is fused to an N-terminal luciferase fragment, while 
another protein, CALCOCO2, is bound to the C-terminal fragment. Upon 
endosomal disruption, Gal8 localizes inside endosomes and then recruits 
CALCOCO2, uniting the two luciferase fragments into a functional 
enzyme with a luminescent readout. The second assay is similar in 
concept but uses the formation of Gal8 dimers to bring together the 
luciferase fragments. This was demonstrated for both liposomal- and 
polymer-based delivery systems, although insufficient sensitivity con-
strained its use in vivo [38]. While this method is rapid, quantitative, and 
usable without labeling carriers or cargo, it is also limited in that it can 
only detect endosomal disruption and cannot determine whether the 
cargo has actually escaped. 

2.3. Cytosolic-activation assays 

Another class of assays to measure endosomal escape relies on 
properties or components of the cytosol to produce a signal. For 
example, certain fluorescent probes take advantage of the difference in 
pH between the acidic endosome and the neutral cytosol as an indicator 
of escape. These probes can be co-incubated with the vehicles [39] or 
directly conjugated to a polymeric [40] or micellar carrier [41]. Other 
assays rely on particular proteins abundant in the cytosol. One such 
assay, termed Glucocorticoid-Induced eGFP Induction (GIGI), exploits 
the tight interaction between a glucocorticoid receptor-transcription 
factor fusion protein and the Hsp90 heat-shock protein. In the absence 
of the glucocorticoid ligand, such as dexamethasone or a peptide tagged 
with dexamethasone, the fusion protein remains tightly bound to Hsp90 
in the cytosol. However, once the ligand is successfully delivered into 
the cytosol by a vehicle, the fusion protein is released and can drive the 
expression of a reporter gene, which then can be detected using flow 
cytometry or microscopy [42]. One disadvantage of this approach is the 
time delay from the release of the fusion protein to detection due to 
transcription and translation of the reporter gene. 

An approach that circumvents this time delay utilizes a 
deglycosylation-dependent Renilla luciferase (ddRLuc) probe engi-
neered with two key amino acid substitutions that render it enzymati-
cally inactive. The probe can be encapsulated into the vehicle being 
investigated, and upon endosomal escape, the cytosolic enzyme N-gly-
canase-1 (NGLY1) activates the luciferase (Fig. 2c). When the vehicle 
was loaded with mRNA, this release assay was shown to correlate with in 
vitro mRNA transfection efficiency [43]. Another variation of this 
cytosolic activation concept, which mimics gene delivery closely, is the 
splicing reporter system developed by Guterstam et al. [44]. A HeLa cell 
line was stably transfected with a non-functional luciferase with an 
aberrant splice-site. The complementary oligonucleotide that could 
mask the splice-site was then delivered, allowing for the production of 
functional luciferase that could be detected using a luminometer. 

2.4. Inhibitors and genetic screens 

Pharmacologic inhibitors have been some of the earliest tools 
developed to elucidate endocytosis and intracellular trafficking mech-
anisms. By disrupting certain pathways and then observing the resulting 
effects on vehicle trafficking, researchers can potentially understand 
which processes and molecules are crucial for intracellular delivery. For 
example, uptake mechanisms can be determined by applying inhibitors 
to different endocytosis pathways. Common clathrin-mediated endocy-
tosis (CME) inhibitors include chlorpromazine, hypertonic sucrose, and 
potassium depletors [45]. Caveolae-mediated endocytosis can be 

inhibited by cholesterol depletors, such as statins or methyl-β-cyclo-
dextrin [45]. Inhibitors can also be used to investigate specific theories 
of endosomal escape. Testing the proton sponge hypothesis for poly-
ethyleneimine (PEI)-mediated delivery, Kichler et al. used proton pump 
inhibitors, bafilomycin A1 and concanamycin A, to determine if endo-
somal escape decreased [46]. The inhibition strategy is highly amenable 
to high-throughput studies. For example, Sahay et al. screened a library 
of small molecule inhibitors in cell culture and used microscopy to 
discover the effectors required for LNP cellular entry [47]. Unfortu-
nately, most inhibitors can interfere with multiple intracellular pro-
cesses, limiting the specificity of this approach [48,49]. Some studies 
have shown that the effects of chemical inhibitors can also be highly 
dependent on the cell line used [50]. 

Gene silencing or gene knockouts can offer a more specific platform 
to study trafficking mechanisms. For example, RNA interference can be 
used to probe cellular pathways. Panarella et al. developed two siRNA 
libraries targeting relevant cytoskeletal and endosomal genes and then 
utilized an automated high-throughput microscopy protocol to deter-
mine the effects on NP delivery [51]. Ross-Thriepland et al. conducted a 
similar screening experiment, except instead of using siRNA, the re-
searchers used the CRISPR/Cas9 gene editing platform to interrogate 
LNP-mediated mRNA delivery. Through a pooled design, they were able 
to screen 7795 genes and found 44 hits that either increased or 
decreased transfection [52]. As with any CRISPR/Cas9-based method, 
there is potential for off-target effects, so additional validation steps are 
needed. Some endosomal proteins also play a role in many different 
trafficking and cellular processes, so similar to pharmacologic inhibitor 
screens, genetic screens cannot guarantee that only one specific target/ 
pathway is disrupted. Lastly, gene trapping has been successfully 
implemented to elucidate mechanisms of vesicle trafficking [53] and 
viral infection [54], but has yet to be explored in the context of non-viral 
delivery. 

2.5. Colocalization assessments 

Co-localization studies using immunohistochemistry and fluores-
cence microscopy enable detailed observations of the intracellular 
trafficking process of non-viral vehicles. Dyes, such as those used for the 
leakage assays described above, can be used to distinguish specific 
intracellular compartments, whereas immunofluorescence staining can 
label particular proteins, such as EEA1 and LAMP1, that mark vesicles in 
particular stages of the endolysosomal pathway (Fig. 1). Using these 
methods and dye-conjugated delivery vehicles, labeled nucleic acid 
cargo, and/or reporter nucleic acids, non-viral carriers can be system-
atically tracked throughout intracellular pathways, as demonstrated 
with poly(lactic-co-glycolic acid) (PLGA) NPs [55]. In one study, NPs 
loaded with coumarin-6 were screened for co-localization with ~30 Rab 
GTPase proteins, as well as other factors specific to clathrin-independent 
and clathrin-dependent uptake pathways [56]. Similar strategies have 
also been used to probe the pathways of chitosan NPs [57] and LNPs 
[58]. Unfortunately, colocalization does not directly measure endo-
somal escape or interactions with trafficking markers, although the use 
of 3D laser scanning microscopy and live cell imaging offer better op-
portunities for spatial and temporal observation [59,60]. 

Fluorescence resonance energy transfer (FRET) is another tool used 
to visualize molecular interactions between delivery vehicles and 
cellular components. FRET utilizes two fluorophores: a donor in an 
excited state that transfers energy via long-range dipole coupling to an 
acceptor [61]. Because the transfer can only occur if the donor and 
acceptor are within a 10 nm range, this method can reveal the spatial 
location of delivery vehicles with high sensitivity. For example, Wang 
et al. formulated liposomes with the FRET labels Rho-PE and NBD- 
DOPE. Changes to the fluorescence intensity ratio of these two labels 
indicated fusion of the vehicle with the endosomal membrane, enabling 
observation of endosomal escape in real-time [62]. By labeling different 
molecules with donor and acceptor fluorophores, other questions 
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regarding trafficking mechanisms can be answered, such as when the 
cargo and delivery vehicle are separated [63] and to which subcellular 
compartments the cargo is delivered [64]. 

Computational image analysis can facilitate quantification of co- 
localization when used in combination with fluorescence microscopy. 
One common approach utilizes algorithms to correlate input signals 
from different fluorescent channels based on image coordinates. Each 
channel corresponds to a different labeled NP, marker, or compartment. 
This protocol can determine the percentage of NPs that co-localize with 
certain factors and also give an intracellular spatial distribution of the 
vehicle and/or cargo [65]. Another algorithm, termed pair correlation 
analysis, inputs a series of rapidly scanned images along a designated 
path from the extracellular space to the nucleus and measures the 
change in fluorescence intensity at each pixel location across time. These 
fluctuations are correlated with the concentration of the labeled delivery 
vehicle, reporting the number of NPs in the extracellular space, cyto-
plasm, and nucleus at each time point. This analysis can be extended to 
measuring the movement of NPs in and out of subcellular compartments, 
making it useful for providing the subcellular location and kinetic profile 
of cargo release in the cell [66]. 

Transmission electron microscopy (TEM) has been employed as a 
complementary technique to optical microscopy. Due to its higher res-
olution, TEM can be used to detect vehicle interactions with cell mem-
branes, organelles, and even some macromolecules, providing valuable 
information on intracellular trafficking that is not detectable using 
fluorescence microscopy. For example, Gilleron et al. used TEM to image 
LNP-mediated siRNA delivery and then developed a program to auto-
matically count the number of gold-tagged NPs in each image; they 

found that only 1-2% of siRNA escapes from the endosome, a miniscule 
amount that would have been undetectable by fluorescence [58]. In 
addition to tracking in vitro delivery by CPPs [67], gold NPs [68,69], and 
other vehicles [70], TEM has been implemented to track intracellular 
localization in tissues after administration of NPs in vivo [71]. The 
additional resolution comes at a cost: TEM requires extensive sample 
preparation and an electron dense label, which could affect vehicle 
properties and influence cellular uptake and intracellular trafficking. 

Atomic force microscopy (AFM) is another high-resolution technique 
that maps out the topography of a sample by running a cantilever probe 
across the sample surface [72]. While this method is mainly used for 
characterization of vehicle morphology, imaging of the differences in 
polyplex structures in cytosolic and endosomal conditions can be used to 
make inferences about endosomal escape [73]. In addition, AFM has 
also been used to directly visualize the lipid bilayer after exposure to 
dendrimers [74]. 

Other quantitative methods do not involve microscopy. For example, 
Hofmann et al. investigated the uptake and trafficking of iron oxide 
polystyrene NPs by quantitative mass spectrometry (MS). They used the 
magnetic properties of the NPs to isolate NP-containing intracellular 
compartments and analyzed the fractions by MS to identify associated 
proteins [75]. While MS is particularly useful for marker identification, 
Raman spectroscopy (RS) can be used for monitoring the endosomal 
activity. Surface-enhanced Raman scattering (SERS) was used to look at 
spectral changes to track the maturation of endosomes after treatment 
with gold NPs [76]. RS can also be used in combination with optical 
microscopy [77] and electron microscopy [78] to obtain sub-nanometer 
and chemically-specific spatial resolution. 

Fig. 3. Summary of proposed endosomal escape mechanisms based on non-viral vehicle type.  
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3. Endosomal escape mechanisms of non-viral delivery vehicles 

Several proposed endosomal escape mechanisms have emerged in 
the literature for non-viral vehicles. However, despite decades of intense 
research, the topic remains controversial, probably due to the influence 
that different vehicle compositions and surface chemistries can have on 
the mode of escape (Fig. 3). We summarize the current understanding of 
endosomal escape and uptake mechanisms below, organizing the in-
formation according to delivery vehicle type (lipid-, polymer-, and 
peptide-based carriers). Each section is further divided by the specific 
sub-types of each class of delivery vehicle. 

3.1. Lipid-based vehicles 

3.1.1. Liposomes 
Liposomes are artificial phospholipid vesicles that have long been 

used for drug delivery [92], due to their physical properties and low 
toxicity [93,94]. After uptake by endocytosis, it has been suggested that 
liposomes mainly rely on membrane fusion to escape the endosome 
[210]. The surface charge of liposomes can modulate uptake and traf-
ficking mechanisms [97,98]. Anionic liposomes, for example, appear to 
be processed differently [99] and rely on endosomal acidification to 
escape [100], which would most likely preclude the fusion model. 
However, anionic liposomes are still not well-characterized and traf-
ficking mechanisms are unclear. 

3.1.2. Lipoplexes 
Lipoplexes are heterogeneous complexes formed by mixing pre-

formed cationic liposomes with nucleic acids. Using FRET microscopy, 
Zelphati et al. studied the trafficking of cationic lipoplexes and hy-
pothesized a three-step mechanism: (1) the cationic lipids of the lipoplex 
cause the predominantly cytosolic-facing anionic lipids in the endo-
somal membrane to flip-flop, (2) the anionic lipids complex with the 
cationic lipids to form an inverted hexagonal structure, and (3) the cargo 
is then displaced and can be released [96]. This proposed mechanism is 
bolstered by later evidence suggesting that the formation of an inverted 
hexagonal structure, with single DNA strands encapsulated in lipid tu-
bules [101], leads to more effective release through fusion [102–104]. 
The incorporation of the helper lipid DOPE is also known to increase the 
transfection efficiency of lipoplexes by promoting the formation of the 
hexagonal structure [105–107]. Therefore, this observation along with 
confocal microscopy data [108] supports the fusion hypothesis for lip-
oplexes. However, subsequent data has called for some to suggest re-
visions to the fusion model. Early EM studies showed that intact 
lipoplexes were present in the cytosol, supposedly due to endosomal 
membrane disruption instead of fusion [109]. Live cell fluorescence 
imaging of lipoplex-mediated delivery revealed a gradual release of the 
cargo into the cytosol in several stages with no accompanying release of 
the carrier lipids. This led the authors to propose the idea that multiple 
transient pores are formed in the endosomal membrane [110]. While the 
fusion hypothesis also assumes the formation of pores, it is thought to 
lead to a sudden release rather than the “leakage-like” release that was 
observed, although further studies are needed to clarify the distinction. 
Another study by Wittrup et al. found similar results [111]: a highly 
sensitive microscopy technique was used to observe a rapid cytosolic 
diffusion of siRNA from the endosome, suggesting that free siRNAs, 
instead of intact lipoplexes, escaped. Each cell was observed to have one 
to five release events and the releasing vesicles still displayed fluores-
cence, indicating that the endosome was not completely lysed. Treat-
ment with proton pump inhibitors decreased the amount of siRNA 
released, indicating the dependence of escape on endosomal acidifica-
tion. This study, and others [112], also demonstrated that, upon endo-
somal escape, autophagy was triggered by galectin recruitment. 
Degradation by the autophagy pathway forms yet another formidable 
challenge for lipoplex-mediated delivery [112]. Apart from trafficking 
through the endosomal pathway, other studies have shed light on 

alternative pathways for uptake and release of cargo. Lu et al. demon-
strated that a minority of siRNA lipoplexes bypass the endosomal 
pathway and directly fuse with the plasma membrane to reach the 
cytosol [113]; <5% of siRNA enters the cell by this mechanism and the 
endocytosis pathway is still the predominant mechanism [95]. 

These mechanisms have been primarily studied in cell culture. What 
is the relevance of these theories in vivo? Extracellular factors also have 
the potential to modulate vehicle characteristics and trafficking. For 
example, serum is known to interfere with lipoplex delivery [114–116]. 
Zuhorn et al. suggested that serum changes the structure of lipoplexes to 
a more open conformation that exposes the DNA cargo to digestion 
[114]. Interestingly, Tandia et al. demonstrated that some of the lipo-
proteins in serum were able to inhibit lipoplex transfection by enhancing 
lipid mixing [117], which would seem counterintuitive under the fusion 
model. 

3.1.3. Lipid NPs 
LNPs are homogenous NPs that encapsulate the nucleic acid cargo in 

their core. When compared to lipoplexes of identical lipid composition, 
LNPs loaded with siRNAs have been shown to have higher cellular up-
take: this difference was hypothesized to be due to the difference in 
structure, as LNPs take on a more spherical shape [118]. Several other 
studies indicate that surface morphology modulates interactions with 
the endosomal membrane and may enhance fusion [119,120]. Some 
LNPs are also formulated with ionizable cationic lipids so that they are 
neutral at physiological pH and become protonated in the endosomes. 
Once charged, the LNP can either escape through the proton sponge 
effect or directly disrupt the negatively-charged endosomal membrane 
[121]. One study that compared the trafficking patterns of lipoplexes 
and ionizable LNPs found that the LNPs were always released before the 
compartments became positive for LAMP1, which is a slightly earlier 
release point than for lipoplexes [111]. However, a different microscopy 
study found that ionizable LNPs localized to compartments marked with 
LAMP1, EEA1, and Rabankyrin-5, a micropinocytosis regulator. This 
result suggests that LNPs are sequestered in a hybrid vesicle that dem-
onstrates delayed maturation into a lysosome. Additionally, time-lapse 
confocal fluorescence microscopy showed no “burst” in release that 
would be expected of a fusion or lysis event. Instead, the release was 
limited to a few siRNAs escaping from multiple early endocytic com-
partments [58]. Another study used a CRISPR/Cas9-based approach to 
knock out Rab5, Rab4, or Rab7, which control formation of the early, 
recycling, and late endosomes, respectively. While decreases in Rab5 
and Rab4 had minimal effect, cells with deficient Rab7 were shown to 
have significantly impaired LNP-mediated mRNA delivery. However, 
the discrepancy was not due to differences in endosomal escape, but 
rather downstream coordination of translation mediated by the mech-
anistic target of rapamycin complex 1 (mTOR1) [122]. These results 
reinforce the conclusion that genetic expression or transfection is not an 
adequate proxy for measuring endosomal escape of nucleic acid cargo 
and that there remain other barriers to efficient delivery. 

Another barrier for LNPs are the recycling pathways, which are used 
to return receptors from the endosome to the plasma membrane [123]. A 
study on LNP-mediated siRNA delivery showed that as much as 70% of 
the delivered siRNA undergoes exocytosis [47]. Neimann-Pick type C1 
(NPC1), a lysosomal membrane protein that regulates cholesterol traf-
ficking, was determined to be the regulator of these LNP recycling 
pathways. Knocking out NPC1 expression prevented the exocytosis of 
LNPs and increased their retention inside late endosomes/lysosomes, 
allowing more time for siRNA to diffuse into the cytosol. Another group 
has further expanded upon these results, following LNPs as they were 
processed from the endosome into extracellular vesicles and secreted 
[124]. These extracellular vesicles also had the potential to transfect 
surrounding cells. 

Some of the difficulty in establishing a consistent mechanism could 
also be due to differences between cell lines, as Sayers et al. have shown. 
Comparing three different human and mouse cell lines (HCT116, H358, 
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and CT26), researchers found differences in internalization rates, 
transfection rates, lysosomal pH, recycling rates, and lysosomal locali-
zation rates for the delivery of mRNA by LNPs. Immunofluorescence 
microscopy also showed that differences in the spatial organization of 
late endosomal compartments in the cell lines were correlated with 
transfection rates [125]. The level of differentiation of cells presents 
another variable in these mechanistic studies. Cells that are highly 
differentiated are more difficult to transfect by lipid-, polymer-, and 
peptide-based vehicles [126–128]. Some of the difference can be 
attributed to decreases in uptake as determined by microscopy studies, 
but there are morphological factors as well. For example, in a study on 
siRNA delivery to retinal pigment epithelium cells, researchers found 
that there was low transfection in 4-week matured lines due to seques-
tration of the cargo inside melanosomes. Melanosomes were absent in 
the 2-week matured lines, so there was a larger amount of cytosolic 
cargo observed in the less-differentiated cells [129]. Comparisons with 
primary cells also revealed differences in endocytic profiles [130], 
which is relevant in the context of target cell types in vivo. All of these 
results indicate that in vitro data should be interpreted with skepticism 
and may not be relevant when considering in vivo applications. Vehicles 
should be tailored for their specific target tissue, as endosomal escape 
not only appears to be vehicle-specific, but also cell-type specific. 

3.2. Polymer-based vehicles 

3.2.1. Polyplexes 
Polyplexes are polymeric vehicles formed by the electrostatic in-

teractions between cationic polymers and anionic nucleic acids. The 
“proton sponge” hypothesis is often cited to explain the escape of 
cationic polymer NPs, such as PEI [131,132]. According to this theory, 
ionizable moieties such as amine groups, which are present in the 
polymer backbone, buffer protons during endosomal acidification, so 
that ATPase pumps can continue transporting protons into the 
compartment. To balance the charge, chloride ions are also transported 
into the endosome, increasing the osmotic pressure until the membrane 
finally ruptures [133]. A recent study used stochastic optical recon-
struction microscopy (STORM) to track silica NPs functionalized with 
PEI. STORM confers up to 20 nm lateral resolution and allows for single 
NP tracking. Together with observations of the rigidity of the PEI chains, 
the study indicated that the endosomes underwent osmotic swelling 
caused by the proton sponge effect [134]. Others have reported that 
smaller endosomal size increases the chance of endosomal escape and 
that membrane leakiness inhibits it [135], which is consistent with an 
escape mechanism based on osmotic pressure. However, there is another 
body of literature disputing the proton sponge effect. Studies have 
demonstrated that the buffering ability of PEI is not able to increase the 
pH of intracellular compartments, suggesting that these polymers are 
unlikely to cause the influx of ions needed for the proton sponge effect 
[136]. Additionally, the “PEG dilemma” has presented similar chal-
lenges. Though the addition of polyethylene glycol (PEG) has long been 
used to prolong blood circulation time in both polymer- and lipid-based 
vehicles [137,138], PEG has the unfortunate tradeoff of limiting endo-
somal escape [139–141]. Since PEGylation does not alter the polymer’s 
buffering capability, the proton-sponge hypothesis is likely not the only 
mechanism of escape. An alternative explanation for escape is that PEI 
and other cationic polymers create pores in endosomal membranes that 
allow cargo to escape. PEI has been shown to permeabilize the mem-
branes of bacteria [142] and these results were further supported using 
coarse-grained simulations. These computational models confirmed that 
cationic polymer chains could penetrate across the membrane and 
create a hydrophilic pore allowing water molecules and ions to pass 
[143]. Additionally, other studies have used AFM to show that poly 
(amindoamine) (PAMAM) dendrimers caused the formation of 15-40 nm 
diameter holes in bilayers. Once the amine end-groups were replaced 
with acetamide groups, hole formation was abrogated [144]. Given that 
PEI also has repeating amine groups, it is possible that a similar 

mechanism of escape occurs. Rehman et al. further shed light on traf-
ficking mechanisms [110]. Through live cell fluorescence imaging, they 
found that PEI polyplexes exhibited a “burst” of release from the en-
dosome, although the endosomes were only locally ruptured and were 
not completely lysed. Furthermore, they were able to determine that the 
nucleic acid cargo likely separates from the polymeric carrier while in-
side the endosomal compartment, as some of the polymer remnants 
could still be detected within the endosome after the release event, 
supporting the pore formation hypothesis. 

One interesting comparison with the LNP-mediated trafficking 
pathway involves the role of NPC1. The same group that initially studied 
its effect on the exocytosis of LNPs also investigated its role with the 
cationic polymer PBAE. Whereas previously a knockout of NPC1 led to 
an increase in transfection efficiency of LNPs, it had the opposite effect 
for PBAE polyplexes, leading to a 10-fold decrease in uptake [145]. PEI 
was not affected by the decrease in NPC1 [145], indicating that traf-
ficking and endosomal escape mechanisms for NPs are likely specific to 
polymer chemistry and the properties of the vehicle as a whole. 

3.2.2. Polymeric NPs 
In contrast to polyplexes, polymeric NPs are solid NPs that have 

uniform cargo loading. Panyam et al. compared the mechanism of 
escape between PLGA NPs and polystyrene NPs [146]. Unlike the PLGA 
NPs, very few polystyrene NPs were observed inside the cytosol, indi-
cating poor escape. The authors hypothesized that the difference may be 
due to surface charge. Polystyrene NPs have a negative surface charge at 
all pH values which preclude them from interacting with the similarly 
negative endosomal membrane. PLGA is negatively charged at a neutral 
pH, but it becomes cationic in the acidic endosome. TEM images of PLGA 
NPs show interaction between the NPs and the membrane of the endo-
some prior to escape. A follow-up study by the same group employed 
AFM to show that adhesion forces between the NP and membrane could 
determine the efficiency of delivery [91]. One interesting study on 
polystyrene NPs compared the trafficking patterns of 24 nm NPs versus 
larger 43 nm NPs. Whereas the larger NPs mainly accumulated and 
degraded in the lysosomes, the smaller ones were able to bypass the 
endolysosomal pathway entirely and accumulate in the perinuclear re-
gion [147]. Controlling the size of NPs may be a useful strategy to 
achieve higher delivery efficiency but could also affect cargo loading. 
With regards to the relevance of the endosomal recycling pathway, 
polymeric NPs such as 3-hydroxybutyrate-co-3-hydroxyhexanoate 
(PHBHHx) were shown to colocalize with recycling and GLUT4 exocy-
tosis vesicles in addition to experiencing degradation through endo-
somes [148]. Another study on PLGA NP trafficking also showed that as 
much as 85% of internalized NPs undergo exocytosis, with most of the 
NPs exiting within 30 min of uptake [149]. As with LNP-mediated 
trafficking, endosomal recycling may present a greater challenge than 
degradation. However, another investigation by Sandin and colleagues 
found that less than 18% of carboxylated polystyrene NPs colocalized 
with Rab11-positive membranes, markers of the recycling pathway 
[60]. These differences in intracellular trafficking are most likely due to 
different surface properties. For example, conjugation of transferrin 
onto PLGA NPs is known to increase intracellular retention [150]. 

3.2.3. Dendrimers 
Dendrimers are highly branched polymers that have been used to 

deliver both small-molecule drugs and nucleic acids. Most dendrimer 
vehicles are formed with PAMAM [151]. Some studies have suggested 
that PAMAM can escape into the cytoplasm through the proton sponge 
effect [152–154]. One study showed that PAMAM itself was unable to 
induce endosomal escape unless it was modified by histidine residues. 
Additionally, proton pump inhibition decreased the performance of the 
histidine modified-PAMAM, suggesting that the improved performance 
was due to the increased buffering capacity and the proton sponge effect 
[155]. Furthermore, acetylation of PAMAM dendrimers, which reduces 
the amount of ionizable primary amines and therefore weakens the 

E. Xu et al.                                                                                                                                                                                                                                       



Journal of Controlled Release 335 (2021) 465–480

474

proton sponge effect, was shown to decrease the efficiency of siRNA 
delivery due to endosomal entrapment [156]. Other models of 
dendrimer-mediated escape have also been proposed. Studies on in-
teractions between PAMAM and anionic vesicles support a membrane 
bending model, whereby the rigid, positively-charged dendrimer bends 
the anionic membrane and disrupts it [157]. Others have also reported 
on PAMAM’s ability to create transient pores in the bilayer [158,159]. 
The mechanism may also be a combination of several forces. Using 
coarse-grained molecular dynamic simulations, Tian et al. showed that 
dendrimers could escape the endosome by increasing the internal os-
motic pressure and locally penetrating the membrane [160]. Ainalem 
et al. compared the effect of dendrimer size on membrane penetrating 
abilities and showed that the largest dendrimer destroyed the membrane 
whereas the smaller dendrimers were able to pass through the mem-
brane while leaving it intact [161]. Most of these studies rely on model 
membranes and the mechanisms by which dendrimers specifically cause 
endosomal escape in cells remain unclear. 

3.3. Peptide-mediated delivery 

CPPs are short peptides of around 6-30 amino acid residues. There 
are two general classes of CPPs that are known to permeabilize mem-
branes: cationic and amphiphilic peptides. The TAT peptide 
(RKKRRQRRR), which was derived from the HIV transactivator of 
transcription, is the prototypical cationic CPP. TAT can deliver cargo to 
the cytosol, albeit with low efficiency [162–164]. This finding suggests 
that arginine-rich CPPs are unable to mediate endosomal escape 
[165,166]. Nevertheless, their low performance in cells makes it diffi-
cult to adequately detect and assess endosomal escape. Many studies 
have circumvented this issue by examining the interaction between 
CPPs and formulated liposomes. For example, Hitz et al. used this 
approach to elucidate the interaction between oligoarginines with 
anionic vesicles; they proposed a two step-mechanism with an initial 
weak electrostatic interaction, followed by a bilayer rigidification that 
leads to leakiness and disruption of the membrane [167]. Another study 
by Yang and colleagues supported this theory of membrane per-
meabilization. The authors highlighted that membrane interactions only 
occurred in bilayers rich in bis(monoacylglycerol)phosphate (BMP), 
which is an anionic lipid present in late endosomes [168]. Subsequent 
work studying the endosomal escape of modified versions of TAT pep-
tides have corroborated this BMP-specific leaky fusion model [169,170]. 

Amphiphilic peptides can also disrupt lipid bilayers, but they do so 
through hydrophobic interactions. The “barrel-stave” and “toroidal- 
pore” models suggest that these peptides create an ordered pore that 
allows escape [171], while the “carpet” model outlines an accumulation 
of peptides until a critical concentration is reached, which then leads to 
a detergent-like disruption [172,173]. Fasoli et al. used whole-cell 
patch-clamp recording to investigate how modifications to peptides 
can alter which of the three mechanisms is employed. They found that 
CM18 (KWKLFKKIGAVLKVLTTG), which is an amphipathic α-helical 
sequence developed from melittin, was able to induce membrane 
destabilization via the “toroidal-pore” theory, but once it was fused with 
TAT, it escaped through the “carpet” mechanism [174]. Other studies 
into the mechanism of pH-responsive CPPs have highlighted the 
importance of low pH in inducing membrane insertion and leakage 
[175]. One such CPP is the HA2 peptide (GLFGAIAGFIENGWEGMIDG-
WYG), which is derived from hemagglutinin [176]. The protonation of 
glutamic acid and aspartic acid residues in an acidic environment allows 
for HA2 to insert into the membrane and create transient pores 
[177,178]. Another family of CPPs that work through a similar mech-
anism are pH (low) insertion peptides (pHLIPs), which were originally 
based on the C-helix of the bacteriorhodopsin protein [179]. As their 
name suggests, in acidic environments, pHLIPs are able to change their 
conformation into a helix and insert into the membrane. This change is 
triggered through the protonation of aspartic acid residues [180], and 
can be used to selectively localize pHLIP-conjugated agents in tumor 

tissues [181]. 
While CPPs can be used by themselves to mediate delivery, they are 

also commonly conjugated or formulated with other vehicle types, 
which could potentially alter the escape mechanism. El-Sayed and co- 
workers compared the endosomal escape mechanism of octaarginine 
(R8)- and octalysine (K8)-modified liposomes [182]. Using FRET im-
aging, they found that both hybrid vehicles were able to escape via 
membrane fusion. However, inhibition of endosomal acidification 
decreased R8-liposome escape, while enhancing K8-liposome escape. 
Further, live spectral imaging and leakage experiments supported the 
conclusion that escape by K8-liposomes mainly occurs when the endo-
cytic vesicle is still at a neutral pH, which is soon after uptake, while R8- 
liposomes can mediate fusion at both an acidic and neutral pH. The 
authors hypothesized that in the acidic endosome, some of the amino 
acid groups on hybrid K8-liposomes may become deprotonated due to 
electrostatic repulsion and would not be able to interact with the 
negatively charged endosomal membrane. R8-liposome, on the other 
hand, is able to maintain its positive charge and use its guanidinium 
group to hydrogen bond with the membrane [182]. Another study by 
Gomes dos Reis et al. examined PLGA NPs coated with CPPs [183]. 
Using confocal microscopy and image analysis programs, they observed 
that 61.5% of all internalized NPs were able to escape the endosome. 
Their observation of a sudden release of the NPs and the increased 
surface charge due to the CPP addition led the authors to hypothesize 
that their vehicle uses the proton sponge effect to lyse the endosome 
[183]. For vehicles that combine many different materials, the endo-
somal escape mechanism seems to be largely determined by the surface 
charge, which should be an important consideration for future vehicle 
design. 

4. Improving vehicle design for enhanced endosomal escape 

Endosomal entrapment presents a key bottleneck in delivery, and so 
designing vehicles with enhanced endosomal escape properties is of 
increasing interest, particularly in the context of forward-engineering 
strategies for the rational design of nanomedicines. Some have taken 
inspiration from strategies employed by viruses, while others have uti-
lized expanding synthetic approaches. In the following section, we 
briefly outline some recently developed strategies for improving de-
livery vehicles according to proposed mechanisms of endosomal escape 
(Table 2). 

4.1. Membrane permeabilization 

Many NPs have low cytosolic delivery efficiency because they are 
trapped in the lysosomes, and so a simple way of promoting escape is by 
co-treatment with lysosomotropic agents, such as chloroquine, to per-
meabilize the membrane. These molecules are able to freely diffuse into 
lysosomes, but once they are protonated by the acidified environment, 
they then cause membrane disruption [184,185]. Du Rietz et al. deliv-
ered chloroquine to improve the transfection efficiency of a cholesterol- 
conjugated siRNA by 47-fold. Using galectin-9 as a sensor for membrane 
damage, they were able to confirm that chloroquine targets late endo-
somes or lysosomes to facilitate escape [186]. 

Another way to improve the escape of vehicles is through the 
conjugation of CPPs. One example is the work of Tanaka et al. [187]. The 
group conjugated a TAT analog to a methoxy PEG (MPEG)-poly(ε-cap-
rolactone) (PCL) diblock copolymer. While the polymer MPEG-PCL itself 
was not able to complex with pDNA, the MPEG-PCL-TAT NP was able to 
form a stable complex and achieve transfection in vitro and in vivo with 
minimal toxicity. Another CPP-polymer conjugate composed of trans-
portan 10 (TP10) and PEI was shown to have superior plasmid delivery 
compared to PEI and TP10 individually [188]. Some CPPs can even 
provide cell targeting benefits. Lee et al. created the CPP BR2 
(RAGLPFQVGRLLRRLLR) that showed similar transfection efficiency to 
PEI and R9, another popular CPP, but BR2 demonstrated selective 
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delivery to cancer cells [189]. While certain CPPs have demonstrated 
high transfection efficiency and favorable cytotoxicity, they are still 
limited in terms of cell specificity and by their susceptibility to inacti-
vation by proteases [190]. In some cases, the addition of TAT peptides to 
NPs also does not increase delivery to targeted cells after intravenous 
injection [191]. 

4.2. Proton sponge effect via pH buffering 

Following the logic of the proton sponge hypothesis, improving the 
buffering capability of delivery vehicles should promote endosomal 
escape. Du et al. created a pH-sensitive nanomicelle, PEG-PTTMA-P 
(GMA-S-DMA) (PTMS), which relies on dimethylamino groups to 
trigger an increase in osmotic pressure [192]. When loaded with siRNA, 
these vehicles achieved better gene silencing efficiency than Lipofect-
amine 2000 in A549 and HeLa cells. These encouraging results were also 
seen in vivo, as injections into tumor sites were able to inhibit further 
growth with 45% gene knockdown [192]. Other attempts using a similar 
strategy of introducing secondary and tertiary amines onto chitosan NPs 
have led to a 100-fold increase in transfection of pDNA when compared 
to unmodified NPs [193]. As described above, PEI can attain high 
transfection efficiency due to its ionizable amine groups, but the poly-
mer has high cytotoxicity. We have developed a suite of poly(amino-co- 
ester)(PACE)-based polymers, which are also synthesized with amine 
groups to promote escape, but have minimal cytotoxicity due to reduced 
cationic charge [194]. PACE polymers can be further modified with 
added orthoester groups into the polymer backbone to increase the 
acidic sensitivity. These alterations indeed caused a higher rate of 
endosomal escape as measured by a FITC/Cy5 ratiometric assay [195]. 
Another modification that has recently been explored is the conjugation 
of different amine-containing end groups onto the PACE backbone. The 
polymers in this library have widely differing endosomal escape and 
mRNA transfection efficiencies, indicating that enhancing buffering 
capacities is a promising strategy for improving delivery [43]. This end 
group modification approach has also been explored for other polymers, 
most notably PBAE. From studying a library of over 2000 unique PBAE 
structures, one group has demonstrated that the structure of amine end 
groups impacts almost every step of delivery—from DNA complexation 
to cellular uptake to the final protein expression [196]. With regards to 
endosomal escape in particular, incorporating an imidazole group 
seemed to help the polymer complex avoid trafficking to acidic lyso-
somes [197]. 

4.3. Membrane fusion 

For LNPs, many groups have used the incorporation of fusogenic 
lipids, like DOPE, in order to promote membrane fusion [198,199]. One 
group formulated a liposome with DOPE, cholesteryl hemisuccinate 
(CHEMS), and distearoylphosphatidylethanolamine-PEG2000 (DSPE- 
PEG2000) to deliver a chemotherapeutic drug. This carrier was successful 
in inhibiting tumor growth in an A549 lung tumor-bearing mice model 
at an extremely low dose of 1.0 mg/kg [200]. Incorporation of pH- 
sensitive elements, such as dioleoylphosphatidylcholine (DOPC) or N- 
succinyl-DOPE, can further increase delivery by allowing for release in 
response to the acidic endosome [201]. Moku and co-workers used an 
endosomal pH-sensitive histidinylated lipid in combination with DOPC, 
DOPE, cholesterol, and DSPE-PEG2000 to deliver the drugs curcumin and 
paclitaxel. FRET experiments confirmed that the LNPs demonstrated 
enhanced fusion profiles at endosomal pH ranges compared to the 
cytosolic pH. Furthermore, in a melanoma mouse model, these LNPs 
could inhibit mouse tumor growth and improve survival [202]. 

4.4. Photochemical disruption 

This unique method relies on light activation to rupture endocytic 
compartments. It often employs a small light-sensitive molecule that 
produces reactive oxidative species upon irradiation and disrupts the 
endosomal membrane. Jayakumar et al. created a silica core-shell NP 
activated by near-infrared light. Once activated, these NPs emit both UV 
and visible light to active TPPS2A, the photosensitizer, and a photo-
morpholino, which enhances gene knockdown. Using these modifica-
tions, the researchers were able to enhance gene knockdown by 30% in 
vitro and successfully demonstrated their relevance in vivo using a mu-
rine melanoma model [203]. Another group was able to achieve 100- 
fold enhanced gene expression using a light-responsive polyplex 
micelle that incorporated a photosensitizer [204]. But, the benefits of 
photochemical disruption are not applicable for all vehicles, as it was 
shown to decrease the delivery efficiency of electrotransfected pDNA, 
possibly due to increased exposure to endonucleases after endosomal 
membrane rupture [205]. 

5. Conclusions and future outlook 

The endolysosomal pathway provides a formidable barrier to effi-
cient non-viral therapeutic delivery in cells. To realize the full potential 

Table 2 
Summary of non-viral vehicle modifications to promote endosomal escape.  

Endosomal Escape 
Strategy 

Class of Delivery 
Vehicle 

Vehicle Composition Cargo Method(s) To Assess Endosomal Escape Ref. 

Membrane 
permeabilization by 
small molecule 

LNP cholesterol conjugated siRNA co- 
delivered with chloroquine 

siRNA confocal microscopy with a fluorescently 
labeled Galectin-9 as a membrane disruption 
sensor 

[186] 

Polymer NP methoxy poly(ethylene glycol)-poly(L- 
lactic acid) 

chloroquine and 
chemotherapeutic agents 

siRNA-induced knockdowns of lysosomal 
factors and co-localization analysis with 
confocal microscopy 

[206] 

Membrane 
permeabilization by CPP 

LNP 1,2-Distearoyl-sn-glycero-3- 
phosphoethanolamine-polyethylene 
glycol-2000-RFKH 

miRNA and irinotecan co-localization analysis with confocal 
microscopy 

[207] 

Polymeric 
Dendrimer 

peptide-modified PEG-PAMAM 
dendrimer 

methotrexate co-localization analysis with confocal 
microscopy 

[208] 

Proton sponge-mediated 
lysis 

Polyplex poly(amino-co-ester) (PACE) pDNA pH-sensing assay with fluorescent probes [195] 
Nanomicelle PEG-PTTMA-P(GMA-S-DNA) (PTMS) siRNA pharmacological inhibitors and co- 

localization analysis with confocal 
microscopy 

[192] 

Membrane fusion Liposome pH-sensitive cationic lipid, DOPC, DOPE, 
cholesterol, DSPE-PEG amine 

curcumin and paclitaxel FRET fusion assay [202] 

Photochemical disruption Polyplex micelle PEG-PAsp(DET)-PLys pDNA co-localization analysis with super- 
resolution and confocal microscopy 

[204] 

Liposome Lipofectamine siRNA and TPPS2a 

(photosensitizer) 
co-localization analysis with confocal 
microscopy 

[209]  
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of nanomedicines, a more comprehensive understanding of the mecha-
nisms of endosomal escape is necessary, alongside more research on the 
structure-function relationships between vehicle properties and traf-
ficking pathways. The first step in achieving this goal is the development 
of high-throughput and straightforward techniques to measure endo-
somal escape. Current methods are largely qualitative and insufficient 
for distinguishing between different proposed endosomal escape 
mechanisms. Most techniques require the addition of probes or dyes, 
which could potentially interfere with trafficking. Progress is further 
complicated by the fact that the trafficking and escape mechanisms are 
most likely dependent on both vehicle characteristics and cell type. 
Additionally, the relevance of in vitro measurements to in vivo delivery 
needs to be elucidated, as physiological environments may alter delivery 
pathways. The present strategies for promoting endosomal escape have 
already shown promise in increasing the efficiency of delivery vehicles, 
but future vehicle designs need to also consider toxicity, immunoge-
nicity, stability, and specific tissue and subcellular-targeting concerns. 
Once a concrete understanding of delivery vehicle trafficking is estab-
lished, it will lead the way for the rational design of smarter 
nanomedicines. 
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[67] P. Säälik, K. Padari, A. Niinep, A. Lorents, M. Hansen, E. Jokitalo, Ü. Langel, 
M. Pooga, Protein delivery with transportans is mediated by caveolae rather than 
flotillin-dependent pathways, Bioconjug. Chem. 20 (2009) 877–887. 

[68] P.M. Tiwari, E. Eroglu, S.S. Bawage, K. Vig, M.E. Miller, S. Pillai, V.A. Dennis, S. 
R. Singh, Enhanced intracellular translocation and biodistribution of gold 
nanoparticles functionalized with a cell-penetrating peptide (VG-21) from 
vesicular stomatitis virus, Biomaterials 35 (2014) 9484–9494. 

[69] C.H.J. Choi, L. Hao, S.P. Narayan, E. Auyeung, C.A. Mirkin, Mechanism for the 
endocytosis of spherical nucleic acid nanoparticle conjugates, Proc. Natl. Acad. 
Sci. U. S. A. 110 (2013) 7625–7630. 

[70] S. Akhtar, F.A. Khan, A. Buhaimed, Functionalized magnetic nanoparticles 
attenuate cancer cells proliferation: Transmission electron microscopy analysis, 
Microsc. Res. Tech. 82 (2019) 983–992. 

[71] A.R. King, C.D. Corso, E.M. Chen, E. Song, P. Bongiorni, Z. Chen, R.K. Sundaram, 
R.S. Bindra, W.M. Saltzman, Local DNA repair inhibition for sustained 
radiosensitization of high-grade gliomas, Mol. Cancer Ther. 16 (2017) 
1456–1469. 

[72] J. Pi, J. Cai, Cell topography and its quantitative imaging by AFM, Methods Mol. 
Biol. 1886 (2019) 99–113. 

[73] M.S. Shim, X. Wang, R. Ragan, Y.J. Kwon, Dynamics of nucleic acid/cationic 
polymer complexation and disassembly under biologically simulated conditions 
using in situ atomic force microscopy, Microsc. Res. Tech. 73 (2010) 845–856. 

[74] A. Mecke, S. Uppuluri, T.M. Sassanella, D.-K. Lee, A. Ramamoorthy, J.R. Baker, B. 
G. Orr, M.M. Banaszak Holl, Direct observation of lipid bilayer disruption by poly 
(amidoamine) dendrimers, Chem. Phys. Lipids 132 (2004) 3–14. 

[75] D. Hofmann, S. Tenzer, M.B. Bannwarth, C. Messerschmidt, S.-F. Glaser, 
H. Schild, K. Landfester, V. Mailänder, Mass spectrometry and imaging analysis of 
nanoparticle-containing vesicles provide a mechanistic insight into cellular 
trafficking, ACS Nano 8 (2014) 10077–10088. 
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