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Article history: The complexity of nanoscale interactions between biomaterials and cells has limited the realization of the
Received 27 June 2019 ultimate vision of nanotechnology in diagnostics and therapeutics. As such, significant effort has been devoted
Received in revised form 6 August 2019 to advancing our understanding of the biophysical interactions of the myriad nanoparticles. Endocytosis of
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Available online 13 August 2019 nanomedicine has drawn tremendous interest in the last decade. Here, we highlight the ever-present barriers

to efficient intracellular delivery of nanoparticles as well as the current advances and strategies deployed to
breach these barriers. We also introduce new barriers that have been largely overlooked such as the glycocalyx

f;etry‘:coerﬁiar trafficking and delivery and macromolecular crowding. Additionally, we draw attention to the potential complications arising from the
Endosomal escape disruption of the newly discovered functions of the lysosomes. Novel strategies of exploiting the inherent intra-
Drug and gene delivery cellular defects in disease states to enhance delivery and the use of exosomes for bioanalytics and drug delivery
Imaging are explored. Furthermore, we discuss the advances in imaging techniques like electron microscopy, super reso-
Barriers to delivery lution fluorescence microscopy, and single particle tracking which have been instrumental in our growing under-

standing of intracellular pathways and nanoparticle trafficking. Finally, we advocate for the push towards more
intravital analysis of nanoparticle transport phenomena using the multitude of techniques available to us.
Unraveling the underlying mechanisms governing the cellular barriers to delivery and biological interactions
of nanoparticles will guide the innovations capable of breaching these barriers.
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1. Introduction

Endocytosis is an evolutionarily ancient network that was evolved
by cells as a means to internalize nutrients and maintain cellular ho-
meostasis. Viruses exploit these routes to manipulate cell functions
and cause diseases. Today, synthetic nanomaterials use these internali-
zation pathways to gain access to the inner realm of cells. These mate-
rials are designed to deliver imaging agents, drugs, and nucleic acids
for diagnosis and treatment of disease [1,2]. Apart from being a trans-
port process, endocytosis is important for regulating metabolism as
well as transmitting information and materials within a cell or to distant
tissues [3-5]. The primary focus in the area of drug delivery has
remained on the efficient intracellular delivery of nanoparticles into
cells. The field has skyrocketed since we first published our review on
“Endocytosis of Nanomedicines” nearly a decade ago [1]. The number
of publications per year with the keywords “endocytosis + nanoparti-
cle” has more than doubled since “Endocytosis of Nanomedicines” was
published. Today, it is clear that almost all nanocarriers are taken up
by cell via endocytosis and are primarily routed towards a degradative
organelle known as the lysosomes. There is limited endosomal escape
of cargo into the cytosol, which restricts the efficacy of nanoparticles
as drug carriers and contributes to cytotoxicity [6-8]. A majority of
nanoparticles residing in the endo/lysosomal system are also ejected
out of the cell, further contributing to a decrease in efficacy [9,10]. More-
over, the convergence of the endo/lysosomal system with the cellular
clearance mechanisms like autophagy further illustrates the complex
vesicular barriers that can impede drug delivery [11-13]. Strategies to
enhance endosomal escape are heavily researched in academia and in-
dustry, especially for nucleic acid delivery [6,7,14-18]. Another major
discovery in the realm of cell biology has been that the lysosomes,
long underestimated as dead trash sites, are in fact, hubs of activity
[19,20]. Lysosomes control cellular metabolism and nutrient sensing,
maintain diverse pH based on their subcellular localization, and orches-
trate spatiotemporal intracellular signaling [20-22]. The endolysosomal
function is now being used as an indicator of cellular health in many
physiological and pathological conditions [23-25]. Moreover, the inher-
ent tropism of nanocarriers towards lysosomal compartments is being
exploited to deliver therapeutics in disease states, such as lysosomal
storage disorders (LSDs), where the lysosomal function is compromised
[26-28]. Nanotechnology is further being utilized to illuminate the ve-
sicular composition due to its ability to selectively measure endosomal
ions (e.g, H*, CI, and Ca?*) and metabolic contents (e.g., lipids and en-
zymes.) in normal and diseased cells [29-34]. It is, therefore, clear that
studying interactions of endosomes with nanoparticles can yield bene-
ficial insights. Today, endosomal constituents are being used for drug
delivery [35-39]. Exosomes, produced inside the multivesicular bod-
ies/late endosomal compartment, are being extracted and loaded with

small molecules, proteins, and nucleic acids to deliver therapeutics to
locations where synthetic vectors have achieved marginal success
[5,36,38,39]. Since exosomes are increasingly recognized as powerful
and selective natural nanoparticles for delivery of therapeutic and imag-
ing agents directing endocytosis of these agents towards exosomes is
one way to load exosomes with valuable payload [40-43]. Finally, as
we had mentioned in our initial review that “...developing assays to
study the complex process of endocytosis of nanomedicines in vivo re-
mains a key challenge for the future success of this field....” [1]. We
highlight the use of new tools on the horizon that may address this
problem.

In this review, we will discuss the barriers to intracellular delivery,
strategies that can accomplish endosomal escape or target vesicular
compartments to restore cellular function or detect metabolic composi-
tion in disease, deployment of exosomes as delivery vehicles, and a brief
overview on the repertoire of new tools in our arsenal that can be de-
ployed to dissect intracellular trafficking in-vitro and in-vivo.

2. Intracellular trafficking and barriers to efficient delivery

Nanoparticles are internalized following interactions with the cell
surface through specific ligand-receptor driven interactions or via
non-specific interactions such as electrostatic and hydrophobic interac-
tions. The molecular mechanisms that capture nanoparticles are classi-
fied based on the size of the vesicle formed - phagocytosis (large size)
and pinocytosis (small size). [1]. Pinocytosis is further classified on the
basis of cellular effectors that contribute to vesicle formation as
clathrin-mediated, macropinocytosis, caveolin-mediated, clathrin- and
caveolin-independent pathways (Fig. 1) [1]. This active process of endo-
cytosis begins with a cell engulfing portions of its plasma membrane
(lipids and proteins) along with extracellular fluid in the vicinity to cre-
ate fluid-filled vesicles known as endosomes (Fig. 1).

2.1. Endocytosis, endosomal maturation, and exocytosis

The first barrier is the size of the vesicle that limits the number of
nanoparticles that can enter cells. Studies have suggested that, for in-
stance, to enter caveolae based transporters that are highly effective in
transcytosis of macromolecules across the endothelium, a nanoparticle
must be below 100 nm in size [44-46]. A large number of materials
that have shown successful delivery are using macropinocytosis since
it forms a large leaky vesicle that can contain several nanoparticles
[1,6,47,48]. After entry, internalized cargo is delivered to the early endo-
some (Fig. 1, 2A-i), an organelle resulting from fusion mediated by a
tethering mechanism that pulls the vesicles together [49]. The early en-
dosome serves as the sorting hub, directing cargo to the endoplasmic re-
ticulum (ER), the trans-Golgi network (TGN), or the endosomal
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Fig. 1. Endocytic pathways and exosome biogenesis. In eukaryotic cells, nanoparticles enter cells via caveolin-mediated, clathrin-mediated, clathrin and caveolin-independent, or
macropinocytic endocytosis. Endocytic vesicles containing nanoparticles move to early endosomes, where act as a sorting station. Depending on the sorting mechanisms, nanoparticles
can be recycled via exocytosis, transported to late endosomes with maturation of endosomes or trafficked to the ER or TGN. Unless the nanoparticles are retrieved from late
endosomes to cytoplasm, they are processed to lysosomes where degradation starts by enzymes. From interluminal vesicles in multi-vesicular bodies (a type of late endosomes),
exosomes can be generated by inward budding of endosomal membrane, followed by secretion to extracellular compartments via fusion with plasma membrane.

recycling network (Fig. 1). The early endosomes themselves can un-
dergo maturation to form the multivesicular late endosomes (Fig. 1,
2A-ii). Further endosomal maturation results in structural changes
with the emergence of multilamellar endolysosome, a temporary hy-
brid organelle, by fusing with a lysosome, which is followed by further
conversion back into lysosomes (Fig. 1, 2A-iii-iv). During the maturation
process, morphological variations in the endosomes are coupled with a
drop in pH [50]. These transitions in vesicular morphology due to dy-
namic lipid and protein exchanges can be a barrier that affects the suc-
cessful delivery of intact cargo to the cytosol. Another major barrier
during endosomal processing is exocytosis. Exocytosis of nanoparticles
can occur by either trafficking of nanoparticles from the early endosome
to the recycling endosome that fuses to the plasma membrane or from
the multivesicular body/late endosomes and lysosomes where either in-
tact nanoparticles or some of their components are ejected out of the
cell (Fig. 1) [9,10,51]. The final stage where most nanoparticles usually
end up is the lysosome, following transition through multilamellar
endolysosomes (Fig. 1).

2.2. Lysosome

Lysosomes serve as the final destination for macromolecules, where
these macromolecules are degraded by hydrolytic enzymes activated
by low pH (Fig. 2A-iv). However, long overlooked as a static organelle,
lysosomes are now known to be a dynamic hub of cellular activity, includ-
ing cellular metabolism, nutrient sensing, subcellular localization-
dependent pH control, plasma membrane repair, secretion, and
spatiotemporal intracellular signaling [52,21,53,22,20]. Transitioning
from the multilamellar endolysosomal structure, the lysosomes possess

a dense coat of hydrophilic polysaccharides on the luminal side of the
limiting membrane to prevent the cytosolic transfer of its contents
[50,54]. Numerous ion channels, transporters, and nutrient sensors reside
as trans-membrane proteins that participate in active transport and can
regulate the cytosolic delivery of the cargo [55,56].

Lysosomal positioning is also crucial to its function [57-59]. Lyso-
somes on the periphery of the cell tend to have a higher pH relative to
their more acidic perinuclear counterparts [59]. Sequestration of nutri-
ents in the lumen of peripheral lysosomes induces cell proliferation
through the activation of the mechanistic target of rapamycin complex
1 (mTORC1) [57]. Absence of nutrients localizes lysosomes in the
perinuclear space and activates autophagy (the catabolic recycling
process of the cell) to maintain cellular homeostasis [58]. Induction
of autophagy leads to the capture of cytosolic materials by
autophagosomes, which subsequently fuse with lysosomes for degrada-
tion or exocytosis [60]. This process can sequester cytosolically localized
nanocarriers and even engulf a leaky endosome, further impeding deliv-
ery [11]. As such, the optimal function of the lysosome is critical for the
survival of the cell. Forced disruption of the lysosome and thereby
mTORCI1 function to achieve cytosolic delivery may be harmful to the
cell. This dysregulation of the normal cellular function may also induce
or disrupt autophagy and hinder therapeutic or diagnostic potential of
nanoparticles [61-64].

2.3. Glycocalyx
In addition to the barriers created by the lipids and proteins of the

plasma membrane, recent evidence throws the glycocalyx into the com-
plex mix of obstacles to intracellular delivery. The glycocalyx, a
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meshwork of glycolipids, proteoglycans, and glycoproteins, is an anionic
layer of carbohydrates on the cell surface forming a barrier between the
cell and its surroundings (Fig. 2B) [65,66]. It regulates adhesion and per-
meability, mechanotransduction, microenvironment, and intercellular
signaling [65].

Moreover, it is responsible for protecting the luminal membrane of
the lysosomes from degradative enzymes [67]. It presents a physio-
chemical barrier to the cell binding, entry, and endosomal escape of

nanoparticles in vitro and in vivo (Fig. 2B) [68-70]. The thickness of
the glycocalyx on endothelial cells, depending on the organ and species,
can range from 0.02 pm in mouse diaphragmatic capillary as revealed by
transmission electron microscopy to 8.9 um in human retinal vessels as
determined by sidestream dark field imaging [71]. Electron micro-
graphs of rat kidney revealed the lysosomal glycocalyx to be consider-
ably smaller at an average thickness of 8 nm [54]. Alterations to the
glycocalyx have been reported in disease conditions such as cardiovas-
cular diseases, cancer, kidney diseases, diabetes, and LSDs [72-74].
These changes and differences in glycocalyx between healthy and
diseased cells may enable enhanced delivery or diagnostics
[69,73,75-77]. Strategies to selectively degrade or modify the glycoca-
lyx for therapeutic purposes and improving delivery have also been
employed [55,68,69,78]. Cholesterol accumulation can be alleviated in
Niemann Pick type C1 (NPC1)-deficient human patient-derived
fibroblasts by treating with benzyl-2-acetamido-2-deoxy-a-D-
galactopyranoside, an inhibitor of O-linked glycosylation [55].
Sialylation of glycans on the surface of cancer cells has been found to
help tumors evade recognition by the immune system and aid tumor
growth and progression, making sialic acid a target for cancer therapy
[78,79]. Desialylation of cancer cells using recombinant sialidase conju-
gated to the human epidermal growth factor receptor 2-specific anti-
body, also known as trastuzumab, demonstrated enhanced cancer cell
binding of natural killer cell-activating receptor, natural killer group
2D, and antibody-dependent cell-mediated cytotoxicity [78]. Exposing
human umbilical vein endothelial cells to glycocalyx degrading en-
zymes, such as neuraminidase, heparinase III, and hyaluronidase, en-
abled significantly higher internalization of 50 nm carboxylated or
aminated polystyrene nanospheres in contrast to the poor uptake ob-
served in the presence of intact glycocalyx [68].

24. Molecular crowding

Another major barrier to successful intracellular delivery is the vis-
cosity of the endosomal compartments and the cytosol that can restrict
the diffusion of therapeutic or diagnostic agents to their target (Fig. 2C)
[80-82]. The motion of the nanoparticle is subject to resistance from
steric effects and non-specific interactions with the myriad proteins,
lipids, nucleic acids, cytoskeleton, and organelles (Fig. 2C) [83,84].
Devany et al. have recently developed a new method to measure rheol-
ogy of organelles by tracking nanoparticle movement inside the lyso-
somes of cells, and compared the viscosities between normal cell lines
and model cell lines representing LSD [85]. They found that the accumu-
lation of cholesterol in dysfunctional lysosomes restricted the free diffu-
sion of delivery vectors [85]. Another study, using particle tracking
analysis, found that the size of nanoparticles and their non-specific in-
teractions with cytosolic components influence the mobility of nano-
particles [83]. Inert nanoparticles that are smaller than 50 nm in
diameter predominantly exhibited Brownian motion in the cytosol
(Fig. 2C). In the presence of non-specific interactions, however, the mo-
bility of the nanoparticles was severely restricted (Fig. 2C). Nucleic acids
delivered to the cytosol or the nucleus also face similar obstructions to
mobility; for instance, DNA fragments longer than 250 base pairs
showed less lateral mobility than shorter DNA due to molecular
crowding in the cytosol (Fig. 2C) [86]. These findings may have implica-
tions for nanoparticle design and surface modifications; for instance,
adding targeting ligands such as antibodies may increase the steric hin-
drance to diffusion.

3. Strategies to enhance intracellular delivery
3.1. Endosomal escape
To enhance the delivery of nanoparticles across endosomal barriers,

two possible mechanisms, membrane destabilization for liposomes and
lipid-based nanoparticles and proton sponge for polymers have
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Fig. 3. Possible endosomal escape of nanoparticles. (A) Interaction of nanoparticles with endosomal membrane can destabilize the endosomal membrane, resulting to endosomal escape of
the nanoparticles. (B) Nanoparticles including amines can rupture endosomes by osmotic pressure. (C) Nanoparticles designed to swell in acidic environment can burst endosomes and

release their cargos to cytosol. Redrawn from [15].

Fig. 2. Challenges to intracellular delivery (A) Entrapment of nanoparticles in endocytic
pathways is a significant barrier to efficient delivery. Endocytosis delivers the
nanoparticles to (i) the early endosome. Nanoparticles that failed to escape from the
early or (ii) the late endosome, face degradation in (iii) the endolysosome, which is
produced by fusion with (iv) the lysosome. The harsh milieu of the endocytic
compartments due to decrease in pH, changes in shape and composition of these
compartments is a significant barrier to drug delivery. Scale bars, 100 nm. Adapted with
permission from [50], Copyright 2011, European Molecular Biology Organization.
(B) Schematic representations of endothelial glycocalyx. Glycocalyx is composed of
hyaluronans, heparin sulfate, proteoglycans, and glycoproteins and impedes nanoparticles
interactions with plasma membrane. Electron micrograph depicts the glomerular glycoca-
lyx with the fenestrae (arrows). Scale bar, 100 nm. Adapted with permission from [66],
Copyright 2015, Springer Nature. (C) Schematic representation of the cytosolic mobility
of particulates. Particles larger than the pores of the cytoskeletons (50 - 70 nm) display re-
stricted diffusion due to cytosolic viscosity. These large particulates are constrained in the
medium but will eventually drift following the remodeling of internal structures. Particles
smaller than the pore size diffuse with viscosities that are dependent on the strength of the
non-specific interactions. If the particles are completely inert, they move freely as if in
water. When the particles start to interact with intracellular components, their motions
are delayed due to non-specific interactions that can result in a slow Brownian or anoma-
lous motion. This molecular crowding prevents nanoparticles in cytosol from reaching
subcellular targets. Reproduced with permission from [83], Copyright 2018, Springer
Nature.

remained at the center stage (Fig. 3) [7,14,16,87-93]. Studies have sug-
gested that the nanoparticle structure can contribute to the efficacy of
nucleic acid release [94-100]. Small angle X-ray scattering shows that
the cationic lipid-nucleic acid complexes form an inverse hexagonal
phase (Hy;), which is more amenable to DNA release from the endosome
to the cytosol [98]. In recent years, novel lipid-based nanoparticle
formulations containing siRNA have produced highly-ordered
bicontinuous cubic internal structures [99]. After engulfment of lipid-
based nanoparticles, the electrostatic and hydrophobic interactions of
cationic lipids with the anionic endosomal membrane lead to the forma-
tion of the Hy lipid phase causing endosomal escape (Fig. 3A) [99].
Sabnis et al. recently demonstrated the efficacy of novel ionizable
amino lipids possessing enhanced endosomal escape capabilities and
tolerability to chronic dosing in rats and non-human primates [7]. The
lipid-based nanoparticles containing their novel ionizable lipid (lipid
5) exhibited a 6-fold higher endosomal escape efficiency over DLin-
MC3-DMA-based nanoparticles [6,7]. Fusogenic helper lipids, such as
dioleoyl phosphatidyl-ethanolamine (DOPE) and cholesterol have also
been included in these lipid-based formulations to augment the forma-
tion of the Hy; phase [101]. Nanoformulations containing DOPE have fre-
quently shown superior efficacy to alternatives [101-104]. DOPE-
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containing lipoplexes have been reported for the delivery of negatively
charged proteins and peptides in Chinese hamster ovary cells and rat
embryonic cardiac fibroblasts [105]. These fusogenic liposomes, formu-
lated into proteoliposome complexes, demonstrated efficient delivery
of R-phycoerythrin, EGFP, nuclear transport factor-2, Dendra2, and
actin-binding peptide, LifeAct, in a size-independent manner. Choles-
terol is known to play key roles in stability, cell entry, and endosomal es-
cape of nanoparticles [101,104,47]. Cationic lipoplexes containing both,
cholesterol and DOPE, demonstrated a cholesterol-dependent increase
in DNA transfection efficiency with almost order of magnitude increase
in transfection at 40 mol% cholesterol compared to lipoplexes devoid of
cholesterol [106]. They found that these cholesterol-rich particles were
utilizing cholesterol-driven endocytosis and membrane fusion for cellu-
lar entry and cytosolic localization. This cholesterol-dependent im-
provement in DNA transfection was also observed with lipoplexes
containing 60, 70, and 80% cholesterol [107]. At these high cholesterol
molar ratios, differential scanning calorimetry revealed the presence
of anhydrous cholesterol domains in the nanoparticles [97]. The pres-
ence of these cholesterol domains was attributed to the ability of the
lipoplexes to avoid protein adsorption and facilitate membrane fusion
(Fig. 3A) [97].

Complexes of cationic polymers with nucleic acids, known as
polyplexes, are also designed with endosomal escape in mind. The
amines in these polymers drive the osmotic swelling and rupture of
the endosomes [108,109]. In particular, the secondary and tertiary
amines in these polymers reportedly contribute to this phenomenon
by scavenging protons and becoming cationic in the acidic environment
of the endosomes, resulting in the influx of more protons and counter
ions [108,109]. This influx increases the ionic concentration in the
endosomes and draws water inside by osmotic gradient, which leads
to swelling and, finally, endosomal rupture (Fig. 3B) [108,109]. In an-
other iteration of this hypothesis, called the umbrella hypothesis, the
polymers swell due to charge-charge repulsion following protonation
of the amines, causing the expanding polymer to rupture the endosomal
membrane (Fig. 3C) [89,109]. While conclusive evidence of this hypoth-
esis remains elusive, there are many publications attempting to study
this process [89,109-115]. Among the first cationic polymers tested
for nucleic acid delivery was poly-L-lysine (PLL). While PLL was able
to encapsulate nucleic acids, it failed to deliver nucleic acids efficiently
due to aggregation and it inability to avoid lysosomes [110,116]. It
was soon suggested that endosomal buffering was required for efficient
delivery to cytosol using cationic polymers, which was enabled by the
inclusion of a high density of ionizable secondary and tertiary amines
into the polymers. Polyethyleneimine (PEI) has been proposed to use
similar pathways to escape the endosomes. N-quaternization of PEI re-
duces DNA transfection by two-orders of magnitude relative to PEI, sug-
gesting the necessity of the PEI's buffering effect [110]. The intracellular
pH environment of PEI polyplexes was found to have an average pH of
6.1 compared to permethyl-PEI (pH 5.4), perethyl-PEI (pH 5.1), and
polylysine (pH 4.6) polyplexes, suggesting that the PEI polyplexes
have evaded trafficking to the acidic endolysosomes. A contradictory
study in HeLa cells reported that DNA polyplexes with linear or
branched PEI failed to induce changes in the lysosomal pH [111]. Per-
haps an explanation for this is that the ATPase pumps may be able to
overcome the buffering effects of PEI and maintain lysosomal pH stabil-
ity. Another possibility is that a change in lysosomal pH may not be
observed due to endosomal leakiness resulting from transient pore for-
mation by polymer-membrane interactions as described previously
(Fig. 3) [91]. Correlating the lysosomal size and concentration of PEI in-
side the lysosomes to mathematical calculations of critical membrane
tension, it was postulated that a high PEI concentration might be re-
quired for lysosomal rupture [111]. This need for high accumulation of
polymer inside the endo-lysosomes has been reported elsewhere
[112]. However, in this case, efficacy would have to be balanced with cy-
totoxicity arising from exposure to a high concentration of cationic ma-
terials [117,118]. Vermeulen at el. determined that endosomal escape

exploiting the proton-sponge effect is influenced by the endosomal
size and membrane leakiness [113]. Endosomal size and leakiness
were found to be cell-type dependent. Interestingly, the smaller
endosomes in HeLa cells permitted 3.5-fold higher endosomal escape
efficiency of JetPEl/ pDNA polyplexes relative to the larger endosomes
of ARPE-19 cells, despite higher uptake in ARPE-19. This difference
could not be attributed to differences in endosomal acidification or mo-
bility. Moreover, even in HeLa cells, escape was only observed in fewer
than 10% of the polyplex-containing endosomes. This was found to arise
from the leakiness of the endosome, likely resulting from interactions of
polyplexes with the endosomal membrane, preventing effective
buildup of osmotic pressure inside the endosomes to cause rupture. In
further tests with A549 (large endosomes) and H1299 (leaky
endosomes) cells, showed poor escape efficiencies for both cell lines,
confirming the cell type-dependent detrimental impact of large endo-
some size and leakiness. Whether these differences in transfection are
only due to variation in endosomal size and perhaps related to a myriad
of other factors associated with cell type is unclear, and these studies re-
quire validation using methods that increase the endosomal size within
the same cell-type which serves as an internal control. Interrogation of
proton-sponge effect using super-resolution stochastic optical recon-
struction microscopy (STORM) exposed the importance of polyplex ar-
chitecture and cationic polymer rigidity in facilitating endosomal escape
through endosomal swelling and rupture (Fig. 3B) [114]. It was specu-
lated that grafting highly branched, and rigid cationic polymers (cat-
ionic glycogen and branched PEI) onto silica nanoparticles limits the
interactions of the polymers with the lipid membrane, thereby driving
escape through rupture of the endosomes not via membrane destabili-
zation, in contrast to previous reports [91,113]. Additionally, the cyto-
solic dissociation of nanoparticles was found to be a rate-limiting step
for glycogen-mediated siRNA delivery. Despite these advances and find-
ings, on average, merely one or two escape events have been observed
per cell [91,113,116].

A relatively straightforward means to improve endosomal escape is
by supplementing the nanocarrier delivery with small molecule en-
hancers. Some of the widely employed molecules are the
lysosomotropic agents (e.g., chloroquine, primaquine, ammonium chlo-
ride, tributylamine, methylamine) which can impede endosomal acidi-
fication, a process analogous to the proton-sponge effect [119]. This is
postulated to hinder the activation of the lysosomal enzymes and in-
crease retention of the nanoparticles inside the endo-lysosomal system.
This retention provides additional time for nanoparticles to reach the
cytosol. It was also found that chloroquine can induce dissociation of
the polyplex, allowing cytosolic and nuclear localization of the nucleic
acids [119].Additionally, it can also bind to DNA and may protect it
against nuclease attack [120,121].

Massive libraries of pharmacologically active compounds have been
screened to find endosomal escape agents for enhancing the delivery of
clinically-relevant systems. One such study tested a library of over
45,000 compounds composed of kinase inhibitors, FDA-approved
drugs, purified natural compounds, and other drug-like compounds to
enhance siRNA delivery by lipid-based nanoparticles and cholesterol-
conjugated siRNA. Fifty-one compounds were identified in the initial
screen which improved gene silencing by 2-5 fold in HeLa [122].
These hits, validated in human primary fibroblasts and hepatocytes,
were found to have mechanisms of action dependent on the delivery
system as well as the cell type and was mediated by boosting endocyto-
sis or escape from endosomes. In an even larger screen, Yang et al. iden-
tified 67 small molecules as enhancers of in vitro efficacy of splice
switching oligonucleotides (SSOs) out of >100,000 compounds derived
from multiple libraries [18]. One of the molecules, UNC7938, improved
SSO-mediated luciferase induction in HeLaLuc705 cells by 220-fold [18].
Substantial enhancement of efficacy was also observed for antisense ol-
igonucleotides and cholesterol-conjugated siRNA as well as receptor-
targeted RGD-SSO-albumin conjugates in the presence of UNC7938.
The enhancement effect of UNC7938 was successfully translated to
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in vivo in EGFP654 transgenic mice where SSO-mediated correction of
splicing was observed in liver, kidneys, and heart. UNC7938 and its an-
alogues potentiate oligonucleotide release from the late endosome via
mechanisms distinct from the proton-sponge effect [18]. In follow-up
studies on analogues of UNC7938, analysis of structure-activity relation-
ship to dissect the fundamental characteristics governing the
endosomal enhancer activity revealed that the lipophilic aromatic
groups on UNC7938 is essential for activity and that the tertiary nitro-
gen was required [123]. UNC7938 family of compounds enables higher
potency by enhancing permeability of oligonucleotides from an inter-
mediate stage of trafficking between the early and late endosomes.

A commercially-available screen of 1,280 pharmacologically
active compounds (LOPAC'?%9) revealed that Guanabenz acetate
(Wytensin™), approved as an antihypertensive drug in 1982, could en-
hance RNAI efficacy of cholesterol-modified siRNAs by almost 100-fold.
It was found that Guanabenz achieves this by inducing higher uptake,
likely through weak non-covalent interactions with the siRNA, and
mRNA silencing through an, as yet, unknown mechanism [124]. Patel
et al. utilized a relatively small library of 212 bioactive lipids to enhance
endosomal escape [17]. They hypothesized that the bioactive lipids
could be utilized to influence the intracellular pathways to enhance
endosomal escape of lipid-based nanoparticles. Moreover, these bioac-
tive molecules could be readily incorporated into lipid-based nanoparti-
cles due to their hydrophobicity for site specific delivery. They
discovered that MK-571, a leukotriene receptor antagonist, and its func-
tional analogues significantly enhanced mRNA transfection in vitro and
in vivo.

An ingenious technique requiring a combination of NaCl
hypertonicity-induced macropinocytosis and a transduction compound
(propanebetaine), known as iTOP (induced transduction by
osmocytosis and propanebetaine), was recently utilized for the efficient
delivery of macromolecules such as cytosolic and nuclear protiens as
well as small RNAs into a broad range of primary cells [125]. The iTOP
system also demonstrated efficient gene editing following transduction
of Cas9 protein and sgRNA. It was determined that the NaCl hypertonic
media induced macropinocytic uptake of proteins, while the non-
detergent Sulfobetaine-201 or the neurotransmitter gamma-amino-
butyric acid triggered macropinosome leakage.

As a consequence of the challenges in tracking or measuring the ef-
ficiency of intracellular delivery, direct evidence of endosomal escape is
not always demonstrated but rather inferred through enhancement in
gene expression, gene knockdown, or other improvements in efficacy.
However, recent studies have been able to quantify endosomal escape
of nucleic acids using electron microscopy (EM), fluorescent in-situ hy-
bridization (FISH), and super-resolution imaging [6,7,113,114]. It
should be noted that despite often being associated with cytosolic deliv-
ery, the term endosomal escape may also be applied to endosomal traf-
ficking to productive compartments such as the ER or TGN. For instance,
Stalder et al. established the outer rough ER membrane to be the central
nucleation site for siRNA-mediated gene silencing [126]. As such, it is
possible that in some cases the observed enhancement in efficacy arises
from trafficking directed towards productive subcellular compartments
rather than direct cytosolic delivery. Materials capable of preferential
delivery to the ER may boost RNAi-mediated gene silencing or mRNA
translation for protein synthesis.

Although synthetic delivery vectors have been developed to im-
prove intracellular delivery, their intrinsic artificiality occasionally ham-
pers the therapeutic efficacy by causing unexpected toxicity, rapid
clearance, or off-target effects. Clues to overcome these risks can be
found in natural particulates which have evolved over time [35]. Signif-
icant effort has been made towards the development of drug carriers
which exploit the natural trafficking machineries leading to the advent
of biomimetic delivery vectors. Even though many kinds of bioinspired
vectors have been developed, we confined our scope to the recent ad-
vances in biomimetic nanocarriers for drug delivery.

Viral vectors have been used for a long time in gene delivery. Their
highly efficient mechanisms of immune evasion, cell entry, and
endosomal escape made them the most advanced vectors for gene de-
livery. Since the high efficiency of delivery is mainly mediated by viral
proteins, virus-mimicking nanocarriers contain viral proteins in their
compositions. Virus-like particles are recombinant viral particles void
of viral genome. They are self-assembled complexes of viral proteins
and behave like natural viruses [127,128]. Virosomes, which have viral
proteins embedded on a lipid layer, are replication-incompetent but
share similar capabilities for membrane fusion. For example, virosomes
equipped with L protein of hepatitis B virus were able to escape from
endosomes by exposing the fusogenic domain at endosomal pH [129].
Peptide sequences derived from viral proteins have been used to bind
the microtubule motor protein, dynein, for efficient intracellular deliv-
ery [130]. Gold nanoparticles modified with the dynein-binding pep-
tides demonstrated efficient cellular internalization and high cytosolic
motility by hitchhiking on dyneins. These biomimetic nanoparticles
were also transported between cells through cell-to-cell contact and
were able to cross the nuclear membrane. Despite these effective func-
tions of viral proteins, their intrinsic immunogenicity raises concerns
about undesirable immune responses, which delays clinical interven-
tions. It can be useful for vaccination due to potential adjuvanticity of
viral components. Nonetheless, the safety of virus-mimicking vectors
should be thoroughly studied for usages other than vaccine delivery
[35].

Peptides have been recently tested that can mimic the native charac-
teristics of intracellular trafficking. Yang et al. have developed a comple-
mentary pair of cholesterol-conjugated (via a polyethylene glycol (PEG)
spacer) coiled-coil peptides (“Es” [(EIAALEK)s] and “Ks” [(KIAALKE)s])
to mediate membrane fusion in SNARE protein complex inspired man-
ner [131]. Cell membrane could be spontaneously modified with the
peptides by insertion of the cholesterol moiety. The nanoparticle, in
this case, a liposome containing propidium iodide, TO-PRO®-3, or doxo-
rubicin, decorated with the complementary peptide mediated efficient
cytosolic delivery. This technology was also demonstrated to be feasible
for in vivo delivery of doxorubicin to skin epithelial cells in zebrafish em-
bryos. PEI polyplexes have also been tagged with histone 3-derived pep-
tides to bypass the need for endosomal escape for pDNA delivery [132].
These histone-targeted polyplexes underwent differential trafficking
through the caveolae-mediated endocytosis and accumulated in the
ER/TGN, avoiding the degradative pathways, and finally reaching the
nucleus following mitosis.

Proteins conjugated to drugs via acid or enzyme labile linkers have
also been developed for intracellular delivery of cancer therapeutics
[2]. Antibodies target specific receptors differentially expressed on
cancer cells and are internalized along with the drug. The low
endosomal pH or specific lysosomal enzymes then cleave the linker
and release the drug into the cancer cells [133,134]. Several nanodrugs
such as Ontak, Mylotarg, Adcetris, Kadcyla, and Vintafolide, designed
on the basis of aforementioned principle are either approved or in var-
ious phases of clinical trials [135-138]. In cancer immunotherapy, ac-
tivation of the stimulator of interferon gene (STING) pathway is under
extensive investigation to trigger interferon I-driven immune re-
sponses against cancers. Recently, multiple groups have used nanopar-
ticles to deliver STING agonists across vesicular compartments
[139-141]. Shae et al. developed polymeric nanoparticles for deliver-
ing a cyclic dinucleotide ligand for STING, 2’3’ cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP), to the cytosol.
They screened a series of differently weighted PEG-block-[(2-
(diethylamino)ethyl methacrylate)-co-(butyl methacrylate)-co-(pyri-
dyl disulfide ethyl methacrylate)] copolymers to discover the most ef-
ficiently escaping polymer from endosomes based on haemolysis
assay. The optimized nanoparticles were able to deliver cGAMP to
the cytosol and displayed effective anti-melanoma effects in preclini-
cal animal models [139].



S. Patel et al. / Advanced Drug Delivery Reviews 144 (2019) 90-111 97

3.2. Targeting vesicular compartments to restore cell function

LSDs make for interesting therapeutic and diagnostic targets. These
disorders are characterized by the endo-lysosomal accumulation of sub-
stances such as lipids, polysaccharides and proteins as a result of defects
inintracellular trafficking (Fig. 4) [26]. Mutation in NPC1/2 result in cho-
lesterol accumulation in the late endosomes/lysosomes due to blocked
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efflux from these compartments (Fig. 4) [142,143]. This type of accumu-
lation was shown to be beneficial for nanoparticle delivery [9]. sSiRNA
delivery to the cytosol is enhanced in the NPC1 knockout cells compared
to the wild-type. Tropism of nanoparticle to the lysosomes has been uti-
lized to both dissect the molecular mechanisms of NPC dysfunction and
preferentially deliver therapeutic agents to ameliorate cholesterol
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Fig. 4. Altered lipid trafficking in Niemann Pick type C disease. (A) Schematic illustrations of lipid trafficking in the normal condition and NPC disease. (i) In normal cells, cholesterol is
processed from endo-lysosomal system to the endoplasmic reticulum, Golgi-complex, and other organelles. (ii) Loss of function mutation in NPC1 or NPC2 inhibit the egress of
cholesterol and other lipids to cytoplasmic locations, accumulating them in late endosomes and lysosomes. Reproduced with permission from [143], Copyright 2008, Cambridge
University Press. (B) NPC1—/— Mouse Embryonic Fibroblasts (MEFs) had enlarged late endosomes than the NPC1+/+ MEFs. Cholesterol was accumulated in the late endosomes of
NPC1—/— MEFs whereas it was much diffused to cytoplasm in NPC1+/4 MEFs. NPC1—/— and NPC1+/+ MEFs were transfected with Rab-7 GFP (pseudo colored green) to label late
endosomes. After fixation, the cells were stained with filipin (red) to visualize subcellular cholesterol. Dotted lines indicate the cell outline; white and black arrows indicate filipin and
Rab7-GFP, respectively. Reproduced with permission from [146] Copyright 2016, Springer Nature.
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were used to isolate late endosomes and analyze their chemical compo-
sition in NPC1 null cells [144,145]. Brown et al. recently utilized PEG-
lipid micelles as bioactive agents [146]. The PEG-lipid micelles were ob-
served to effectively colocalization with the accumulated cholesterol
within the endolysosomes. Furthermore, the combination treatment
with PEG-lipid micelles and 2-hydroxypropyl-B-cyclodextrin could
synergistically facilitate cholesterol efflux from these endosomal com-
partments [ 146]. Interestingly, cationic polymer-based nanoparticle for-
mulations which use caveolae-mediated internalization route instead of
macropinocytosis, showed less efficient uptake and low endosomal es-
cape of cargo suggesting that the composition of the nanoparticles and
their route of cellular internalization plays a critical role in determining
the efficacy of these delivery systems [147].

Intercellular adhesion molecule 1 (ICAM1)-conjugated polystyrene
and poly(lactic-co-glycolic acid) (PLGA) nanocarriers were used to de-
liver acid sphingomyelinase to the lysosome [148]. The nanocarriers
carrying acid sphingomyelinase reached lung, liver, and spleen with
a much higher efficiency than the enzyme alone and reduced storage
of sphingomyelin in mice lungs. A similar strategy was used in the
case of Fabry disease to deliver c-galactosidase A, to reduce lysosomal
accumulation of globotriaosylceramide as well as in Pompe disease to
deliver acid ai-glucosidase (GAA) in order to decrease excessive glyco-
gen storage in mice [149,150]. In a different approach, the inherent
cellular clearance pathways were stimulated to treat lysosomal stor-
age disorders. Spampanato et al. transfected GAA null mice with
adeno-associated virus (AAV) expressing transcription factor EB
(TFEB), a transcription factor that has been shown to be a master reg-
ulator of lysosomal biogenesis and autophagy [151,152]. TFEB overex-
pression led to increased formation and fusion of autophagosomes
and lysosomes leading to clearance of accumulated glycogen. Intra-
muscular or systemic delivery of AAV-TFEB in mice caused the overex-
pression of TFEB (under muscle creatinine kinase promoter) and
resulted in enhanced glycogen clearance and improved muscle archi-
tecture [153].

Intracellular pathogens such as Salmonella enterica serovar
Typhimurium and Francisella tularensis evade the immune systems
and therapeutics by residing in the endo/lysosomes or cytosol of
cells [27,154-156]. A new delivery system made up of acetalated dex-
tran (Ace-DEX) was developed to deliver a hydrophobic drug, AR-12,
to phagocytes [157]. These biodegradable and pH responsive Ace-
DEX microparticles (200 - 1000 nm in size) demonstrated efficacy at
reducing bacterial burden in human monocyte-derived macrophages
infected with Salmonella enterica serovar Typhimurium. Intranasal
delivery of these particles in mice showed highest localization in
lungs, liver, and kidney. The Ace-DEX microparticles were found to in-
duce escape from the endo/lysosomal system via an unknown mech-
anism. The presence of inflated lysosomes led to the hypothesis that
the escape may be caused by polymer swelling leading to membrane
destabilization or proton-sponge effect. Targeting the mannose recep-
tor has emerged as a strategy for delivery to macrophages, which
overexpress this receptor [158-161]. Choi et al. also reported that
the presence of mannose on the gallium-loaded polymeric nanoparti-
cles helped the internalization of the nanoparticles into macrophages,
thereby enhancing anti-microbial effects of gallium against Mycobac-
terium tuberculosis [162]. They also demonstrated that endosomes
containing the gallium (Ill)-loaded nanoparticles fused with
phagosomes and helped the maturation of phagosomes by inhibiting
the activities of Mycobacterium tuberculosis. This affinity of macro-
phages to mannose can also be employed to deliver cargos targeting
the immune system, such as antigens and immunostimulants
[158,161,160]. Recently, Ai et al. developed mannosylated albumin
nanoparticles for oligodeoxynucleotide delivery [163]. The mannose
moiety on the nanoparticle surface helped to target macrophages,
and the oligodeoxynucleotides stimulated the endosomal toll-like re-
ceptors upon the endocytosis of the nanoparticles.

3.3. Endosome-derived vesicles for intracellular delivery of exogeneous
molecules

Exosomes refer to a type of membrane-derived vesicles, which are
30-150 nm in diameter. They are generated from intraluminal vesicles
by inward budding of endosomal membrane of multivesicular
endosomes and secreted upon fusion of these with the plasma mem-
brane (Fig. 1). Exosomes are capable of delivery of various cargos, in-
cluding proteins, lipids, and nucleic acids acting as communicators
that mediate exchange of signals between cells (Fig. 5A) [164]. They
are involved in a wide range of intercellular communications, including
antigen presentation [165,166], immunomodulation [167,168], tissue
repair [169,170], and cancer growth [171,172]. Exosomes isolated
from patients with cancers contain specific biomarkers, highlighting
their potential in cancer diagnostics and early detection [173,174].
These vesicles are biocompatible carriers that can be tuned to present
specific molecules on the surface by engineering the donor cells
(Fig. 5A) [175-177]. It is possible to introduce artificial or exogenous
molecules into the membrane of exosomes [178]. Moreover, they are
considered to have an innate homing capability which can be used to
control their biodistributions and targeting (Fig. 5A) [36]. Even though
it is not clear how exosomes reach particular recipient cells, there is in-
creasing evidence that the composition of exosomes influences their
fates and functions [36,39]. For instance, syncytin 1 in the trophoblast-
derived exosomes causes cellular uptake of exosomes [179]; while
CD47 expression prevents phagocytic uptake [180]. Macrophage-
derived exosomes can utilize, 1) the integrin lymphocyte function-
associated antigen 1 and ICAM-1, and, 2) the carbohydrate-binding
C-type lectin receptors, to interact with brain microvessel endothelial
cells comprising the blood-brain barrier [181]. Another example
shows that exosomes with amyloid (> (A4) protein preferentially target
neurons; while the ones with tetraspanin interact with both neurons
and glial cells [182]. Exosomes are thought to fuse with plasma and
endosomal membranes by docking through membrane-anchored
lipids, sugars, or proteins allowing release of packaged molecules di-
rectly to cytosol, avoiding endo-lysosomal degradation [183]. However,
there are ample studies that have suggested exosomes also enter cells
by multiple endocytic pathways and get entrapped in endolysosomal
compartments like any other material [43,181,184]. These processes
can be variable depending on the type of donor and recipient cells,
and the composition of exosomes. Nonetheless, this inherent
fusogenicity of exosomes can significantly boost the delivery efficiency,
leading to enhancedtherapeutic outcomes.

A number of studies proved that exosomes can be used as delivery
vectors for various therapeutics. Small molecules, such as curcumin
[185], doxorubicin [177] and paclitaxel [178,184], were encapsulated
in exosomes by co-incubation, mild sonication, or extrusion (Fig. 5B-i-
iii). [186]. Proteins were also loaded into exosomes by prior transfection
of parental cells with corresponding genes (Fig. 5B-iv) [175,187]. The
delivery of exosomes and their cargo to the brain increases during
brain inflammation, which could be due to increased expression of cell
adhesion molecules, such as ICAM-1 at the blood-brain barrier [181].
Batrakova and colleagues reported that therapeutic proteins could be
delivered to central nervous system using exosomes [36,43]. They
transfected the IC-21 macrophage cells with plasmid DNA encoding
tripeptidyl peptidase-1 (TPP1), and demonstrated the exosomes re-
leased from the transfected cells contained the functional TPP1 and
TPP1-encoding nucleic acids. They showed that fluorescently-labeled
exosomes reached the brain tissues across the blood-brain barrier
upon intraperitoneal administration and the exosome-mediated TPP1
delivery enhanced in vivo survival rates in the mouse model of Batten
disease. Short nucleotides, including siRNA and miRNA, were delivered
using exosomes as well [176,188]. Pegtel et al. reported that virus-
derived miRNA was encapsulated in exosomes by prior infection of
donor cells with virus (Fig. 5B-iv) [189]. Wood and coworkers encapsu-
lated exogenous siRNA in isolated exosomes by electroporation
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Fig. 5. Harnessing exosomes for drug delivery. (A) Exosomes are considered to have great potential as drug delivery systems due to their biocompatibility, cargo protection, long circulation
time, and targetability to specific cells/tissues. Also, the lipid membrane of exosomes allows for loading hydrophobic and hydrophilic drugs in the interlayer and core compartments,
respectively. Redrawn from [327]. (B) Cargo packaging in exosomes for drug delivery. (i) Incubation of exosomes with cargos allows for the encapsulation of cargos in the exosomes.
(ii) Sonication destabilizes the membrane of exosomes, which leads to the influx of cargos. (iii) Extrusion of exosomes with cargos causes physical breakages of the membrane,
resulting to the encapsulation of cargos. (iv) Transfection of parental cells with a gene of interest can introduce the generation of the exosomes containing cargos. (v) Electroporation
transiently increases the permeability of exosomal membrane so that genetic cargos can be incorporated.

(Fig. 5B-v) [186]. They engineered the bone marrow-derived dendritic
cells not only to package exogenous siRNA by electroporation, but also
to express the rabies viral glycoprotein peptide that selectively binds
to the acetylcholine receptor. Intravenous administrations of the
engineered exosomes displayed the accumulation of the exosomes in
neurons, microglia, and oligodendrocytes in the mouse brain, leading
to the silencing of the specific gene expression. It is challenging to pack-
age larger nucleic acids (i.e.,, mRNA and pDNA) in exosomes due to their
size and negative charge. Recently, Kojima et al. reported that exosomes
could be designed to package therapeutic mRNA by engineering donor
cells and the exosomes produced from the engineered cells delivered
therapeutic mRNA to target organs upon implantation of the cells in a
preclinical animal model [190]. However, there are several challenges

relating to exosome-mediated delivery. Loading efficiency of exosomes
is relatively poor compared to other types of delivery vehicles, usually
no more than 30% loading efficiency for small molecules, with often
worse loading for genetic cargos. Another challenge is heterogeneity
of exosomes, which makes it challenging to characterize and purify
them. In particular, it is not trivial to differentiate exosomes from
other extracellular vesicles (i.e., ectosomes) since size ranges are over-
lapping and morphologies are similar to each other [164]. These two
limitations can significantly hamper the yield of exosome production.
Furthermore, natural exosomes include endogenous debris or signaling
molecules. Inclusion of unknown or disrelated molecules may inhibit ef-
fects of the therapeutic cargos or cause side-effects, particularly when
administering a large dose. In spite of these challenges, exosomes are
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still very promising as a delivery platform. Since exosome engineering is
rapidly evolving, novel methods free of the aforementioned concerns
may appear soon.

4. Tracking intracellular trafficking of nanomaterials

While a plethora of studies are focusing on understanding the nano-
particle interactions at the cellular and subcellular levels, these studies
are primarily performed in a model cell line in vitro. There are fundamen-
tal differences in the endocytosis and endosomal trafficking in vitro/
ex vivo and in vivo [6,191-195]. These findings highlight the significance
of developing and utilizing techniques for in situ analysis of nanoparticle
trafficking. Such insights would enable rational development of advanced
delivery systems while directing the evolution of nanomedicines closer
and closer to more relevant in vivo settings. An arsenal of biochemical
and biophysical tools has been developed and implemented over the
years, which has contributed to the elucidation of nanomaterial intracel-
lular trafficking properties, interacting moieties, subcellular localization
as well as spatiotemporal localization within cells and even organelles
(Fig. 6). Thanks to the continuous improvements in these technologies,
it is even now possible to see high resolution 3D images with subcellular
detail in whole, multicellular transparent live model systems like
zebrafish as evidenced by Betzig and colleagues [196].

4.1. Electron microscopy

EM is one of the leading techniques used for high resolution imaging
at the vesicular level by electromagnetic focusing of electron beams
onto thinly cut sections of cells or tissues (Fig. 6A). EM uses electron
beams rather than photons of light, and therefore has sufficient power
to provide image resolution greater than 50 pm [197]. The transmission
electron microscope as well as the scanning electron microscope have
been widely used for the physiochemical characterization of nanoparti-
cle formulations with near atomic resolution [198-200] as well as the
visualization of nanoparticle trafficking and uptake in the drug delivery
and imaging fields for decades (Fig. 6A) [6,17,201-205]. It has also been
implemented in elucidating viral uptake and distribution in tissues with
subcellular detail [206,207]. In recent years, higher resolution advance-
ments have arisen from new direct electron detectors and software im-
provements for image processing [208-210] and have subsequently
allowed imaging and detailed, morphological characterization of large,
flexible, and native conformation bioconjugates [195-197]. This has
led to detailed single particle analysis related to nanoparticle formation
and characterization, uptake, intracellular interaction elucidation, traf-
ficking and delivery with atomic-scale resolution [200,211-216]. Frau-
enfeld and company recently showed how using EM advancements at
their fingertips, they were able to characterize the reconstitution and
stabilization of membrane proteins in their saponin-nanoparticle sys-
tem and produced high-resolution structural findings to help stabilize
them in the proper scaffold [211]. Azubel et al. employed cryo-
electron microscopy advancements to image cell trafficking and mech-
anistic dynamics of fibroblast growth factor 21 when tagged with gold
nanoparticles and delivered into human fat cells. This technique, in
principle, allows for determining the structure proteins form inside
cells at high resolution [214].

Gilleron et al. went a step further and utilized quantitative fluores-
cence imaging and electron microscopy to observe the uptake, traffick-
ing, and endosomal escape of gold-tagged siRNA-loaded lipid-based
nanoparticles in vivo (Fig. 6A) [6]. This important study quantified the
inefficiency of endosomal escape even for state-of-the-art lipid-based
nanoparticles. They found that endosomal escape was taking place at
a specific stage in the trafficking process, allowing less than 2% of
siRNA to escape to the cytosol in HeLa cells in vitro and in mouse liver
hepatocytes in vivo [7]. Taken together, these improvements and their
continued applications with other techniques like fluorescence, are fur-
ther improving our understanding of the endocytic voyage of

nanoparticles in biological systems. Although the resolution and struc-
tural detail available with these tools is cutting-edge, the scope of infor-
mation we can extract using these techniques is limited to in vitro and
ex vivo analysis of trafficking and delivery in most cases.

4.2. Super resolution microscopy

Fluorescence imaging is a ubiquitously implemented technique used
to probe a wide range of biological obscurities, including endocytic in-
tracellular trafficking and drug delivery (Fig. 6B). The field has advanced
a great deal since the isolation of GFP from jellyfish in 1961 [217]. It is
now possible to look deep inside cells past the previously restrictive dif-
fraction limit of optical microscopes and into the realm of super resolu-
tion fluorescent microscopy [218,219]. STORM, also referred to as
photoactivation localization microscopy (PALM) is an offshoot of
super resolution microscopy that uses switchable organic fluorophores
that can be individually turned on and off to map their nano-specific lo-
cation in a sample to an astounding 20 nm resolution (Fig. 6B) [218].
The full image is reconstructed from iterative rounds of fluorophore
switching, mapping, and subsequent reconstruction [220]. This tech-
nique can provide novel information on nanoparticle characterization
(Fig. 6B) and cell uptake at the single molecule level in a way that
other methods like electron microscopy cannot [221,222]. STORM/
PALM has made it possible to reconstruct 3D localization of fluorescent
probes, yielding 3D, near-molecular resolution images of nanoscopic
cellular structures [223]. With this nanoscopy in mind, the cell traffick-
ing field has adapted STORM/PALM to precisely elucidate the size and
position of nanoparticles inside cells, providing the ability to probe in-
teractions within cellular machinery during uptake and trafficking in di-
verse populations of cells including primary dendritic cells, derived cell
lines like BS-C-1 and ex vivo [222-224]. To date, this technology has
given great insights into nanoscale trafficking, and it will benefit from
the continued development and eventual meshing with in vivo imaging
technologies like intravital imaging to elucidate mechanisms of nano-
particle trafficking in living animals.

4.3. Single particle tracking

Fluorescent-based single particle tracking is providing us with tre-
mendous insight into nanoparticle trafficking and interactions
(Fig. 6B) [225-229]. It is a valuable tool in the booming super resolution
microscopy field [230]. Our current understanding of nanoparticle in-
teractions with its environment are still largely based on bulk observa-
tions involving multiple particles. A detailed investigation into the
interactions of a nanoparticle along its journey into the cell and out of
the endosome and beyond requires precise spatiotemporal imaging in
3D space and variable time scales. The passive or active translocation
of a nanoparticle, through rapidly changing distinct environments, in-
volving interactions with lipids, proteins, nucleic acids and other intra-
cellular constituents, over time-scale of seconds to hours, needs to be
considered and tracked. The effective delivery of a nanoparticle has to
transverse this highly dynamic route. Surface properties of nanoparti-
cles were shown to influence diffusion in the cytosol. Single-particle
tracking was applied to monitor diffusion of quantum dots with neutral,
anionic, or zwitterionic surface modifications [225]. Observations impli-
cate the involvement of surface charge in cellular uptake but interest-
ingly had little effect on cytosolic localization and the zwitterionic
quantum dots demonstrated highest cytosolic mobility and homogene-
ity. Welsher and Yang developed a 3-D multiresolution imaging tech-
nique to investigate the cell binding and uptake of TAT-modified
polystyrene-quantum dot nanoparticles in real time (Fig. 6B) [229].
This interrogation revealed that the nanoparticles exhibited ‘kiss-and-
run’ behavior with transient binding and unbinding taking place. Decel-
eration of nanoparticles on approach to the cell membrane experienced
deceleration earlier than predicted, indicating potential interaction with
cell surface receptors. Nanoparticle tracking on local membrane
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Fig. 6. Approaches to trace the intracellular trafficking of nanomaterials. (A) Electron microscopy can be used to track the subcellular locations of nanomaterials. (B) Fluorescence
microscopy has been developed to achieve higher resolutions, real-time and intravital imaging, and deeper penetration into tissues. By labeling nanomaterials with fluorophores, their
trafficking can be traced using these methods. (C) PET scan is extremely sensitive and quantitative tool to track radiolabeled nanomaterials. (D) Genetic engineering is present as a
useful tool to study trafficking of nanoparticles. Uses of knockout cell lines and transgenic animals allow tracking modulators involved in the nanoparticle trafficking. (E) DNA
barcoding is particularly useful to investigate endosomal escape for gene delivery. With Ai9 mice and next generation sequencing, it is possible to examine the transfection
quantitatively as well as qualitatively. Adapted from [6] (A), [7,222,229,247,253] (B), [282] (C), [9,289] (D), and [293] (E) with permission.

structures and filopodia uncovered correlation between membrane 4.4. Intravital microscopy
structures and membrane fluidity with implications for nanoparticle

delivery and viral infections. Another study employed nanocarriers Fluorescent microscopy, along with EM, forms the core of toolbox at
made up of a photoactive copolymer and 1,2-distearoyl-sn-glycero-3- our disposal for studying intracellular trafficking. While EM imaging
phosphoethanolamine-PEG2k coated with cancer cell membrane to must be conducted on tissue sections, a subset of fluorescent micros-
study tumor structure in vivo [231]. copy provides us the capability to study endocytosis and trafficking in

live animals through intravital imaging. Intravital imaging is typically
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performed using fluorophores, materials conjugated or loaded with
fluorophores, and fluorescent transgenic animals [231-233]. Advances
in intravital imaging would allow us to study dynamic cellular mecha-
nisms in their native environment. Furthermore, the pharmacokinetics
and pharmacodynamics of therapeutics and nanoparticles can be evalu-
ated in vivo, enabling improved understanding and prediction of the un-
derlying mechanisms and effects in various physiological and
pathological states (Fig. 6B) [231-238]. Intravital imaging may also
open new avenues for diagnostics and early detection. Endosomal exo-
cytosis has also been studied in vivo using intravital imaging [191]. In
one such study, the exocytosis of large secretory granules in the acinar
cells of the submandibular salivary glands in transgenic mice (ubiqui-
tously expressing soluble GFP or membrane-targeted tdTomato) was
imaged at subcellular resolution using confocal intravital microscopy
[239]. Observation of exocytosis in acinar cells in rats transfected with
GFP-LifeAct (to label the actin filaments) or RFP-LifeAct together with
GFP-farnesyl (to label actin and the plasma membrane, respectively)
showed that secretory granules fuse with the apical plasma membrane
to release their contents via a slow F-actin- and mysoin II-dependent
collapse. Higher amount of details can be obtained by combining fluo-
rescent microscopy and 3D electron microscopy [240,241]. Advances
in light microscopy and EM has provided us the capability for single-
cell and subcellular resolution for organ- and organism level imaging
and may be used to study trafficking of nanomaterials in-vivo.

4.5. Two-photon microscopy

Since Denk et al. first applied two-photon microscopy in 1990, it has
rapidly become an established technique for intravital imaging
[232,233,242-244] and more importantly, it has been adapted to
super resolution microscopy techniques much like other fluorescence
tools [245]. Two-photon or multiphoton microscopy utilizes two or
more low energy photons to excite a fluorophore instead of the single
high energy photon required for traditional microscopy. The low energy
of the photons reduces scattering and increases tissue penetration. Ad-
ditionally, the low probability of simultaneous absorption of two low
energy photons provides the ability to tightly control excitation
allowing for high resolution 3-D imaging [242,246]. Intravital two-
photon microscopy in rat kidney revealed that fluorescently-labeled
folic acid could undergo transcytosis across the proximal tubule cells
following binding and uptake on the apical side [235]. Majority of the
folic acid accumulated in the lysosomal compartments. Similarly, a
folate-PEG-rhodamine conjugate with varying lengths of PEG was
coupled with intravital multiphoton microscopy to gain a better under-
standing of the kinetics of tumor accumulation resulting from folate-
mediated endocytosis demonstrating that higher molecular weight
PEG results in longer circulation times but sluggish tumor penetration
(Fig. 6B) [247]. The transport of insulin-loaded deoxycholic acid-
conjugated chitosan nanoparticles across the rat intestinal epithelium
following oral administration was tracked via intravital two-photon mi-
croscopy and found the involvement of the apical sodium-dependent
bile acid transporter-mediated endocytosis [248].

4.6. Dynamic fluorescent microscopy

Dynamic subcellular and molecular events and interactions can
also be elucidated by exploiting fluorescent imaging techniques such
as Forster resonance energy transfer (FRET), fluorescence recovery
after photobleaching (FRAP), fluorescence loss in photobleaching
(FLIP), and fluorescence lifetime imaging microscopy (FLIM)
[86,225,249-251]. FRET has also been used to study nanoparticle as-
sembly and dissociation (Fig. 6B) [9,252]. Zhao and colleagues have ap-
plied FRET imaging to determine the fate of nanoparticles in vivo using
self-assembled lipidic nanoparticles with quantum dot core and PLGA
nanoparticles loaded with doxorubicin prodrugs (Fig. 6B) [253,254].
They found that the nanoparticles were subjected to rapid lipid

exchange with blood components resulting in dissociation of the nano-
particles. The quantum dot cores were internalized by the cells in the
tumor, lymph nodes, and the mononuclear phagocyte system [253].
Similarly, drug encapsulated within nanoparticles can be released pre-
maturely due to interactions with serum components such as albumin
and high-density lipoprotein. FRET further revealed that hydrophobicity
and miscibility of cargo with the nanoparticle are key properties affect-
ing the drug release profile and modulating these properties by modify-
ing the drug (doxorubicin) could enhance antitumor efficacy of the
nanoparticles [254]. The photoactive copolymer was engineered to pos-
sess near infrared (NIR)-excitation and NIR-emission due to FRET
within the molecule. Here, two incident photons are absorbed by one
moiety of the copolymer and the energy is transferred over to the sec-
ond moiety which then emits at NIR. The long circulation times and
tumor specific localization enabled by the cancer cell membrane coating
resulted in high resolution imaging of the heterogenous architecture
within the tumors. FRAP and FLIP have also been used in conjunction
with FRET to image intracellular dynamics of protein interactions.
Shimi and colleagues were able to establish that a DNA-binding protein,
BAF, was highly mobile during interphase which was in stark contrast to
its binding partners Emerin, LAP23, and MAN1 which were immobilized
at the nuclear envelope. FLIP imaging further showed the fast-diffusing
BAF pools in cytoplasm and nucleus compartments being differentially
regulated as nuclear BAF levels were unable to replenish cytoplasmic
levels [251]. As shown by Pihl et al., FRAP enabled silica particles can
be conjugated with NMR responsive moieties for the elucidation of
local and global diffusion constants of materials in relevant media to
study mass transport [255]. Basuki et al. employed FLIM based detection
to show doxorubicin-loaded, iron oxide nanoparticle accumulation in
lung and breast cancer cell lines as well as nuclear drug release kinetics
[256]. Although these imaging techniques have pushed the resolution
limits, the field is still in need of more in vivo, real time measurements
as that represents the more relevant environment for efficacious future
clinical advances.

4.7. Microscopy for subcellular chemical analysis

The inability to effectively audit lipid accumulation in non-alcoholic
fatty liver disease (NAFLD), LSDs, atherosclerosis, and drug-induced
phospholipidosis is an ongoing concern. The inherent band-gap fluores-
cence of single-walled carbon nanotubes (SWCNTs) can be modulated
based on DNA conformational polymorphism [257]. The DNA confor-
mation, which is susceptible to its environment, can modify the dielec-
tric characteristics of the SWCNTSs enabling their use as optical reporters
for examining the lipid content of the endolysosomal system in cells.
Near-infrared hyperspectral imaging of SWCNTs, complexed with a
short single-stranded DNA, exposed the lipid accumulation in NPC1
patient-derived fibroblasts and lipid clearance upon treatment with 2-
hydroxypropyl-B-cyclodextrin [258]. This reporter system also enabled
the analysis of kinetics of lipid accumulation on a single-cell level with
subcellular resolution in macrophages. Lipid accumulation could even
be dynamically monitored over weeks in mouse models of LSDs,
NPC1, NPA/B, and NAFLD [32]. This study also confirmed that hepatic
lipid accumulation induced by a high-fat diet can persist for a protracted
length of time despite switching to a normal diet.

In addition to LSDs, lysosomal dysfunction is also involved in
Alzheimer’s and Parkinson’s disease. A novel, fluorescence-utilizing
technique called two-ion measurement (2-IM) was developed to
deconvolute the chemical differences between lysosome subpopula-
tions [29]. Utilizing a DNA nanodevice (composed of a FRET pair, Alexa
546/647, and chloride sensitive fluorophore, BAC) to simultaneously
quantify lysosomal pH and chloride in a lysosome, Leung et al. were
able to image two distinct lysosomal populations in healthy patient-
derived fibroblasts with single-organelle resolution, one with low chlo-
ride and another with relatively higher chloride and lower pH. As previ-
ously observed, perinuclear lysosomes were more acidic than
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peripheral lysosomes. Applying 2-IM to fibroblasts derived from pa-
tients with NP-A, NP-B, or NP-C resolved that lysosomal pH is higher
and uniform throughout the cells whereas, chloride levels were lower
in perinuclear lysosomes compared to peripheral lysosomes. Treating
NP-A and NP-B with recombinant enzyme acid sphingomyelinase and
NP-C with 2-hydroxypropyl-B-cyclodextrin exhibited reemergence of
the low-pH and high-chloride lysosomal phenotype. Another DNA-
based nanoreporter was developed by the same group to quantify enzy-
matic disulfide reduction in endosomes in Caenorhabditis elegans as a
potential platform technology for analyzing endosomal enzymatic ac-
tivity [33]. Protein disulfide isomerase 3 and thioredoxin-1 (TRX-1)
were found to execute disulfide reduction inside the late endosomes
of C. elegans. Late endosomal disulfide reduction in HeLa cells is also per-
formed by TRX-1 following scavenger receptor-mediated endocytosis.
Infectious challenge using Corynebacterium diphtheriae, which secretes
diphtheria toxin uncovered a role of TRX-1 in mediating cytosolic local-
ization in C. elegans. This technology could be translated to measure in
situ enzymatic activity in LSDs and perhaps coupled to super resolution
deconvolution resources to enhance the resolution achieved.

4.8. In situ hybridization

Another tool for the nano-mapping of cellular trafficking dynamics
is FISH. FISH is a technique developed in 1982 to localize and charac-
terize hybridized DNA molecules to Drosophila chromosomes by
Langer-Safer et al. [259]. Over the last 20 years, FISH has extended
to single transcript RNA localization and counting that has allowed
for elucidation of transcription/translation dynamics at the single cell
level with precise spatiotemporal localization inside the cytoplasm
and organelles (Fig. 6B) [260-264]. The dynamics of nanoparticle up-
take, trafficking and delivery, have recently applied mRNA FISH tech-
nologies for the specific spatial localization of single molecule mRNA
transcripts over time. This has permitted detailed probing of the elu-
sive intracellular trafficking mechanisms as well as endosomal escape
elucidation in vitro with relevant animal models examined [7,265]. In
fixed cells, single molecule FISH (smFISH) makes individual mRNA
transcripts appear as visible fluorescent spots that can be readily ana-
lyzed by fluorescence microscopy [262]. Sabnis et al. recently showed
structure-function relationship of amino lipid component of nanopar-
ticle and its inherent link to increased endosomal escape of delivered
mRNA in cells which was found to be around 15% with their new lipid
and 2.5% with DLin-MC3-DMA, further confirming studies performed
using EM (Fig. 6A-B) [6,7]. An application of smFISH has described
trafficking of viral particles including their internalization and gene
delivery process inside cells [266-268]. The nanoparticle field is con-
tinuing to exploit the smFISH localization and single transcript clarifi-
cations provided by virologists and have begun evaluating
mechanisms to improve trafficking and delivery for therapeutic pur-
poses (reviewed extensively elsewhere [269-271]). The continued de-
velopment of smFISH, as evidenced by Shaffer et al. [272] and Liu et al.
[264], coupled to novel, emerging super resolution microscopy tech-
niques, as recently reported by Wang et al. [273], will assist in resolv-
ing mechanisms of endocytic uptake, and contribute to efficient
delivery of cargos in the nanoparticle field [264,272,273]. The need
for in vivo-capable FISH strategies is palpable and is evidenced by re-
cent attempts at developing such adaptations to the established tech-
niques. Fontenete et al. recently described an intuitive approach
towards the development of what they termed fluorescence in vivo
hybridization for detection of H. pylori bacteria which colonizes the
human stomach. In this FISH-based approach, a hybridizing probe is
incubated with H. Pylori in clinically relevant conditions and the po-
tential future human applications are emphasized [274]. This repre-
sents a hopeful approach and a snapshot of the necessity for the
field to keep pushing the limits of fluorescent imaging technologies
as a whole.

4.9. Nuclear imaging

While fluorescence imaging and its derivatives have been
established as the go-to approach for nanoparticle trafficking studies,
radioisotopic labelling, once considered the gold standard, is mounting
a comeback. Visualization of nanoparticle biodistribution and accumu-
lation in disease states is commonly achieved through incorporation
of radioisotopes and subsequent imaging with positron emission to-
mography (PET) or single photon emission computed tomography
(SPECT) (Fig. 6C) [275]. PET is a highly sensitive, quantitative and trans-
lational imaging modality and a variety of nanoparticles, have been
radiolabeled with positron-emitting radionuclides. Longer-lived iso-
topes including Cu-64 (t;», = 12.7 hrs) and Zr-89 (t;, = 78.4 hrs) are
typically utilized due to the relatively slow clearance of nanoparticles
from the blood pool [276]. There are several key advantages for the ap-
plication of radiolabeled nanoparticles for molecular imaging including
their ability to function as signal amplifiers resulting in enhanced signal
to background and improved sensitivity compared to typical radio-
tracers [277]. Their large surface area renders them amenable to conju-
gation with targeting ligands for subsequently visualization of target
expression in disease states and tracking changes in target levels over
time through serial imaging. Nanoparticles additionally provide the po-
tential for multimodal imaging and the ability to combine diagnostic
and therapeutic modalities through incorporation of therapeutic iso-
topes or drug delivery techniques [278] [279]. The development of a
near-infrared fluorescence imaging and PET imaging agent based on
quantum dots has been reported [280]. RGD peptides were immobilized
on the surface on quantum dots, permitting targeting of the avp3
integrin, and a DOTA group was additionally conjugated to facilitate
Cu-64 radiolabeling. This multimodal nano-based probe sufficiently im-
proved tumor contrast while reducing the necessary pharmacological
dose required for small animal NIR fluorescence imaging and leading
to a reduced potential of quantum dot toxicity. Nahrendorf and col-
leagues have reported the development of a dextran-coated
superparamagnetic iron oxide nanoparticles radiolabeled with Cu-64
and an NIR fluorophore permitting both fluorescence and PET imaging
of tumor-associated macrophages (Fig. 6C) [281,282]. The development
of antibody radiolabeled Zr89-single-walled nanotubes targeting the
monomeric vascular endothelial cadherin epitope for monitoring with
PET and NIR imaging has also been reported [283]. Goins and coworkers
have recently reported a strategy to encapsulate Re-186 into liposomal
nanoparticles, Re-186 functions as a theranostic radionuclide with a
half-life of approximately 90 hrs, therapeutic beta emission of ~1 MeV
and gamma emission of 137 keV [284]. The therapeutic beta emission
travels approximately 1.8 mm, permitting nanoparticle to deliver effec-
tive treatment without the need to incorporate into the cell or nucleus.
The long half-life and gamma emission permits therapy monitoring
with SPECT for several days post administration. Taken together, the ap-
plication of radioisotopes for nanoparticle tracking inside of the cell
when combined with electron and fluorescent microcopy can provide
complementary information on localization of nanoparticle-delivered
agents at very high subcellular resolution. With all the advantages pre-
sented, radiolabeling nanoparticles still has major drawbacks that may
impede its popularity in the trafficking field due to inherent disposal
and handling difficulties that come with radioactive isotopes compared
to fluorescence methods. Another critical limiting factor is the sub-
millimeter resolution capabilities of radioisotope detection compared
to the near atomic resolution of electron and fluorescence super resolu-
tion techniques [285].

All the imaging tools referenced above have allowed us to under-
stand many biological mechanisms, in all fields, by illuminating intri-
cate, nanoscale events at the molecular level. High resolution electron
and fluorescence microscopy have been phenomenal at shedding light
on previously unknown interactions within the myriad cellular avenues
an endocytosed nanoparticle may take part in. Due to these novel tech-
nologies, we are able to track single nanoparticles as well as particle-like
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vesicles of comparable size, in the midst of cellular uptake and traffick-
ing. As evidenced by the groups of Varela et al., Zhan et al., and Bademosi
et al,, the field as a whole is getting ever closer to imaging these molec-
ular dynamics, not only with higher depth and spatiotemporal resolu-
tion, but more importantly in vivo, where the context of the biological
system remains intact [286-288]. We must remain conscious of the
main limitation surrounding these tools which is the fact most of the
imaging carried out is showing only a snapshot of the reality of intracel-
lular trafficking as they are carried out in vitro or ex vivo due to the na-
ture of the available techniques. The field will greatly benefit from
more bold approaches at making all these great techniques applicable
to the more clinically relevant, in vivo models.

5. Future directions and conclusions

We must seek innovative approaches to gather insights into these
enigmatic nanoscale interactions of nanomedicines with cellular pro-
cesses. Advances in gene editing can be employed to its fullest extent
to gain mechanistic insights into intracellular transport of diverse viral
and non-viral vectors that will allow for the rapid assessment of their
route of intracellular delivery and factors that pose as barriers for effec-
tive drug and gene delivery (Fig. 6D) [289-292]. For example, we have
previously used haploid cells genetically edited for either Rab4, Rab5,
or Rab7 proteins which leads to defects in biogenesis of the recycling,
early, and late endosomes, respectively, to the study of relevant
endocytic pathways and sites of endosomal escape for mRNA transfec-
tion [17]. Animal models genetically engineered to possess the Cre re-
porter Lox-Stop-Lox tdTomato cassette have been used to validate
intracellular delivery and cell specificity of nanoparticles in a high-
throughput fashion (Fig. 6D) [289,291,292]. Advances in DNA sequenc-
ing technologies have provided a significant boost to nanoparticle deliv-
ery research. Nanoparticle-based nucleic acid therapeutics are limited
by inefficient delivery in vivo as well as off-target effects. Effective
in vitro delivery is in fact a poor predictor of the same in vivo [195]. Re-
cently, Dahlman and colleagues have used DNA barcodes for high
throughput screening of delivery efficacy of a large number of nanopar-
ticle formulations in mice (Fig. 6E) [293]. They demonstrate the feasibil-
ity of multiplexing nanoparticles and selective enrichment of
nanoparticle in targeted organs [294]. Additionally, nanoparticles deliv-
ered to spleen showed enrichment in myeloid lineage cells compared to
other types [195]. Other groups have used AAV vectors for delivering
barcoded DNA or RNA in vivo [295,296]. Recent advances in cell sorting
and single-cell RNA seq technologies also provide powerful tools that
can be harnessed to study cell specificity of nanoparticle-based nucleic
acid delivery as well as monitor off target effects by analyzing changes
in endogenous mRNA levels [292,297].

Despite the vast amount of data on nanoparticle physicochemical
characterization and their intracellular trafficking, developing a consen-
sus on the parameters related to delivery efficacy has been challenging.
It is clear that even with the most potent systems and nearly all
nanoparticle-based delivery systems, sequestration in the endosome re-
mains a significant barrier in vitro and in vivo. The delivery efficacy is de-
pendent on parameters such as uptake efficiency, retention, payload
stability, endosomal escape efficiency, and subcellular localization.
These are, in turn, dependent on cell type as well as the delivery system.
The influence of cell type on the delivery results from differences in
preference for endocytic pathways (e.g. phagocytes vs epithelial), dis-
eases state (cancer or LSD cells vs healthy cells), endosomal leakiness,
and rates of endosomal trafficking and exocytosis [10,113,298-301].
The considerations related to the delivery system are also varied, involv-
ing parameters such as surface chemistry, size, shape, stability, pH
buffering capacity, potential to induce endosomal membrane destabili-
zation/fusion, disassembly to release cargo, cytotoxicity, immune acti-
vation, opsonization, and the use of targeting ligands for cell-specific
or organelle-specific targeting [1-3,10,302-308]. The high degree of
variability in biomaterials and nanoparticle design increases the

complexity of extracting rational design parameters from the available
information [90,93,293,309-318]. However, there are some tangible
parameters for delivery system design that have emerged. Lipids and
polymers exhibiting low pKa and high endosomal buffering capacity
have been routinely correlated with high transfection efficacy
[7,110,310,312,313,317]. Furthermore, lipid nanoparticles containing
lipids with ionizable head groups and tail unsaturations demonstrate
higher efficacy relative to their cationic and saturated counterparts
[7,90,312,319]. Antibody-drug conjugates and other drug carriers with
cleavable linkers exhibit better efficacy than uncleavable linkers
[133,134]. Enhanced retention of nanoparticles, mediated by targeting
ligands or disease state, is also attributed to enhanced delivery
[9,146,302,320,321]. Navigating the complex wealth of information on
nanoparticles, their physicochemical characteristics, biological interac-
tions, and efficacies requires innovative approaches addressed above.
Emerging artificial intelligence and machine learning technologies can
potentially be leveraged to extract and deconvolute information from
the available research and develop consistent hypotheses for rational
design of nanoparticles for the vast array of applications [322-326].

The fundamental studies in understanding nanoparticle-cell interac-
tions, cellular factors that impact delivery and emerging tools to dissect
trafficking will lead to development of methods that can overcome
endosomal barriers. On the other hand, new nanotechnologies can be
used to illuminate the endo/lysosomal system and deliver drugs and
genes where endosomal transport is compromised and improve cellular
function. Overall, the field of endocytosis of nanomedicines is on fertile
ground that can lead to transformational impact on both the fields of
drug delivery and cell biology.
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