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a b s t r a c t
Nanoparticle-based therapeutics and diagnostics are commonly referred to as nanomedicine and may signiﬁcantly impact the future of healthcare. However, the clinical translation of these technologies is challenging.
One of these challenges is the efﬁcient delivery of nanoparticles to speciﬁc cell populations and subcellular targets
in the body to elicit desired biological and therapeutic responses. It is critical for researchers to understand the
fundamental concepts of how nanoparticles interact with biological systems to predict and control in vivo nanoparticle transport for improved clinical beneﬁt. In this overview article, we review and discuss cellular internalization pathways, summarize the ﬁeld`s understanding of how nanoparticle physicochemical properties affect
cellular interactions, and explore and discuss intracellular nanoparticle trafﬁcking and kinetics. Our overview
may provide a valuable resource for researchers and may inspire new studies to expand our current understanding of nanotechnology-biology interactions at cellular and subcellular levels with the goal to improve clinical
translation of nanomedicines.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
The design and medical application of nanoparticles for diagnosis
and treatment of diseases represent an important area of current nanotechnology research. This research ﬁeld has been widely referred to as
nanomedicine [1]. In nanomedicine, researchers engineer nanoparticles, for example, as delivery vehicles for therapeutics or imaging agents
with the ultimate goal to improve clinical outcomes [2]. To achieve this
goal, researchers need to be able to efﬁciently deliver nanoparticles to
diseased sites in the body with cellular speciﬁcity and oftentimes subcellular precision [3]. Such efﬁcient and effective nanomedicine delivery
requires full control over the nanoparticle transport in the body. However, this level of control has not been achieved yet and is one of the
greatest challenges in nanomedicine research [4].
Addressing this challenge is a major quest in the ﬁeld which
emphasizes the need to better understand the fundamental concepts
of how nanoparticles interact with biological systems [5]. These
nanotechnology-biology (i.e., nano-bio) interactions are complex, dynamic, and multiparametric, which poses substantial obstacles for the
engineering of effective nanomedicines [6]. Factors that contribute to
this complexity are manifold and include: (i) a nanoparticle’s physicochemical properties, including size, shape, surface chemistry, composition, architecture, density, and modulus; (ii) the biological and
biochemical environments, including type of organ/tissue, biomolecular
milieu and composition, pH, and other biochemical factors; and (iii) the
interplay and interactions between these individual nanoparticle properties and biological/biochemical parameters, including the kinetics of
nano-bio interactions [7].
While researchers are able to synthesize colloidal nanoparticles in
the laboratory with precise physicochemical properties and functions,
these deliberately designed nanoparticle characteristics may change
substantially upon introduction of nanoparticles into a biological environment [8,9]. This phenomenon can be observed, for example, when
nanoparticles are administered into the body through intravenous injection. Upon contact with blood, serum proteins adsorb nonspeciﬁcally onto the nanoparticle surface to form a so-called protein corona [10,11]. The protein corona alters nanoparticles’ physicochemical
properties by providing them with an unintentional biological identity
[12]. Ultimately, this biological identity determines a nanoparticle’s interactions with biological systems, including organs, tissues, cells, and
subcellular organelles [13–16]. Therefore, nanoparticle in vivo transport
and biodistribution are largely controlled by this biological identity
rather than the deliberately engineered synthetic nanoparticle characteristics [17,18].
The fact that a nanoparticle’s physicochemical properties may
change signiﬁcantly upon biological exposure imposes major challenges
for the engineering of nanomedicines. To advance our current understanding and to develop fundamental concepts needed for the design
of more effective nanomedicines, researchers have started to describe
and decipher essential mechanisms of how nanoparticles interact with
biological systems. These studies can be divided into three categories:
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(i) nanoparticle interactions at organ and tissue levels; (ii) nanoparticle
interactions at cellular and subcellular levels; and (iii) nanoparticle interactions with biomolecules and biochemical parameters. We focus in
our review article on the second category, i.e., cellular and subcellular
interactions of nanoparticles, and refer interested readers to excellent
overview articles and original papers that cover nano-bio interactions
at organ, tissue, and biomolecular levels [11,19–25].
To maximize clinical beneﬁts of nanomedicines while minimizing
side effects, researchers require profound understanding of nanoparticles’ cellular and subcellular interactions [19]. An intriguing example is
the engineering of nanoparticles that are able to distinguish between
healthy and diseased cells through the use of precise biomolecular recognition strategies [26,27]. To achieve this level of cellular identiﬁcation
and discrimination, a nanoparticle surface can be decorated with speciﬁc biomolecular ligands that can recognize and bind to complementary cell surface receptors on targeted cells [28]. The idea behind this
concept is that upon recognition nanoparticles may deliver their payloads (e.g., active pharmaceutical ingredients; APIs; and imaging
agents) preferentially to diseased cells while leaving healthy cells
mostly unaffected. As some types of nanoparticle payloads require delivery to speciﬁc intracellular targets for maximizing efﬁcacy, it is critical
for researchers to understand and explore nanoparticles’ cellular interactions, intracellular trafﬁcking pathways, and corresponding kinetics
to ensure targeted delivery [29–33].
In this review, we describe the ﬁeld’s understanding of three distinct
aspects of nanoparticle-cell interactions: (i) nanoparticle cellular uptake; (ii) nanoparticle intracellular trafﬁcking; and (iii) underlying kinetics of these cellular and subcellular nano-bio interactions. We hope
that our review of these important concepts provides a valuable resource to researchers in the nanomedicine ﬁeld and inspires new research to further enrich our knowledge of cellular and subcellular
nanoparticle interactions. With improved knowledge and understanding, better control over nanoparticle transport in the body may be
achieved, which could ultimately result in improved clinical beneﬁts
of nanomedicines.

2. Cellular uptake of nanoparticles
Cellular uptake of nanoparticles involves highly regulated mechanisms with complex biomolecular interactions to overcome the cell
plasma membrane. This biological membrane acts as a barrier and separates a cell’s interior from the outside environment. Structural and biomolecular membrane characteristics (i.e., phospholipid-based bilayer
membrane littered with proteins and other biomolecules) result in an
overall negative charge of the plasma membrane with few cationic domains and selective permeability to ions, (bio)molecules, and nanoparticles. For nanoparticles to achieve cellular entry, they need to overcome
the cell plasma membrane. Knowing how nanoparticles enter cells is
important, as the underlying uptake pathways determine a nanoparticle’s function, intracellular fate, and biological response [34–36].
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Fig. 1. Schematic overview of nanoparticle uptake pathways via endocytosis. Multiple different pathways exist for cellular entry of nanoparticles via endocytosis mechanisms: (a) clathrindependent; (b) caveolin-dependent; (c) clathrin- and caveolin-independent; (d) phagocytosis; and (e) macropinocytosis pathways. These nanoparticle cell uptake pathways are
mechanistically distinct and highly regulated at the biomolecular level. The pathway by which nanoparticles enter cells is important, as it determines intracellular nanoparticle
transport and corresponding biological response and therapeutic effect.

Multiple different cellular entry routes are available for nanoparticles to cross a cell’s plasma membrane during in vivo and in vitro
cell exposure. These routes can be categorized into two general
groups: (i) endocytosis-based uptake pathways (Fig. 1); and (ii) direct cellular entry of nanoparticles (Fig. 2). The ﬁeld’s understanding
of these nanoparticle cell entry pathways is currently evolving, as
researchers seek to further elucidate fundamental mechanisms of
how nanoparticles gain access into cells. In the future, this type of
research may enable more efﬁcient and targeted uptake of
engineered nanoparticles by desired cells. We will focus this chapter
on summarizing the most important cellular uptake pathways and
provide examples from recent literature on how nanoparticles
enter cells.

2.1. Endocytosis-based pathways
Endocytosis is an umbrella term used to describe multiple different
pathways and mechanisms of how nanoparticles can enter cells.
These pathways can be differentiated into ﬁve mechanistically distinct
classes: (a) clathrin-dependent endocytosis; (b) caveolin-dependent
endocytosis; (c) clathrin- and caveolin-independent endocytosis;
(d) phagocytosis; and (e) macropinocytosis (Fig. 1). From a biomolecular perspective, these uptake pathways are highly regulated and mediated by different types of lipids and transport proteins (e.g., lipid rafts,
clathrin, dynamin, caveolin, and pattern recognition receptors). Upon
endocytosis, nanoparticles are typically conﬁned within intracellular
vesicles, such as endosomes, phagosomes, or macropinosomes, and

Fig. 2. Schematic overview of nanoparticle cytoplasmic delivery pathways and strategies. Major pathways and strategies for nanoparticles to cross the cell plasma membrane for direct
cytoplasmic entry include: (a) direct translocation; (b) lipid fusion; (c) electroporation; and (d) microinjection. Each of these pathways allows nanoparticles to directly enter the cell’s
cytoplasm. Direct translocation and lipid fusion are dependent upon physicochemical properties of the nanoparticles. Electroporation strategies use electrical pulses to disrupt the cell
plasma membrane, while for microinjection strategies the plasma membrane is punctured by a microscopic needle to inject nanoparticles directly into the cytoplasm.
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therefore do not have direct and immediate access to the cytoplasm or
cellular organelles (Fig. 1). Endosomal vesicles also play critical roles
in innate and adaptive immunity as they are important sites for tolllike receptors and major histocompatibility complexes [37,38].
2.1.1. Clathrin-dependent endocytosis
Clathrin-dependent endocytosis is a major pathway for nanoparticle
cellular entry and is initiated by the clustering and binding of nanoparticle surface ligands to corresponding cell membrane receptors (Fig. 1a).
A wide variety of cell membrane receptors are shared across many cell
types (e.g., transferrin receptors, low-density lipoprotein receptors, epidermal growth factor receptors, and β2 adrenergic receptors) and
are involved in clathrin-dependent endocytosis [39]. Clathrindependent endocytosis is a complex multistep process that includes:
(i) nucleation of cytosolic proteins involved in endocytosis to form a
coated pit; (ii) plasma membrane bending and invagination; (iii)
scission (i.e., cutting and separation of the neck of invagination from
the plasma membrane to form an intracellular vesicle); and (iv)
uncoating and recovery of the endocytotic proteins from intracellular
vesicle [40].
The clathrin-dependent endocytosis pathway results in the entrapment of nanoparticles in intracellular vesicles which exhibit sizes of approximately 100–500 nm [41]. Such vesicles are pinched off the
membrane with the help of conformational changes from a GTPase enzyme known as dynamin [42]. Upon scission from the membrane, these
vesicles transport typically with the help of intracellular actin ﬁlaments
to endosomes [43,44]. Endosomes are either recycled or eventually fuse
with lysosomes leading to enzymatic breakdown of the engulfed vesicular contents and payloads. Therefore, clathrin-dependent endocytosis
provides a pathway for nanoparticles to enter a cell’s endolysosomal
system. This pathway can be exploited as reported by Benyettou and coworkers. The researchers modiﬁed silver nanoparticles to deliver two
anticancer therapeutics, doxorubicin and alendronate drugs, to HeLa
cancer cells in vitro [45]. Upon cellular uptake and lysosomal entrapment, the nanoparticles released their drug payloads in response to
the low pH of lysosomes. The anti-cancer activity exhibited by this
nano-based drug combination strategy outperformed the efﬁcacy of
both drugs when administered individually. We describe other strategies that exploit low pH and enzymatic activity of late stage
endosomes/lysosomes to enhance therapeutic responses of intracellular
nanoparticles in our intracellular trafﬁcking section.
2.1.2. Caveolin-dependent endocytosis
Caveolin-dependent endocytosis is another important receptor speciﬁc nanoparticle internalization pathway that relies on caveolin-coated
plasma membrane invaginations termed caveolae (Fig. 1b) [46,47]. Caveolae are ﬂask-shaped vesicles with diameters of 50-100 nm that are
stabilized by a caveolin protein based coat [48]. Upon uptake and activation of a complex signaling cascade, caveolin-coated vesicles are
transported through the cytoplasm. Typical intracellular destinations
of caveolin-based vesicles include the Golgi apparatus and the endoplasmic reticulum [49]. For this reason, caveolin-dependent nanoparticle endocytosis may be a valuable pathway to explore, if researchers
seek to achieve intracellular/organelle targeting. Reports have shown
that speciﬁc nanoparticle surface engineering strategies favor cellular
internalization via caveolin-dependent endocytosis and typically use
nanoparticle surface ligands such as folic acid, albumin, and cholesterol
[19]. Recent work by Xin el al. exploited caveolin-dependent endocytosis for efﬁcient cytosolic delivery of microRNAs. These nucleic acids
were able to bypass lysosomal entrapment to enter a cell’s cytosol for
downstream inhibitory effects and silencing of KRAS [50].
Caveolin-dependent endocytosis has also been reported to result in
transcellular transport of caveolae. This transcellular transport is referred to as transcytosis. Recent studies have focused on exploring
caveolin-mediated transcytosis in speciﬁc types of cells, including endothelial cells [51–54]. As endothelial cells line the inner surface of blood
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vessels, these transcytosis-based pathways may allow systemically administered nanoparticles to enter endothelial cells via caveolae formation and to cross the endothelium by transcytosis. Such a caveolaebased shuttle mechanism could transport nanoparticles and corresponding payloads actively across the endothelial barrier and may beneﬁt the delivery of therapeutic nanoparticles and their cargoes to
diseased tissues in the body for improved efﬁcacy.
2.1.3. Clathrin- and caveolin-independent endocytosis
Virus-like particles and other types of nanoparticles can penetrate
the cell plasma membrane and enter cells without relying on clathrinand caveolin-dependent pathways (Fig. 1c). One suggested route for
such clathrin- and caveolin-independent cellular entry involves lipid
rafts, which are cholesterol and sphingolipid-rich domains within the
plasma membrane that undergo endocytosis when prompted [55].
Lipid raft-mediated endocytosis is a prevalent pathway in immunological scenarios, where lymphocytes internalize and process interleukins
[48]. Additionally, speciﬁc ligands, such as cholera toxin B and SIV40
bind to lipid rich areas on the cell plasma membrane that undergo
lipid raft-mediated endocytosis [56]. Recent studies have pointed towards a lipid raft-mediated endocytosis pathway for the internalization
of nanoparticles modiﬁed with particular cell-penetrating peptide
(CPPs) and nucleic acids [57,58]. It has been suggested that lipid raft,
actin cytoskeleton, and cholera toxin subunit B (CTB) mediated endocytosis may be summarized as actin cytoskeleton and cholera toxin subunit B (CTB) pathways [59].
2.1.4. Phagocytosis
Phagocytosis is an uptake process exercised by immune cells, including macrophages, dendritic cells, neutrophils, and B lymphocytes. One
of the main roles of phagocytosis is to clear pathogens, diseased cells,
and synthetic/biological materials that are foreign to the body [60].
Nanoparticle phagocytosis is typically initiated by physical binding to
phagocyte cell surface receptors (Fig. 1d). Examples for these cell surface receptors include: Fc receptors, mannose receptors, scavenger receptors, and complement receptors. Armed with these different types
of plasma membrane receptors, phagocytes readily recognize and
clear nanoparticles with high efﬁciency from circulation [61,62]. Recognition and clearance of nanoparticles by phagocytes is mediated by
opsonization and adsorption of immunoglobulins, complement proteins and/or other serum proteins onto the nanoparticle surface. Following cellular uptake by phagocytes, nanoparticles are trapped within
phagosome vesicles that eventually combine with a lysosome to form
a structure known as a phagolysosome. Phagolysosomes are able to enzymatically and biochemically digest foreign “non-self” materials, including nanoparticles [63,64].
Since phagocytosis is a highly efﬁcient clearance mechanism for opsonized nanoparticles, it represents a signiﬁcant challenge for the engineering of effective nanomedicines. Intravenously administered
nanoparticles typically undergo rapid opsonization upon contact with
blood [65,66]. These opsonized nanoparticles are then efﬁciently and
rapidly sequestered by macrophages and other phagocytic cells of the
mononuclear phagocyte system (MPS) [25]. Up to 99% of a systemically
administered nanoparticle bolus dose may be sequestered by the MPS
system [65]. Moreover, tissue resident macrophages, such as tumorassociated macrophages, have been shown to uptake cancer celltargeted nanoparticles to a higher extent than malignant cells [17].
To reduce nanoparticle MPS sequestration, nanoparticle surface
modiﬁcations have been developed to minimize nanoparticle
opsonization [16]. One of these surface engineering strategies uses
poly(ethylene glycol) (PEG) to coat nanoparticle surfaces [67]. The
PEG surface density and its degree of polymerization may affect nanoparticle opsonization and blood circulation times [68]. A downside of
using polymers, such as PEG, is their potential immunogenicity. Repeated administration of PEGylated nanoparticles may result in accelerated nanoparticle blood clearance due to the formation of PEG-speciﬁc
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antibodies [69,70]. Other recent work has shown that nanoparticles
displaying “markers of self” surface ligands (e.g., CD47 peptides) can reduce phagocytotic nanoparticle uptake [71,72]. While these strategies
are intriguing approaches to control nanoparticle interactions with
phagocytes, there is a need to explore new methods to further minimize
immunogenicity and to control unintended phagocytosis of administered nanoparticles.
2.1.5. Macropinocytosis
Macropinocytosis represents a class of non-speciﬁc cellular uptake
mechanisms that are characterized by engulfment of extracellular ﬂuids
and solutes through actin-stabilized plasma membrane extensions
(Fig. 1e) [73]. Unlike other endocytotic pathways shown in Fig. 1,
macropinocytosis is initiated via actin signaling and subsequent membrane rufﬂing [48,74]. Through this pathway, nanoparticles and other
ingested components become trapped within vesicle structures termed
macropinosomes. These vesicles may range in size from approximately
0.5 to 1.5 μm [75]. Macropinosomes have been reported to be leaky intracellular vesicles which may allow entrapped nanoparticles to escape
before lysosomal degradation [76,77].
Macropinocytosis is an important mechanism required for the
proper protective functions of the immune system. For instance, immature dendritic cells constitutively macropinocytose extracellular contents for antigen presentation as part of their sentinel function [78]. By
virtue of this behavior, immature dendritic cells are excellent candidates
for vaccine targets. Hirosue and coworkers engineered a polymer-based
nanoparticle vaccine linked to peptide antigens that indirectly targeted
immature dendritic cells [79]. The nanoparticle formulation enhanced
antigen-cross presentation and boosted vaccine efﬁcacy by relying on
immature dendritic cells with strong macropinocytotic activity. Likewise, macrophages are also known to engage in macropinocytosis. Recently, Nab-paclitaxel (a nanoparticle albumin-bound formulation of
the cancer drug paclitaxel) was shown to be engulfed by macrophages
via macropinocytosis [80]. Importantly, this form of uptake was reported to shift tumor-associated macrophage (TAMs) polarization towards the M1 immunostimulatory phenotype. In vivo application of
this strategy in mouse tumor models showed an increase in M1
phenotype-like TAMs upon administration of Nab-paclitaxel compared
to control groups. Such nanoparticle platforms may have promising potential to diminish cancer’s ability to evade immune surveillance by
intratumoral immunomodulation.
2.2. Direct cytoplasmic delivery of nanoparticles
Typically, direct access of nanoparticles to the cytoplasm is not observed upon endocytosis-based cellular entry. However, such direct access can be achieved by alternative nanoparticle delivery pathways as
shown in Fig. 2. Nanoparticles can cross the cell plasma membrane via
biochemical or physical means to directly enter the cytoplasm. Nanoparticles that are freely dispersed within the cytoplasm have the opportunity to target and engage subcellular organelles and intracellular
structures to elicit deliberate biological responses and medical
functions.
2.2.1. Cytoplasmic entry by direct translocation
Following direct translocation pathways, nanoparticles may disrupt
the cell plasma membrane by engaging with lipid bilayer molecules to
directly transport into the cytoplasm. This route avoids endosomal entrapment and energy-dependent transport mechanisms to gain access
to the cell’s cytoplasm (Fig. 2a) [81].
Computational models have simulated and elucidated aspects of
nanoparticle diffusion through lipid bilayer membranes [82–85].
Based on these studies, nanomedicine researchers have been able to
translate in silico information and modeling to in vitro ﬁndings. For example, polymeric nanoparticles with the same surface chemistry and
various morphology exhibited different transport paths across the

plasma membrane [86]. Both rod and worm-like nanoparticles diffused
through the cell plasma membrane more efﬁciently than spherical
micelles.
Using semiconductor quantum dot nanoparticles with a size of approximately 8 nm and zwitterionic surface chemistry, direct translocation of was obsereved in red blood cells [87]. This quantum dot
internalization process did not lead to visible pore formation within
the cell plasma membrane. Surface-enhanced infrared absorption spectroscopy data suggested that zwitterionic quantum dots entered by
means of lipid bilayer softening resulting in subsequent ﬂexible membrane conﬁrmations.
Other research relying on zwitterionic ligands used gold nanoparticles with diameters of 2–4 nm to observe direct diffusion through the
plasma membrane of HeLa cells in vitro. Interestingly, slightly larger
zwitterionic gold nanoparticles with diameters of approximately 6 nm
were internalized via caveolin/lipid-raft endocytosis, indicating a nanoparticle size dependent effect on cellular internalization [88].
In a different sutdy, Jewell et al. sought to understand how the direct
entry of monolayer nanoparticles was impacted by cargo size and structure [89]. First, the researchers coated ~5 nm gold nanoparticles with
monolayers of a 1:1 mixture of 11-mercapto-1-undecanesulphonate
and 1-octanethiol such that different nanoscale arrangements formed
“striped” domains on the nanoparticle surface [90]. Next, double
stranded and single stranded DNA of varying lengths were chosen as
model payloads that were then afﬁxed to the monolayer gold nanoparticles through thiol linkages. After inhibiting endocytosis, the DNAstriped monolayer nanoparticles were internalized by murine melanoma cells. Ultimately, these nanoparticles were seen to deliver various
lengths and types of DNA payloads to cells independent of endocytosis
due to their unique surface chemistry.
Another important strategy for direct nanoparticle translocation
across the cell plasma membrane relies on the use of cell penetrating
peptides (CPPs) as nanoparticle surface ligands. These CPPs ligands are
short amino acid sequences (typically less than 40 amino acids) that
can traverse cell membranes [91]. Much research has been conducted
in recent years to elucidate the speciﬁc mechanisms for CPP-mediated
nanoparticle entry into cells. Our understanding of these mechanisms
is still evolving, but studies have suggested multiple different pathways
to be involved in cellular uptake, including endocytosis and direct translocation. Factors that seem to regulate the relevance of these pathways
include: (i) the type of nanoparticle that CPPs are attached to; and (ii)
local concentrations of lipids and peptides in the plasma membrane
[92–94]. Frequently used examples of CPPs for biomedical applications
are: TAT, penatratin, arginine-rich sequences, TP10, pVEC, and MPG
[94–97]. Upon endocytosis of CPP-decorated nanoparticles, endosomal
escape may be achieved via CPP-mediated vesicle membrane disruption
[98,99]. This provides a pathway for endocytosed nanoparticles to enter
a cell’s cytoplasm. Endosomal escape of endocytosed nanoparticles is a
prerequisite for downstream intracellular targeting of subcellular organelles and other compartments, which we discuss in more detail in
Chapter 4.
2.2.2. Cytoplasmic entry by lipid fusion
Lipid fusion is the process by which some types of lipid bilayer
coated fuse with a cell’s plasma membrane (Fig. 2b) [100]. After membrane fusion, the encapsulated contents within the nanoparticle, for example, proteins, nucleotides, and small molecule payloads, are
delivered directly to the cytoplasm [101,102]. One group of researchers
exploited this pathway for efﬁcient gene knockdown via cytoplasmic
siRNA delivery [103]. Lipid fusion was accomplished with silicon nanoparticles that were shrouded in a fusogenic liposomal shell. With their
construct, Kim et al. saw decreased levels of a proinﬂammatory marker
in macrophages (IRF5) which enabled phagocytic clearance of Staphylococcus aureus pneumonia and enhanced survival in mice subjected to
infection. Recent work probing the lipid-lipid fusion interface has demonstrated that nanoparticles with an amphiphilic organic shell and gold
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core exhibit a size-dependent lipid fusion behavior [104]. In the event of
endocytosis, Yuba and coworkers delivered immunotherapies to dendritic cells with a liposome antigen delivery system that fused with
endosomal membranes for an effective therapy in a murine ovalbumin
(OVA)-expressing lymphoma model [105].
2.2.3. Electroporation
Electroporation strategies physically disrupt a cell’s plasma membrane upon application of electrical pulses (Fig. 2c). This leads to the formation of transient pores within the membrane through which
nanoparticles can transport through from the extracellular space into
the cytoplasm. Membrane pore formation generated via electroporation
can be controlled through ﬁne tuning the electrical pulse (e.g., pulse duration and voltage) such that the newly formed pores do not impact cell
viability [106]. Electroporation has been shown to successfully deliver
nanoparticles with applications in imaging and genetic engineering.
Kim et al. used mesoporous silica-coated hollow manganese oxide
nanoparticles to label and track adipose derived mesenchymal stem
cells [107]. Upon electroporation with an electrical pulse of ~100 V
followed by nanoparticle cell entry, the mesenchymal stem cells
displayed enhanced contrast in magnetic resonance imaging (MRI)
in vitro and in vivo over the course of 14 days. In a different study,
lipid-based nanoparticles efﬁciently delivered siRNA via electroporation
(electrical pulse of ~200 V) that silenced PD-L1 and PD-L2 expression on
human-monocyte derived dendritic cells [108]. To further demonstrate
clinical utility of this method, researchers also reported successful delivery of target antigen mRNA that boosted antigen-speciﬁc CD8+ T-cell
responses ex vivo. Recent studies have shown that electroporation and
subsequent transfection can be performed in a high-throughput manner [109,110]. Such technologies may facilitate experiments that require direct cytoplasmic delivery, including gene regulation studies, to
help overcome intracellular delivery barriers.
2.2.4. Microinjection
Microinjection strategies are characterized by directly injecting
small volumes of nanoparticles into the cytoplasm with the help of specialized microinjectors [111]. With this strategy, cellular and intracellular membrane barriers can be overcome for immediate access of
injected nanoparticles to the cytoplasm. As individual cells need to be
injected with nanoparticles on a cell-per-cell basis, the throughput of
this technique is limited. However, despite being a technically demanding, laborious, and difﬁcult to execute method, microinjection can be a
valuable tool to gain nanotoxicology information by excluding extracellular alteration of nanoparticle physicochemical properties (e.g., protein
corona formation). This was seen by the microinjection of inorganic
nanoparticles into HeLa cancer cells which was used to evaluate the
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counteractive measures cells develop in the presence of foreign
nanomaterials [112].
Microinjection was also used as a tool to investigate ligand density
effects on organelle targeting, such as targeting of a cell’s nucleus with
peptide-modiﬁed quantum dots [113]. Additional work employing microinjection uncovered that nanoparticle-mediated gene delivery can
be inhibited through lysosomal capturing triggered by autophagy [114].
Our overview of major nanoparticle cell uptake pathways demonstrates that there are many different routes available for nanoparticles
to enter cells. As shown exemplarily for gold nanoparticles in Table 1,
nanoparticle cellular entry has been linked to multiple different pathways even if the nanoparticle core material (i.e., gold) is kept constant.
The relative contribution of these pathways depends on many material
design and biological factors, such as surface chemistry, size, shape, and
cell type. These data highlight the complexity of nano-bio interactions
that are involved in cellular entry of nanoparticles. The relative importance and contribution of individual uptake pathways is not always
clear and requires supplemental investigation for many studies. To elicit
further control over nanoparticle transport and cellular uptake in biological settings, promoting nanoparticle cellular entry through a singular, deﬁned uptake route is a key quest in nanomedicine research. In
Chapter 3, we explore nanoparticle design parameters and how these
characteristics affect cellular entry of nanoparticles.
3. Mediating nanoparticle uptake through material design
As shown in Table 1 for gold nanoparticles, cells internalize nanoparticles through multiple different uptake routes even if the nanomaterial
is kept constant. These ﬁndings suggest that biological factors, including
cell type, affect nanoparticle uptake pathways signiﬁcantly (Table 1).
A study by Saha and coworkers showed that healthy and diseased
cells uptake nanoparticles using different pathways. In more detail,
healthy mammary epithelium cells and cancerous HeLa cells were
each incubated with four different 10-nm cationic monolayermodiﬁed gold nanoparticles [115]. The researchers demonstrated that
HeLa cancer cells and healthy epithelium cells employed different
mechanisms for nanoparticle internalization despite identical surface
modiﬁcations of nanoparticles. Altogether, these data suggest that cancer cells may employ various pathways to internalize nanoparticles in
contrast to non-malignant cells. This could potentially provide an avenue for improved nanoparticle-based cancer diagnostics and therapies.
Additionally, recent reports indicate that female and male cells from
various tissues exhibit different nanoparticle internalization patterns
[116].
To better study and understand which speciﬁc pathway is crucial for
nanoparticle uptake by cancer cells, researchers have started to reduce

Table 1
Examples of different cellular uptake pathways of gold nanoparticles in tissue culture for both cancerous and non-cancerous cells.
Major uptake pathways

Cell line

Nanoparticle surface modiﬁcation

Gold nanoparticle core size [nm]

Ref.

CVE
CVE
CVE and lipid rafts
CVE, macropinocytosis
CDE
CDE, CCIE
CDE
CCIE
Phagocytosis
Direct translocation
Direct translocation
Electroporation
Microinjection

HeLa
HeLa
C166
A549
MRC-5
HUVEC
MCF10
HeLa
Murine peritoneal-isolated macrophages
Mouse dendritic cells
HCT-116
NIH/3T3, K562
Murine 2-cell embryos

Cysteine-cyan5
Cationic monolayer
Nucleic acids
Poly(isobutylene-alt-maleic anhydride)
Coating with fetal bovine serum (FBS)
Citrate
Cationic monolayer
Cationic monolayer
5-aminovaleric acid, L-DOPA, Melatonin, Serotonin-HCl,
MUS/OT with “striped” domains
Glutathione/glucose
Polyethyleneimine, DNA plasmids, siRNA
“Ligand free”; no deliberate surface modiﬁcation

4.5
2
10
13
20
80
2
2
30-50
4-5
5
5-40
11

[304]
[305]
[251]
[306]
[307]
[308]
[305]
[305]
[309]
[310]
[311]
[312]
[313]

Abbreviations: CDE: Clathrin-dependent endocytosis, CVE: Caveolin-dependent endocytosis, CCIE: Clathrin/caveolin-independent endocytosis, HeLa: human cervical cancer cells, C166:
mouse endothelial cells, A549: adenocarcinoma human alveolar basal epithelial cells, MRC-5: human lung ﬁbroblasts, HUVEC: human umbilical vein vascular endothelium cells, HCT116: human colorectal carcinoma, NIH/3T3: mouse embryo ﬁbroblasts, K562 human chronic myelogenous leukemia, L-DOPA: (S)-2-amino-3-(3,4-dihydroxyphenyl)propanoic acid, Melatonin: N-acetyl-5-methoxytryptamine, Serotonin HCl: 5-hydroxytryptamine hydrochloride, MUS/OT: 11-mercapto-1-undecanesulphonate and 1-octanethiol, siRNA: small interfering
Ribonucleic Acids
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the activity of key proteins involved in endocytosis via siRNAs [117]. For
example, cancerous HeLa cells with reduced expression of the caveolin1 protein experienced a ~30% reduction in PEGylated nanoparticle uptake. Meanwhile knocking down CDC42 (a key protein for
macropinocytosis) reduced the uptake of PEGylated nanoparticles almost by half [117].
Considering such complex differences in cellular uptake among various types of cells, nanomedicine researchers focus on manipulating
nanoparticles to exhibit deliberate nanoparticle-cell interactions by mediating physicochemical parameters. We focus in this chapter on how
nanoparticle physicochemical properties, including size, shape, elasticity, and surface modiﬁcations affect cellular uptake.
3.1. Nanoparticle size and shape
Nanoparticle physicochemical properties, such as size and shape impact nanoparticle diffusivity, surface-to-cell membrane contact area,
membrane adhesion, and the strain energy required for cell plasma
membrane movement [118]. In other words, nanoparticle size and
shape are important physicochemical properties that determine the extent and efﬁciency of initial nanoparticle-cell interactions.
A study by Chithrani et al. reported in 2006 that 50-nm spherical
gold nanoparticles exhibit highest uptake when exposed to HeLa cells
in tissue culture compared to other nanoparticle sizes of 14 nm and
74 nm [119]. While the importance of nanoparticle size for cellular interaction and uptake is well established [120], reported data suggest
that there are many more parameters and variables at play that affect
cellular entry, such as cell phenotype, nanoparticle rate of sedimentation, density, nanoparticle morphology, and protein corona formation
[14,121–124].

To illustrate how multifaceted and complex nanoparticle-cell interactions are, we highlight a study by Albanese and Chan that compared
nanoparticle cell uptake of monodispersed gold nanoparticles with hydrodynamic diameters of 30 nm to 170 nm to corresponding nanoparticle aggregates [125]. The reserachers reported that HeLa and A549 cells
internalized monodisperse gold nanoparticles more than the corresponding gold nanoparticle aggregates. On the other hand, a different
cancer cell line (MDA-MB-435 human melanoma cells) showed an increase in nanoparticle accumulation for gold nanoparticle aggregates
compared to individual monodisperse nanoparticles. This underlines
the importance of cell type on nanoparticle-cell interactions and exempliﬁes the central role of nanoparticle size and aggregation state on cellular uptake [125].
In addition to inorganic-based nanoparticles, organic nanoparticles
have also been reported to exhibit size-dependent cellular uptake patterns. In one study, different sized polymeric nanoparticles with diameters of 50 nm to 250 nm were used to probe size-dependent trends of
internalization pathways in human retinal pigment epithelium (ARPE19) cells [126]. Suen and coworkers found that smaller nanoparticles
(50 nm and 120 nm in size) were internalized through clathrin- and
caveolae-dependent endocytosis, while larger nanoparticles (250 nm)
were internalized only via caveolae-mediated endocytosis. Similarly,
distinct uptake patterns were observed when block copolymer nanoparticles were synthesized with different sizes using different hydrophilic chain lengths [127]. These nanoparticles formed micelles
(34 nm and 49 nm in diameter) and vesicles (99 nm and 150 nm in diameter) which were incubated with WiDr (human colon carcinoma
cells). Upon ﬂow cytometry analysis, smaller micelles were internalized
more quickly than the larger vesicles, but after 6 hours the cells had internalized almost equal amounts of nanoparticles for both sizes. These

Fig. 3. Physical activation of innate immune responses via spiky particles. (a) Schematic illustration of the physical activation of immune cells to boost immune response in vivo. (b,c)
Electron micrographs of spiky TiO2 microparticles. (d) Electron micrographs of rough microparticles. (e) Electron micrograph of sonicated-off nanospikes. Reproduced with permission
from Ref. [134].
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studies suggest that nanoparticle size not only affects the underlying
uptake kinetics but also the efﬁciency of nanoparticle delivery.
Besides nanoparticle size, both the shape anisotropy and orientation
of the nanoparticle relative to the plasma membrane impact cellular uptake [82,128]. For example, when comparing cellular uptake between
rod-like shapes and spheres, it was found by Arnida and coworkers
that 50-nm spherical gold nanoparticles had higher accumulation inside
human prostate cancer cells compared to gold nanorods [129]. Similarly, macropinocytosis-mediated cellular uptake of nanoparticles has
been shown to exhibit a geometry-dependent correlation in both cancer
and phagocytic cells.
In another study, HeLa cells and A549 cancer cells ingested rodshaped mesoporous silica nanoparticles with varying aspect ratios
via macropinocytosis [130]. The rod-like nanoparticles with aspect ratios between 2.1–2.5 were engulfed in higher quantities than the ones
with aspect ratios between 1.5–1.7 and 4–4.5. These data suggest that
cells possess mechanosensitive processes that sense slight variations
in nanoparticle aspect ratio and adapt their cellular uptake response
accordingly. Further data on geometry-dependent macropinocytosis
concluded that primary human blood phagocytes internalize rod-like
stabilized gold nanoparticles (15 nm × 50 nm) more rapidly than stabilized spherical gold nanoparticles with diameters of either 15 nm or
50 nm [131]. Nevertheless, uptake could be decreased through nanoparticle surface functionalization with 3-kDa poly(ethylene oxide).
This highlights the importance of how nanoparticle surface
modiﬁcations can be used as a strategy to avoid phagocytic clearance
in vivo.
Work by Li and coworkers showed that various shapes of polymeric
nanoparticles decorated with mannose surface ligands exhibited different uptake patterns and inﬂammatory responses in macrophages [132].
The researchers compared the uptake of mannose-decorated spherical
and cylindrical micelles using RAW 264.7 macrophages. Spherical micelles were internalized through clathrin- and caveolin-dependent endocytosis and lead to a higher accumulation inside the macrophages
when compared to cylindrical micelles. Interestingly, longer cylindrical
micelles (215 nm × 47 nm) induced a strong inﬂammatory response
that was linked to an increase in interleukin 6 expression [132]. As pathogenic invaders exhibit many characteristic shapes and sizes on their
surfaces, immune cells may have evolved to recognize a microorganism’s conserved topographic features [133].
To that end, Wang et al. reported that nanofeatures can participate in
the activation of the innate immune system [134]. The group modiﬁed
inorganic TiO2 microparticles to bear “nanospikes” which exerted mechanical forces on innate immune cells during phagocytosis (Fig. 3). In
the presence of either monophosphorylate lipid A or lipopolysaccharide
only spiky particles activated K+ efﬂux and inﬂammasomes (Fig. 3a)
while the non-spiky rough particles did not (Fig. 3b, 3d). Moreover,
the spiky particles along with activation of toll-like receptor 4 (TLR4)
augmented dendritic cell maturation which boosted T-cell and humoral
immune responses. These promising effects led to enhanced efﬁcacy of
a cancer immunotherapy and inﬂuenza vaccination in vivo. Ultimately,
this work indicates that physical activation of immune responses
through material design and particle shape (Figs. 3b–3d) could potentially be translated to other micro/nanomaterials in the future for designing more potent immunotherapies and vaccines. However, more
work needs to be done to fully explore the translational potential of
these results to different materials, such as polymer-based micro/
nanomaterials (Fig. 3).
The examples discussed in this section highlight how nanoparticle
size and shape affect cellular interactions. We anticipate that nanoparticle physicochemical properties will have signiﬁcant impact on triggering and controlling robust immune responses in the future. As the
ﬁeld of nano-immunoengineering is still in its early stages, advanced
understanding of how physicochemical properties of nanoparticles affect immune responses may lead to more potent vaccines and immunotherapies against various diseases, including cancer.
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3.2. Nanoparticle charge
Researchers are able to engineer synthetic nanoparticles with positive, negative, or neutral surface charge. The nanoparticle surface charge
is typically estimated by the so-called zeta potential. The zeta potential
corresponds to the electrokinetic potential of a colloidal nanoparticle
dispersion [135]. Experimentally, the zeta potential of nanomedicines
is quantiﬁed by electrophoretic mobility measurements of colloidal dispersions in aqueous media or buffer. Therefore, a nanoparticle’s zeta potential indicates the overall nanoparticle surface charge in the
corresponding colloidal dispersion.
The nanoparticle zeta potential is dynamic and may change signiﬁcantly in response to environmental conditions. For example, Walkey
et al. showed in a systematic study how protein corona formation affects
nanoparticle surface charge and zeta potential [15]. A library of gold and
silver nanoparticles with positive, negative, and neutral surface charge
were exposed to serum samples in vitro. Interestingly, regardless of
the initial nanoparticle surface charge, the zeta potential was reported
to be in the range from approximately −5 mV to −10 mV after incubation with serum proteins. These ﬁndings suggest that the formation of a
serum protein corona around the nanoparticle surface leads to a “normalization” of the corresponding zeta potential. Normalization means
that the adsorption of serum proteins often results in a slight overall
negative surface charge of nanoparticles, regardless of their initial surface modiﬁcation [15,136–142].
Since the cell plasma membrane is typically overall negatively
charged, the nanoparticle zeta potential affects the likelihood of adhesion to the plasma membrane, cellular uptake, and downstream cytotoxicity. Based on Coulomb’s law, cationic nanoparticles are more
likely to be electrostatically attracted by the negatively charged plasma
membrane resulting in increased accumulation inside cells
[88,143–146]. However, several reports have demonstrated that nanoparticles with negative surface charges can also efﬁciently overcome
the anionic cell plasma membrane and accumulate within cells
[147–151]. This suggests that nanoparticle surface charge is an important design parameter when engineering nanoparticles for efﬁcient cellular interaction, but the processes involved in nanoparticle cellular
uptake are more complicated and go well beyond the simpliﬁed notion
of Coulomb-driven electrostatic interactions [14,152].
While both cationic and anionic nanoparticles have been reported to
enter mammalian cells, their downstream biological effects may be signiﬁcantly different. As reported by Lin and coworkers, an increase in cationic charge density on nanoparticle surfaces not only promotes cellular
uptake, but also elicits cytotoxic effects [153]. These adverse cytotoxic
effects can be attributed to plasma membrane depolarization caused
by cationic nanoparticles. This in turn can increase Ca2+ inﬂux to inhibit
cell proliferation [154]. Furthermore, intracellular accumulation of positively charged nanoparticles in lysosomes may result in lysosome damage, generation of reactive oxygen species (ROS), and damage of cell
organelles, such as mitochondria, ultimately leading to apoptosis and
cell death [155].
Other reports have demonstrated that gold nanorods displaying
amine-terminated poly(ethylene oxide) promoted anti-inﬂammatory
properties in macrophages, whereas carboxy-terminated poly(ethylene
oxide) gold nanorods yielded pro-inﬂammatory markers [131]. In vivo
studies have also corroborated the impact of nanoparticle surface
charges on biodistribution and toxicity. Mice that were intravenously
injected with positively charged lipid nanoparticles experienced severe
adverse effects, including hepatotoxicity, weight loss, and a proinﬂammatory response, compared to mice injected with neutral or negatively charged nanoparticles [156]. Further studies are needed to better
understand the mechanisms behind these observations and how nanoparticle surface charge affects nano-bio interactions at organ, cellular,
and biomolecular levels.
When both positive and negative charges are present on a nanoparticle’s surface, the resulting surface chemistry can be regarded as a
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zwitterionic surface modiﬁcation [157]. The generation of a zwitterionic
surface modiﬁcation can be advantageous and result in signiﬁcant reduction of protein corona formation. This may alter and affect nanoparticle biodistribution and cellular interactions in comparison to cationic
and/or anionic nanoparticle designs [158].
In summary, surface charge should be considered carefully when designing nanoparticles for biological and medical applications. We emphasize that nanoparticle surface charges are dynamic and may
change over time in response to environmental and biological conditions. These changes may affect speciﬁc nano-bio interactions resulting
in unintentional biological responses of nanoparticles and therapeutic
outcomes of nanomedicines.
3.3. Nanoparticle elasticity
Nanoparticle elasticity can impact biodistribution, targeting, and cellular uptake [159,160]. Theoretical models of nanoparticle cellular uptake predict that plasma membrane wrapping around nanoparticles is
energetically less favorable for “soft” nanoparticles than “stiff” nanoparticles. These models also indicate that soft nanoparticles have higher
cellular uptake rates due to potential receptor diffusion and larger contact surface area with the cell plasma membrane [161]. Nanoparticle
“softness” and “stiffness” can be quantiﬁed by a physical measure referred to as Young’s modulus, which deﬁnes the relationship between
stress and strain for a given material.
Due to experimental difﬁculties in measuring the micro- and nanoscale mechanics of nanoparticles, quantifying the effect of nanoparticle
elasticity on cellular uptake is challenging. A few studies, however, report ﬁndings that emphasize the importance of nanoparticle elasticity
on nanoparticle-cell interactions. Guo et al. have used atomic force microscopy (AFM) to measure nanoparticle elasticity and corresponding
effects on nanoparticle cellular uptake [160]. In this study, authors prepared liposomes containing alginate. By changing the concentrations of
calcium alginate, the cross-linking efﬁciency could be controlled. This
control over cross-linking efﬁciency allowed preparation of nanoparticles with varying Young’s moduli. Alginate-ﬁlled liposomes without
crosslinking were “soft” (Young’s modulus of ~1.6 MPa), however, increased cross-linking resulted in “stiff” liposomes with Young's moduli
of up to 19 MPa. When these different nanoparticles were exposed to
neoplastic cells (e.g., human breast cancer MDA-MB-231 and MCF7)
and non-neoplastic cells (e.g., human mammary epithelial MCF10A),
all cells engulfed the soft nanoparticles signiﬁcantly more than the
stiffer nanoparticles (i.e. nanoparticles with higher cross-linking efﬁciency and Young’s modulus). Similarly, in vivo experiments with
orthotopically implanted murine 4T1 breast cancer cells showed higher
tumor accumulation of soft nanoparticles, whereas the stiffer nanoparticles were found mostly in the liver.
The elasticity of nanoparticles also affects their interaction with immune cells [159]. Anselmo et al. synthesized nanoparticles of the same
size with elastic moduli of ~10 kPa (soft) and ~3 MPa (hard) via a
water/PEGDA-in-oil-nanoemulsion method, where the volume fraction
of PEGDA determined nanoparticle elasticity. Although in vitro tissue
culture studies indicated lower uptake of soft nanoparticles by 4T1 murine breast cancer cells and bEnd.3 brain endothelial cells. Macrophages
displayed a 3.5-fold higher uptake of hard vs. soft nanoparticles within
12 h of exposure. Such differences indicate shorter blood circulation
times for hard nanoparticles due to increased clearance from the
blood stream by phagocytotic immune cells. As the nanomedicine
ﬁeld continues to expand, further work dedicated to understanding of
nanoparticle elasticity could improve the efﬁciency of nanoparticlecell interactions.
3.4. Nanoparticle surface modiﬁcations with targeting ligands
The surface of nanoparticles can be modiﬁed with so-called targeting
ligands to enable speciﬁc interaction and binding of nanoparticles to cell

surface receptors. This is a prominent concept in nanomedicine and referred to as “active targeting” (Fig. 4a) [162–165]. Targeting ligands that
are commonly used in nanomedicine include peptides, small molecules,
proteins, antibodies, antibody fragments, and nucleic acids. We have
summarized examples of nanoparticle targeting ligands in Table 2 that
have been reported for in vitro and/or in vivo applications in
nanomedicine. Many of these ligands are able to recognize and bind
cell surface receptors that are overexpressed on malignant cells. The rationale for this surface modiﬁcation strategy is that targeting ligands
may increase a nanoparticle’s cellular interaction, activate downstream
cell signaling pathways leading to a desired biological response (e.g., cell
apoptosis), or enhance cellular uptake of nanoparticles to deliver therapeutic and diagnostic payloads into the cell. To engineer active targeting
nanoparticles, a number of design parameters need to be taken into account and optimized for efﬁcient targeting. These parameters include
target ligand length, target ligand density, hydrophobicity, and avidity
[166–173].
Nanoparticles that do not exhibit speciﬁc surface targeting ligands
are referred to as “passive targeting” nanoparticles (Fig. 4b). Passive
targeting indicates that the interactions between nanoparticles and
cells are non-speciﬁc. These non-speciﬁc interactions may facilitate
nanoparticle uptake in healthy as well as diseased cells. In contrast to active targeting nanoparticles that have not advanced beyond clinical trial
stages yet, passive targeting nanoparticles have been approved by the
U.S. Food and Drug Administration (FDA) as cancer nanotherapeutics,
[18,174,175,180,181].
A challenge for passive and active targeting nanoparticles is that
their deliberately designed surface chemistry may change upon exposure to a biological environment. For example, nanoparticles that are
decorated with targeting ligands may undergo a change in their
targeting abilities upon introduction into a biological milieu, such as
the blood stream. One of the reasons for this is the formation of a nanoparticle protein corona due to serum protein surface adsorption. This
protein corona formation changes the deliberately designed synthetic
identity of nanoparticles to a biological identity which often has significant impact on nanoparticle-cell interactions [10,176,177]. Parameters
that can affect formation and composition of nanoparticle protein
coronae include incubation temperature, use of different protein/
serum sources, human vs. animal plasma/serum, local temperature variations for plasmonic nanoparticles, which may facilitate the formation
of unique, personalized protein coronae around nanoparticles [178]. In
human plasma, nanoparticles are exposed to high amounts of protein,
which increases their size and may enhance their subsequent internalization by immune cells [179]. Targeting ligands may be buried within
the protein corona resulting in reduction or complete loss of speciﬁc
targeting capabilities (Fig. 4c). In a study by Salvati et al, 50-nm silicon
oxide nanoparticles were coated with transferrin, a popular proteinbased ligand for active cancer cell targeting [180]. However, the ability
of transferrin moieties to maintain targeting speciﬁcity diminished
under physiological conditions. This was largely attributed to a
shielding effect around the transferrin ligands as a result of nanoparticle
protein corona formation (Figs. 4c and 4d).
To address the potential surface shielding effect of the protein corona, Tonigold and coworkers developed a pre-adsorption process to
link targeting antibodies (anti-CD63) onto polystyrene carboxyfunctionalized nanoparticles [181]. Antibodies that simply adsorbed to
the nanoparticle surface were compared with the antibodies that were
coupled via 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide and Nhydroxysuccinimide (EDC-NHS) chemistry. Regardless of how the antibodies adhered to the nanoparticle surface, the constructs had maintained similar properties in the absence of serum and were able to
bind to CD63 antigen expressed on monocyte-derived dendritic cells.
However, under physiological conditions (e.g., in plasma or serum), an
impaired targeting efﬁciency correlated to the method of antibody attachment. The authors observed that in 100% emersion of serum or
plasma, the nanoparticles that are covalently bound to the antibodies
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Fig. 4. Protein corona formation can affect intratumoral cell targeting abilities of active and passive targeting nanoparticles. (A) Upon extravasation from tumor blood vessels into the
tumor interstitium, active targeting nanoparticles are designed to speciﬁcally recognize and bind cell surface receptors on malignant cells in the tumor microenvironment. This
phenomenon is in contrast to passive targeting nanoparticles shown in (B) that do not exhibit speciﬁc cell targeting capabilities. (C) Upon exposure to a biological environment, the
protein corona formation may sterically hinder and mask surface-bound ligands of active targeting ligands to facilitate non-speciﬁc interactions with off-target cells rather than
targeted cancer cells. (D) Such non-speciﬁc cellular interactions with off-target cells can also be observed for passive targeting nanoparticles. Reproduced with permission from Ref. [66].

lost their targeting abilities, whereas the pre-absorbed antibodynanoparticles were still able to efﬁciently target the CD63 antigen on
monocyte-derived dendritic cells.
A different approach to mitigate the negative impact of the protein
corona on nanoparticle cell targeting was reported by Dai et al. in
2014 and is referred to as poly(ethylene glycol) (PEG) backﬁlling [67].
Authors decorated gold nanoparticle surfaces with PEG molecules of different molecular weights and covalently conjugated these PEG molecules with trastuzumab, a monoclonal ErbB2 (HER2) targeting
antibody. They concluded that the PEG chain length used to conjugate
the targeting antibody affects nanoparticle targeting efﬁciency. In
more detail, the PEG molecules used for surface backﬁlling need to be
of lower molecular weight than the PEG molecules used to conjugate
the targeting antibody. This backﬁlling strategy enabled speciﬁc
targeting of nanoparticle surface conjugated trastuzumab antibodies
to ErbB2 cell surface receptors. In addition, Dai et al. demonstrated
that surface backﬁlling with low molecular weight PEG reduced the formation of a serum protein corona. Overall, this design improved
targeting speciﬁcity of nanoparticles to ErbB2 expressing cells in
serum-rich environments in comparison to other surface modiﬁcation
strategies.
While the beneﬁt of active targeting has been demonstrated for
in vitro tissue culture studies through a large body of publications,
it is less clear if the presence of active targeting ligands on nanoparticle surfaces can result in increased speciﬁc cellular interaction
in vivo. For example, a study by Chan and coworkers published in
2018 demonstrated that there was no statistically signiﬁcant

difference in nanoparticle-cell interaction for 55-nm gold nanoparticles with and without ErbB2 targeting trastuzumab antibody surface
modiﬁcation in preclinical mouse models of human ovarian cancer
SKOV-3 xenograft tumors [17]. In addition, this study also demonstrated that intratumoral nanoparticles irrespective of surface modiﬁcation are more likely to interact with tumor associated
macrophages (TAMs) rather than targeted malignant cells. This ﬁnding is in line with reports by Weissleder and coworkers, which identiﬁed TAMs as major intratumoral biological barriers for targeted
nanoparticle delivery to cancer cells [182–184].
Decorating nanoparticle surfaces with targeting ligands that are speciﬁc against cell surface receptors may increase cellular interactions.
However, surface modiﬁcation strategies need to be chosen judiciously
and optimized for intended applications. Precise targeting of cell populations in vitro and in vivo requires that nanoparticle surface modiﬁcations can maintain their deliberately designed functions in
dynamically changing biological environments. These ﬁndings open opportunities for researchers to develop nanoparticle surface designs that
can address the above-mentioned challenges to improve speciﬁc delivery and interactions between nanoparticles and targeted cells.
In this chapter, we surveyed and discussed a number of nanoparticle
physicochemical properties that are critical for enhanced nanoparticlecell interactions. Nanoparticle size, shape, surface charge, elasticity, and
surface ligands and ligand density are important design criteria that researchers need to consider when engineering nanomedicines for cellular interaction and uptake. After successful cellular entry, nanoparticles
need to overcome intracellular barriers to reach cellular compartments
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Table 2
Examples of different types of nanoparticle targeting ligands for enhanced nanoparticle cellular interaction with targeted cell types.
Targeting ligand

Nanoparticle core material

Targeted cell types

Used for cell
targeting in
vitro or in vivo

Ref.

Peptides
CLT1 peptide for ﬁbronectins

PEG-PLA

C6 glioma cells

[314]

CREKA pentapeptide sequence for
ﬁbrin
M2-macrophage targeting peptide

DSPE-PEG2000

GL261 glioma cells

In vitro and
in vivo
In vivo

HPMA polymer

Tumor associated macrophages

RGD motif for integrin binding

Mesoporous silica

P160 targeting peptide found
through phage display
Chlorotoxin peptide for MMP2

Cadmium-selenide core zinc-sulﬁde shell
quantum dots
Silver

SCC-7 mouse squamous cell carcinoma, HT-29 human
colon cancer cells
MCF-7 human breast cancer cells

Glycoproteins
Transferrin to cross blood brain
barrier

[315]

In vitro and
in vivo
In vitro

[316,317]

In vitro

[319]

U87MG glioblastoma

In vitro and
in vivo

[320]

DSPC-cholesterol-POPG

U87MG glioblastoma, GL261 glioma cells

In vitro and
in vivo

[321]

Antibodies and antibody fragments
Anti-CD8a F(ab’)2

PLGA-PEG

CD8+ T-cells

[322]

HuA33 monoclonal antibody

Poly(methacrylic) acid

HER2 monoclonal antibody
Anti-epidermal growth factor
receptor

Gold plasmonic vesicles
Quantum dots

LIM1889, LIM2405+, LIM2405-human colon cancer
cells
SKBR-3 human breast cancers
MDA-MB-231 mammary adenocarcinoma, BxPC-3
pancreatic adenocarcinoma

In vitro and
in vivo
In vitro
In vitro
In vitro

[324]
[325]

In vitro

[326]

In vitro

[327]

G- rich DNA aptamer

Lipidated aptamer-based nanocarriers loaded H1838 non-small cell lung
with doxorubicin
Zinc gallogermanate
4T1 mammary carcinoma

In vivo

[328]

Small molecules
Folic acid for folate receptors

Mesoporous silica

In vitro

[329]

Nucleic acids
Single-stranded
oligonucleotide-based aptamers
Anti-cMet DNA aptamer

Quantum dots

A549 lung adenocarcinoma

U20 osteosarcoma

[318]

[323]

Abbreviations: CTL1: ﬁbronectin targeting peptide, CREKA: ﬁbrin binding peptide cysteine, arginine, glutamic acid, lysine, aspartic acid, RGD: arginine, glycine aspartic acid, MMP2- Matrix
metalloproteinase, PEG-PLA: poly(ethylene glycol)-poly(lactide), DSPE-PEG2000: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000], HPMA: poly
(N-(2-hydroxypropyl) methacrylamide), DSPC: 1,2-distearoyl-sn-glycero-3-phosphocholine, POPG: 1,2-distearoyl-sn-glycero-3-phosphocholine, PLGA-PEG: poly(lactic-co-glycolic acid)
(PLGA) and polyethylene glycol

and organelles. We explore and discuss the intracellular journey of
nanoparticles in the next chapter.

4. Intracellular trafﬁcking of nanoparticles
After cellular internalization, nanoparticles undergo transport and
trafﬁcking to various intracellular destinations. If nanoparticle cellular
uptake occurs via endocytic pathways, nanoparticles are conﬁned
within a membrane-lined vesicle, such as an endosome (Fig. 1). These
vesicles transport throughout the cell in complex trafﬁcking patterns.
Currently used methods for probing the intracellular trafﬁcking of nanoparticles include optical- and electron-based microscopy techniques,
such as super resolution ﬂuorescence microscopy, confocal laser scanning microscopy, dark-ﬁeld microscopy, transmission electron microscopy, scanning electron microscopy, atomic force microscopy, ﬂow
cytometry, mass cytometry, photoacoustic microscopy, surfaceenhanced Raman scattering, laser-ablation inductively-coupled plasma
mass spectrometry, and correlative microscopy [185–187].
Due to the complexity of nanoparticle intracellular trafﬁcking patterns, it is challenging to paint a complete picture of all intracellular
events and processes that take place once nanoparticles enter cells.
Hence, we present in Fig. 5 a simpliﬁed overview of intracellular nanoparticle transport processes and refer readers to excellent specialized
overview articles on this topic [188–190].
Similar to nanoparticle cellular uptake (see Chapters 2 and 3), nanoparticle intracellular trafﬁcking is also dependent upon cell type and a

nanoparticle’s physicochemical properties, including size, shape, and
surface chemistry.
To brieﬂy review the dynamics of intracellular nanoparticle transport, we highlight ﬁndings reported by Al-Hajaj and coworkers. Using
in vitro tissue culture experiments, the researchers compared differences of nanoparticle trafﬁcking in liver cancer cells and nonmalignant kidney cells [191]. In this study, researchers modiﬁed the surfaces of semiconductor (quantum dots) nanoparticles made from
CdSe@CdZnS with sizes of 8-10 nm and four different surface chemistries: (i) mercaptopropionic acid, (ii) dihydrolipoic acid, (iii) Lcysteine, or (iv) cysteamine ligands. The overall size of quantum dots
was not affected by these different surface chemistries. Interestingly,
the highest cellular uptake in both liver and kidney cell lines was reported for quantum dots modiﬁed with cysteamine, potentially due to
their overall cationic surface charge. However, after cellular uptake of
these nanoparticles, p-glycoprotein transporters were shown to excrete
between 60-70% of the initially accumulated quantum dots with cysteamine surface chemistry in both cell lines over the course of 6 hours.
These data demonstrate that intracellular nanoparticles may be excreted from cells over time due to dynamic intracellular transport and
trafﬁcking processes. While these data have been obtained in tissue culture experiments, this information is important as liver and kidney cells
are involved in degradation, metabolism, and elimination of administered nanoparticles, which are prime aspects of in vivo nanotoxicology
[192–195].
In this chapter, we explore how nanoparticles can be rationally designed to overcome intracellular barriers using endosomal escape
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Fig. 5. Simpliﬁed overview of main nanoparticle intracellular trafﬁcking pathways and mechanisms. (a) Cellular entry of nanoparticles often occurs through an endocytotic pathway.
(b) After internalization, nanoparticles are typically trafﬁcked to a sorting/early endosome which can undertake several intracellular transformations. (ci) The sorting/early endosome
forms a late endosome as the pH decreases that then fuses with other components to become a lysosome (d) from which nanoparticles can either escape for subsequent intracellular
targeting (f) or in which nanoparticles can get degraded and/or exocytosed (g). An alternative to lysosome formation can either be (cii) endosomal escape and subsequent
intracellular targeting (f), or (ciii) a recycling process through a recycling endosome located near the perinuclear region, or even (civ/g) rapid recycling directly to the plasma membrane.

mechanisms. We then explore and discuss nanoparticle intracellular organelle targeting and ﬁnish with an overview on cellular excretion
processes.
4.1. Endosomal escape
Unless interrupted, cells process endocytosed nanoparticles in similar ways as internalized biomolecules (e.g., proteins, carbohydrates,
nucleic acids, and lipids). Upon endocytosis, nanoparticles are typically
entrapped in vesicular structures, such as endosomes (Figs. 5a and 5b).
Endosomes can undergo a variety of processes such as vesicle aging,
that can be brieﬂy characterized by early- to late-stage vesicle transformation (Figs. 5b– 5d). These different stages of intracellular vesicle development are typically accompanied by changes in intra-vesicle pH
(Fig. 5 ci). Eventually, the acidiﬁed endosome may fuse with lysosomal
compartments for enzymatic digestion and degradation of vesicle contents (Fig. 5d). Examples for these pathways are the formation of
phagolysosomes and macropinosomes [39,196]. Endosomes can also
be recycled and/or processed at the perinuclear region (Fig. 5 ciii). Viruses often exploit trafﬁcking patterns that lead to the perinuclear region for pathogenesis [197,198]. Endosomes can also be sent to the
plasma membrane for downstream exocytosis (Fig. 5 civ). Pridgen
et al. capitalized on this pathway for the transepithelial transport of
nanoparticles [199]. Nanoparticles bearing Fc regions of the IgG antibody were shown to target the neonatal Fc receptor which resulted in
enhanced absorption efﬁciency after oral administration in vivo.
More often than not, endosomal entrapment represents a major detriment to nanomedicine efforts. Once conﬁned to intracellular vesicles,
nanoparticles may be subjected to lysosomal degradation which can

inhibit their intended biological and therapeutic functions. In consequence, some types of nanoparticles need to overcome the endosomal
barrier before accessing the cell’s cytoplasm, intracellular organelles,
and compartments (Figs. 5e- 5f). Physicochemical nanoparticle properties, such as surface charge and surface ligand display, can be
engineered to facilitate endosomal escape with enhanced efﬁciency
(Figs. 5 cii, 6).
Strategies for endosomal escape of nanoparticles include the use of
CPPs and other membrane disrupting nanoparticle surface modiﬁcations and mechanisms, such as lipid fusion with the endosomal membrane (Fig. 6a) [105]. In recent studies, nanoparticles decorated with
CPPs have been reported to result in endosomal rupture and escape of
nanoparticles via the so-called “proton sponge” effect [200,201]. Although not fully understood, the proton sponge effect has been attributed to cationic surface modiﬁcations which induce osmotic swelling
and subsequent membrane disruption to release endosomal contents,
such as nanoparticles and their payloads.
Dalal and coworkers coated quantum dots in a polyacrylate shell
that was further modiﬁed with PEG and varying amounts of TAT peptides [202]. These peptides are derived from transactivator of transcription (TAT) of the human immunodeﬁciency virus and are typical
examples for CPPs. As reported by Dalal et al., nanoparticles with TAT
peptide surface modiﬁcation entered HeLa cells through the lipid-raft
mediated endocytotic pathway. Peptide-modiﬁed quantum dots were
shown to have diverse trafﬁcking patterns as a function of the CPPs’
multivalency (number of attached peptides per nanoparticle). Lower
multivalency of TAT peptides on the quantum dot surface resulted in
endosomal escape and localization of nanoparticles at the Golgi apparatus and the perinuclear region as documented by ﬂuorescence
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Fig. 6. Examples of cytoplasmic delivery via endosomal escape. Three main strategies are available for nanoparticles to break through and escape endosomal barriers. (a) Membranedisrupting surface modiﬁcations and mechanisms (e.g., poly(ethyleneimine) PEI; cell-penetrating peptides (CPPs); and lipid fusion with endosomal membrane); (b) pH-responsive
materials (e.g., hydrazone bonds); and (c) enzyme-cleavable materials (e.g., ester linkages, cathepsin B cleavable peptides).

microscopy. In contrast, higher multivalency of CPPs on the quantum
dot surface led to exocytosis of nanoparticles. Similar targeting results
were obtained with the same CPP sequence on mesoporous silica nanoparticles rather than quantum dot nanoparticles [203]. This underlines
the importance of the speciﬁc amino acid sequence of CPPs of different
types of nanoparticles to regulate escape and targeting mechanisms.
In addition to membrane-destabilizing peptides, other membranedisrupting surface modiﬁcations have been utilized (Fig. 6a). Nanoparticles modiﬁed with polymers, such as poly(ethyleneimine) (PEI), have
been reported to rupture endosomes [204]. Melamed and coworkers
capitalized on PEI’s ability to disrupt endosomal membranes to deliver
siRNA via spherical nucleic acids that sensitized glioblastomas to a chemotherapeutic agent. The researchers observed decreases in proliferation and metabolism, as well as an increase of senescence in the
glioblastomas.
An alternative pathway for endosomal escape that is not depicted in
Fig. 6a has been reported in a recent study by the Irvine group at MIT.
First, they fabricated 2-4 nm amphiphilic gold nanoparticles that embedded a TGF-β inhibitor [205]. Next, the nanoparticles were coated
with antibodies to target CD8+ T-cells in vitro and in vivo. The amphiphilic nanoparticles displayed the ability to directly translocate across
the cell membrane. Interestingly, transmission electron microscopy
(TEM) analysis revealed 24 hours post-incubation in vitro that the amphiphilic nanoparticles traversed endosomal membranes to deliver
the TGF-β inhibitor payloads into the cytoplasm of CD8+ T-cells. The authors concluded that the targeting antibody was proteolytically degraded in the endolysosomal pathway which liberated the
amphiphilic nanoparticles to penetrate through the intracellular vesicles’ membranes via non-disruptive membrane penetration. In vivo,
the unique nanoparticle-cell behavior correlated with 40-fold enhanced
CD8+ T-cell nanoparticle uptake. The improved nanoparticle uptake resulted in greater cytokine production due to the enhanced TGF-β inhibitor delivery. This study elegantly illustrates the potential impact of how
surface modiﬁcations can simultaneously facilitate speciﬁc cell uptake
and escape from intracellular vesicles.
A key characteristic of intracellular endosomes and lysosomes is
their acidic pH which can be exploited for endosomal escape of pHsensitive nanoparticle modiﬁcations (Fig. 6b). Wang et al. harnessed

the acidic endosomal pH environment to deliver the cancer drug doxorubicin to multidrug resistant cancer cells [206]. The researchers bound
doxorubicin to 30-nm diameter gold nanoparticles through a low pHsensitive hydrazone bond. Once the nanoparticles entered the multidrug resistant cells through clathrin- and caveolae-dependent endocytosis, the hydrazone bonds were cleaved due to the acidic pH of the
late stage endosomes/lysosomes which released doxorubicin from the
gold nanoparticle core into the cytoplasm. Flow cytometry analysis
and confocal microscopy were used to conﬁrm cytoplasmic doxorubicin
concentrations. Furthermore, the authors were able to overcome doxorubicin efﬂux caused by P-gp transporter pumps by using this
hydrazone-doxorubicin gold nanoparticle system. High levels of doxorubicin were maintained within drug resistant cells, leading to a therapeutic effect in comparison to free unbound doxorubicin.
To further highlight the utility of pH-sensitive nanoparticles (Fig. 6b),
Farokhzad’s group grafted poly(2-(diisopropylamino ethylmethacrylate)
into the amphiphilic polymer coating of nanoparticles displaying a tumor
targeting peptide sequence (i.e., RGD sequence) [207]. Once trapped in
endosomes, these nanoparticles underwent rapid protonation. The pKa
of poly(2-(diisopropylamino ethylmethacrylate) is close to endosomal
pH (i.e., pH 6.0-6.5), which allowed the nanoparticles to efﬁciently release siRNA payloads upon endosomal acidiﬁcation. Using this siRNA delivery strategy, optical microscopy conﬁrmed the efﬁcient knockdown of
luciferase in luciferase expressing HeLa cells. These examples demonstrate that nanoparticles can be designed effectively to exploit the chemical characteristics of intracellular vesicles, such as acidic pH, for
improved cytoplasmic delivery of payloads, including nucleic acids
(Fig. 6b).
Enzyme-cleavable nanoparticle modiﬁcations, such as linkers and
shells, are a third strategy for endosomal escape (Fig. 6c). These moieties have been used to enable cytoplasmic delivery of nanoparticles
and nanoparticle payloads trapped in endosomal vesicles. For instance,
Prasetyanto et al. concealed cytotoxic proteins inside enzyme-breakable
disulﬁde-linked organosilica nanoparticles capsules which were exposed to a rat glioma cancer cell line in vitro [208]. Seven minutes
after incubation, scanning electron microscopy revealed that the glioma
cells had already internalized the enzyme-breakable nanoparticles.
Once inside the glioma cells, colocalization of these nanoparticles was
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observed with intracellular lysosomes leading to subsequent enzymemediated nanoparticle degradation and release of cytotoxic cargo.
Forty percent of the glioma cells were viable after being exposed to
this stimuli-responsive nanoparticle system. After 48 hours, the
enzyme-breakable organosilica nanocapsules were entirely degraded
within lysosomes.
Similarly, Sangtani et al. synthesized ~35-nm in diameter quantum
dots conjugated to both CPPs and doxorubicin through various
enzyme-cleavable linkers [209]. The quantum dot-CPP conjugates
bound to doxorubicin via ester linkages were reported to have been enzymatically cleaved within HeLa cells with highest efﬁciency inside
endosomes. This degradation resulted in a cluster of doxorubicin ﬂuorescence signal in the HeLa cells’ nuclei. When assessing cytotoxicity,
the QD-CPP-ester-doxorubicin conjugates were reported to achieve
doxorubicin delivery to the nucleus in two hours.
Additional enzymatic studies reported by Acar et al. have identiﬁed
and exploited endosome-speciﬁc enzymes like cathepsin B to release
cargo from amphiphilic nanoparticles upon endosomal entrapment
[210]. Endosome-speciﬁc enzyme-cleavable linkers were added between the hydrophilic peptide payload and the hydrophobic lipid with
the conjugation of ﬂuorescence resonance energy transfer (FRET)coupled dyes on each side of the molecule. This FRET-based approach
enabled the tracking of the lipid-conjugated peptide-based nanoparticles as well as the cleavage kinetics through confocal microscopy. Interestingly, after the enzymatic cleavage, the hydrophobic lipid part of the
structure exited the cytoplasm through extracellular vesicles. As demonstrated by this example, nanoparticles can be engineered to allow
tracking of their intracellular transport pathways and the fate of their
individual molecular components. These ﬁndings not only further our
understanding of intracellular nanoparticle trafﬁcking but also facilitate
elucidation of the intracellular fate of nanoparticle building blocks and
payloads. However, more work is needed to achieve ﬁnite control over
such stimuli-responsive nanoparticle systems in vivo.
The examples presented in this section highlight that different intracellular nanoparticle delivery patterns and efﬁciencies can be achieved
through careful engineering of nanoparticle surface chemistry.
4.2. Organelle and subcellular targeting
As shown in Fig. 5, mammalian cells exhibit a variety of different intracellular organelles and compartments. Organelles, such as the cell
nucleus, mitochondria, endoplasmic reticulum, and Golgi apparatus
exert speciﬁc biological functions that are important for replication,
cell division, energy production, lipid and protein synthesis, and intracellular transport. While these functions are strongly regulated, conserved, and concerted in healthy cells, organelle dysfunction,
alteration, and deregulation of intracellular mechanisms represent typical hallmarks of disease. Therefore, targeting intracellular organelles
and compartments with nanoparticles is important for diagnosis and
therapy.
Similar to nanoparticle uptake and endosomal escape, engineering
physicochemical properties of nanoparticles can facilitate transport to
speciﬁc organelles. While targeting moieties can aid in organelle localization (see Table 3), there are other important factors to successful
nanoparticle delivery. For instance, several studies have shown a sizedependent relationship for nanoparticle transport into the cell nucleus
for therapeutic interventions [211–214]. As shown in Fig. 7, gold nanoparticles with an average diameter of ~4 nm were able to enter the cell
nucleus of MDA-MB-231 human breast cancer cells, while gold nanoparticles with a diameter of approximately 14 nm were not able to
cross the nuclear envelope and remained distributed throughout the
cell’s cytoplasm.
Nanoparticle entry into the cell nucleus has been reported by two
different mechanisms. The ﬁrst one is active transport of nanoparticles
through the nuclear membrane pore complex that is facilitated by nuclear localization signals (NLS). Typical examples of these NLS
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Table 3
Nanoparticle Surface Modiﬁcations and Surface Ligands for Intracellular Organelle
Targeting.
Nanoparticle Surface Modiﬁcation

Organelle Destination
(s)

Ref.

Folic acid
RGD + CGGGPKKKRKVGG peptide
3,4-diphenylacetic
acid-MYIEALDKYAC-COOH peptide
DRQIKIWFQNRRMKWKK peptide
Triamcinolone acetonide
Nuclear localization sequence (NLS)
peptide
Triphenoylphosphonium
D[KLAKLAK]2 peptide
RGD + MLALLGWWWFFSRKKC peptide
MVSGSSGLAAARLLSRTFLLQQNGIRHGSYC
peptide
Dmt-D-Arg-Phe-Lys-NH2 peptide
Octaarginine peptide

Nucleus
Nucleus
Nucleus

[329]
[330]
[331]

Nucleus
Nucleus
Nucleus

[332]
[333]
[334]

Mitochondria
Mitochondria
Mitochondria
Mitochondria

[218–220]
[335]
[336]
[337]

TAT peptide CALNNAGRKKRRQRRR

Mitochondria
Golgi apparatus,
mitochondria
Golgi apparatus, nucleus

L-cysteine moieties
KDEL peptide
mi-R29b + PEI

Golgi apparatus
Endoplasmic reticulum
Endoplasmic reticulum

[338]
[49],
[339]
[245],
[202]
[340]
[341]
[342]

sequences are short peptides that can bind to cytoplasmic importins,
such as Importin α and Importin β, that are located in the perinuclear
region [212]. After binding to cytoplasmic importins, nanoparticles
with diameters up to 50 nm have been reported to enter the cell nucleus
via active transport through the nuclear pore complex [203]. A second
pathway of nanoparticle entry into the cell nucleus is by passive diffusion of cytoplasmic nanoparticles through the open channel of the nuclear pore complex. Diameters of this channel can vary, but are
typically in a range of ~6−9 nm [211–214]. Passive diffusion into the
cell nucleus requires that nanoparticles are smaller in diameter than
the cut-off size of the nuclear pore complex.
Recently, García et al. reported enhanced cellular uptake of functionalized 14-nm cationic gold nanoparticles when compared to 2-nm and
5-nm diameter gold nanoparticles [215]. Despite better cellular uptake
for the larger nanoparticles, the 2-nm nanoparticles delivered DNA payloads to the nucleus 20x times more efﬁciently than their 14 nm counterparts. Another study by Huo and coworkers determined a sizedependent basis for nuclear uptake of gold nanoparticles in breast cancer cells (MCF-7) [216]. Nanoparticles with diameters of 2 nm and 6 nm
were seen inside the nucleus while larger nanoparticles of 10 nm and
16 nm were not. Building upon that observation, the researchers used
the 2-nm gold nanoparticles to deliver triplex-forming oligonucleotides
to the nucleus which silenced the c-myc promoter by 50%. Work by Oh
and coworkers also support the concept of size-dependent nanoparticle
delivery to the cell nucleus, as reported for gold nanoparticles modiﬁed
with PEG and polyarginine [217]. The researchers observed nucleus
targeting abilities for smaller nanoparticles (~2.4 nm in diameter)
while slightly larger nanoparticles (5.5–8.2 nm) were distributed in
the cytoplasm. Not only are size and surface chemistry important for
nuclear localization, but as Tang et al. showed nuclear transport of quantum dots plateaued when the quantum dot surface was covered at 20%
density with NLS sequences [113]. Moreover, Tang et al. also conﬁrmed
a size dependence for cell uptake and nuclear internalization using
semiconductor quantum dot nanoparticles.
Mitochondria are also major intracellular targets for nanoparticles
and therapeutic payloads. In one study, Qu and colleagues coupled
triphenoylphosphonium (PPh3) to the surface of doxorubicin-loaded
mesoporous silica nanoparticles (MSNPs-PPh3-DOX) [218]. As shown
by the authors, the lipophilic nature of the three phenyl groups in combination with the delocalized cationic charge of this surface ligand facilitated nanoparticle transport across the mitochondrial membrane.
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Fig. 7. Size-dependent transport of gold nanoparticles into cell nucleus of MDA-MB-231 human breast cancer cells in tissue culture. Cells were exposed to gold nanoparticles modiﬁed with
cationic peptide sequences. Gold nanoparticles exhibited two different sizes: (a) 4-nm; and (b) 14-nm. Cells were exposed to nanoparticles at a concentration of 4 μM for 24 h in tissue
culture. Transmission electron microscopy (TEM) images of 4-nm gold nanoparticles with increasing magniﬁcation (a,i – a,iv) reveal that nanoparticles are homogenously distributed
throughout the cell cytoplasm and were able to enter the cell nucleus (a,iv). White arrowheads indicate 4-nm gold nanoparticles within cell nucleus. Gold nanoparticles with a
diameter of 14-nm were also distributed throughout the cell cytoplasm (b,i – b,iii), but remained within the cytoplasm and were not able to cross the nuclear envelop (b,iv). Black
dashed rectangles indicate area of magniﬁcation of subsequent image. The white dashed lines indicate the nuclear membrane. These data suggest a size-dependence for nuclear
transport of nanoparticles via passive diffusion through the nuclear pore complex.

Within 8 hours, MSNPs-PPh3-DOX had been released from lysosomes
and interacted with the mitochondria. This resulted in reduced cellular
levels of ATP in HeLa cells and caused mitochondrial dysfunction which
lead to a reduction in cell viability to only 30% after 24 hours of in vitro
exposure.
Mitochondria dysfunction is a key player in neurodegenerative diseases including Alzheimer’s disease. To that end, Kwon et al. developed
a cerium oxide nanoparticle-based system that could suppress the onset
of neuron death by sequestering reactive oxygen species generated by
malfunctioning mitochondria [219]. The researchers found that cerium
oxide nanoparticles coated with DSPE-PEG2000-methoxy and PPh3
could recycle oxygen atoms and inhibit further neuronal damage in vivo.
Building upon mitochondria targeting with nanoparticles, Jeena et al.
synthesized novel peptide amphiphiles that were ﬁne-tuned to undergo
self-assembly upon accumulation in mitochondria [220]. In HeLa cells,
amphiphilic peptides consisting of β-sheet forming blocks conjugated
to PPh3 were seen to accumulate in mitochondria that then formed ﬁbrils due to high local concentration. The formation of the ﬁbrils
perturbed mitochondrial membranes leading to the leaking of mitochondrial contents into the cytoplasm and subsequent apoptosis. Future
work using this construct would require speciﬁc cell precision so as not
to induce mitochondrial damage in healthy cells.
The endoplasmic reticulum is an important cellular organelle for the
proper folding and transport of proteins [221]. Moreover, the endoplasmic reticulum is a critical site for the loading of peptides into MHC class I
molecules and subsequent cytotoxic T-cell responses [222]. Therefore,
endoplasmic reticulum integrity is critical for proper cell and organism
functioning. Cubillos-Ruiz et al. illustrated how endoplasmic reticulum

stress in tumor-associated dendritic cells promotes tumor growth and
dampens anti-cancer immunity [223]. Identiﬁcation of an increase in
endoplasmic reticulum stress factor (XBP1) was linked to reduced dendritic activity which also reduced T cell dependent immunity. By
employing PEI-based nanoparticles that encapsulated speciﬁc siRNAs,
the phagocytic dendritic cells were seen to preferentially engulf these
nanocomplexes which induced about 65% gene silencing of XBP1. Silencing of endoplasmic reticulum stress in tumor associated dendritic
cells through intraperitoneal injections of the siRNA-PEI nanoparticles
in vivo augmented the survival of mice with aggressive orthotopic ovarian tumors. This novel method provides a way to activate cell-mediated
anti-cancer immunity through precise intracellular nanoparticle
targeting.
Another important organelle for nanoparticle-based interventions is
the Golgi apparatus. This organelle is critical for carrying out posttranslational modiﬁcations of newly synthesized proteins [224]. Since accumulations of misfolded proteins are a hallmark of cancerous cells, Yu
et al. sought to inhibit the Golgi apparatus’ pathological role [225]. To
do this, the researchers ﬁrst encapsulated both a COX-2 inhibitor and
Brefeldin A into PLGA-PEG nanoparticles. The COX-2 inhibitor,
(celecoxib) accumulated within the Golgi apparatus while Brefeldin
inhibited protein transport from the endoplasmic reticulum to the
Golgi apparatus. Fluorescence microscopy revealed that the nanoparticle encapsulation of these two small molecules efﬁciently damaged
the Golgi apparatus within 30 minutes in vitro in murine metastatic
breast cancer cells and displayed enhanced cytotoxicity. Furthermore,
the co-delivery of these small molecules was observed to decrease the
expression of proteins associated with metastasis (MMP-9 and VEGF).
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Genetic material encapsulated into nanoparticles must also overcome endosomal barriers to reach cytosolic targets. To that end, Tai
and colleagues produced 30-nm self-assembling ribonucleoproteinoctamer nanoparticles that contained 38% of siRNA by weight without
excessive cationic charges [226]. Efﬁcient endosomal escape was
achieved via incorporation of a histidine-rich peptide sequence into
the nanoparticle architecture that resulted in protonation, osmotic
swelling, and subsequent cargo release. In vivo, the octamer extended
survival of mice through efﬁcient and targeted knockdown of cytoplasmic polo-like kinases in prostate cancer mouse models thus conﬁrming
the success of this new system as a potential therapeutic.
Efﬁcient nanoparticle-mediated co-delivery of molecules to speciﬁc
intracellular targets is a promising facet in nanomedicine. The studies
highlighted in this section are examples of current strategies for intracellular organelle targeting in the nanomedicine ﬁeld and underline
the potency of efﬁcient and effective nanoparticle delivery to speciﬁc intracellular organelles. In Table 3, we provide an overview of nanoparticles surface modiﬁcations and surface ligands that are commonly
employed for nanoparticle organelle targeting.
Therapeutic and diagnostic success of nanomedicines often hinges
on efﬁcient intracellular transport of nanoparticles. While organelle
targeting is a powerful approach to increase the potency of
nanomedicines, further studies to improve endosomal escape and delivery of nanoparticles and their payloads to intracellular targets are
needed. Successful organelle targeting in vivo proves to be a formidable
challenge. First, nanoparticles need to overcome a multitude of biological and physical barriers to reach targeted cell populations in the body.
Second, once nanoparticles reach targeted cells, several cellular barriers
need to be overcome before nanoparticles can interact with intracellular
proteins and organelles. In addition to these hurdles, nanoparticles and/
or their payloads need to accumulate in targeted cellular structures at
sufﬁciently high concentrations to elicit the desired biological and/or
therapeutic effect.
4.3. Exocytosis
In an effort to maintain cellular homeostasis, cells must undergo
exocytosis. Exocytosis is characterized by the expelling of membranewrapped vesicles and its contents to the extracellular space. Exocytosis
plays an important role in proper receptor functioning as endosomes
often recycle endocytosed receptors and trafﬁc them back to the cell periphery (Fig. 5 civ) [227]. Notably, this process is critical for receptors
like the glucose transporter 4 and the neonatal Fc receptor [228,229].
On the other hand, lysosomes also play a role in exocytosis. In fact,
lysosomal-mediated exocytosis is one of the most prominent forms
for nanoparticle excretion from cells (Fig. 5g) [230]. Interestingly, direct
translocation of nanoparticles from the cytoplasm across the cell plasma
membrane and into the extracellular space is much less favored than
vesicle-mediated exocytosis (Fig. 5g) [231].
Although nanoparticle internalization has been extensively studied
with many different applications and modiﬁcations, the excretion of
nanoparticles from cells is less deﬁned. As with nanoparticle entry,
nanoparticle exit also seems to be cell-dependent. Such a conclusion
was drawn on internalization studies performed with 50-nm silica
nanoparticles using three different human cell lines: (i) human lung
carcinoma (H1299); (ii) human esophageal epithelia (NE083); and
(iii) human bronchial epithelial (NL20) [231]. Studies using these
three different cell lines revealed similarities between the cell lines during endocytosis of nanoparticles. However, the excretion processes
were markedly different among these cell lines. The researchers reported that silica nanoparticles remained inside esophageal epithelia
cells for a longer period than inside the lung carcinoma and bronchial
epithelial cell lines. It was also noted that endo- and exocytosis processes occurred simultaneously.
Research has been devoted to reducing nanoparticle exocytosis rates
to allow prolonged intracellular residency of nanoparticles for enhanced
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payload delivery. For example, Kim et al. harnessed strategies from supramolecular chemistry to delay the exocytosis of intracellular gold
nanoparticles from MCF-7 breast cancer cell line [232]. Gold nanoparticles modiﬁed with quaternary amine head groups were internalized by
MCF-7 cells. Then, subsequent in situ treatment with cucurbit [7] uril
(CB [7]) formed a complex with the amine head groups which resulted
in the assembly of aggregated gold nanoparticles within the cell. The
large aggregated gold nanoparticle complexes remained sequestered
in the endosomes. TEM and inductively-coupled plasma mass spectrometry (ICP-MS) analysis suggested that the aggregated structures
entirely avoided exocytosis over the course of 24 hours without any observed cytotoxicity.
In another study, Yanes et al decreased the rates of exocytosis of
mesoporous silica nanoparticles with the hope of promoting retention
within cancer cells for enhanced payload delivery [233]. By inhibiting
lysosomal-mediated exocytosis, enhanced in vitro cell killing was observed due to improved cellular retention of camptothecin-loaded
nanoparticles. However, more research on nanoparticle exocytosis is
needed to enable nanomedicine researchers to engineer nanoparticles
with deﬁned intracellular trafﬁcking, pharmacokinetics, and exocytosis
characteristics. Timely exit of nanoparticles from intracellular compartments is important for the design of nanomedicines to avoid the onset
of adverse side effects.
Exocytosis is also a key component for immunity. Different immune
cells like granulocytes, natural killer cells, and cytotoxic T-cells exocytose granules to affect defensive immune responses. In particular, stimulated cytotoxic lymphocytes release granules that contain perforin to
form holes in the membranes of target cells to induce cell death [234].
Jones and coworkers leveraged the exocytosis of granules from cytotoxic lymphocytes to develop perforin-responsive nanoparticles [235].
First, drug-loaded lipid nanoparticles were loaded to the surfaces of cytotoxic T-lymphocytes. Upon antigen binding with the cytotoxic T lymphocyte, the secreted perforins degraded the lipid nanoparticles which
resulted in released cargo as shown in Fig. 8. The group used HIVspeciﬁc cytotoxic lymphocytes loaded with lipid nanoparticles that
had encapsulated IL-15Sa. The cytotoxic lymphocytes loaded with
nanoparticles exhibited superior antiviral activity in vivo by lowered
numbers of HIV-infected (Gag+) CD4+ T-cells when compared to
empty lipid nanoparticles. This proof-of-concept study exploits the exquisite speciﬁcity of T-cells as well as their exocytotic behavior to elicit
environmentally responsive nanoparticle immunotherapy delivery.
In this chapter, we provided a concise overview of the complex intracellular environment that nanoparticles may experience. Effective
strategies to elicit biological and/or therapeutic responses often require
that nanoparticles can overcome intracellular barriers efﬁciently and interact with desired intracellular targets. This requires efﬁcient intracellular transport and trafﬁcking of nanoparticles. As highlighted in this
chapter, nanoparticles can be designed to respond and exploit
endosomal/lysosomal environments for escape from these intracellular
compartments. These escape mechanisms are important prerequisites
for downstream transport to cytoplasmic destinations and intracellular
organelles. In addition to cellular uptake of nanoparticles, exocytosis is
an important intracellular process that needs to be considered when designing nanoparticles for intracellular applications. In the next chapter
we focus on the kinetics of nanoparticle cellular uptake, and intracellular trafﬁcking processes.
5. Kinetics of nanoparticle-cell interactions
As discussed in previous chapters, nanoparticle cellular uptake and
intracellular transport depend on both nanoparticle physicochemical
properties (e.g., size, shape, composition, surface chemistry) and characteristics of the biological system, including cell type and function. While
nanoparticle-cell interactions are prerequisites for effective application
of nanomedicines in vitro and in vivo, the rates at which these interactions occur are complex and need to be investigated and understood
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Fig. 8. Perforin-responsive lipid nanoparticles adhered to cytotoxic T-Lymphocytes. By relying on the unparalleled speciﬁcity of the T-cell receptors on cytotoxic lymphocytes to viral
peptides on MHC-1 molecules, the researchers obtained antigen-speciﬁc release of drug payloads due to perforin exocytosis and subsequent nanoparticle/target cell membrane
disruption. Abbreviations CTL: cytotoxic T-lymphocyte. Reproduced with permission from Ref [235].

(Fig. 10). This understanding is important as the kinetics of nanoparticle
cellular entry, intracellular trafﬁcking, degradation, payload release, and
exocytosis determine pharmacokinetic and toxicological proﬁles as well
as therapeutic efﬁcacy. Such data on nanoparticle intracellular transport
rates and pharmacokinetics will ultimately inform the engineering of
more effective nanomedicines to facilitate clinical translation.
Upon in vivo exposure, nanoparticles interact with different parts of
the body and may ultimately be processed by cells. To investigate the
mechanisms involved in nanoparticle biodistribution and in vivo processing, Kolosnjaj-Tabi and coworkers tracked the one-year fate of
iron oxide-coated gold nanoparticles in mice [236]. The nanoparticles
were comprised of a 5-nm diameter gold core and coated with iron
oxide to form a hybrid core-shell architecture with an average nanoparticle diameter of 16 nm. Nanoparticles were modiﬁed with one of two
surface ligands: (i) amphiphilic polymers; or (ii) catechol-derived PEG
ligands. Irrespective of the surface modiﬁcation, nanoparticles were
taken up by cells and detected in intracellular vesicles of liver Kupffer
cells and splenic Ito cells even one year after intravenous administration. Authors reported that one year after nanoparticle administration
the iron oxide shell of PEG-coated hybrid nanoparticles had been degraded and removed from both the liver and spleen, whereas the amphiphilic polymer-coated nanoparticles retained up to 10% of the
initial iron oxide dose in these organs. This study demonstrated that
nanoparticle composition and surface chemistry can determine in vivo
distribution and degradation rates, which need to be considered when
designing nanoparticles for biological applications.
Similar studies that assess the fate of nanoparticles in vivo can provide much-needed insight for the nanomedicine community about
biodistribution, degradation, and elimination of nanoparticles introduced into biological systems [237,238]. Data from such studies may
help addressing translational questions concerning nanoparticle dosing,
administration frequency, rates of nanoparticle degradation in organs
and cells, and their long-term toxicological potential.
In this chapter, we focus on the underlying nanoparticle kinetics for
cellular uptake and intracellular transport that affect downstream biological and therapeutic responses of nanomedicines.
5.1. Kinetics of nanoparticle cellular uptake
Nanoparticles enter cells via multiple different pathways, including
endocytosis and direct translocation into the cell’s cytoplasm
(Chapter 2). To elucidate the kinetics of these processes, Lunov and coworkers investigated cellular uptake rates of iron oxide nanoparticles by
human macrophages in tissue culture [239]. The iron oxide nanoparticles were surface-coated with carboxydextran and exhibited diameters
of 20 nm and 60 nm, respectively. Within 60 minutes after exposure,

nanoparticles were observed in intracellular vesicles (likely
endosomes) of macrophages as shown by TEM. Interestingly, macrophages internalized 60-nm nanoparticles 10x times more efﬁciently
than 20-nm counterparts. This ﬁnding re-emphasizes the sizedependence of nanoparticle-cell interactions that we discussed in
Chapter 3. The researchers used a quantitative bathophenanthroline disulfonic acid-based chromogenic assay to determine the number of internalized iron oxide nanoparticles using spectrophotometry. Based
on these results, a mathematical model was developed to account for
uptake parameters, such as the rate of nanoparticle uptake, mean time
of uptake, number of nanoparticles that are inside the cells at the saturation point, and the connection between extracellular and intracellular
nanoparticles. Eq. (1) describes the number of endocytosed nanoparticles as a function of time:


−t
Nðt Þ ¼ N s 1−e =T

ð1Þ

where N(t) is the number of internalized nanoparticles at time t; NS is
the number of internalized nanoparticles at saturation as t approaches
inﬁnity; T is the characteristic time of nanoparticle uptake by a macrophage. Determination of the maximum nanoparticle uptake rate by
macrophages is given by Eq. ((2):
dNð0Þ Ns
¼
dt
T

ð2Þ

The two equations outlined in this study offer predictive power to
researchers looking to better control nanoparticle-cell interactions
in vitro.
To shed more light on how nanoparticle uptake is impacted by factors like the formation of a protein corona, Lesniak and coworkers ﬂuorescently labeled 40-nm carboxylated polystyrene nanoparticles and
calculated their entry in human cells using ﬂow cytometry [240]. The researchers concluded that the rates of nanoparticle cellular uptake, such
as endocytosis, are based on two processes; ﬁrstly, nanoparticles cling
to a membrane where they encounter surface proteins and lipids; following the short adsorption (Fig. 10, rate constant ‘kon’) onto the membrane’s surface, nanoparticles are then internalized (Fig. 10, rate
constant ‘kend’). The two-step kinetic operation of nanoparticle-cell uptake was described by authors using Eq. (3):
Jðc0 Þ ¼ Nm; max km1 =ð1 þ ðkm0 þ km1 Þ=k0m c0 Þ

ð3Þ

where J is the nanoparticle uptake rate of an initial concentration (c0) of
extracellular nanoparticles; nm,max is the maximum possible number
of nanoparticles absorbed onto cell plasma membrane; km1 is the
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internalization rate; while k0m and km0 are the rates of adsorption and
desorption from the plasma membrane, respectively. The researchers
highlighted the signiﬁcant impact that the presence of a nanoparticle
protein corona has on nanoparticle cell uptake. In comparison to bare
nanoparticles, the protein corona reduces adhesion of nanoparticles to
the cell membrane. However, certain biomolecules within the protein
corona may induce speciﬁc recognition by the cell plasma membrane
to facilitate regulated nanoparticle cellular uptake with altered internalization kinetics. Hence, interactions and adhesion between nanoparticles and cell plasma membranes are key determinants of nanoparticle
cellular uptake kinetics.
In another study, Blechinger and coworkers looked at the kinetics
differences in cellular uptake of ﬂuorescently-labeled silica nanoparticles between HeLa cancer cells and non-cancerous human vascular endothelial cells in tissue culture [241]. After 4 hours of nanoparticle
exposure, the non-cancerous endothelial cells had 10x times higher
concentrations of nanoparticles than the HeLa cells. The endothelial
cells were relying on clathrin-mediated endocytosis, whereas the uptake route for the HeLa cells was not clear. One possible explanation
for these results is the differences in metabolism and rates of proliferation among the two cell types. Following 10- and 24-hour incubation
times with the silica nanoparticles, the HeLa cancer cells had a drastic
increase of internalized nanoparticles which was calculated to be up
to 2x times more than the number found in the human vascular endothelial cells. These results showcase the nonlinearity of nanoparticle uptake rates as well as the differences in uptake rates between different
cell types.
Although endocytosis is a prominent pathway for nanoparticle cellular uptake, multiple pathways for cellular entry are available and may
occur in tandem (Chapter 2). To that end, Lin and Alexander-Katz detailed how nanoparticles modiﬁed with CPPs cross the membrane directly and also undergo endocytosis [242]. Using coarse-grain
molecular dynamics simulations, the authors determined that the negatively charged cellular plasma membrane experiences local shifts as
more and more cationic particles diffuse towards the surface. At a critical concentration of cationic nanoparticles, pores begin to form in the
cell plasma membrane within a matter of 40 nanoseconds (ns). Nearly
20 ns after, the holes were simulated to assume their initial sealed
state. However, the overall electrical potential of the membrane surface
is depleted after a certain number of nanoparticles rapidly have traversed the membrane. This disruption of the transmembrane potential
prohibits nanoparticles to directly translocate through the cell plasma
membrane. Consequently, the nanoparticles then rely on endocytosis
for cellular uptake. Eventually the transmembrane potential is restored
with the efﬂux of Ca2+ ions. The rate of restoring the transmembrane
potential therefore modulates the rate of direct membrane translocation for cationic nanoparticles. This kinetic study by Lin and
Alexander-Katz reemphasizes the impact of how nanoparticle surface
charge and subsequent interactions with cellular plasma membranes
can be exploited to efﬁciently deliver nanoparticles to cells and intracellular targets.
In summary, these studies underscore the details of how nanoparticle size, surface charge the cell type, and the cells’ transmembrane
potential affect the rates of nanoparticle internalization. The incorporation of these parameters can facilitate the design of nanoparticles with
deﬁned cellular uptake rates which could be used to control toxicological and pharmacokinetic proﬁles of nanomedicines.
5.2. Intracellular nanoparticle kinetics
Once inside cells, nanoparticles are exposed to a plethora of potential intracellular transport pathways that are often dictated by intracellular vesicles, such as endosomes, and/or nanoparticle surface
chemistry (Figs. 5 and 6). As we discussed in Chapter 4, acidiﬁcation
of endosomes is a hallmark of intracellular vesicle trafﬁcking (Fig. 5
ci). To track and quantify the acidiﬁcation kinetics of endocytotic
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organelles, Wang et al. developed a novel class of “nanobuffers” [243].
These “nanobuffers” were made from ionizable amphiphilic block copolymers that self-assembled into micelles. At pH levels below the pKa
of the copolymers, the micelles dissociated. Based on these pHdependent micelle transitions, the researchers were able to monitor
pH changes by incorporating ﬂuorophores into the micelles. BODIPY
ﬂuorescence signals were achieved at speciﬁc pH ranges which enabled
the real-time measurements of endo/lysosomal pH levels in HeLa cancer cells exposed to micellar “nanobuffers”. To calculate the rate of acidiﬁcation, the researchers determined that ~64,000 amino groups from
the polymer are imbedded in the polymeric micelle. The researchers
also determined an average of 200 nanoparticles were sequestered in
endosomes/lysosomes, leading to an acidiﬁcation rate of ~140-190 protons per second. Such nanoscale polymer-based probes provide valuable information concerning time-resolved intracellular transport
kinetics of vesicles and nanoparticles. Understanding of downstream intracellular events can provide guiding principles to researchers for rational engineering of more effective nanomedicines.
In a different study, Liu and coworkers employed 50-nm gold nanoparticles modiﬁed with surface-bound dsDNA to describe the timedependent intracellular evolution of nanoparticles within the endo/lysosomal pathway [244]. By relying on ﬂuorescence and surface plasmon
resonance, researchers were able to observe gold nanoparticles inside
early endosomes of HeLa cancer cells in vitro. Inductively-coupled
plasma atomic emission spectroscopy (ICP-AES) revealed that nanoparticle cell uptake was time-dependent and plateaued around 8 hours.
Total internal reﬂection ﬂuorescence microscopy revealed that within
2 hours, single nanoparticles were observed in early endosomes. However, once endosomes began to age (4–12 hours post incubation) the
gold nanoparticles began to cluster within late endosomes and lysosomes. Dark-ﬁeld microscopy was then used to conﬁrm that the clustering states of the gold nanoparticles impacted the intracellular transport
of the nanoparticles in real time. Single nanoparticles trapped in early
endosomes exhibited high motility, whereas large gold nanoparticle
clusters found in late endosomes/lysosomes near the perinuclear region
exhibited low motility. This study details the steps of intracellular nanoparticle transformations within late endosomes/lysosomes and implies
that changes in nanoparticle physicochemical properties and aggregation states can occur during intracellular trafﬁcking. Moving forward,
quantitative studies may be valuable that investigate intracellular alterations of nanoparticle properties, as these changes may affect biological
responses and therapeutic efﬁcacy of nanomedicines.
We discussed in Chapter 4 that nanoparticle surface modiﬁcations can facilitate endosomal escape and intracellular organelle localization. To examine this phenomenon more deeply, Krpetić et al.
modiﬁed 14-nm gold nanoparticles with CPP sequences to study
how these nanoparticles can overcome intracellular barriers [245].
Using TEM, the researchers identiﬁed the presence of gold nanoparticles within the cytoplasm and organelles of HeLa cancer cells after
two hours of nanoparticle exposure (Fig. 9a). Within 10 hours of exposure, gold nanoparticles were reported to be dispersed in the cytoplasm and in organelles like mitochondria and the nucleus (Fig. 9b).
Later TEM images after 24 hours showed these unbound nanoparticles were entrapped in intracellular vesicles. Interestingly, the
entrapped nanoparticles were reported to escape the vesicles via
membrane rupture and direct translocation (Figs. 9c and 9d). In addition to vesicle escape, the nanoparticles were seen clustered in
large numbers in vesicles 24 and 48 hours later (Figs. 9e and 9f). A
nanoparticle system with the ability to traverse multiple intracellular membranes as described by Krpetić and coworkers provides a potential platform for applications in gene and drug delivery to reach
intercellular and cytoplasmic targets more efﬁciently.
To examine nanoparticle cellular entry and exit mechanisms more
closely, Jiang et al. incubated HeLa cancer cells with zwitterionic quantum dot nanoparticles (~8 nm in diameter). The researchers observed
that nanoparticles entered cells through clathrin-mediated endocytosis
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Fig. 9. Time-dependent intracellular trafﬁcking of TAT-modiﬁed gold nanoparticles in HeLa cells. (a) After two hours of incubation, TEM reveals nanoparticles largely in the cytoplasm
(black circles). The nanoparticles are also seen in mitochondria (blue circles), nucleus (red circle), and in endosomal-like vesicles (green circle). (b) After ten hours, a similar
distribution as shown in (a) is observed. (c, d) Twenty-four hours post incubation, nanoparticles are seen to be releasing from intracellular vesicles through both membrane rupture
and membrane translocation (blue arrows). (e, f) Additionally, 24 and 48 hours post incubation, nanoparticles are densely packed inside intracellular vesicles through unknown
mechanisms. Adapted with permission from Ref. [245] Copyright 2011 American Chemical Society.

[246]. Nanoparticles clustered around the cell membrane but were not
enveloped into HeLa cells until a certain density of nanoparticles had attached to the membrane. These ﬁndings demonstrate a dose/
concentration-dependent nanoparticle cellular uptake that is a characteristic of nanoparticle cell uptake kinetics parameters outlined in
Eq. (3). Once the critical nanoparticle concentration at the cell plasma
membrane was achieved, the quantum dot nanoparticles were seen inside endosomes. These intracellular vesicles were then transported
along microtubules to other regions of the cell with trajectory lengths
of N3 μm. Surprisingly, after 2 hours of nanoparticle exposure, more

than half of the internalized quantum dots were exocytosed from the
HeLa cells leading to a calculated intracellular half-life of the quantum
dots of only 21 minutes. Such a relatively short intracellular half-life
could be insufﬁcient for nanoparticles that rely on late endosomes/lysosomes to payload release and delivery. Furthermore, this short nanoparticle intracellular residence time could prevent nanoparticles from
acting as long-term diagnostic tools. Therefore, a balance must be met
for diseased cells to have enhanced nanoparticle uptake while also
maintaining control over rates of nanoparticle exocytosis and intracellular processing.
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In summary, the intracellular characteristics of nanoparticles are in a
state of constant ﬂux and change dynamically. As nanoparticle physicochemical properties and aggregation states change within cells, their
drug and imaging payloads are often subject to alterations as well.
These intercellular dynamics can inactivate genetic material payloads,
such as siRNA and DNA, or affect small molecule functionality and efﬁcacy. As to how this shifting environment impacts nanoparticle payload
delivery rates is still an active area of research. In the next section we
brieﬂy highlight efforts into determining the intracellular timedependent delivery of payloads from nanoparticles.
5.3. Intracellular nanoparticle pharmacokinetics
Although nanoparticles can be designed to release their payloads inside cells, the mechanisms of how these processes function are not fully
understood. To address this gap in the current understanding of intracellular nanoparticle kinetics, quantitative studies are needed that assess intracellular pharmacokinetics, pharmacodynamics, and
intracellular nanoparticle trafﬁcking, including parameters such as
nanoparticle dosage, endosomal escape, payload release rate, metabolism, and excretion. To that end, Soininen and colleagues used liquid
chromatography coupled with tandem mass spectrometry (LC-MS/
MS) to detail the intracellular doxorubicin release proﬁles from liposomes in vitro [247]. By quantifying the concentrations of doxorubicin
at different time points with LC-MS/MS and measuring cell death as a
function of doxorubicin accumulation within the nucleus. The following
equations (Eqs. (4)–(6)) were derived using a two-compartment transit
compartment model (Fig. 11) to model intracellular pharmacokineticspharmacodynamics (PK/PD) relationships of PEGylated liposomal
doxorubicin nanoparticles (CAELYX).
K¼

K max ðC nucl −C thr Þ
ðEC 50 −C thr Þ þ ðC nucl −C thr Þ

ð4Þ

K is the initial cell kill rate constant, Kmax is the maximum cell kill rate
constant, Cnucl is the concentration of doxorubicin inside the nucleus,
Cthr is the threshold nuclear concentration of doxorubicin to elicit a response where (Cnucl − Cthr ≥ 0), EC50 is the nuclear concentration of
doxorubicin to elicit 50% of Kmax.
dk1 1
dk2 1
¼ ðK−K 1 Þ;
¼ ðK−K 2 Þ
t
t
dt
dt

ð5Þ

K1 and K2 are the delayed and ﬂattened cell kill rate constants in the
ﬁrst and second compartments, respectively, t is the delay time due to
transit between the compartments.
dV
¼ −K 2 V
dt

ð6Þ

where dV/dt is cell viability (V) as a function of time which is based on
the rate of doxorubicin accumulation in the second compartment (i.e.,
cell nucleus).
Soininen and coworkers reported that nuclear accumulation of
doxorubicin was dependent on the cell type and on the intracellular
concentration of doxorubicin. Liposomal doxorubicin had a greater impact on decreasing cell viability than free doxorubicin indicating that
encapsulated doxorubicin does not lose its biological functionality.
This study provided a PK/PD model for liposomal doxorubicin to describe time-resolved drug concentration-therapeutic response
relationships.
Li et al. incorporated paclitaxel into polymeric PLGA nanoparticles to
quantitively describe the drug release and encapsulation proﬁle in vitro
using high-performance liquid chromatography (HPLC) [248]. This
pharmacokinetic analysis used 11 parameters related to speciﬁc rate
constants to determine the intracellular release of paclitaxel from
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PLGA nanoparticles. Although this in vitro system does not fully recapitulate the in vivo situation, these data can be integrated to pharmacokinetic models to computationally model and inform dosing regimens
for potential nanomedicine therapies.
Thorough understanding of payload kinetics is particularly important for nanoparticle-mediated gene editing and gene regulation approaches. Mechanistic studies on the delivery of DNA/RNA-loaded
nanoparticles offer insights into intracellular delivery efﬁciencies and
potential intracellular barriers. For instance, in a study by Wittrup
et al, cationic lipid nanoparticles formulated with siRNA were shown
to only release their payload within ~10 minutes post-endocytosis
in vitro in HeLa cells [249]. Additional analysis showed siRNA release occurred in maturing endosomes and the cytoplasmic delivery efﬁciency
was calculated to only ~3.5% of the total siRNA internalized. This study
highlights the challenges with cytoplasmic delivery of nucleic acidsbased nanoparticle payloads.
Further examination into the delivery efﬁciency of nanoparticles encapsulating siRNA was conducted by Gilleron et al. [250]. They reported
that after 6 hours of incubation, lipid nanoparticles encapsulating siRNA
sequences were seen to be clustered in early and late endosomes as well
as in lysosomes of HeLa cells. The researchers further demonstrated that
escape from these intracellular vesicles is a critical rate-limiting step in
siRNA interventions. To better understand the intracellular trafﬁcking
patterns, the researchers doped their lipid nanoparticles decorated
with siRNA with a gold nanoparticle core to enable visualization of intracellular distribution via electron microscopy. The gold-containing
lipid nanoparticles were observed in intracellular vesicles at 1.5 hours.
Six hours after exposure, the nanoparticles were trapped in lysosomes.
Since siRNA must maintain its structural integrity and enter the cytoplasm to elicit the desired therapeutic/biological response, these
observed nanoparticle trafﬁcking behaviors represent signiﬁcant
barriers that may limit the efﬁcacy of siRNA-based therapeutic strategies. In vivo biodistribution analysis showed that the gold-containing
lipid nanoparticles were trapped within endosomes and lysosomes of
Kupffer cells and hepatic-resident macrophages 30 minutes post
injection. This rapid sequestration of nanoparticles by the liver poses
a challenge to efﬁcient nanoparticle delivery to diseased cells in the
body.
Likewise, Wu and coworkers reported endosomal entrapment of
spherical nucleic acids (SNAs) with gold nanoparticle cores in tissue culture [251]. Post-endocytosis of SNAs, the gold nanoparticles resided in
late endosomes over the course of 24 hours. The spherical nucleic acid
shell had been degraded within 16 hours and excreted from the cells
while the gold core persisted in late endosomes. These time points impose valuable kinetic parameters that are crucial for effective delivery
of genetic material before intracellular degradation of nucleic acids.
Given these challenges, new approaches in nucleic acid encapsulation
and delivery have been explored. For example, unique polymeric and
lipid-based nanoparticles that exhibit better protection of the nucleic
acid payload as well as stimuli-responsive nanoparticles can enhance
intracellular delivery of gene disrupting and gene regulating payloads
[252,253].
In summary, efﬁcient intracellular delivery of nanoparticles and
nanoparticle payloads is challenging with multiple different barriers
that nanoparticles need to overcome to effectively interact with intracellular targets. Researchers need to consider additional intracellular challenges that are related to nanoparticle trafﬁcking and
pharmacokinetics, including rates of nanoparticle endocytosis,
endosomal escape, intracellular transport, metabolism/degradation,
and exocytosis (Fig. 10). We explored these multiparametric intracellular processes which represent active areas of current bionanotechnology research. Further studies of intracellular nanoparticle PK/PD using in vivo systems may provide ﬁndings that go beyond
tissue culture-based in vitro studies to better assess the translational
potential of nanomedicines.
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Fig. 10. Compartmental overview diagram depicting major nanoparticle cellular interactions and intracellular transport pathways. Nanoparticles in the extracellular space interact with
the cell plasma membrane (kon, koff) to enter cells (kend). After successful cellular entry, nanoparticles then need to escape (kesc) intracellular vesicles (e.g., endosomes) to engage with
intracellular targets (ktar). Cytoplasmic nanoparticles can be trapped back in vesicular structures (ktrp) or released from intracellular targets (krls). The excretion of nanoparticles to the
extracellular space is deﬁned by kext. ‘k’ denotes rate constants for each of these individual steps.

6. Future directions and conclusions
Nanoparticles can be engineered from inorganic and organic materials with unique physical, chemical, and biological properties for applications in medicine. Once administered into the body, nanoparticles
interact with different tissues and cells. While speciﬁc and efﬁcient delivery of nanoparticles to diseased tissue sites and cells in the body is
challenging [17,18], nanomedicine offers the potential to transform diagnostic and therapeutic strategies. However, more quantitative studies
that explore and assess essential mechanisms of nano-bio interactions
in great detail are needed to provide solutions for overcoming biological
and physical barriers that currently limit the clinical translation of
nanomedicines [4].
There is a large body of preclinical and clinical work available in the
literature that describes applications of organic and inorganic nanoparticles for various medical applications including: vaccines [254–260],
anti-microbials [261–265], medical imaging [266–270] and diagnosis
[271–274], as well as various approaches in cancer treatment
[275–280] and chronic kidney disease [281,282]. Recent studies have
reported the use of stimuli responsive nanoparticles that can be
engineered for applications in cancer management to overcome biological barriers [283–287]. Other work has explored the application of
nanoparticles for immunoengineering and immunotherapy strategies
[288–291]. One intriguing concept is the use of “albumin hitchhiking”
for immunotherapy applications [292,293]. Liu et al. uncovered that amphiphilic compounds with lipophilic domains can adhere to circulating
albumin which is then efﬁciently transported to lymph nodes [294].
With thorough optimization, the amphiphilic molecules resulted in enhanced lymph node accumulation. Upon conjugation of antigens and
adjuvants, the group noticed strong T-cell priming, anti-tumor efﬁcacy,
and reduced systemic toxicity. The potential of this lymph node
targeting concept was further highlighted by the elimination of large
established tumors in preclinical mouse models via combination immunotherapies [295]. Such promising results are examples of the growing
ﬁeld of nano-immunoengineering. As this ﬁeld grows, more research

devoted to elucidating and ﬁne tuning the interactions between nanoparticles and the cellular/tissue components of the immune system
will offer the potential for enhanced clinical translation of novel
nanoparticle-based immunotherapies.
Our article offers an overview of fundamental interactions between
nanoparticles and cells, including immune cells. Such understanding is
important for researchers to design nanoparticles for enhanced cellular
uptake and intracellular transport with deﬁned pharmacokinetics and
therapeutic/biological performance. Since interactions between nanoparticles and cells are complex and multiparametric, including parameters such as nanoparticle size, shape, surface charge, elasticity, and
biological characteristics of cells, better fundamental understanding of
these essential nano-bio interactions is required. With the development
of new analytical techniques in recent years, the transport of in vivo administered nanoparticles can be assessed with spatiotemporal information that can ultimately guide the engineering of more effective
nanomedicines. These approaches include single-cell elemental analysis
methods, such as single-cell inductively-coupled plasma mass spectrometry (SC-ICP-MS) [296], and mass cytometry [297], as well as
new methods for three-dimensional optical microscopy of intact organs
and tissues with subcellular resolution [298–303]. These new analytical
methods provide researchers with powerful tools to study the fate of
administered nanomedicines in the body with cellular and subcellular
precision.
To accelerate the clinical translation of nanomedicines, improved
understanding of nanoparticle delivery barriers is needed. Systematic
quantitative studies that elucidate the mechanisms of interactions between nanoparticles and biological systems may provide guiding principles for the design of more effective nanomedicines with the ultimate
goal to overcome delivery barriers and to better control the transport
of nanoparticles in the body. These studies need to take into account
the complexity of nano-bio interactions that occur at various different
levels including organ, tissue, cellular, subcellular, and biomolecular
levels. We believe that a holistic understanding of nano-bio interactions
will accelerate clinical translation of nanomedicines, including nanoimmunotherapies.
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Fig. 11. Schematic overview of pharmacokinetic-pharmacodynamic transit compartment
model. ‘K’ is the initial cell kill rate constant, ‘K1’ and ‘K2’ are the cell kill rate constants in
the transit compartments, t is the mean transit time, and V is the cell viability. The initial
cell kill rate constant is a nonlinear function of nuclear doxorubicin concentration.
Adapted with permission from Ref. [247] Copyright (2016) American Chemical Society.

References
[1] B.Y.S. Kim, J.T. Rutka, W.C.W. Chan, N. Nanomedicine, Engl. J. Med. 365 (2010)
2434–2442, https://doi.org/10.1056/NEJMra0912273.

N.D. Donahue et al. / Advanced Drug Delivery Reviews 143 (2019) 68–96
[2] B. Pelaz, C. Alexiou, R.A. Alvarez-Puebla, F. Alves, A.M. Andrews, S. Ashraf, L.P.
Balogh, L. Ballerini, A. Bestetti, C. Brendel, S. Bosi, M. Carril, W.C.W. Chan, C.
Chen, X. Chen, X. Chen, Z. Cheng, D. Cui, J. Du, C. Dullin, A. Escudero, N. Feliu, M.
Gao, M. George, Y. Gogotsi, A. Grünweller, Z. Gu, N.J. Halas, N. Hampp, R.K.
Hartmann, M.C. Hersam, P. Hunziker, J. Jian, X. Jiang, P. Jungebluth, P.
Kadhiresan, K. Kataoka, A. Khademhosseini, J. Kopeček, N.A. Kotov, H.F. Krug, D.S.
Lee, C.M. Lehr, K.W. Leong, X.J. Liang, M.L. Lim, L.M. Liz-Marzán, X. Ma, P.
Macchiarini, H. Meng, H. Möhwald, P. Mulvaney, A.E. Nel, S. Nie, P. Nordlander,
T. Okano, J. Oliveira, T.H. Park, R.M. Penner, M. Prato, V. Puntes, V.M. Rotello, A.
Samarakoon, R.E. Schaak, Y. Shen, S. Sjöqvist, A.G. Skirtach, M.G. Soliman, M.M.
Stevens, H.W. Sung, B.Z. Tang, R. Tietze, B.N. Udugama, J. Scott, T. VanEpps, P.S.
Weil, I. Weiss, Y. Wu Willner, L. Yang, Z. Yue, Q. Zhang, Q. Zhang, X.E. Zhang, Y.
Zhao, X. Zhou, W.J. Parak, Diverse Applications of Nanomedicine, ACS Nano 11
(2017) 2313–2381, https://doi.org/10.1021/acsnano.6b06040.
[3] M. Björnmalm, K.J. Thurecht, M. Michael, A.M. Scott, F. Caruso, Bridging bio-nano
science and cancer nanomedicine, ACS Nano 11 (2017) 9594–9613, https://doi.
org/10.1021/acsnano.7b04855.
[4] D. Rosenblum, N. Joshi, W. Tao, J.M. Karp, D. Peer, Progress and challenges towards
targeted delivery of cancer therapeutics, Nat. Commun. 9 (2018)https://doi.org/10.
1038/s41467-018-03705-y.
[5] C. von Roemeling, W. Jiang, C.K. Chan, I.L. Weissman, B.Y.S. Kim, Breaking Down the
Barriers to Precision Cancer Nanomedicine, Trends Biotechnol. 35 (2017) 159–171,
https://doi.org/10.1016/j.tibtech.2016.07.006.
[6] A.E. Nel, L. Mädler, D. Velegol, T. Xia, E.M.V. Hoek, P. Somasundaran, F. Klaessig, V.
Castranova, M. Thompson, Understanding biophysicochemical interactions at the
nano-bio interface, Nat. Mater. 8 (2009) 543–557, https://doi.org/10.1038/
nmat2442.
[7] P.C. Ke, S. Lin, W.J. Parak, T.P. Davis, F. Caruso, A Decade of the Protein Corona, ACS
Nano 11 (2017) 11773–11776, https://doi.org/10.1021/acsnano.7b08008.
[8] J. Hühn, C. Carrillo-Carrion, M.G. Soliman, C. Pfeiffer, D. Valdeperez, A. Masood, I.
Chakraborty, L. Zhu, M. Gallego, Z. Yue, M. Carril, N. Feliu, A. Escudero, A.M.
Alkilany, B. Pelaz, P. Del Pino, W.J. Parak, Selected standard protocols for the synthesis, phase transfer, and characterization of inorganic colloidal nanoparticles,
Chem. Mater. 29 (2017) 399–461, https://doi.org/10.1021/acs.chemmater.
6b04738.
[9] M. Mahmoudi, N. Bertrand, H. Zope, O.C. Farokhzad, Emerging understanding of
the protein corona at the nano-bio interfaces, Nano Today 11 (2016) 817–832,
https://doi.org/10.1016/j.nantod.2016.10.005.
[10] C.D. Walkey, W.C.W. Chan, Understanding and controlling the interaction of
nanomaterials with proteins in a physiological environment, Chem. Soc. Rev. 41
(2012) 2780–2799, https://doi.org/10.1039/c1cs15233e.
[11] A. Albanese, P.S. Tang, W.C.W. Chan, The effect of nanoparticle size, shape, and surface chemistry on biological systems, Annu. Rev. Biomed. Eng. 14 (2012) 1–16,
https://doi.org/10.1146/annurev-bioeng-071811-150124.
[12] M.P. Monopoli, C. Åberg, A. Salvati, K.A. Dawson, Biomolecular coronas provide the
biological identity of nanosized materials, Nat. Nanotechnol. 7 (2012) 779–786,
https://doi.org/10.1038/nnano.2012.207.
[13] C.C. Fleischer, C.K. Payne, Nanoparticle-cell interactions: molecular structure of the
protein corona and cellular outcomes, Acc. Chem. Res. 47 (2014) 2651–2659,
https://doi.org/10.1021/ar500190q.
[14] S. Ritz, S. Schöttler, N. Kotman, G. Baier, A. Musyanovych, J. Kuharev, K. Landfester,
H. Schild, O. Jahn, S. Tenzer, V. Mailänder, Protein corona of nanoparticles: distinct
proteins regulate the cellular uptake, Biomacromolecules 16 (2015) 1311–1321,
https://doi.org/10.1021/acs.biomac.5b00108.
[15] C.D. Walkey, J.B. Olsen, F. Song, R. Liu, H. Guo, D.W.H. Olsen, Y. Cohen, A. Emili,
W.C.W. Chan, Protein corona ﬁngerprinting predicts the cellular interaction of
gold and silver nanoparticles, ACS Nano 8 (2014) 2439–2455, https://doi.org/10.
1021/nn406018q.
[16] C.D. Walkey, J.B. Olsen, H. Guo, A. Emili, W.C.W. Chan, Nanoparticle size and surface
chemistry determine serum protein adsorption and macrophage uptake, J. Am.
Chem. Soc. 134 (2012) 2139–2147, https://doi.org/10.1021/ja2084338.
[17] Q. Dai, S. Wilhelm, D. Ding, A.M. Syed, S. Sindhwani, Y. Zhang, Y.Y. Chen, P.
Macmillan, W.C.W. Chan, Quantifying the ligand-coated nanoparticle delivery to
cancer cells in solid tumours, ACS Nano (2018)https://doi.org/10.1021/acsnano.
8b03900.
[18] S. Wilhelm, A.J. Tavares, Q. Dai, S. Ohta, J. Audet, H.F. Dvorak, W.C.W. Chan, Analysis
of nanoparticle delivery to tumours, Nat. Rev. Mater. 1 (2016), 16014. https://doi.
org/10.1038/natrevmats.2016.14.
[19] E. Blanco, H. Shen, M. Ferrari, Principles of nanoparticle design for overcoming biological barriers to drug delivery, Nat. Biotechnol. 33 (2015) 941–951, https://doi.
org/10.1038/nbt.3330.
[20] B. Du, X. Jiang, A. Das, Q. Zhou, M. Yu, R. Jin, J. Zheng, Glomerular barrier behaves as
an atomically precise bandpass ﬁlter in a sub-nanometre regime, Nat.
Nanotechnol. 12 (2017) 1096–1102, https://doi.org/10.1038/nnano.2017.170.
[21] S. Barua, S. Mitragotri, Challenges associated with penetration of nanoparticles across cell and tissue barriers: A review of current status and future prospects, Nano Today 9 (2014) 223–243, https://doi.org/10.1016/j.nantod.2014.
04.008.
[22] B. Pelaz, P. Del Pino, P. Maffre, R. Hartmann, M. Gallego, S. Rivera-Fernández, J.M.
De La Fuente, G.U. Nienhaus, W.J. Parak, Surface Functionalization of Nanoparticles
with Polyethylene Glycol: Effects on Protein Adsorption and Cellular Uptake, ACS
Nano 9 (2015) 6996–7008, https://doi.org/10.1021/acsnano.5b01326.
[23] S. Behzadi, V. Serpooshan, W. Tao, M.A. Hamaly, M.Y. Alkawareek, E.C. Dreaden, D.
Brown, A.M. Alkilany, O.C. Farokhzad, M. Mahmoudi, Cellular uptake of nanoparticles: journey inside the cell, Chem. Soc. Rev. 46 (2017) 4218–4244, https://doi.org/
10.1039/c6cs00636a.

89

[24] J. Xu, M. Yu, C. Peng, P. Carter, J. Tian, X. Ning, Q. Zhou, Q. Tu, G. Zhang, A. Dao, X.
Jiang, P. Kapur, J.T. Hsieh, X. Zhao, P. Liu, J. Zheng, Dose dependencies and biocompatibility of renal clearable gold nanoparticles: from mice to non-human primates,
Angew. Chem. Int. Ed. 57 (2018) 266–271, https://doi.org/10.1002/anie.
201710584.
[25] K.M. Tsoi, S.A. Macparland, X.Z. Ma, V.N. Spetzler, J. Echeverri, B. Ouyang, S.M.
Fadel, E.A. Sykes, N. Goldaracena, J.M. Kaths, J.B. Conneely, B.A. Alman, M.
Selzner, M.A. Ostrowski, O.A. Adeyi, A. Zilman, I.D. McGilvray, W.C.W. Chan, Mechanism of hard-nanomaterial clearance by the liver, Nat. Mater. 15 (2016)
1212–1221, https://doi.org/10.1038/nmat4718.
[26] V.P. Chauhan, R.K. Jain, Strategies for advancing cancer nanomedicine, Nat. Mater.
12 (2013) 958–962, https://doi.org/10.1038/nmat3792.
[27] X. Xu, W. Ho, X. Zhang, N. Bertrand, O. Farokhzad, Cancer nanomedicine: From
targeted delivery to combination therapy, Trends Mol. Med. 21 (2015) 223–232,
https://doi.org/10.1016/j.molmed.2015.01.001.
[28] D.B. Kirpotin, D.C. Drummond, Y. Shao, M.R. Shalaby, K. Hong, U.B. Nielsen, J.D.
Marks, C.C. Benz, J.W. Park, Antibody targeting of long-circulating lipidic nanoparticles does not increase tumor localization but does increase internalization in animal models, Cancer Res. 66 (2006) 6732–6740, https://doi.org/10.1158/00085472.CAN-05-4199.
[29] M.E. Davis, J.E. Zuckerman, C.H.J. Choi, D. Seligson, A. Tolcher, C.A. Alabi, Y. Yen, J.D.
Heidel, A. Ribas, Evidence of RNAi in humans from systemically administered
siRNA via targeted nanoparticles, Nature 464 (2010) 1067–1070, https://doi.org/
10.1038/nature08956.
[30] C.V. Pecot, G.A. Calin, R.L. Coleman, G. Lopez-Berestein, A.K. Sood, RNA interference
in the clinic: challenges and future directions, Nat. Rev. Cancer 11 (2011) 59–67,
https://doi.org/10.1038/nrc2966.
[31] K. Lee, M. Conboy, H.M. Park, F. Jiang, H.J. Kim, M.A. Dewitt, V.A. Mackley, K. Chang,
A. Rao, C. Skinner, T. Shobha, M. Mehdipour, H. Liu, W.C. Huang, F. Lan, N.L. Bray, S.
Li, J.E. Corn, K. Kataoka, J.A. Doudna, I. Conboy, N. Murthy, Nanoparticle delivery of
Cas9 ribonucleoprotein and donor DNA in vivo induces homology-directed DNA
repair, Nat. Biomed. Eng. 1 (2017) 889–901, https://doi.org/10.1038/s41551-0170137-2.
[32] M. Kodiha, Y.M. Wang, E. Hutter, D. Maysinger, U. Stochaj, Off to the organelles killing cancer cells with targeted gold nanoparticles, Theranostics 5 (2015)
357–370, https://doi.org/10.7150/thno.10657.
[33] M.R.K. Ali, Y. Wu, D. Ghosh, B.H. Do, K. Chen, M.R. Dawson, N. Fang, T.A. Sulchek,
M.A. El-Sayed, Nuclear membrane-targeted gold nanoparticles inhibit cancer cell
migration and invasion, ACS Nano 11 (2017) 3716–3726, https://doi.org/10.
1021/acsnano.6b08345.
[34] A. Panariti, G. Miserocchi, I. Rivolta, The effect of nanoparticle uptake on cellular
behavior: disrupting or enabling functions? Nanotechnol. Sci. Appl. 5 (2012)
87–100, https://doi.org/10.2147/NSA.S25515.
[35] M.J.D. Clift, C. Brandenberger, B. Rothen-Rutishauser, D.M. Brown, V. Stone, The uptake and intracellular fate of a series of different surface coated quantum dots
in vitro, Toxicology 286 (2011) 58–68, https://doi.org/10.1016/j.tox.2011.05.006.
[36] J. Chen, Z. Yu, H. Chen, J. Gao, W. Liang, Transfection efﬁciency and intracellular fate
of polycation liposomes combined with protamine, Biomaterials 32 (2011)
1412–1418, https://doi.org/10.1016/j.biomaterials.2010.09.074.
[37] D.J. Irvine, M.C. Hanson, K. Rakhra, T. Tokatlian, Synthetic nanoparticles for vaccines and immunotherapy, Chem. Rev. 115 (2015) 11109–11146, https://doi.org/
10.1021/acs.chemrev.5b00109.
[38] P.A. Gleeson, The role of endosomes in innate and adaptive immunity, Semin. Cell
Dev. Biol. 31 (2014) 64–72, https://doi.org/10.1016/j.semcdb.2014.03.002.
[39] H.T. McMahon, E. Boucrot, Molecular mechanism and physiological functions of
clathrin-mediated endocytosis, Nat. Rev. Mol. Cell Biol. 12 (2011) 517–533,
https://doi.org/10.1038/nrm3151.
[40] A. Muñoz, M. Costa, Elucidating the mechanisms of nickel compound uptake: a review of particulate and nano-nickel endocytosis and toxicity, Toxicol. Appl.
Pharmacol. 260 (2012) 1–16, https://doi.org/10.1016/j.taap.2011.12.014.
[41] M. Kaksonen, A. Roux, Mechanisms of clathrin-mediated endocytosis, Nat. Rev.
Mol. Cell Biol. 19 (2018) 313–326, https://doi.org/10.1038/nrm.2017.132.
[42] J.P. Mattila, A.V. Shnyrova, A.C. Sundborger, E.R. Hortelano, M. Fuhrmans, S.
Neumann, M. Müller, J.E. Hinshaw, S.L. Schmid, V.A. Frolov, A hemi-ﬁssion intermediate links two mechanistically distinct stages of membrane ﬁssion, Nature
524 (2015) 109–113, https://doi.org/10.1038/nature14509.
[43] P. Decuzzi, M. Ferrari, The receptor-mediated endocytosis of nonspherical particles,
Biophys. J. 94 (2008) 3790–3797, https://doi.org/10.1529/biophysj.107.120238.
[44] A.S. Robertson, E. Smythe, K.R. Ayscough, Functions of actin in endocytosis, Cell.
Mol. Life Sci. 66 (2009) 2049–2065, https://doi.org/10.1007/s00018-009-0001-y.
[45] F. Benyettou, R. Rezgui, F. Ravaux, T. Jaber, K. Blumer, M. Jouiad, L. Motte, J.C. Olsen,
C. Platas-Iglesias, M. Magzoub, A. Trabolsi, Synthesis of silver nanoparticles for the
dual delivery of doxorubicin and alendronate to cancer cells, J. Mater. Chem. B 3
(2015) 7237–7245, https://doi.org/10.1039/c5tb00994d.
[46] R.G.W. Anderson, The Caveolae Membrane System, Annu. Rev. Biochem. 67 (1998)
199–225, https://doi.org/10.1146/annurev.biochem.67.1.199.
[47] L.A. Carver, J.E. Schnitzer, Caveolae: mining little caves for new cancer targets, Nat.
Rev. Cancer 3 (2003) 571–581, https://doi.org/10.1038/nrc1146.
[48] S.D. Conner, S.L. Schmid, Regulated portals of entry into the cell, Nature 422 (2003)
37–44, https://doi.org/10.1038/nature01451.
[49] B. Yameen, W. Il Choi, C. Vilos, A. Swami, J. Shi, O.C. Farokhzad, Insight into nanoparticle cellular uptake and intracellular targeting, J. Control. Release 190 (2014)
485–499, https://doi.org/10.1016/j.jconrel.2014.06.038.
[50] X. Xin, X. Pei, X. Yang, Y. Lv, L. Zhang, W. He, L. Yin, Rod-shaped active drug particles enable efﬁcient and safe gene delivery, Adv. Sci. 4 (2017)https://doi.org/10.
1002/advs.201700324.

90

N.D. Donahue et al. / Advanced Drug Delivery Reviews 143 (2019) 68–96

[51] Z. Wang, C. Tiruppathi, R.D. Minshall, A.B. Malik, Size and dynamics of caveolae
studied using nanoparticles in living endothelial cells, ACS Nano 3 (2009)
4110–4116, https://doi.org/10.1021/nn9012274.
[52] P. Oh, J.E. Testa, P. Borgstrom, H. Witkiewicz, Y. Li, J.E. Schnitzer, In vivo proteomic
imaging analysis of caveolae reveals pumping system to penetrate solid tumors,
Nat. Med. 20 (2014) 1062–1068, https://doi.org/10.1038/nm.3623.
[53] Z. Wang, C. Tiruppathi, J. Cho, R.D. Minshall, A.B. Malik, Delivery of nanoparticlecomplexed drugs across the vascular endothelial barrier via caveolae, IUBMB Life
63 (2011) 659–667, https://doi.org/10.1002/iub.485.
[54] P.G. Frank, S. Pavlides, M.P. Lisanti, Caveolae and transcytosis in endothelial cells:
role in atherosclerosis, Cell Tissue Res. 335 (2009) 41–47, https://doi.org/10.
1007/s00441-008-0659-8.
[55] P. Lajoie, I.R. Nabi, Regulation of raft-dependent endocytosis, J. Cell. Mol. Med. 11
(2007) 644–653, https://doi.org/10.1111/j.1582-4934.2007.00083.x.
[56] D.J.F. Chinnapen, H. Chinnapen, D. Saslowsky, W.I. Lencer, Rafting with cholera
toxin: Endocytosis and trafﬁcking from plasma membrane to ER, FEMS Microbiol.
Lett. 266 (2007) 129–137, https://doi.org/10.1111/j.1574-6968.2006.00545.x.
[57] C. Foerg, U. Ziegler, J. Fernandez-Carneado, E. Giralt, R. Rennert, A.G. BeckSickinger, H.P. Merkle, Decoding the entry of two novel cell-penetrating peptides
in HeLa cells: lipid raft-mediated endocytosis and endosomal escape, Biochemistry
44 (2005) 72–81, https://doi.org/10.1021/bi048330+.
[58] X. Chen, S. Shank, P.B. Davis, A.G. Ziady, Nucleolin-mediated cellular trafﬁcking of
DNA nanoparticle is lipid raft and microtubule dependent and can be modulated
by glucocorticoid, Mol. Ther. 19 (2011) 93–102, https://doi.org/10.1038/mt.2010.
214.
[59] Y. Jiang, B. Yan, R. Tang, B. Duncan, Z. Jiang, V.M. Rotello, R. Mout, Direct cytosolic
delivery of sirna using nanoparticle-stabilized nanocapsules, Angew. Chem. Int.
Ed. (2014) 506–510, https://doi.org/10.1002/anie.201409161.
[60] A. Martínez-Riaño, E.R. Bovolenta, P. Mendoza, C.L. Oeste, M.J. Martín-Bermejo, P.
Bovolenta, M. Turner, N. Martínez-Martín, B. Alarcón, Antigen phagocytosis by B
cells is required for a potent humoral response, EMBO Rep. (2018), e46016.
https://doi.org/10.15252/embr.201846016.
[61] F. Chen, G. Wang, J.I. Grif, B. Brenneman, N.K. Banda, V.M. Holers, D.S. Backos, L.
Wu, S.M. Moghimi, D. Simberg, Complement proteins bind to nanoparticle protein
corona and undergo dynamic exchange in vivo, Fangfang, Nat. Nanotechnol. 12
(2017)https://doi.org/10.1038/nnano.2016.269.
[62] R. Tavano, L. Gabrielli, E. Lubian, C. Fedeli, S. Visentin, P.P. De Laureto, G. Arrigoni, A.
Ge, F. Chen, D. Simberg, G. Morgese, E.M. Benetti, L. Wu, S.M. Moghimi, F. Mancin,
E. Papini, C1q-mediated complement activation and C3 opsonization trigger recognition of stealth poly(2-methyl-2-oxazoline)-coated silica nanoparticles by human
phagocytes, ACS Nano 12 (2018) 5834–5847, https://doi.org/10.1021/acsnano.
8b01806.
[63] L.M. Stuart, R.A.B. Ezekowitz, Phagocytosis: elegant complexity, Immunity 22
(2005) 539–550, https://doi.org/10.1016/j.immuni.2005.05.002.
[64] G. Sahay, D.Y. Alakhova, A.V. Kabanov, Endocytosis of nanomedicines, J. Control.
Release 145 (2010) 182–195, https://doi.org/10.1016/j.jconrel.2010.01.036.
[65] Y.N. Zhang, W. Poon, A.J. Tavares, I.D. McGilvray, W.C.W. Chan, Nanoparticle–liver
interactions: cellular uptake and hepatobiliary elimination, J. Control. Release 240
(2016) 332–348, https://doi.org/10.1016/j.jconrel.2016.01.020.
[66] J. Lazarovits, Y.Y. Chen, E.A. Sykes, W.C.W. Chan, Nanoparticle-blood interactions:
the implications on solid tumour targeting, Chem. Commun. 51 (2015)
2756–2767, https://doi.org/10.1039/c4cc07644c.
[67] Q. Dai, C. Walkey, W.C.W. Chan, Polyethylene glycol backﬁlling mitigates the negative impact of the protein corona on nanoparticle cell targeting, Angew. Chem. Int.
Ed. 53 (2014) 5093–5096, https://doi.org/10.1002/anie.201309464.
[68] Y. Li, M. Kröger, W.K. Liu, Endocytosis of PEGylated nanoparticles accompanied by
structural and free energy changes of the grafted polyethylene glycol, Biomaterials
35 (2014) 8467–8478, https://doi.org/10.1016/J.BIOMATERIALS.2014.06.032.
[69] M. Ichihara, T. Shimizu, A. Imoto, Y. Hashiguchi, Y. Uehara, T. Ishida, H. Kiwada,
Anti-PEG IgM response against PEGylated liposomes in mice and rats,
Pharmaceutics 3 (2011) 1–11, https://doi.org/10.3390/pharmaceutics3010001.
[70] S. Shah, T. Prematta, N.F. Adkinson, F.T. Ishmael, Hypersensitivity to polyethylene
glycols, J. Clin. Pharmacol. 53 (2013) 352–355, https://doi.org/10.1177/
0091270012447122.
[71] P.L. Rodriguez, T. Harada, D.A. Christian, D.A. Pantano, R.K. Tsai, D.E. Discher, Minimal “Self” peptides that inhibit delivery of nanoparticles, Science 339 (80) (2013)
971–976, https://doi.org/10.1126/science.1229568.
[72] N.G. Sosale, I.I. Ivanovska, R.K. Tsai, J. Swift, J.W. Hsu, C.M. Alvey, P.W. Zoltick, D.E.
Discher, “Marker of Self” CD47 on lentiviral vectors decreases macrophagemediated clearance and increases delivery to SIRPA-expressing lung carcinoma tumors, Mol. Ther. Methods Clin. Dev. 3 (2016), 16080. https://doi.org/10.1038/mtm.
2016.80.
[73] M.C. Kerr, R.D. Teasdale, Deﬁning macropinocytosis, Trafﬁc 10 (2009) 364–371,
https://doi.org/10.1111/j.1600-0854.2009.00878.x.
[74] J. Mercer, A. Helenius, Virus entry by macropinocytosis, Nat. Cell Biol. 11 (2009)
510–520, https://doi.org/10.1038/ncb0509-510.
[75] S. Falcone, E. Cocucci, P. Podini, T. Kirchhausen, E. Clementi, J. Meldolesi,
Macropinocytosis: regulated coordination of endocytic and exocytic membrane
trafﬁc events, J. Cell Sci. 119 (2006) 4758–4769, https://doi.org/10.1242/jcs.03238.
[76] J.S. Wadia, R.V. Stan, S.F. Dowdy, Transducible TAT-HA fusogenic peptide enhances
escape of TAT-fusion proteins after lipid raft macropinocytosis, Nat. Med. 10
(2004) 310–315, https://doi.org/10.1038/nm996.
[77] K.T. Love, K.P. Mahon, G. Christopher, K.A. Whitehead, W. Querbes, J. Robert, J.
Qin, W. Cantley, L.L. Qin, M. Frank-kamenetsky, K.N. Yip, R. Alvarez, D.W.Y.
Sah, A. De Fougerolles, K. Fitzgerald, V. Koteliansky, A. Akinc, R. Langer, G.
Daniel, K.T. Love, K.P. Mahon, C.G. Levins, K.A. Whitehead, W. Querbes, J.

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

Robert, Correction for Love et al., Lipid-like materials for low-dose, in vivo
gene silencing, Proc. Natl. Acad. Sci. 107 (2010) 1864–1869, https://doi.org/10.
1073/pnas.1005136107.
M. Diken, S. Kreiter, A. Selmi, C.M. Britten, C. Huber, Ö. Türeci, U. Sahin, Selective
uptake of naked vaccine RNA by dendritic cells is driven by macropinocytosis
and abrogated upon DC maturation, Gene Ther. 18 (2011) 702–708, https://doi.
org/10.1038/gt.2011.17.
S. Hirosue, I.C. Kourtis, A.J. van der Vlies, J.A. Hubbell, M.A. Swartz, Antigen delivery
to dendritic cells by poly(propylene sulﬁde) nanoparticles with disulﬁde conjugated peptides: cross-presentation and T cell activation, Vaccine 28 (2010)
7897–7906, https://doi.org/10.1016/j.vaccine.2010.09.077.
J. Cullis, D. Siolas, A. Avanzi, S. Barui, A. Maitra, D. Bar-Sagi, Macropinocytosis of
nab-paclitaxel drives macrophage activation in pancreatic cancer, Cancer
Immunol. Res. 5 (2017) 182–190, https://doi.org/10.1158/2326-6066.CIR-160125.
R.C. Van Lehn, P.U. Atukorale, R.P. Carney, Y.S. Yang, F. Stellacci, D.J. Irvine, A.
Alexander-Katz, Effect of particle diameter and surface composition on the spontaneous fusion of monolayer-protected gold nanoparticles with lipid bilayers, Nano
Lett. 13 (2013) 4060–4067, https://doi.org/10.1021/nl401365n.
K. Yang, Y.Q. Ma, Computer simulation of the translocation of nanoparticles with
different shapes across a lipid bilayer, Nat. Nanotechnol. 5 (2010) 579–583,
https://doi.org/10.1038/nnano.2010.141.
E. Heikkilä, H. Martinez-Seara, A.A. Gurtovenko, M. Javanainen, H. Häkkinen, I.
Vattulainen, J. Akola, Cationic Au nanoparticle binding with plasma membranelike lipid bilayers: potential mechanism for spontaneous permeation to cells revealed by atomistic simulations, J. Phys. Chem. C 118 (2014) 11131–11141,
https://doi.org/10.1021/jp5024026.
B. Song, H. Yuan, S.V. Pham, C.J. Jameson, S. Murad, Nanoparticle permeation induces water penetration, ion transport, and lipid ﬂip-ﬂop, Langmuir 28 (2012)
16989–17000, https://doi.org/10.1021/la302879r.
S. Pogodin, M. Werner, J.U. Sommer, V.A. Baulin, Nanoparticle-induced permeability of lipid membranes, ACS Nano 6 (2012) 10555–10561, https://doi.org/10.1021/
nn3028858.
E. Hinde, K. Thammasiraphop, H.T.T. Duong, J. Yeow, B. Karagoz, C. Boyer, J.J.
Gooding, K. Gaus, Pair correlation microscopy reveals the role of nanoparticle
shape in intracellular transport and site of drug release, Nat. Nanotechnol. 12
(2017) 81–89, https://doi.org/10.1038/nnano.2016.160.
T. Wang, J. Bai, X. Jiang, G.U. Nienhaus, Cellular uptake of nanoparticles by membrane penetration: a study combining confocal microscopy with FTIR
spectroelectrochemistry, ACS Nano 6 (2012) 1251–1259, https://doi.org/10.1021/
nn203892h.
Y. Jiang, S. Huo, T. Mizuhara, R. Das, Y.W. Lee, S. Hou, D.F. Moyano, B. Duncan, X.J.
Liang, V.M. Rotello, The interplay of size and surface functionality on the cellular
uptake of Sub-10 nm gold nanoparticles, ACS Nano 9 (2015) 9986–9993, https://
doi.org/10.1021/acsnano.5b03521.
C.M. Jewell, J.M. Jung, P.U. Atukorale, R.P. Carney, F. Stellacci, D.J. Irvine, Oligonucleotide delivery by cell-penetrating “striped” nanoparticles, Angew. Chem. Int. Ed. 50
(2011) 12312–12315, https://doi.org/10.1002/anie.201104514.
A. Verma, O. Uzun, Y. Hu, Y. Hu, H. Han, N. Watson, S. Chen, D.J. Irvine, F. Stellacci,
Surface-Structure-Regulated Cell-Membrane Penetration by Monolayer-Protected
Nanoparticles, 7, 2008https://doi.org/10.1038/nmat2202.
D.M. Copolovici, K. Langel, E. Eriste, Cell-penetrating peptides: design, synthesis,
and applications, ACS Nano (2014) 1972–1994, https://doi.org/10.1021/
nn4057269.
A. Rydströ, M.S. Deshayes, K. Konate, L. Crombez, K. Padari, Direct translocation as major cellular uptake for cady self-assembling peptide-based nanoparticles, PLoS ONE 6 (2011) 25924, https://doi.org/10.1371/journal.pone.
0025924.
P. Guterstam, F. Madani, H. Hirose, T. Takeuchi, S. Futaki, S. El, A. Gräslund, Ü.
Langel, Elucidating cell-penetrating peptide mechanisms of action for membrane
interaction, cellular uptake, and translocation utilizing the hydrophobic counteranion pyrenebutyrate, BBA Biomembr. 1788 (2009) 2509–2517, https://doi.org/
10.1016/j.bbamem.2009.09.014.
W.B. Kauffman, T. Fuselier, J. He, W.C. Wimley, Mechanism matters: a taxonomy of
cell penetrating peptides, Trends Biochem. Sci. 40 (2015) 749–764, https://doi.org/
10.1016/j.tibs.2015.10.004.
R.R. Sawant, N.R. Patel, V.P. Torchilin, Therapeutic delivery using cell-penetrating
peptides, Eur. J. Nanomedicine. 5 (2013) 141–158, https://doi.org/10.1515/ejnm2013-0005.
S. Deshayes, M.C. Morris, G. Divita, F. Heitz, Cell-penetrating pep tides: tools for intracellular delivery of therapeutics, Cell. Mol. Life Sci. 62 (2005) 1839–1849,
https://doi.org/10.1007/s00018-005-5109-0.
Q. Lin, H. Jin, M. Yang, J. Chen, G. Zheng, J.F. Lovell, Z. Zhang, L. Ding, K.K. Ng, Efﬁcient cytosolic delivery of siRNA using HDL-mimicking nanoparticles, Small 7
(2011) 568–573, https://doi.org/10.1002/smll.201001589.
J.M. Steinbach, Y. Seo, W.M. Saltzman, Cell penetrating peptide-modiﬁed poly (lactic-co-glycolic acid) nanoparticles with enhanced cell internalization, Acta
Biomater. 30 (2016) 49–61, https://doi.org/10.1016/j.actbio.2015.11.029.
Z. Qian, A. Martyna, R.L. Hard, J. Wang, G. Appiah-kubi, C. Coss, M.A. Phelps, J.S.
Rossman, D. Pei, Discovery and mechanism of highly efﬁcient cyclic cellpenetrating peptides, Biochemistry 55 (2016) 2601–2612, https://doi.org/10.
1021/acs.biochem.6b00226.
C. Kleusch, N. Hersch, B. Hoffmann, R. Merkel, A. Csiszár, Fluorescent lipids: Functional parts of fusogenic liposomes and tools for cell membrane labeling and visualization, Molecules 17 (2012) 1055–1073, https://doi.org/10.3390/
molecules17011055.

N.D. Donahue et al. / Advanced Drug Delivery Reviews 143 (2019) 68–96
[101] S. Kube, N. Hersch, E. Naumovska, T. Gensch, J. Hendriks, A. Franzen, L. Landvogt,
J.P. Siebrasse, U. Kubitscheck, B. Hoffmann, R. Merkel, A. Csiszár, Fusogenic liposomes as nanocarriers for the delivery of intracellular proteins, Langmuir 33
(2017) 1051–1059, https://doi.org/10.1021/acs.langmuir.6b04304.
[102] S. He, W. Fan, N. Wu, J. Zhu, Y. Miao, X. Miao, F. Li, X. Zhang, Y. Gan, Lipid-based liquid crystalline nanoparticles facilitate cytosolic delivery of siRNA via structural
transformation, Nano Lett. 18 (2018) 2411–2419, https://doi.org/10.1021/acs.
nanolett.7b05430.
[103] B. Kim, H.B. Pang, J. Kang, J.H. Park, E. Ruoslahti, M.J. Sailor, Immunogene therapy with fusogenic nanoparticles modulates macrophage response to Staphylococcus aureus, Nat. Commun. 9 (2018)https://doi.org/10.1038/s41467-01804390-7.
[104] P.U. Atukorale, Z.P. Guven, A. Bekdemir, R.P. Carney, R.C. Van Lehn, D.S. Yun, P.H.
Jacob Silva, D. Demurtas, Y.S. Yang, A. Alexander-Katz, F. Stellacci, D.J. Irvine,
Structure-property relationships of amphiphilic nanoparticles that penetrate or
fuse lipid membranes, Bioconjug. Chem. 29 (2018) 1131–1140, https://doi.org/
10.1021/acs.bioconjchem.7b00777.
[105] E. Yuba, Y. Kanda, Y. Yoshizaki, R. Teranishi, A. Harada, K. Sugiura, T. Izawa, J.
Yamate, N. Sakaguchi, K. Koiwai, K. Kono, PH-sensitive polymer-liposome-based
antigen delivery systems potentiated with interferon-γ gene lipoplex for efﬁcient
cancer immunotherapy, Biomaterials 67 (2015) 214–224, https://doi.org/10.1016/
j.biomaterials.2015.07.031.
[106] G. Saulis, R. Saule, Size of the pores created by an electric pulse: microsecond vs
millisecond pulses, Biochim. Biophys. Acta Biomembr. 1818 (2012) 3032–3039,
https://doi.org/10.1016/j.bbamem.2012.06.018.
[107] T. Kim, E. Momin, J. Choi, K. Yuan, H. Zaidi, J. Kim, M. Park, N. Lee, M.T. McMahon, A.
Quinones-Hinojosa, J.W.M. Bulte, T. Hyeon, A.A. Gilad, Mesoporous silica-coated
hollow manganese oxide nanoparticles as positive T1contrast agents for labeling
and MRI tracking of adipose-derived mesenchymal stem cells, J. Am. Chem. Soc.
133 (2011) 2955–2961, https://doi.org/10.1021/ja1084095.
[108] W. Hobo, T.I. Novobrantseva, H. Fredrix, J. Wong, S. Milstein, H. Epstein-Barash, J.
Liu, N. Schaap, R. Van Der Voort, H. Dolstra, Improving dendritic cell vaccine immunogenicity by silencing PD-1 ligands using siRNA-lipid nanoparticles combined
with antigen mRNA electroporation, Cancer Immunol. Immunother. 62 (2013)
285–297, https://doi.org/10.1007/s00262-012-1334-1.
[109] P.E. Boukany, A. Morss, W.C. Liao, B. Henslee, H. Jung, X. Zhang, B. Yu, X. Wang, Y.
Wu, L. Li, K. Gao, X. Hu, X. Zhao, O. Hemminger, W. Lu, G.P. Lafyatis, L.J. Lee,
Nanochannel electroporation delivers precise amounts of biomolecules into living
cells, Nat. Nanotechnol. 6 (2011) 747–754, https://doi.org/10.1038/nnano.2011.
164.
[110] L. Chang, P. Bertani, D. Gallego-Perez, Z. Yang, F. Chen, C. Chiang, V. Malkoc, T.
Kuang, K. Gao, L.J. Lee, W. Lu, 3D nanochannel electroporation for highthroughput cell transfection with high uniformity and dosage control, Nanoscale
8 (2016) 243–252, https://doi.org/10.1039/c5nr03187g.
[111] L. Damalakiene, V. Karabanovas, S. Bagdonas, M. Valius, R. Rotomskis, Intracellular
distribution of nontargeted quantum dots after natural uptake and microinjection,
Int. J. Nanomedicine (2013) 555–568.
[112] P. Candeloro, L. Tirinato, N. Malara, A. Fregola, E. Casals, V. Puntes, G. Perozziello, F.
Gentile, L. Coluccio, G. Das, C. Liberale, F. De, Nanoparticle microinjection and
Raman spectroscopy as tools for nanotoxicology studies, Analyst (2011)
4402–4408, https://doi.org/10.1039/c1an15313g.
[113] P.S. Tang, S. Sathiamoorthy, L.C. Lustig, R. Ponzielli, I. Inamoto, L.Z. Penn, J.A.
Shin, W.C.W. Chan, The role of ligand density and size in mediating quantum
dot nuclear transport, Small 10 (2014) 4182–4192, https://doi.org/10.1002/
smll.201401056.
[114] T.F. Martens, K. Remaut, J. Demeester, S.C. De Smedt, K. Braeckmans, Intracellular
delivery of nanomaterials: how to catch endosomal escape in the act, Nano
Today 9 (2014) 344–364, https://doi.org/10.1016/j.nantod.2014.04.011.
[115] K. Saha, S.T. Kim, B. Yan, O.R. Miranda, F.S. Alfonso, D. Shlosman, V.M. Rotello, Surface Functionality of Nanoparticles Determines Cellular Uptake Mechanisms in
Mammalian Cells, 2013 300–305, https://doi.org/10.1002/smll.201201129.
[116] V. Serpooshan, S. Sheibani, P. Pushparaj, M. Wojcik, A.Y. Jang, M.R. Santoso, J.H.
Jang, H. Huang, R. Safavi-Sohi, N. Haghjoo, H. Nejadnik, H. Aghaverdi, H. Vali, J.M.
Kinsella, J. Presley, K. Xu, P.C.M. Yang, M. Mahmoudi, Effect of cell sex on uptake
of nanoparticles: the overlooked factor at the nanobio interface, ACS Nano 12
(2018) 2253–2266, https://doi.org/10.1021/acsnano.7b06212.
[117] N. Bohmer, A. Jordan, Caveolin-1 and CDC42 mediated endocytosis of silica-coated
iron oxide nanoparticles in HeLa cells, Beilstein J. Nanotechnol. 6 (2015) 167–176,
https://doi.org/10.3762/bjnano.6.16.
[118] R. Agarwal, V. Singh, P. Jurney, L. Shi, S.V. Sreenivasan, K. Roy, Mammalian cells
preferentially internalize hydrogel nanodiscs over nanorods and use shapespeciﬁc uptake mechanisms, Proc. Natl. Acad. Sci. 110 (2013) 17247–17252,
https://doi.org/10.1073/pnas.1305000110.
[119] B.D. Chithrani, A.A. Ghazani, W.C.W. Chan, Determining the size and shape dependence of gold nanoparticle uptake into mammalian cells, Nano Lett. 6 (2006)
662–668, https://doi.org/10.1021/nl052396o.
[120] W. Jiang, B.Y.S. Kim, J.T. Rutka, W.C.W. Chan, Nanoparticle-mediated cellular response is size-dependent, Nat. Nanotechnol. 3 (2008) 145–150, https://doi.org/
10.1038/nnano.2008.30.
[121] E.C. Cho, Q. Zhang, Y. Xia, The effect of sedimentation and diffusion on cellular uptake of gold nanoparticles, Nat. Nanotechnol. 6 (2011) 385–391, https://doi.org/10.
1038/nnano.2011.58.
[122] S.A. MacParland, K.M. Tsoi, B. Ouyang, X.Z. Ma, J. Manuel, A. Fawaz, M.A. Ostrowski,
B.A. Alman, A. Zilman, W.C.W. Chan, I.D. McGilvray, Phenotype determines nanoparticle uptake by human macrophages from liver and blood, ACS Nano 11
(2017) 2428–2443, https://doi.org/10.1021/acsnano.6b06245.

91

[123] T. Dos Santos, J. Varela, I. Lynch, A. Salvati, K.A. Dawson, Quantitative assessment of
the comparative nanoparticle-uptake efﬁciency of a range of cell lines, Small 7
(2011) 3341–3349, https://doi.org/10.1002/smll.201101076.
[124] X. Cheng, X. Tian, A. Wu, J. Li, J. Tian, Y. Chong, Z. Chai, Y. Zhao, C. Chen, C. Ge, Protein corona inﬂuences cellular uptake of gold nanoparticles by phagocytic and
nonphagocytic cells in a size-dependent manner, ACS Appl. Mater. Interfaces 7
(2015) 20568–20575, https://doi.org/10.1021/acsami.5b04290.
[125] A. Albanese, W.C.W. Chan, Effect of gold nanoparticle aggregation on cell uptake
and toxicity, ACS Nano 5 (2011) 5478–5489, https://doi.org/10.1021/nn2007496.
[126] W.L.L. Suen, Y. Chau, Size-dependent internalisation of folate-decorated nanoparticles via the pathways of clathrin and caveolae-mediated endocytosis in ARPE-19
cells, J. Pharm. Pharmacol. 66 (2014) 564–573, https://doi.org/10.1111/jphp.
12134.
[127] T. Chang, M.S. Lord, B. Bergmann, A. MacMillan, M.H. Stenzel, Size effects of selfassembled block copolymer spherical micelles and vesicles on cellular uptake in
human colon carcinoma cells, J. Mater. Chem. B 2 (2014) 2883–2891, https://doi.
org/10.1039/c3tb21751e.
[128] S. Dasgupta, T. Auth, G. Gompper, Shape and orientation matter for the cellular uptake of nonspherical particles, Nano Lett. 14 (2014) 687–693, https://doi.org/10.
1021/nl403949h.
[129] A. Arnida, H. Ghandehari Malugin, Cellular uptake and toxicity of gold nanoparticles in prostate cancer cells: A comparative study of rods and spheres, J. Appl.
Toxicol. 30 (2010) 212–217, https://doi.org/10.1002/jat.1486.
[130] H. Meng, S. Yang, Z. Li, T. Xia, J. Chen, Z. Ji, H. Zhang, X. Wang, S. Lin, C. Huang, Z.H.
Zhou, J.I. Zink, A.E. Nel, Aspect ratio determines the quantity of mesoporous silica
nanoparticle uptake by a small gtpase-dependent macropinocytosis mechanism,
ACS Nano 5 (2011) 4434–4447, https://doi.org/10.1021/nn103344k.
[131] M. Bartneck, H.A. Keul, S. Singh, K. Czaja, M. Bockstaller, M. Moeller, G. Zwadloklarwasser, J. Bornemann, J. Groll, Rapid uptake of gold nanorods by primary
human blood phagocytes and chemistry, ACS Nano 4 (2010) 3073–3086, https://
doi.org/10.1021/nn100262h.
[132] Z. Li, L. Sun, Y. Zhang, A.P. Dove, R.K. O'Reilly, G. Chen, Shape effect of glyconanoparticles on macrophage cellular uptake and immune response, ACS Macro
Lett. 5 (2016) 1059–1064, https://doi.org/10.1021/acsmacrolett.6b00419.
[133] N. Doshi, S. Mitragotri, Macrophages recognize size and shape of their targets, PLoS
ONE 5 (2010) 1–6, https://doi.org/10.1371/journal.pone.0010051.
[134] J. Wang, H.J. Chen, T. Hang, Y. Yu, G. Liu, G. He, S. Xiao, B. ru Yang, C. Yang, F. Liu, J.
Tao, M.X. Wu, X. Xie, Physical activation of innate immunity by spiky particles, Nat.
Nanotechnol. 13 (2018) 1078–1086, https://doi.org/10.1038/s41565-018-0274-0.
[135] R.J. Hunter, Zeta Potential in Colloid Science: principles and Applications, 1988.
[136] G.W. Doorley, C.K. Payne, Cellular binding of nanoparticles in the presence of
serum proteinswz communication, www.rsc.org/chemcommChem. Comm.,
Chem. Commun. 47 (2011) 466–468, https://doi.org/10.1039/c0cc02618b.
[137] M.A. Dobrovolskaia, A.K. Patri, J. Zheng, J.D. Clogston, N. Ayub, P. Aggarwal, B.W.
Neun, J.B. Hall, S.E. Mcneil, Interaction of colloidal gold nanoparticles with
human blood: effects on particle size and analysis of plasma protein binding proﬁles, Nanomedicine 5 (2009) 106–117, https://doi.org/10.1016/j.nano.2008.08.
001.
[138] S. Tenzer, D. Docter, J. Kuharev, A. Musyanovych, V. Fetz, R. Hecht, F. Schlenk, D.
Fischer, K. Kiouptsi, C. Reinhardt, K. Landfester, H. Schild, M. Maskos, S.K. Knauer,
R.H. Stauber, Rapid formation of plasma protein corona critically affects nanoparticle pathophysiology, Nat. Nanotechnol. 8 (2013) 772–781, https://doi.org/10.
1038/NNANO.2013.181.
[139] I. Lynch, K.A. Dawson, Protein-Nanoparticle Interactions, 2008.
[140] S. Bhattacharya, M. Ahir, P. Patra, S. Mukherjee, S. Ghosh, M. Mazumdar, S.
Chattopadhyay, T. Das, D. Chattopadhyay, A. Adhikary, PEGylatedthymoquinone-nanoparticle mediated retardation of breast cancer cell migration
by deregulation of cytoskeletal actin polymerization through miR-34a, Biomaterials 51 (2015) 91–107, https://doi.org/10.1016/j.biomaterials.2015.01.007.
[141] M. Schäfﬂer, M. Semmler-Behnke, H. Sarioglu, S. Takenaka, A. Wenk, C. Schleh, S.M.
Hauck, B.D. Johnston, W.G. Kreyling, Serum protein identiﬁcation and quantiﬁcation of the corona of 5, 15 and 80 nm gold nanoparticles, Nanotechnology 24
(2013)https://doi.org/10.1088/0957-4484/24/26/265103.
[142] Z.J. Deng, G. Mortimer, T. Schiller, A. Musumeci, D. Martin, R.F. Minchin, Differential
plasma protein binding to metal oxide nanoparticles, Nanotechnology 20 (2009)
https://doi.org/10.1088/0957-4484/20/45/455101.
[143] B. Chertok, A.E. David, V.C. Yang, Polyethyleneimine-modiﬁed iron oxide nanoparticles for brain tumor drug delivery using magnetic targeting and intra-carotid administration, Biomaterials 31 (2010) 6317–6324, https://doi.org/10.1016/j.
biomaterials.2010.04.043.
[144] X. Li, Y. Chen, M. Wang, Y. Ma, W. Xia, H. Gu, A mesoporous silica nanoparticle - PEI
- Fusogenic peptide system for siRNA delivery in cancer therapy, Biomaterials 34
(2013) 1391–1401, https://doi.org/10.1016/j.biomaterials.2012.10.072.
[145] W. Ngamcherdtrakul, J. Morry, S. Gu, D.J. Castro, S.M. Goodyear, T. Sangvanich,
M.M. Reda, R. Lee, S.A. Mihelic, B.L. Beckman, Z. Hu, J.W. Gray, W. Yantasee, Cationic polymer modiﬁed mesoporous silica nanoparticles for targeted siRNA delivery to HER2+ breast cancer, Adv. Funct. Mater. 25 (2015) 2646–2659, https://doi.
org/10.1002/adfm.201404629.
[146] L. Vigderman, P. Manna, E.R. Zubarev, Quantitative replacement of cetyl
trimethylammonium bromide by cationic thiol ligands on the surface of gold
nanorods and their extremely large uptake by cancer cells, Angew. Chem. Int.
Ed. 51 (2012) 636–641, https://doi.org/10.1002/anie.201107304.
[147] V. Ayala, A.P. Herrera, M. Latorre-Esteves, M.L.M. Torres-Lugo, C. Rinaldi, Effect of
surface charge on the colloidal stability and in vitro uptake of carboxymethyl
dextran-coated iron oxide nanoparticles, J. Nanopart. Res. 15 (2013), 1874.
https://doi.org/10.1007/s11051-013-1874-0.

92

N.D. Donahue et al. / Advanced Drug Delivery Reviews 143 (2019) 68–96

[148] Y. Zhou, L. Shi, Q. Li, H. Jiang, G. Lv, J. Zhao, C. Wu, M. Selke, X. Wang, Imaging and
inhibition of multi-drug resistance in cancer cells via speciﬁc association with negatively charged CdTe quantum dots, Biomaterials 31 (2010) 4958–4963, https://
doi.org/10.1016/j.biomaterials.2010.02.053.
[149] J.S. Lee, M. Ankone, E. Pieters, R.M. Schiffelers, W.E. Hennink, J. Feijen, Circulation
kinetics and biodistribution of dual-labeled polymersomes with modulated surface
charge in tumor-bearing mice: comparison with stealth liposomes, J. Control. Release 155 (2011) 282–288, https://doi.org/10.1016/j.jconrel.2011.07.028.
[150] Y. Xie, H. Qiao, Z. Su, M. Chen, Q. Ping, M. Sun, PEGylated carboxymethyl chitosan/
calcium phosphate hybrid anionic nanoparticles mediated hTERT siRNA delivery
for anticancer therapy, Biomaterials 35 (2014) 7978–7991, https://doi.org/10.
1016/j.biomaterials.2014.05.068.
[151] E. Secret, M. Maynadier, A. Gallud, M. Gary-Bobo, A. Chaix, E. Belamie, P. Maillard,
M.J. Sailor, M. Garcia, J.O. Durand, F. Cunin, Anionic porphyrin-grafted porous silicon nanoparticles for photodynamic therapy, Chem. Commun. 49 (2013)
4202–4204, https://doi.org/10.1039/c3cc38837a.
[152] B.D. Chithrani, W.C.W. Chan, Elucidating the Mechanism of Cellular Uptake and Removal of Protein-Coated Gold Nanoparticles of Different Sizes and Shapes,
2007https://doi.org/10.1021/nl070363y.
[153] J. Lin, H. Zhang, Z. Chen, Y. Zheng, Penetration of lipid membranes by gold nanoparticles: insights into cellular uptake, cytotoxicity, and their relationship, ACS
Nano 4 (2010) 5421–5429, https://doi.org/10.1021/nn1010792.
[154] R.R. Arvizo, O.R. Miranda, M.A. Thompson, C.M. Pabelick, R. Bhattacharya, J. David
Robertson, V.M. Rotello, Y.S. Prakash, P. Mukherjee, Effect of nanoparticle surface
charge at the plasma membrane and beyond, Nano Lett. 10 (2010) 2543–2548,
https://doi.org/10.1021/nl101140t.
[155] F. Wang, M.G. Bexiga, S. Anguissola, P. Boya, J.C. Simpson, A. Salvati, K.A. Dawson,
Time resolved study of cell death mechanisms induced by amine-modiﬁed polystyrene nanoparticles, Nanoscale 5 (2013) 10868–10876, https://doi.org/10.
1039/c3nr03249c.
[156] R. Kedmi, N. Ben-Arie, D. Peer, The systemic toxicity of positively charged lipid
nanoparticles and the role of Toll-like receptor 4 in immune activation, Biomaterials 31 (2010) 6867–6875, https://doi.org/10.1016/j.biomaterials.2010.05.
027.
[157] S.R. Elkin, A.M. Lakoduk, S.L. Schmid, Endocytic pathways and endosomal trafﬁcking: a primer, Wien. Med. Wochenschr. 166 (2016) 196–204, https://doi.org/10.
1007/s10354-016-0432-7.
[158] D.F. Moyano, K. Saha, G. Prakash, B. Yan, H. Kong, M. Yazdani, V.M. Rotello, Fabrication of corona free nanoparticles with tunable hydrophobicity, ACS Nano 8 (2014)
6748–6755, https://doi.org/10.1002/adma.200901407.
[159] A.C. Anselmo, M. Zhang, S. Kumar, D.R. Vogus, S. Menegatti, M.E. Helgeson, S.
Mitragotri, Elasticity of nanoparticles inﬂuences their blood circulation, phagocytosis, endocytosis, and targeting, ACS Nano 9 (2015) 3169–3177, https://doi.org/
10.1021/acsnano.5b00147.
[160] P. Guo, D. Liu, K. Subramanyam, B. Wang, J. Yang, J. Huang, D.T. Auguste, M.A.
Moses, Nanoparticle elasticity directs tumor uptake, Nat. Commun. 9 (2018) 1–9,
https://doi.org/10.1038/s41467-017-02588-9.
[161] X. Yi, H. Gao, Kinetics of Receptor-Mediated Endocytosis of Elastic Nanoparticles,
2017https://doi.org/10.1039/c6nr07179a.
[162] K. Cho, X. Wang, S. Nie, Z. Chen, D.M. Shin, Therapeutic nanoparticles for drug delivery in cancer, Clin. Cancer Res. 14 (2008) 1310–1316, https://doi.org/10.1158/
1078-0432.CCR-07-1441.
[163] N. Bertrand, J. Wu, X. Xu, N. Kamaly, O.C. Farokhzad, Cancer nanotechnology: the
impact of passive and active targeting in the era of modern cancer biology ☆,
Adv. Drug Deliv. Rev. 66 (2013) 2–25, https://doi.org/10.1016/j.addr.2013.11.009.
[164] J.D. Byrne, T. Betancourt, L. Brannon-Peppas, Active targeting schemes for nanoparticle systems in cancer therapeutics, Adv. Drug Deliv. Rev. 60 (2008) 1615–1626,
https://doi.org/10.1016/j.addr.2008.08.005.
[165] L. Belﬁore, D.N. Saunders, M. Ranson, K.J. Thurecht, G. Storm, K.L. Vine, Towards
clinical translation of ligand-functionalized liposomes in targeted cancer therapy:
challenges and opportunities, J. Control. Release 277 (2018) 1–13, https://doi.
org/10.1016/j.jconrel.2018.02.040.
[166] S. Hak, E. Helgesen, H.H. Hektoen, E.M. Huuse, P.A. Jarzyna, W.J.M. Mulder, O.
Haraldseth, C.D.L. Davies, The effect of nanoparticle polyethylene glycol surface
density on ligand-directed tumor targeting studied in vivo by dual modality imaging, ACS Nano 6 (2012) 5648–5658, https://doi.org/10.1021/nn301630n.
[167] B.J. Zern, A.M. Chacko, J. Liu, C.F. Greineder, E.R. Blankemeyer, R. Radhakrishnan, V.
Muzykantov, Reduction of nanoparticle avidity enhances the selectivity of vascular
targeting and PET detection of pulmonary inﬂammation, ACS Nano 7 (2013)
2461–2469, https://doi.org/10.1021/nn305773f.
[168] H.S.S. Qhattal, T. Hye, A. Alali, X. Liu, Hyaluronan polymer length, grafting density,
and surface poly(ethylene glycol) coating inﬂuence in vivo circulation and tumor
targeting of hyaluronan-grafted liposomes, ACS Nano 8 (2014) 5423–5440,
https://doi.org/10.1021/nn405839n.
[169] D. Pozzi, V. Colapicchioni, G. Caracciolo, S. Piovesana, A.L. Capriotti, S. Palchetti, S.
De Grossi, A. Riccioli, H. Amenitsch, A. Laganà, Effect of polyethyleneglycol (PEG)
chain length on the bio-nano- interactions between PEGylated lipid nanoparticles
and biological ﬂuids: From nanostructure to uptake in cancer cells, Nanoscale 6
(2014) 2782–2792, https://doi.org/10.1039/c3nr05559k.
[170] Q. Mou, Y. Ma, X. Zhu, D. Yan, A small molecule nanodrug consisting of amphiphilic
targeting ligand-chemotherapy drug conjugate for targeted cancer therapy, J. Control. Release 230 (2016) 34–44, https://doi.org/10.1016/j.jconrel.2016.03.037.
[171] H.M. Ding, Y.Q. Ma, Role of physicochemical properties of coating ligands in
receptor-mediated endocytosis of nanoparticles, Biomaterials 33 (2012)
5798–5802, https://doi.org/10.1016/j.biomaterials.2012.04.055.

[172] H. Ding, W. Tian, Y. Ma, Designing nanoparticle translocation through membranes
by computer simulations, ACS Nano 6 (2012) 1230–1238, https://doi.org/10.1021/
nn2038862.
[173] M. Colombo, L. Fiandra, G. Alessio, S. Mazzucchelli, M. Nebuloni, C. De Palma, K.
Kantner, B. Pelaz, R. Rotem, F. Corsi, W.J. Parak, D. Prosperi, Tumour homing and
therapeutic effect of colloidal nanoparticles depend on the number of attached antibodies, Nat. Commun. 7 (2016)https://doi.org/10.1038/ncomms13818.
[174] J. Shi, P.W. Kantoff, R. Wooster, O.C. Farokhzad, Cancer nanomedicine: progress,
challenges and opportunities, Nat. Rev. Cancer 17 (2016) 20–37, https://doi.org/
10.1038/nrc.2016.108.
[175] S. Wilhelm, A.J. Tavares, W.C.W. Chan, Reply to “Evaluation of nanomedicines: stick
to the basics”, Nat. Rev. Mater. 1 (2016), 16074. https://doi.org/10.1038/
natrevmats.2016.74.
[176] G. Caracciolo, O.C. Farokhzad, M. Mahmoudi, Biological identity of nanoparticles
in vivo: clinical implications of the protein corona, Trends Biotechnol. 35 (2017)
257–264, https://doi.org/10.1016/j.tibtech.2016.08.011.
[177] E. Polo, M. Collado, B. Pelaz, P. Del Pino, Advances toward more efﬁcient targeted
delivery of nanoparticles in vivo: understanding interactions between nanoparticles and cells, ACS Nano. 11 (2017) 2397–2402, https://doi.org/10.1021/acsnano.
7b01197.
[178] J. Lazarovits, Y.Y. Chen, F. Song, W. Ngo, A.J. Tavares, Y.N. Zhang, J. Audet, B. Tang, Q.
Lin, M.C. Tleugabulova, S. Wilhelm, J.R. Krieger, T. Mallevaey, W.C.W. Chan, Synthesis of patient-speciﬁc nanomaterials, Nano Lett. 19 (1) (2019) 116–123, https://
doi.org/10.1021/acs.nanolett.8b03434.
[179] V. Mirshaﬁee, R. Kim, M. Mahmoudi, M.L. Kraft, The importance of selecting a
proper biological milieu for protein corona analysis in vitro: human plasma versus
human serum, Int. J. Biochem. Cell Biol. 75 (2016) 188–195, https://doi.org/10.
1016/j.biocel.2015.11.019.
[180] A. Salvati, A.S. Pitek, M.P. Monopoli, K. Prapainop, F.B. Bombelli, D.R. Hristov, P.M.
Kelly, C. Åberg, E. Mahon, K.A. Dawson, Transferrin-functionalized nanoparticles
lose their targeting capabilities when a biomolecule corona adsorbs on the surface,
Nat. Nanotechnol. 8 (2013) 137–143, https://doi.org/10.1038/NNANO.2012.237.
[181] M. Tonigold, J. Simon, Pre-adsorption of antibodies enables targeting of
nanocarriers despite a biomolecular corona, Nat. Nanotechnol. 13 (2018)
862–869, https://doi.org/10.1038/s41565-018-0171-6.
[182] M.A. Miller, Y.R. Zheng, S. Gadde, C. Pﬁrschke, H. Zope, C. Engblom, R.H. Kohler, Y.
Iwamoto, K.S. Yang, B. Askevold, N. Kolishetti, M. Pittet, S.J. Lippard, O.C. Farokhzad,
R. Weissleder, Tumour-associated macrophages act as a slow-release reservoir of
nano-therapeutic Pt(IV) pro-drug, Nat. Commun. 6 (2015) 1–13, https://doi.org/
10.1038/ncomms9692.
[183] H.-Y. Kim, R. Li, T.S.C. Ng, G. Courties, C.B. Rodell, M. Prytyskach, R.H. Kohler, M.
Pittet, M. Nahrendorf, R. Weissleder, M.A. Miller, Quantitative imaging of tumor associated macrophages and their response to therapy using 64Cu-labeled macrin,
ACS Nano 12 (2018) 12015–12029, https://doi.org/10.1021/acsnano.8b04338.
[184] M.A. Miller, S. Gadde, C. Pﬁrschke, C. Engblom, M. Melissa, R.H. Kohler, K.S. Yang,
A.M. Laughney, N. Kamaly, S. Bhonagiri, M. Pittet, O.C. Farokhzad, R. Weissleder,
Predicting therapeutic nanoparticle efﬁcacy using a companion MR imaging nanoparticle, Sci. Transl. Med. 7 (2015), 314ra183. https://doi.org/10.1126/
scitranslmed.aac6522.Predicting.
[185] C.S. Kim, X. Li, Y. Jiang, B. Yan, G.Y. Tonga, M. Ray, D.J. Solﬁell, V.M. Rotello, Cellular
imaging of endosome entrapped small gold nanoparticles, MethodsX 2 (2015)
306–315, https://doi.org/10.1016/j.mex.2015.06.001.
[186] D.B. Peckys, N. De Jonge, Visualizing gold nanoparticle uptake in live cells with liquid scanning transmission electron microscopy, Nano Lett. 11 (2011) 1733–1738,
https://doi.org/10.1021/nl200285r.
[187] D. Van Der Zwaag, N. Vanparijs, S. Wijnands, R. De Rycke, B.G. De Geest, L.
Albertazzi, Super resolution imaging of nanoparticles cellular uptake and trafﬁcking, ACS Appl. Mater. Interfaces 8 (2016) 6391–6399, https://doi.org/10.1021/
acsami.6b00811.
[188] L.Y.T. Chou, K. Ming, W.C.W. Chan, Strategies for the intracellular delivery of nanoparticles, Chem. Soc. Rev. 40 (2011) 233–245, https://doi.org/10.1039/c0cs00003e.
[189] M.P. Stewart, A. Lorenz, J. Dahlman, G. Sahay, Challenges in carrier-mediated intracellular delivery: moving beyond endosomal barriers, Wiley Interdiscip, Rev.
Nanomed. Nanobiotechnol. 8 (2016) 465–478, https://doi.org/10.1002/wnan.1377.
[190] M.P. Stewart, A. Sharei, X. Ding, G. Sahay, R. Langer, K.F. Jensen, In vitro and ex vivo
strategies for intracellular delivery, Nature 538 (2016) 183–192, https://doi.org/10.
1038/nature19764.
[191] N.A. Al-Hajaj, A. Moquin, K.D. Neibert, G.M. Soliman, F.M. Winnik, D. Maysinger,
Short ligands affect modes of QD uptake and elimination in human cells, ACS
Nano 5 (2011) 4909–4918, https://doi.org/10.1021/nn201009w.
[192] A. Nel, T. Xia, N. Li, Toxic potential of materials, Science 311 (80) (2007) 622–627,
https://doi.org/10.1126/science.1114397.
[193] J. Liu, F. Erogbogbo, K.T. Yong, L. Ye, J. Liu, R. Hu, H. Chen, Y. Hu, Y. Yang, J. Yang, I.
Roy, N.A. Karker, M.T. Swihart, P.N. Prasad, Assessing clinical prospects of silicon
quantum dots: studies in mice and monkeys, ACS Nano 7 (2013) 7303–7310,
https://doi.org/10.1021/nn4029234.
[194] T. Hirai, Y. Yoshioka, N. Izumi, K.I. Ichihashi, T. Handa, N. Nishijima, E. Uemura, K.I.
Sagami, H. Takahashi, M. Yamaguchi, K. Nagano, Y. Mukai, H. Kamada, S.I. Tsunoda,
K.J. Ishii, K. Higashisaka, Y. Tsutsumi, Metal nanoparticles in the presence of lipopolysaccharides trigger the onset of metal allergy in mice, Nat. Nanotechnol. 11
(2016) 808–816, https://doi.org/10.1038/nnano.2016.88.
[195] A.C. Almeida Silva, M.J.B. Silva, F.A.C. Da Luz, D.P. Silva, S.L.V. De Deus, N. Oliveira
Dantas, Controlling the cytotoxicity of CdSe magic-sized quantum dots as a function of surface defect density, Nano Lett. 14 (2014) 5452–5457, https://doi.org/
10.1021/nl5028028.

N.D. Donahue et al. / Advanced Drug Delivery Reviews 143 (2019) 68–96
[196] C.A. Stoneham, M. Hollinshead, A. Hajitou, Clathrin-mediated endocytosis and subsequent endo-lysosomal trafﬁcking of adeno-associated virus/phage, J. Biol. Chem.
287 (2012) 35849–35859, https://doi.org/10.1074/jbc.M112.369389.
[197] L.L. Zheng, C.M. Li, S.J. Zhen, Y.F. Li, C.Z. Huang, A dynamic cell entry pathway of respiratory syncytial virus revealed by tracking the quantum dot-labeled single virus,
Nanoscale. 9 (2017) 7880–7887, https://doi.org/10.1039/c7nr02162c.
[198] C. Qin, W. Li, Q. Li, W. Yin, X. Zhang, Z. Zhang, X.-E. Zhang, Z. Cui, Real-time dissection of dynamic uncoating of individual inﬂuenza viruses, Proc. Natl. Acad. Sci.
(2019), 201812632. https://doi.org/10.1073/pnas.1812632116.
[199] E.M. Pridgen, F. Alexis, T.T. Kuo, E. Levy-nissenbaum, R. Karnik, R.S. Blumberg, R.
Langer, O.C. Farokhzad, Transepithelial transport of nanoparticles targeted to the
neonatal Fc receptor for oral delivery applications, Sci. Transl. Med. 5 (2013)
https://doi.org/10.1126/scitranslmed.3007049.
[200] J. Wolf, C. Aisenbrey, N. Harmouche, J. Raya, P. Bertani, N. Voievoda, R. Süss, B.
Bechinger, pH-dependent membrane interactions of the histidine-rich cellpenetrating peptide LAH4-L1, Biophys. J. 113 (2017) 1290–1300, https://doi.org/
10.1016/j.bpj.2017.06.053.
[201] G. Moulay, C. Leborgne, A.J. Mason, C. Aisenbrey, A. Kichler, B. Bechinger, Histidinerich designer peptides of the LAH4 family promote cell delivery of a multitude of
cargo, J. Pept. Sci. 23 (2017) 320–328, https://doi.org/10.1002/psc.2955.
[202] C. Dalal, N.R. Jana, Multivalency effect of TAT-peptide-functionalized nanoparticle
in cellular endocytosis and subcellular trafﬁcking, J. Phys. Chem. B 121 (2017)
2942–2951, https://doi.org/10.1021/acs.jpcb.6b12182.
[203] L. Pan, Q. He, J. Liu, Y. Chen, M. Ma, L. Zhang, J. Shi, Nuclear-targeted drug delivery
of tat peptide-conjugated monodisperse mesoporous silica nanoparticles, J. Am.
Chem. Soc. 134 (2012) 5722–5725, https://doi.org/10.1021/ja211035w.
[204] J.R. Melamed, S.A. Ioele, A.J. Hannum, V.M. Ullman, E.S. Day, Polyethyleniminespherical nucleic acid nanoparticles against Gli1 reduce the chemoresistance and
stemness of glioblastoma cells, Mol. Pharm. 15 (2018) 5135–5145, https://doi.
org/10.1021/acs.molpharmaceut.8b00707.
[205] Y.-S.S. Yang, K.D. Moynihan, A. Bekdemir, T.M. Dichwalkar, M.M. Noh, N. Watson,
M. Melo, J. Ingram, H. Suh, H. Ploegh, F.R. Stellacci, D.J. Irvine, Targeting small molecule drugs to T cells with antibody-directed cell-penetrating gold nanoparticles,
Biomater. Sci. (2019)https://doi.org/10.1039/C8BM01208C.
[206] F. Wang, Y.C. Wang, S. Dou, M.H. Xiong, T.M. Sun, J. Wang, Doxorubicin-tethered
responsive gold nanoparticles facilitate intracellular drug delivery for overcoming
multidrug resistance in cancer cells, ACS Nano 5 (2011) 3679–3692, https://doi.
org/10.1021/nn200007z.
[207] X. Xu, J. Wu, Y. Liu, M. Yu, L. Zhao, X. Zhu, S. Bhasin, Q. Li, E. Ha, J. Shi, O.C.
Farokhzad, Ultra-pH-responsive and tumor-penetrating nanoplatform for targeted
siRNA delivery with robust anti-cancer efﬁcacy, Angew. Chem. Int. Ed. 55 (2016)
7091–7094, https://doi.org/10.1002/anie.201601273.
[208] E.A. Prasetyanto, A. Bertucci, D. Septiadi, R. Corradini, P. Castro-Hartmann, L.
De Cola, Breakable hybrid organosilica nanocapsules for protein delivery,
Angew. Chem. Int. Ed. 55 (2016) 3323–3327, https://doi.org/10.1002/anie.
201508288.
[209] A. Sangtani, E. Petryayeva, M. Wu, K. Susumu, E. Oh, A.L. Huston, G. LasarteAragones, I.L. Medintz, W.R. Algar, J.B. Delehanty, Intracellularly actuated quantum
dot-peptide-doxorubicin nanobioconjugates for controlled drug delivery via the
endocytic pathway, Bioconjug. Chem. 29 (2018) 136–148, https://doi.org/10.
1021/acs.bioconjchem.7b00658.
[210] H. Acar, R. Samaeekia, M.R. Schnorenberg, D.K. Sasmal, J. Huang, M.V. Tirrell, J.L.
Labelle, Cathepsin-mediated cleavage of peptides from peptide amphiphiles
leads to enhanced intracellular peptide accumulation, Bioconjug. Chem. 28
(2017), 38. https://doi.org/10.1021/acs.bioconjchem.7b00364.
[211] N. Panté, M. Kann, Nuclear pore complex is able to transport macromolecules with
diameters of 39 nm, Mol. Biol. Cell 13 (2002) 425–434, https://doi.org/10.1091/
mbc.01-06-0308.
[212] C. Yang, J. Uertz, D. Yohan, B.D. Chithrani, View article online view journal | view
issue peptide modiﬁed gold nanoparticles for improved cellular uptake, nuclear
transport, and intracellular retention, Nanoscale 6 (2014) 12026–12033, https://
doi.org/10.1039/c4nr02535k.
[213] C. Tomography, T. Maimon, N. Elad, I. Dahan, O. Medalia, Article the human nuclear
pore complex as revealed, Struct. Des. 20 (2012) 998–1006, https://doi.org/10.
1016/j.str.2012.03.025.
[214] M. Eibauer, M. Pellanda, Y. Turgay, A. Dubrovsky, A. Wild, O. Medalia, Structure and
gating of the nuclear pore complex, Nat. Commun. 6 (2015) 1–9, https://doi.org/
10.1038/ncomms8532.
[215] I. García, M. Henriksen-Lacey, J. Calvo, D.J. de Aberasturi, M.M. Paz, L.M. Liz-Marzán,
Size-dependent transport and cytotoxicity of mitomycin-gold nanoparticle conjugates in 2D and 3D mammalian cell models, Bioconjug. Chem. (2019)https://doi.
org/10.1021/acs.bioconjchem.8b00898 acs.bioconjchem.8b00898.
[216] S. Huo, S. Jin, X. Ma, X. Xue, K. Yang, A. Kumar, P.C. Wang, J. Zhang, Z. Hu, X.J. Liang,
Ultrasmall gold nanoparticles as carriers for nucleus-based gene therapy due to
size-dependent nuclear entry, ACS Nano 8 (2014) 5852–5862, https://doi.org/10.
1021/nn5008572.
[217] E. Oh, J.B. Delehanty, K.E. Sapsford, K. Susumu, R. Goswami, J.B. Blanco-canosa, P.E.
Dawson, J. Granek, M. Shoff, Q. Zhang, P.L. Goering, A. Huston, I.L. Medintz, Cellular
uptake and fate of pegylated gold nanoparticles is dependent on particle size, ACS
Nano 5 (2011) 6434–6448, https://doi.org/10.1021/nn201624c.
[218] Q. Qu, X. Ma, Y. Zhao, Targeted delivery of doxorubicin to mitochondria using
mesoporous silica nanoparticle nanocarriers, Nanoscale 7 (2015) 16677–16686,
https://doi.org/10.1039/c5nr05139h.
[219] H.J. Kwon, M.Y. Cha, D. Kim, D.K. Kim, M. Soh, K. Shin, T. Hyeon, I. Mook-Jung,
Mitochondria-targeting ceria nanoparticles as antioxidants for alzheimeŕs disease,
ACS Nano 10 (2016) 2860–2870, https://doi.org/10.1021/acsnano.5b08045.

93

[220] M.T. Jeena, L. Palanikumar, E.M. Go, I. Kim, M.G. Kang, S. Lee, S. Park, H. Choi, C. Kim,
S.M. Jin, S.C. Bae, H.W. Rhee, E. Lee, S.K. Kwak, J.H. Ryu, Mitochondria localization
induced self-assembly of peptide amphiphiles for cellular dysfunction, Nat.
Commun. 8 (2017) 1–9, https://doi.org/10.1038/s41467-017-00047-z.
[221] M. Wang, R.J. Kaufman, Protein misfolding in the endoplasmic reticulum as a conduit to human disease, Nature 529 (2016) 326–335, https://doi.org/10.1038/
nature17041.
[222] N. Kazuyuki Niki, Y. Yoshioka, N. Okada, S. Kazuhiko Matsuo, T. Yoshikawa, K.
Matsuo, Y. Mukai, T. Yoshinaga, M. Yoshikawa, Glutamic acid nanoparticles γ
cross-presentation induced by poly endosome fusion for antigen − induction of
endoplasmic reticulum, J Immunol Ref. 187 (2011) 6249–6255, https://doi.org/
10.4049/jimmunol.1001093.
[223] J.R. Cubillos-Ruiz, P.C. Silberman, M.R. Rutkowski, S. Chopra, A. Perales-Puchalt, M.
Song, S. Zhang, S.E. Bettigole, D. Gupta, K. Holcomb, L.H. Ellenson, T. Caputo, A.H.
Lee, J.R. Conejo-Garcia, L.H. Glimcher, ER stress sensor XBP1 controls anti-tumor
immunity by disrupting dendritic cell homeostasis, Cell 161 (2015) 1527–1538,
https://doi.org/10.1016/j.cell.2015.05.025.
[224] S. Potelle, A. Klein, F. Foulquier, Golgi post-translational modiﬁcations and associated diseases, J. Inherit. Metab. Dis. 38 (2015) 741–751, https://doi.org/10.1007/
s10545-015-9851-7.
[225] R.Y. Yu, L. Xing, P.F. Cui, J. Bin Qiao, Y.J. He, X. Chang, T.J. Zhou, Q.R. Jin, H.L. Jiang, Y.
Xiao, Regulating the Golgi apparatus by co-delivery of a COX-2 inhibitor and
Brefeldin A for suppression of tumor metastasis, Biomater. Sci. 6 (2018)
2144–2155, https://doi.org/10.1039/c8bm00381e.
[226] W. Tai, J. Li, E. Corey, X. Gao, A ribonucleoprotein octamer for targeted siRNA delivery, Nat. Biomed. Eng. 2 (2018) 326–337, https://doi.org/10.1038/s41551-0180214-1.
[227] S. Takahashi, K. Kubo, S. Waguri, A. Yabashi, H.-W. Shin, Y. Katoh, K. Nakayama,
Rab11 regulates exocytosis of recycling vesicles at the plasma membrane, J. Cell
Sci. 125 (2012) 4049–4057, https://doi.org/10.1242/jcs.102913.
[228] K. Foley, S. Boguslavsky, A. Klip, Endocytosis, recycling, and regulated exocytosis of
glucose transporter 4, Biochemistry 50 (2011) 3048–3061, https://doi.org/10.
1021/bi2000356.
[229] P. Prabhat, Z. Gan, J. Chao, S. Ram, C. Vaccaro, S. Gibbons, R.J. Ober, E.S. Ward, Elucidation of intracellular recycling pathways leading to exocytosis of the Fc receptor,
FcRn, by using multifocal plane microscopy, Proc. Natl. Acad. Sci. 104 (2007)
5889–5894, https://doi.org/10.1073/pnas.0700337104.
[230] E. Fröhlich, Cellular elimination of nanoparticles, Environ. Toxicol. Pharmacol. 46
(2016) 90–94, https://doi.org/10.1016/j.etap.2016.07.003.
[231] Z. Chu, Y. Huang, Q. Tao, Q. Li, Cellular uptake, evolution, and excretion of silica
nanoparticles in human cells, Nanoscale 3 (2011) 3291–3299, https://doi.org/10.
1039/c1nr10499c.
[232] C. Kim, G.Y. Tonga, B. Yan, C.S. Kim, S.T. Kim, M.H. Park, Z. Zhu, B. Duncan, B. Creran,
V.M. Rotello, Regulating exocytosis of nanoparticles via host-guest chemistry, Org.
Biomol. Chem. 13 (2015) 2474–2479, https://doi.org/10.1039/c4ob02433h.
[233] R.E. Yanes, D. Tarn, A.A. Hwang, D.P. Ferris, S.P. Sherman, C.R. Thomas, J. Lu, A.D. Pyle,
J.I. Zink, F. Tamanoi, Involvement of lysosomal exocytosis in the excretion of mesoporous silica nanoparticles and enhancement of the drug delivery effect by exocytosis inhibition, Small. 9 (2013) 697–704, https://doi.org/10.1002/smll.201201811.
[234] I. Voskoboinik, J.C. Whisstock, J.A. Trapani, Perforin and granzymes: Function, dysfunction and human pathology, Nat. Rev. Immunol. 15 (2015) 388–400, https://
doi.org/10.1038/nri3839.
[235] R.B. Jones, S. Mueller, S. Kumari, V. Vrbanac, S. Genel, A.M. Tager, T.M. Allen, B.D.
Walker, D.J. Irvine, Antigen recognition-triggered drug delivery mediated by
nanocapsule-functionalized cytotoxic T-cells, Biomaterials 117 (2017) 44–53,
https://doi.org/10.1016/j.biomaterials.2016.11.048.
[236] J. Kolosnjaj-Tabi, Y. Javed, L. Lartigue, J. Volatron, D. Elgrabli, I. Marangon, G.
Pugliese, B. Caron, A. Figuerola, N. Luciani, T. Pellegrino, D. Alloyeau, F. Gazeau,
The one year fate of iron oxide coated gold nanoparticles in mice, ACS Nano 9
(2015) 7925–7939, https://doi.org/10.1021/acsnano.5b00042.
[237] B. Shi, J. Qi, W. Zhao, Y. Lu, T. Li, X. Dong, Y. Xie, W. Wu, F. Xia, Epithelia transmembrane transport of orally administered ultraﬁne drug particles evidenced by environment sensitive ﬂuorophores in cellular and animal studies, J. Control. Release
270 (2017) 65–75, https://doi.org/10.1016/j.jconrel.2017.11.046.
[238] Y. Ma, H. He, W. Fan, Y. Li, W. Zhang, W. Zhao, J. Qi, Y. Lu, X. Dong, W. Wu, In Vivo
fate of biomimetic mixed micelles as nanocarriers for bioavailability enhancement
of lipid-drug conjugates, ACS Biomater. Sci. Eng. 3 (2017) 2399–2409, https://doi.
org/10.1021/acsbiomaterials.7b00380.
[239] O. Lunov, V. Zablotskii, T. Syrovets, C. Röcker, K. Tron, G.U. Nienhaus, T. Simmet,
Modeling receptor-mediated endocytosis of polymer-functionalized iron oxide
nanoparticles by human macrophages, Biomaterials 32 (2011) 547–555, https://
doi.org/10.1016/j.biomaterials.2010.08.111.
[240] A. Lesniak, A. Salvati, M.J. Santos-Martinez, M.W. Radomski, K.A. Dawson, C. Aberg,
Nanoparticle adhesion to the cell membrane and its effect on nanoparticle uptake efﬁciency, J. Am. Chem. Soc. 135 (2013) 1438–1444, https://doi.org/10.1021/
ja309812z.
[241] J. Blechinger, A.T. Bauer, A.A. Torrano, C. Gorzelanny, C. Bräuchle, S.W. Schneider,
Uptake kinetics and nanotoxicity of silica nanoparticles are cell type dependent,
Small 9 (2013) 3970–3980, https://doi.org/10.1002/smll.201301004.
[242] J. Lin, A. Alexander-Katz, Cell membranes open “doors” for cationic nanoparticles/
biomolecules: Insights into uptake kinetics, ACS Nano 7 (2013) 10799–10808,
https://doi.org/10.1021/nn4040553.
[243] C. Wang, Y. Wang, Y. Li, B. Bodemann, T. Zhao, X. Ma, G. Huang, Z. Hu, R.J.
Deberardinis, M.A. White, J. Gao, A nanobuffer reporter library for ﬁne-scale imaging and perturbation of endocytic organelles, Nat. Commun. (2015)https://doi.org/
10.1038/ncomms9524.

94

N.D. Donahue et al. / Advanced Drug Delivery Reviews 143 (2019) 68–96

[244] M. Liu, Q. Li, L. Liang, J. Li, K. Wang, J. Li, M. Lv, N. Chen, H. Song, J. Lee, J. Shi, L. Wang,
R. Lal, C. Fan, Real-Time visualization of clustering and intracellular transport of
gold nanoparticles by correlative imaging, Nat. Commun. 8 (2017) 1–10, https://
doi.org/10.1038/ncomms15646.
[245] Ž. Krpetić, S. Saleemi, I.A. Prior, V. Sée, R. Qureshi, M. Brust, Negotiation of intracellular membrane barriers by TAT-modiﬁed gold nanoparticles, ACS Nano 5 (2011)
5195–5201, https://doi.org/10.1021/nn201369k.
[246] X. Jiang, C. Rocker, M. Hafner, S. Brandholt, R.M. Dorlich, G.U. Nienhaus, Endo- and
exocytosis of zwitterionic, ACS Nano 4 (2010) 6787–6797, https://doi.org/10.1021/
nn101277w.
[247] K.S. Soininen, K.-S. Vellonen, T.A. Heikkinen, S. Auriola, V.-P. Ranta, A. Urtti, M.
Ruponen, Intracellular PK/PD Relationships of free and liposomal doxorubicin:
quantitative analyses and PK/PD modeling, Mol. Pharm. 13 (2016) 1358–1365,
https://doi.org/10.1021/acs.molpharmaceut.6b00008.
[248] M. Li, E.A. Czyszczon, J.J. Reineke, Delineating intracellular pharmacokinetics of
paclitaxel delivered by PLGA nanoparticles, Drug Deliv. Transl. Res. 3 (2013)
551–561, https://doi.org/10.1007/s13346-013-0162-y.
[249] A. Wittrup, A. Ai, X. Liu, P. Hamar, R. Trifonova, K. Charisse, M. Manoharan, T.
Kirchhausen, J. Lieberman, Visualizing lipid-formulated siRNA release from
endosomes and target gene knockdown, Nat. Biotechnol. 33 (2015) 870–876,
https://doi.org/10.1038/nbt.3298.
[250] J. Gilleron, W. Querbes, A. Zeigerer, A. Borodovsky, G. Marsico, U. Schubert, K.
Manygoats, S. Seifert, C. Andree, M. Stöter, H. Epstein-Barash, L. Zhang, V.
Koteliansky, K. Fitzgerald, E. Fava, M. Bickle, Y. Kalaidzidis, A. Akinc, M. Maier, M.
Zerial, Image-based analysis of lipid nanoparticle-mediated siRNA delivery, intracellular trafﬁcking and endosomal escape, Nat. Biotechnol. 31 (2013) 638–646,
https://doi.org/10.1038/nbt.2612.
[251] X.A. Wu, C.H.J. Choi, C. Zhang, L. Hao, C.A. Mirkin, Intracellular fate of spherical
nucleic acid nanoparticle conjugates, J. Am. Chem. Soc. 136 (2014) 7726–7733,
https://doi.org/10.1021/ja503010a.
[252] X. Zhao, M. Qiao, Y. Ye, D. Chen, J. Ma, Q. Wang, J. Zhu, S. Ba, H. Hu, Dual-responsive
polyplexes with enhanced disassembly and endosomal escape for efﬁcient delivery
of siRNA, Biomaterials 162 (2018) 47–59, https://doi.org/10.1016/j.biomaterials.
2018.01.042.
[253] H. Chen, X. Fang, Y. Jin, X. Hu, M. Yin, X. Men, N. Chen, C. Fan, D.T. Chiu, Y. Wan, C.
Wu, Semiconducting Polymer Nanocavities: Porogenic Synthesis, Tunable Host–
Guest Interactions, and Enhanced Drug/siRNA Delivery, Small, 14, 2018 1–13,
https://doi.org/10.1002/smll.201800239.
[254] T. Tokatlian, B.J. Read, C.A. Jones, D.W. Kulp, S. Menis, J.Y.H. Chang, J.M. Steichen, S.
Kumari, J.D. Allen, E.L. Dane, A. Liguori, M. Sangesland, D. Lingwood, M. Crispin,
W.R. Schief, D.J. Irvine, Innate immune recognition of glycans targets HIV nanoparticle immunogens to germinal centers, Science 9120 (80) (2018) eaat9120, https://
doi.org/10.1126/SCIENCE.AAT9120.
[255] K.D. Moynihan, R.L. Holden, N.K. Mehta, C. Wang, M.R. Karver, J. Dinter, S. Liang, W.
Abraham, M.B. Melo, A.Q. Zhang, N. Li, S. Le Gall, B. Pentelute, D.J. Irvine, Enhancement of peptide vaccine immunogenicity by increasing lymphatic drainage and
boosting serum stability, Cancer Immunol. Res. (2018)https://doi.org/10.1158/
2326-6066.CIR-17-0607 canimm.0607.2017.
[256] K. Niikura, T. Matsunaga, T. Suzuki, S. Kobayashi, H. Yamaguchi, Y. Orba, A.
Kawaguchi, H. Hasegawa, K. Kajino, T. Ninomiya, K. Ijiro, H. Sawa, Gold nanoparticles as a vaccine platform: Inﬂuence of size and shape on immunological responses
in vitro and in vivo, ACS Nano 7 (2013) 3926–3938, https://doi.org/10.1021/
nn3057005.
[257] G. Barhate, M. Gautam, S. Gairola, S. Jadhav, V. Pokharkar, Quillaja saponaria extract
as mucosal adjuvant with chitosan functionalized gold nanoparticles for mucosal
vaccine delivery: Stability and immunoefﬁciency studies, Int. J. Pharm. 441
(2013) 636–642, https://doi.org/10.1016/j.ijpharm.2012.10.033.
[258] G. Barhate, M. Gautam, S. Gairola, S. Jadhav, V. Pokharkar, Enhanced mucosal immune responses against tetanus toxoid using novel delivery system comprised of
chitosan-functionalized gold nanoparticles and botanical adjuvant: characterization, immunogenicity, and stability assessment, J. Pharm. Sci. 103 (2014)
3448–3456, https://doi.org/10.1002/jps.24161.
[259] A.G. Torres, A.E. Gregory, C.L. Hatcher, H. Vinet-Oliphant, L.A. Morici, R.W. Titball,
C.J. Roy, Protection of non-human primates against glanders with a gold nanoparticle glycoconjugate vaccine, Vaccine 33 (2015) 686–692, https://doi.org/10.1016/
j.vaccine.2014.11.057.
[260] T. Tokatlian, D.W. Kulp, A.A. Mutafyan, C.A. Jones, S. Menis, E. Georgeson, M. Kubitz,
M.H. Zhang, M.B. Melo, M. Silva, D.S. Yun, W.R. Schief, D.J. Irvine, Enhancing humoral responses against HIV envelope trimers via nanoparticle delivery with stabilized synthetic liposomes, Sci. Rep. 8 (2018) 1–13, https://doi.org/10.1038/s41598018-34853-2.
[261] D. Wu, W. Fan, A. Kishen, J.L. Gutmann, B. Fan, Evaluation of the antibacterial efﬁcacy of silver nanoparticles against Enterococcus faecalis bioﬁlm, J. Endod. 40
(2014) 285–290, https://doi.org/10.1016/j.joen.2013.08.022.
[262] V. Dhand, L. Soumya, S. Bharadwaj, S. Chakra, D. Bhatt, B. Sreedhar, Green synthesis
of silver nanoparticles using Coffea arabica seed extract and its antibacterial activity, Mater. Sci. Eng. C 58 (2016) 36–43, https://doi.org/10.1016/j.msec.2015.08.
018.
[263] D. Dinesh, K. Murugan, P. Madhiyazhagan, C. Panneerselvam, P. Mahesh Kumar, M.
Nicoletti, W. Jiang, G. Benelli, B. Chandramohan, U. Suresh, Mosquitocidal and antibacterial activity of green-synthesized silver nanoparticles from aloe vera extracts:
towards an effective tool against the malaria vector Anopheles stephensi? Parasitol.
Res. 114 (2015) 1519–1529, https://doi.org/10.1007/s00436-015-4336-z.
[264] S. Agnihotri, S. Mukherji, S. Mukherji, Size-controlled silver nanoparticles synthesized over the range 5-100 nm using the same protocol and their antibacterial efﬁcacy, RSC Adv. 4 (2014) 3974–3983, https://doi.org/10.1039/c3ra44507k.

[265] R.A. Ismail, G.M. Sulaiman, S.A. Abdulrahman, T.R. Marzoog, Antibacterial activity
of magnetic iron oxide nanoparticles synthesized by laser ablation in liquid,
Mater. Sci. Eng. C 53 (2015) 286–297, https://doi.org/10.1016/j.msec.2015.04.047.
[266] O.T. Bruns, T.S. Bischof, D.K. Harris, D. Franke, Y. Shi, L. Riedemann, A. Bartelt, F.B.
Jaworski, J.A. Carr, C.J. Rowlands, M.W.B. Wilson, O. Chen, H. Wei, G.W. Hwang,
D.M. Montana, I. Coropceanu, O.B. Achorn, J. Kloepper, J. Heeren, P.T.C. So, D.
Fukumura, K.F. Jensen, R.K. Jain, M.G. Bawendi, Next-generation in vivo optical imaging with short-wave infrared quantum dots, Nat. Biomed. Eng. 1 (2017)https://
doi.org/10.1038/s41551-017-0056.
[267] X. Sun, X. Huang, J. Guo, W. Zhu, Y. Ding, G. Niu, A. Wang, D.O. Kiesewetter, Z.L.
Wang, S. Sun, X. Chen, Self-illuminating 64Cu-Doped CdSe/ZnS nanocrystals for
in vivo tumor imaging, J. Am. Chem. Soc. 136 (2014) 1706–1709, https://doi.org/
10.1021/ja410438n.
[268] R.M. Clauson, M. Chen, L.M. Scheetz, B. Berg, B. Chertok, Size-controlled iron oxide
nanoplatforms with lipidoid-stabilized shells for efﬁcient magnetic resonance
imaging-trackable lymph node targeting and high-capacity biomolecule display,
ACS Appl. Mater. Interfaces 10 (2018) 20281–20295, https://doi.org/10.1021/
acsami.8b02830.
[269] S. Chou, Y. Shau, P. Wu, Y. Yang, In vitro and in vivo studies of FePt nanoparticles
for dual modal CT/MRI molecular imaging, Mol. Imaging 4 (2010) 13270–13278,
https://doi.org/10.1021/ja1035013.
[270] Y. Lu, Y.-J. Xu, G. Zhang, D. Ling, M. Wang, Y. Zhou, Y.-D. Wu, T. Wu, M.J. Hackett, B.
Hyo Kim, H. Chang, J. Kim, X.-T. Hu, L. Dong, N. Lee, F. Li, J.-C. He, L. Zhang, H.-Q.
Wen, B. Yang, S. Hong Choi, T. Hyeon, D.-H. Zou, Iron oxide nanoclusters for T 1
magnetic resonance imaging of non-human primates, Nat. Biomed. Eng. 1 (2017)
637–643, https://doi.org/10.1038/s41551-017-0116-7.
[271] K.D. Wegner, Z. Jin, S. Lindén, T.L. Jennings, N. Hildebrandt, Quantum-dot-based
förster resonance energy transfer immunoassay for sensitive clinical diagnostics
of low-volume serum samples, ACS Nano 7 (2013) 7411–7419, https://doi.org/
10.1021/nn403253y.
[272] K.L. Viola, J. Sbarboro, R. Sureka, M. De, M.A. Bicca, J. Wang, S. Vasavada, S. Satpathy,
S. Wu, H. Joshi, P.T. Velasco, K. Macrenaris, E.A. Waters, C. Lu, J. Phan, P. Lacor, P.
Prasad, V.P. Dravid, W.L. Klein, Towards non-invasive diagnostic imaging of
early-stage Alzheimer's disease, Nat. Nanotechnol. 10 (2015) 91–98, https://doi.
org/10.1038/nnano.2014.254.
[273] J. Kim, M.J. Biondi, J.J. Feld, W.C.W. Chan, Clinical validation of quantum dot
barcode diagnostic technology, ACS Nano 10 (2016) 4742–4753, https://doi.org/
10.1021/acsnano.6b01254.
[274] L. Fan, H. Qi, J. Teng, B. Su, H. Chen, C. Wang, Q. Xia, Identiﬁcation of serum miRNAs
by nano-quantum dots microarray as diagnostic biomarkers for early detection of
non-small cell lung cancer, Tumor Biol. 37 (2016) 7777–7784, https://doi.org/10.
1007/s13277-015-4608-3.
[275] S.K. Libutti, G.F. Paciotti, A.A. Byrnes, H.R. Alexander, W.E. Gannon, M. Walker, G.D.
Seidel, N. Yuldasheva, L. Tamarkin, Phase I and pharmacokinetic studies of CYT6091, a novel PEGylated colloidal gold-rhTNF nanomedicine, Clin. Cancer Res. 16
(2010) 6139–6149, https://doi.org/10.1158/1078-0432.CCR-10-0978.
[276] K. Maier-Hauff, F. Ulrich, D. Nestler, H. Niehoff, P. Wust, B. Thiesen, H. Orawa, V.
Budach, A. Jordan, Efﬁcacy and safety of intratumoral thermotherapy using magnetic iron-oxide nanoparticles combined with external beam radiotherapy on patients with recurrent glioblastoma multiforme, J. Neuro-Oncol. 103 (2011)
317–324, https://doi.org/10.1007/s11060-010-0389-0.
[277] S. Zanganeh, G. Hutter, R. Spitler, O. Lenkov, M. Mahmoudi, A. Shaw, J.S. Pajarinen,
H. Nejadnik, S. Goodman, M. Moseley, L.M. Coussens, H.E. Daldrup-Link, Iron oxide
nanoparticles inhibit tumour growth by inducing pro-inﬂammatory macrophage
polarization in tumour tissues, Nat. Nanotechnol. 11 (2016) 986–994, https://doi.
org/10.1038/nnano.2016.168.
[278] Y.S. Yang, R.P. Carney, F. Stellacci, D.J. Irvine, Enhancing radiotherapy by lipid
nanocapsule-mediated delivery of amphiphilic gold nanoparticles to intracellular
membranes, ACS Nano 8 (2014) 8992–9002, https://doi.org/10.1021/nn502146r.
[279] L.C. Cheng, J.H. Huang, H.M. Chen, T.C. Lai, K.Y. Yang, R.S. Liu, M. Hsiao, C.H. Chen,
L.J. Her, D.P. Tsai, Seedless, silver-induced synthesis of star-shaped gold/silver bimetallic nanoparticles as high efﬁciency photothermal therapy reagent, J. Mater.
Chem. 22 (2012) 2244–2253, https://doi.org/10.1039/c1jm13937a.
[280] L.M. Kranz, M. Diken, H. Haas, S. Kreiter, C. Loquai, K.C. Reuter, M. Meng, D. Fritz, F.
Vascotto, H. Hefesha, C. Grunwitz, M. Vormehr, Y. Hüsemann, A. Selmi, A.N. Kuhn, J.
Buck, E. Derhovanessian, R. Rae, S. Attig, J. Diekmann, R.A. Jabulowsky, S. Heesch, J.
Hassel, P. Langguth, S. Grabbe, C. Huber, Ö. Türeci, U. Sahin, Systemic RNA delivery
to dendritic cells exploits antiviral defence for cancer immunotherapy, Nature 534
(2016) 396–401, https://doi.org/10.1038/nature18300.
[281] M.H. Schwenk, Ferumoxytol: A new intravenous iron preparation for the treatment of iron deﬁciency anemia in patients with chronic kidney disease, Pharmacotherapy 30 (2010) 70–79, https://doi.org/10.1592/phco.30.1.70.
[282] M. Lu, M.H. Cohen, D. Rieves, R. Pazdur, FDA report: Ferumoxytol for intravenous
iron therapy in adult patients with chronic kidney disease, Am. J. Hematol. 85
(2010) 315–319, https://doi.org/10.1002/ajh.21656.
[283] Y. Zhang, Y. Lu, F. Wang, S. An, Y. Zhang, T. Sun, J. Zhu, C. Jiang, ATP/pH Dual Responsive Nanoparticle with d-[des-Arg 10] Kallidin Mediated Efﬁcient In Vivo
Targeting Drug Delivery, 2016https://doi.org/10.1002/smll.201602494.
[284] L. Polin, A. Wallace-Povirk, C. George, R.T. Morris, J. Kushner, Z. Hou, S. Orr, L.H.
Matherly, K. White, L. Gattoc, A. Gangjee, C. O'Connor, S. Yang, Dual targeting of epithelial ovarian cancer via folate receptor α and the proton-coupled folate transporter with 6-substituted pyrrolo[2,3- d]pyrimidine antifolates, Mol. Cancer Ther.
16 (2017) 819–830, https://doi.org/10.1158/1535-7163.mct-16-0444.
[285] S. Kashyap, N. Singh, B. Surnar, M. Jayakannan, Enzyme and Thermal Dual Responsive Amphiphilic Polymer Core− Shell Nanoparticle for Doxorubicin Delivery to
Cancer Cells, 2015https://doi.org/10.1021/acs.biomac.5b01545.

N.D. Donahue et al. / Advanced Drug Delivery Reviews 143 (2019) 68–96
[286] H.S. El-Sawy, A.M. Al-Abd, T.A. Ahmed, K.M. El-Say, V.P. Torchilin, Stimuliresponsive nano-architecture drug-delivery systems to solid tumor micromilieu:
past, present, and future perspectives, ACS Nano 12 (2018) 10636–10664,
https://doi.org/10.1021/acsnano.8b06104.
[287] M. Grzelczak, L.M. Liz-Marzán, R. Klajn, Stimuli-responsive self-assembly of nanoparticles, Chem. Soc. Rev. (2019)https://doi.org/10.1039/c8cs00787j.
[288] G. Zhu, F. Zhang, Q. Ni, G. Niu, X. Chen, Efﬁcient nanovaccine delivery in cancer immunotherapy, ACS Nano 11 (2017) 2387–2392, https://doi.org/10.1021/acsnano.
7b00978.
[289] W. Jiang, C.A. Von Roemeling, Y. Chen, Y. Qie, X. Liu, J. Chen, B.Y.S. Kim, Designing
nanomedicine for immuno-oncology, Nat. Biomed. Eng. 1 (2017) 1–11, https://doi.
org/10.1038/s41551-017-0029.
[290] R.S. Riley, C.H. June, R. Langer, M.J. Mitchell, Delivery technologies for cancer immunotherapy, Nat. Rev. Drug Discov. (2019)https://doi.org/10.1038/s41573-0180006-z.
[291] R. Zhang, M.M. Billingsley, M.J. Mitchell, Biomaterials for vaccine-based cancer immunotherapy, J. Control. Release 292 (2018) 256–276, https://doi.org/10.1016/j.
jconrel.2018.10.008.
[292] O. Jacobson, D.O. Kiesewetter, X. Chen, Albumin-binding evans blue derivatives for
diagnostic imaging and production of long-acting therapeutics, Bioconjug. Chem.
27 (2016) 2239–2247, https://doi.org/10.1021/acs.bioconjchem.6b00487.
[293] E.B. Ehlerding, X. Lan, W. Cai, “Albumin hitchhiking” with an evans blue analog for
cancer theranostics, Theranostics. 8 (2018) 812–814, https://doi.org/10.7150/
THNO.24183.
[294] H. Liu, K.D. Moynihan, Y. Zheng, G.L. Szeto, A.V. Li, B. Huang, D.S. Van Egeren, C.
Park, D.J. Irvine, Structure-based programming of lymph-node targeting in molecular vaccines, Nature 507 (2014) 519–522, https://doi.org/10.1038/nature12978.
[295] K.D. Moynihan, C.F. Opel, G.L. Szeto, A. Tzeng, E.F. Zhu, J.M. Engreitz, R.T. Williams,
K. Rakhra, M.H. Zhang, A.M. Rothschilds, S. Kumari, R.L. Kelly, B.H. Kwan, W.
Abraham, K. Hu, N.K. Mehta, M.J. Kauke, H. Suh, J.R. Cochran, D.A. Lauffenburger,
K.D. Wittrup, D.J. Irvine, Eradication of large established tumors in mice by combination immunotherapy that engages innate and adaptive immune responses, Nat.
Med. 22 (2016) 1402–1410, https://doi.org/10.1038/nm.4200.
[296] S. Wilhelm, R.C. Bensen, N.R. Kothapali, A.W.G. Burgett, R. Merriﬁeld, C. Stephan,
Quantiﬁcation of gold nanoparticle uptake into cancer cells using single cell ICPMS, PerkinElmer Appl. Note. (2018) 1–4.
[297] Y.S.S. Yang, P.U. Atukorale, K.D. Moynihan, A. Bekdemir, K. Rakhra, L. Tang, F.
Stellacci, D.J. Irvine, High-throughput quantitation of inorganic nanoparticle
biodistribution at the single-cell level using mass cytometry, Nat. Commun. 8
(2017) 1–9, https://doi.org/10.1038/ncomms14069.
[298] S. Kalyanasundaram, V. Gradinaru, K. Chung, J.J. Mirzabekov, S.-Y. Kim, J. Wallace,
K.A. Zalocusky, J. Mattis, A.K. Denisin, K. Deisseroth, L. Grosenick, H. Bernstein, C.
Ramakrishnan, T.J. Davidson, S. Pak, A.S. Andalman, Structural and molecular interrogation of intact biological systems, Nature 497 (2013) 332–337, https://doi.org/
10.1038/nature12107.
[299] S. Sindhwani, A.M. Syed, S. Wilhelm, D.R. Glancy, Y.Y. Chen, M. Dobosz, W.C.W.
Chan, Three-dimensional optical mapping of nanoparticle distribution in intact
tissues, ACS Nano 10 (2016) 5468–5478, https://doi.org/10.1021/acsnano.
6b01879.
[300] A.M. Syed, S. Sindhwani, S. Wilhelm, B.R. Kingston, D.S.W. Lee, J.L. Gommerman,
W.C.W. Chan, Three-dimensional imaging of transparent tissues via metal nanoparticle labeling, J. Am. Chem. Soc. 139 (2017) 9961–9971, https://doi.org/10.
1021/jacs.7b04022.
[301] C. Pan, R. Cai, F.P. Quacquarelli, A. Ghasemigharagoz, A. Lourbopoulos, P. Matryba,
N. Plesnila, M. Dichgans, F. Hellal, A. Ertürk, Shrinkage-mediated imaging of entire
organs and organisms using uDISCO, Nat. Methods 13 (2016) 859–867, https://doi.
org/10.1038/nmeth.3964.
[302] F. Chen, P.W. Tillberg, E.S. Boyden, Expansion Microscopy, Science 37 (80) (2015)
543–547, https://doi.org/10.1126/science.1260088.
[303] S. Sindhwani, A.M. Syed, S. Wilhelm, W.C.W. Chan, Exploring passive clearing for
3d optical imaging of nanoparticles in intact tissues, Bioconjug. Chem. 28 (2017)
253–259, https://doi.org/10.1021/acs.bioconjchem.6b00500.
[304] X. Hao, J. Wu, Y. Shan, M. Cai, X. Shang, J. Jiang, H. Wang, Caveolae-mediated endocytosis of biocompatible gold nanoparticles in living Hela cells, J. Phys. Condens.
Matter 24 (2012)https://doi.org/10.1088/0953-8984/24/16/164207.
[305] K. Saha, S.T. Kim, B. Yan, O.R. Miranda, F.S. Alfonso, D. Shlosman, V.M. Rotello, Surface functionality of nanoparticles determines cellular uptake mechanisms in
mammalian cells, Small 9 (2013) 300–305, https://doi.org/10.1002/smll.
201201129.
[306] B. Rothen-Rutishauser, D.A. Kuhn, Z. Ali, M. Gasser, F. Amin, W.J. Parak, D.
Vanhecke, A. Fink, P. Gehr, C. Brandenberger, Quantiﬁcation of gold nanoparticle
cell uptake under controlled biological conditions and adequate resolution, 9,
2014 607–621, https://doi.org/10.2217/NNM.13.24.
[307] C.T. Ng, F.M.A. Tang, J.J. en Li, C. Ong, L.L.Y. Yung, B.H. Bay, Clathrin-mediated endocytosis of gold nanoparticles in vitro, Anat. Rec. 298 (2015) 418–427, https://doi.
org/10.1002/ar.23051.
[308] H. Klingberg, L.B. Oddershede, K. Loeschner, E.H. Larsen, Uptake of gold nanoparticles in primary human endothelial cells, Toxicol. Res. (Camb). (2015) 655, https://
doi.org/10.1039/c4tx00061g.
[309] Ž. Krpetić, F. Porta, E. Caneva, V. Dal Santo, G. Scarì, Phagocytosis of biocompatible
gold nanoparticles, Langmuir 26 (2010) 14799–14805, https://doi.org/10.1021/
la102758f.
[310] C. Leduc, J.M. Jung, R.R. Carney, F. Stellacci, B. Lounis, Direct investigation of intracellular presence of gold nanoparticles via photothermal heterodyne imaging,
ACS Nano 5 (2011) 2587–2592, https://doi.org/10.1021/nn1023285.

95

[311] T. Lund, M.F. Callaghan, P. Williams, M. Turmaine, C. Bachmann, T. Rademacher,
I.M. Roitt, R. Bayford, The inﬂuence of ligand organization on the rate of uptake
of gold nanoparticles by colorectal cancer cells, Biomaterials 32 (2011)
9776–9784, https://doi.org/10.1016/j.biomaterials.2011.09.018.
[312] S. Huang, H. Deshmukh, K.K. Rajagopalan, S. Wang, Gold nanoparticles electroporation enhanced polyplex delivery to mammalian cells, Electrophoresis 35 (2014)
1837–1845, https://doi.org/10.1002/elps.201300617.
[313] U. Taylor, W. Garrels, A. Barchanski, S. Peterson, L. Sajti, A. Lucas-Hahn, L. Gamrad,
U. Baulain, S. Klein, W.A. Kues, S. Barcikowski, D. Rath, Injection of ligand-free gold
and silver nanoparticles into murine embryos does not impact pre-implantation
development, Beilstein J. Nanotechnol. 5 (2014) 677–688, https://doi.org/10.
3762/bjnano.5.80.
[314] B. Zhang, S. Shen, Z. Liao, W. Shi, Y. Wang, J. Zhao, Y. Hu, J. Yang, J. Chen, H. Mei, Y.
Hu, Z. Pang, X. Jiang, Targeting ﬁbronectins of glioma extracellular matrix by CLT1
peptide-conjugated nanoparticles, Biomaterials 35 (2014) 4088–4098, https://doi.
org/10.1016/j.biomaterials.2014.01.046.
[315] E.J. Chung, Y. Cheng, R. Morshed, K. Nord, Y. Han, M.L. Wegscheid, B. Aufﬁnger, D.A.
Wainwright, M.S. Lesniak, M.V. Tirrell, Fibrin-binding, peptide amphiphile micelles
for targeting glioblastoma, Biomaterials 35 (2014) 1249–1256, https://doi.org/10.
1016/j.biomaterials.2013.10.064.
[316] M. Cieslewicz, J. Tang, J.L. Yu, H. Cao, M. Zavaljevski, K. Motoyama, A. Lieber,
Targeted delivery of proapoptotic peptides to tumor-associated macrophages improves survival, Proc. Natl. Acad. Sci. 110 (2013) 15919–15924, https://doi.org/10.
1073/pnas.1312197110.
[317] C. Ngambenjawong, S.H. Pun, Multivalent polymers displaying M2 macrophagetargeting peptides improve target binding avidity and serum stability, ACS
Biomater. Sci. Eng. 3 (2017) 2050–2053, https://doi.org/10.1021/acsbiomaterials.
7b00332.
[318] J. Zhang, Z.F. Yuan, Y. Wang, W.H. Chen, G.F. Luo, S.X. Cheng, R.X. Zhuo, X.Z. Zhang,
Multifunctional envelope-type mesoporous silica nanoparticles for tumortriggered targeting drug delivery, J. Am. Chem. Soc. 135 (2013) 5068–5073,
https://doi.org/10.1021/ja312004m.
[319] M.Z. Zhang, Y. Yu, R.N. Yu, M. Wan, R.Y. Zhang, Y. Di Zhao, Tracking the downregulation of folate receptor-α in cancer cells through target speciﬁc delivery of
quantum dots coupled with antisense oligonucleotide and targeted peptide,
Small 9 (2013) 4183–4193, https://doi.org/10.1002/smll.201300994.
[320] E. Locatelli, M. Naddaka, C. Uboldi, G. Loudos, E. Fragogeorgi, V. Molinari, A. Pucci, T.
Tsotakos, D. Psimadas, J. Ponti, M.C. Franchini, Targeted delivery of silver nanoparticles and alisertib: in vitro and in vivo synergistic effect against glioblastoma,
Nanomedicine 9 (2014) 839–849, https://doi.org/10.2217/nnm.14.1.
[321] F.C. Lam, S.W. Morton, J. Wyckoff, T.L. Vu Han, M.K. Hwang, A. Maffa, E. BalkanskaSinclair, M.B. Yaffe, S.R. Floyd, P.T. Hammond, Enhanced efﬁcacy of combined temozolomide and bromodomain inhibitor therapy for gliomas using targeted nanoparticles, Nat. Commun. 9 (2018)https://doi.org/10.1038/s41467-018-04315-4.
[322] D. Schmid, C.G. Park, C.A. Hartl, N. Subedi, A.N. Cartwright, R.B. Puerto, Y. Zheng, J.
Maiarana, G.J. Freeman, K.W. Wucherpfennig, D.J. Irvine, M.S. Goldberg, T celltargeting nanoparticles focus delivery of immunotherapy to improve antitumor
immunity, Nat. Commun. 8 (2017) 1–11, https://doi.org/10.1038/s41467-01701830-8.
[323] Q. Dai, Y. Yan, C.S. Ang, K. Kempe, M.M.J. Kamphuis, S.J. Dodds, F. Caruso, Monoclonal antibody-functionalized multilayered particles: targeting cancer cells in the
presence of protein coronas, ACS Nano 9 (2015) 2876–2885, https://doi.org/10.
1021/nn506929e.
[324] J. Song, J. Zhou, H. Duan, Self-assembled plasmonic vesicles of SERS-encoded amphiphilic gold nanoparticles for cancer cell targeting and traceable intracellular
drug delivery, J. Am. Chem. Soc. 134 (2012) 13458–13469, https://doi.org/10.
1021/ja305154a.
[325] N. Kotagiri, Z. Li, X. Xu, S. Mondal, A. Nehorai, S. Achilefu, Antibody quantum dot
conjugates developed via copper-free click chemistry for rapid analysis of biological samples using a microﬂuidic microsphere array system, Bioconjug. Chem. 25
(2014) 1272–1281, https://doi.org/10.1021/bc500139u.
[326] S. Engelberg, J. Modrejewski, J.G. Walter, Y.D. Livney, Y.G. Assaraf, Cancer cellselective, clathrin-mediated endocytosis of aptamer-decorated nanoparticles,
Oncotarget 9 (2018) 20993–21006, https://doi.org/10.18632/oncotarget.24772.
[327] D.K. Prusty, V. Adam, R.M. Zadegan, S. Irsen, M. Famulok, Supramolecular aptamer
nano-constructs for receptor-mediated targeting and light-triggered release of
chemotherapeutics into cancer cells, Nat. Commun. 9 (2018)https://doi.org/10.
1038/s41467-018-02929-2.
[328] J. Wang, Q. Ma, X.X. Hu, H. Liu, W. Zheng, X. Chen, Q. Yuan, W. Tan,
Autoﬂuorescence-free targeted tumor imaging based on luminous nanoparticles
with composition-dependent size and persistent luminescence, ACS Nano 11
(2017) 8010–8017, https://doi.org/10.1021/acsnano.7b02643.
[329] F. Porta, G.E.M. Lamers, J. Morrhayim, A. Chatzopoulou, M. Schaaf, H. den Dulk, C.
Backendorf, J.I. Zink, A. Kros, Folic acid-modiﬁed mesoporous silica nanoparticles
for cellular and nuclear targeted drug delivery, Adv. Healthc. Mater. 2 (2013)
281–286, https://doi.org/10.1002/adhm.201200176.
[330] M.A. Mackey, F. Saira, M.A. Mahmoud, M.A. El-Sayed, Inducing cancer cell
death by targeting its nucleus: solid gold nanospheres versus hollow gold
nanocages, Bioconjug. Chem. 24 (2013) 897–906, https://doi.org/10.1021/
bc300592d.
[331] Y. Yuan, S. Chen, T. Paunesku, S.C. Gleber, W.C. Liu, C.B. Doty, R. Mak, J. Deng, Q. Jin,
B. Lai, K. Brister, C. Flachenecker, C. Jacobsen, S. Vogt, G.E. Woloschak, Epidermal
growth factor receptor targeted nuclear delivery and high-resolution whole cell
x-ray imaging of Fe3O4@TiO 2 nanoparticles in cancer cells, ACS Nano 7 (2013)
10502–10517, https://doi.org/10.1021/nn4033294.

96

N.D. Donahue et al. / Advanced Drug Delivery Reviews 143 (2019) 68–96

[332] R. Misra, S.K. Sahoo, Intracellular trafﬁcking of nuclear localization signal conjugated nanoparticles for cancer therapy, Eur. J. Pharm. Sci. 39 (2010) 152–163,
https://doi.org/10.1016/j.ejps.2009.11.010.
[333] Y. Ma, Kun Shen, Haijun Shen, Song Xie, Men Mao, Chaunbin Qui, Liyan Jin, Development of a successive targeting liposome with multi-ligand for efﬁcient targeting
gene delivery, J. Gene Med. 13 (2011) 290–301, https://doi.org/10.1002/jgm.
[334] S.N. Tammam, H.M.E. Azzazy, A. Lamprecht, The effect of nanoparticle size and NLS
density on nuclear targeting in cancer and normal cells; impaired nuclear import
and aberrant nanoparticle intracellular trafﬁcking in glioma, J. Control. Release
253 (2017) 30–36, https://doi.org/10.1016/j.jconrel.2017.02.029.
[335] L. Agemy, D. Friedmann-Morvinski, V.R. Kotamraju, L. Roth, K.N. Sugahara, O.M.
Girard, R.F. Mattrey, I.M. Verma, E. Ruoslahti, Targeted nanoparticle enhanced
proapoptotic peptide as potential therapy for glioblastoma, Proc. Natl. Acad. Sci.
108 (2011) 17450–17455, https://doi.org/10.1073/pnas.1114518108.
[336] J.W. Kang, P.T.C. So, R.R. Dasari, D.K. Lim, High resolution live cell Raman imaging
using subcellular organelle-targeting SERS-sensitive gold nanoparticles with
highly narrow intra-nanogap, Nano Lett. 15 (2015) 1766–1772, https://doi.org/
10.1021/nl504444w.
[337] Y. Yamada, H. Harashima, Enhancement in selective mitochondrial association by
direct modiﬁcation of a mitochondrial targeting signal peptide on a liposomal

[338]

[339]

[340]

[341]

[342]

based nanocarrier, Mitochondrion. 13 (2013) 526–532, https://doi.org/10.1016/j.
mito.2012.09.001.
Z. Zhang, L. Zhou, Y. Zhou, J. Liu, X. Xing, J. Zhong, G. Xu, Z. Kang, J. Liu, Mitophagy
induced by nanoparticle–peptide conjugates enabling an alternative intracellular
trafﬁcking route, Biomaterials 65 (2015) 56–65, https://doi.org/10.1016/J.
BIOMATERIALS.2015.06.029.
T. Fujiwara, H. Akita, H. Harashima, Intracellular fate of octaarginine-modiﬁed liposomes in polarized MDCK cells, Int. J. Pharm. 386 (2010) 122–130, https://doi.org/
10.1016/j.ijpharm.2009.11.005.
R.S. Li, P.F. Gao, H.Z. Zhang, L.L. Zheng, C.M. Li, J. Wang, Y.F. Li, F. Liu, N. Li, C.Z.
Huang, Chiral nanoprobes for targeting and long-term imaging of the Golgi apparatus, Chem. Sci. 8 (2017) 6829–6835, https://doi.org/10.1039/c7sc01316g.
R. Wang, Guankui Norton, An Pokharel, Deep Song, Yuan Hill, KDEL peptide gold
nanoconstructs: promising nanoplatforms for drug delivery, Nanomedicine 9
(2013) 336–374, https://doi.org/10.1016/j.nano.2012.09.002.
T. Pan, W. Song, H. Gao, T. Li, X. Cao, S. Zhong, Y. Wang, MiR-29b-loaded gold nanoparticles targeting to the endoplasmic reticulum for synergistic promotion of osteogenic differentiation, ACS Appl. Mater. Interfaces 8 (2016) 19217–19227, https://
doi.org/10.1021/acsami.6b02969.

