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Abstract: Safe and reliable entry to the brain is essential for successful diagnosis and treatment of
diseases, but it still poses major challenges. As a result, many therapeutic approaches to treating
disorders associated with the central nervous system (CNS) still only show limited success. Nano-
sized systems are being explored as drug carriers and show great improvements in the delivery of
many therapeutics. The systemic delivery of nanoparticles (NPs) or nanocarriers (NCs) to the brain
involves reaching the neurovascular unit (NVU), being transported across the blood–brain barrier,
(BBB) and accumulating in the brain. Each of these steps can benefit from specifically controlled
properties of NPs. Here, we discuss how brain delivery by NPs can benefit from careful design of the
NP properties. Properties such as size, charge, shape, and ligand functionalization are commonly
addressed in the literature; however, properties such as ligand density, linker length, avidity, protein
corona, and stiffness are insufficiently discussed. This is unfortunate since they present great value
against multiple barriers encountered by the NPs before reaching the brain, particularly the BBB.
We further highlight important examples utilizing targeting ligands and how functionalization
parameters, e.g., ligand density and ligand properties, can affect the success of the nano-based
delivery system.

Keywords: nanoparticles; polymers; brain delivery; blood–brain barrier; controlled drug delivery;
therapeutics; nanomedicine

1. Introduction

The advent of nanomedicine has brought nanoparticles that provide unique ways
to control interactions with cells and tissues. However, when facing the complexity of
in vivo systems, nanoparticles are not simply required to interact with one singular cell
type, but rather with several cellular environments with distinctive characteristics before
reaching the intended target site. For disorders in the NVU, reaching the diseased site is
even more complex, as the CNS is well-guarded by its own immune system and a spe-
cialized endothelial barrier. The treatment and diagnosis of diseases such as Parkinson’s,
Alzheimer’s, and brain cancers becomes challenging, as most molecules cannot reach the
brain at therapeutically relevant doses. Nanocarriers pose as an auspicious concept for
improving the delivery of therapeutics to the CNS. However, systemically administrated
nanocarriers that target the brain must also overcome the mononuclear phagocytic sys-
tem (MPS) and be transported across the blood–brain barrier (BBB), a highly selective
structure [1,2]. Crossing the BBB generally implies that the nanoparticles (NPs) should
be internalized by endothelial cells and subsequently exocytosed into the brain (Figure 1).
Furthermore, after reaching the brain, the nanocarriers need to get to the different brain
areas for effective therapeutic delivery. To obtain systems with the most favorable results,
understanding and tuning of nanocarriers properties is essential.
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Figure 1. Blood–brain barrier representation. The brain capillaries irrigate the brain parenchyma, and their structure is 
composed of specialized endothelial cells as well as pericytes and astrocytes. The endothelial cells display apical–basal 
polarity, and tight junctions separate the polarized membranes. To reach the brain, NPs will need to interact with the 
apical membrane, be internalized by the endothelium, and undergo vesicular trafficking and exocytosis. 

The highly versatile nature of polymers offers exceptional opportunities to carefully 
modulate NP properties. The variety in composition of polymeric nanoparticles is exten-
sive, e.g., single polymers, copolymers, protein-based, lipid–polymer hybrids, metal–pol-
ymer hybrids, etc. [3–9]. Each of those systems can be adjusted to obtain particles of dif-
ferent sizes, with different release and degradation profiles, possibilities for further func-
tionalization, and many other properties. In drug delivery, the design of particle proper-
ties enables better control over particle interactions within the biological environments 
affecting biodistribution, clearance, transport across barriers, uptake, and ultimately, ther-
apeutic effect. Particle characteristics such as size, surface charge, and targeting ligand 
coupling are well-known to have an impact on particle interaction with cells and accumu-
lation in tissues, including the brain [10–15]. However, one property alone does not define 
the effectiveness of the delivery, but rather an ensemble of properties will help to better 
tune the interactions between particles and cells or barriers, highlighting the importance 
of proper NP design. 

In this review we outline the main NP physicochemical properties evaluated for 
brain delivery and how they benefit particle transport and accumulation, in addition to 
the effect of targeting ligands on cerebrovascular targeting and tissue targeting (Figure 2). 

Figure 1. Blood–brain barrier representation. The brain capillaries irrigate the brain parenchyma, and their structure is
composed of specialized endothelial cells as well as pericytes and astrocytes. The endothelial cells display apical–basal
polarity, and tight junctions separate the polarized membranes. To reach the brain, NPs will need to interact with the apical
membrane, be internalized by the endothelium, and undergo vesicular trafficking and exocytosis.

The highly versatile nature of polymers offers exceptional opportunities to carefully
modulate NP properties. The variety in composition of polymeric nanoparticles is extensive,
e.g., single polymers, copolymers, protein-based, lipid–polymer hybrids, metal–polymer
hybrids, etc. [3–9]. Each of those systems can be adjusted to obtain particles of different
sizes, with different release and degradation profiles, possibilities for further function-
alization, and many other properties. In drug delivery, the design of particle properties
enables better control over particle interactions within the biological environments affecting
biodistribution, clearance, transport across barriers, uptake, and ultimately, therapeutic
effect. Particle characteristics such as size, surface charge, and targeting ligand coupling are
well-known to have an impact on particle interaction with cells and accumulation in tissues,
including the brain [10–15]. However, one property alone does not define the effectiveness
of the delivery, but rather an ensemble of properties will help to better tune the interactions
between particles and cells or barriers, highlighting the importance of proper NP design.

In this review we outline the main NP physicochemical properties evaluated for brain
delivery and how they benefit particle transport and accumulation, in addition to the
effect of targeting ligands on cerebrovascular targeting and tissue targeting (Figure 2).
Potential systems for the treatment of brain cancer and neurodegenerative diseases are
also discussed.
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been shown to accumulate in different organs based on their size [17,18]. Particles >200 
nm are effectively cleared by the spleen, while smaller particles <5 nm are rapidly cleared 
from the body by the kidneys. Therefore, nanoparticles in the range of 10 to 200 nm are 
most commonly evaluated in nanomedicine. For the application of NPs to cross the BBB, 
size has been shown to dramatically influence the transport efficiency [19]. In a biodistri-
bution study by De Jong and coworkers, (gold) NPs of 10, 50, 100, and 250 nm in diameter 
were injected into rats’ tail veins, and the majority of NPs were shown to accumulate in 
the liver and spleen [18]. However, only the 10 nm size NPs were detected in the brain, 
indicating that smaller particle sizes are advantageous in crossing the BBB. For polymer 
NPs, a similar trend has been observed. Methotrexate-loaded polybutylcyanoacrylate 
(PBCA) NPs with a polysorbate-80 coating of 70, 170, 220, 345 nm were injected into rats; 
the highest drug delivery was observed for the 70 nm sized NPs [20]. This size-dependent 
transport was also observed in an animal model, by intravenous injection of NPs into the 

Figure 2. Schematic representation of a polymeric drug delivery system and its tunable properties.
This summarizes the main properties of polymer-based nanocarriers for controlling the interaction
with biological systems and improving delivery efficacy. Human serum albumin (HSA) protein
structure in “Corona” was adapted from the Protein Data Bank (http://www.pdb.org, accessed on
19 October 2021) PDB ID 1AO6.

2. Nanoparticle Size

Various properties of NPs influence the in vivo targeting abilities. A key factor is NP
size, as the biodistribution and cellular uptake of NP is highly dependent on it [16]. NPs
that are intravenously injected, and that therefore evade the gastrointestinal barriers, have
been shown to accumulate in different organs based on their size [17,18]. Particles > 200 nm
are effectively cleared by the spleen, while smaller particles < 5 nm are rapidly cleared from
the body by the kidneys. Therefore, nanoparticles in the range of 10 to 200 nm are most
commonly evaluated in nanomedicine. For the application of NPs to cross the BBB, size
has been shown to dramatically influence the transport efficiency [19]. In a biodistribution
study by De Jong and coworkers, (gold) NPs of 10, 50, 100, and 250 nm in diameter were
injected into rats’ tail veins, and the majority of NPs were shown to accumulate in the liver
and spleen [18]. However, only the 10 nm size NPs were detected in the brain, indicating
that smaller particle sizes are advantageous in crossing the BBB. For polymer NPs, a
similar trend has been observed. Methotrexate-loaded polybutylcyanoacrylate (PBCA) NPs
with a polysorbate-80 coating of 70, 170, 220, 345 nm were injected into rats; the highest
drug delivery was observed for the 70 nm sized NPs [20]. This size-dependent transport
was also observed in an animal model, by intravenous injection of NPs into the tail vein
of rats. Furthermore, the coated NPs achieved higher drug accumulation in the brain
compared with non-coated NPs. Cruz and coworkers used poly(lactic-co-glycolic) (PLGA)

http://www.pdb.org
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NPs functionalized with a polyethylene glycol (PEG) coating and targeting moieties of
800 CW, a NIR dye, to study particle diffusion in mice with traumatic brain injuries [21].
The evaluated NPs had a size range of 100 to 800 nm. Deepest penetration into the brain
was observed for the 100 nm NPs with the 800 CW coating. This study shows that NP size
also influences transport in models with a compromised BBB. PLGA NPs have been also
used in targeting studies using trehalose, where brain distribution in rats was evaluated
for particle sizes of 71 and 147 nm [22]. As earlier seen by Cruz and co-workers, the 71 nm
NPs presented significantly higher accumulation in the brain. Polystyrene (PS) NPs have
been frequently used to investigate size-dependent transport, as a wide size range of PS
NPs is commercially available [23,24]. However, the vast variety in evaluated surface
functionalizations impede the comparison of particle transport. PS particles with a TPGS
(d-α-tocopheryl polyethylene glycol 1000 succinate) coating and uncoated PS NPs of 25,
50, 100, 200, and 500 nm were analyzed in a cellular uptake and biodistribution study [23].
The highest cellular internalization in Caco-2, human colorectal adenocarcinoma cells, and
Madin-Darby Canine Kidney (MDCK) cells was observed for 100 nm NPs; however, this
was only significant for TPGS-coated NPs in MDCK cells. Even though Caco-2 and MDCK
cells are not brain endothelial cells, they are epithelial cells that also form cell barriers, and
certain parallels can be drawn for the particles’ behavior in polarized brain endothelial
cell barriers. Subsequently, in the biodistribution study, NP accumulation in the brain was
correlated with their size, showing decreased accumulation with increasing particle size.

However, size-dependent transport of NPs has also been contradicted by some studies.
To improve the prediction of particle transport, Zhang and co-workers worked on a
mathematical model that includes particle size and surface charges [24]. In the range
of 20 to 200 nm, they found ~150 nm to be the optimum size for neutral and positive
charged NPs, but they also state that the optimum size varies depending on the types of
cells and conditions. In an in vitro study with PS NPs comparing particles sizes of 100,
200, and 500 nm, the highest permeability was observed for the 200 nm NPs [25]. Voigt
et al. studied PBCA NPs with various surfactants and demonstrated that the surfactant
had a greater influence on particle transport than the size of the NPs [26]. Overall, the
trend of size-dependent transport across the BBB has been confirmed for a wide variety of
polymeric NPs, though other particle parameters are also key in the process.

3. Nanoparticle Shape

A wide variety of strategies has been developed for the preparation of polymeric
nanoparticles, but typically spherically shaped NPs are obtained. Methods to obtain
anisotropic polymeric particles, e.g., rods, discs, and worms (Figure 3), are lithography,
controlled crosslinking or polymerization, film-stretching, and microfluidics approaches;
however, those are not yet straightforward and still limit particle application [27–37].
Studies with polystyrene nanorods decorated with targeting moieties indicate that rod-
shaped particles display stronger adhesion and increased internalization by brain endothe-
lial cells under both static and flow conditions, in addition to higher brain accumula-
tion in vivo [25,31,38,39]. Nanorods were functionalized with anti-intercellular adhesion
molecule 1 (ICAM-mAb), anti-ovalbumin (OVA-mAb), and immunoglobulin G (IgG) anti-
bodies to evaluate the interaction with brain endothelium and for biodistribution studies
with anti-transferrin receptor (TfR-mAb), anti-ICAM-mAb, and IgG [31,39]. For non-
specific interactions (observed for IgG-particles), the spherically shaped particles displayed
stronger adhesion under flow conditions, suggesting a relation between specific interac-
tions and shape. Another study employing vascular adhesion molecule-1 (VCAM-1) and
IgG gave similar results, highlighting that under static conditions, uptake between IgG-
and VCAM-1-coated particles were distinguishable, with a greater increase for VCAM-1-
functionalized rod-shaped particles of up to 2.5-fold, though under flow conditions, only
the elongated particles presented distinct uptake levels—a 1.5-fold increase [15]. Mendes
and collaborators evaluated biodistribution, clearance, and circulation of radiolabeled
PEG-b-polystyrene micelles by single-photon emission computed tomography (SPECT),
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showing no significant differences in brain accumulation for spherical and elongated parti-
cles [40]. It supports the role of specific interactions in shape-dependent behavior; however,
the authors also point to different stiffness observed in the center of the elongated particles,
which may also affect their behavior.
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Figure 3. Representative micrographs of anisotropic and non-anisotropic polystyrene nanoparticles
prepared by film stretching. Nanoparticles shape are (a) spherical, (b) rectangular discoidal, (c) rod-
shaped, (d) worm-like, (e) oblate ellipsoidal, (f) elliptical discoidal, (g) UFO-like, and (h) circular
discoidal. Scale bars are 2 µm. Adapted with permission from Reference [37], National Academy of
Sciences, 2007.

A shape-dependent interaction in an Alzheimer’s disease (AD)-related environment
was studied using high-density lipoprotein (HDL) particles [41]. HDL particles are com-
posed of lipids and associated proteins, including apolipoprotein A-I (Apo I), and can be
shaped as spherical and discoidal particles. In vitro and mathematical models suggest
that Apo I-associated discoidal HDL particles are transported more efficiently across the
BBB, diminish β-sheet concentration on β-amyloid fibrils, and induce enhanced structural
destabilization of β-amyloid plaques as compared with the spherical particles.

As pointed out in many in vitro and in vivo studies, anisotropic particles are internal-
ized by macrophages to a lesser extent than spherical particles and, consequently, have a
longer circulation time, which may favor accumulation in the brain [30,42].

NP anisotropy influences particle adhesion and avidity. Studies indicate that ligand-
functionalized NPs that induce specific interactions may profit from anisotropy and that
enhanced targeting may ensue [15,31]. Still, the impact of different shapes of polymeric
NPs in brain delivery requires more investigation, which is currently limited by the lack of
well-established and broadly applicable methodologies for preparing such NPs.

4. Nanoparticle Stiffness

Nanoparticle stiffness was largely overlooked for many years as a property to reg-
ulate delivery. However, its relevance has been emerging over the past 5 years and
offers new delivery concepts, including in brain delivery. Particle stiffness may be altered
by crosslinking density, composition, and structure. Crosslinking density is controlled
through the addition of different amounts of crosslinking agent during nanoparticle prepa-
ration [43,44]. Structural variation of stiffness is often approached by the preparation of
core-shell structures in which core stiffness is changed, ranging from hollow shells to
solid cores [45,46]. Composition can affect stiffness in different ways. Thermorespon-
sive nanogels, for example, shift from a swollen state to a condensed state upon increas-
ing temperature, which can occur above (or below if condensed to swollen) the volume
phase transition temperature (VPTT), while VPTT depends on the monomer. For exam-
ple, poly(N-isopropylacrylamide (p(NIPAM)) nano/microgels, a widely studied type of
nanogel, have a lower critical solution temperature (LCST) around 32 ◦C, while poly(N-
isopropylmethacrylamide) (p(NIPMAM)) nano/microgels have an LCST around 44 ◦C.
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Under physiological conditions, 37 ◦C, such particles will present different behavior, with
p(NIPAM) being a collapsed particle and p(NIPMAM) a swollen particle [43,47].

Although many aspects remain to be understood, current reports on the effects of stiff-
ness on brain delivery already provide interesting insights. Anselmo et al. evaluated the
biodistribution behavior of PEG diacrylate (PEGDA)-based hydrogel nanoparticles, with
stiffnesses ranging from 10 to 3000 kPa (diameter around 200 nm), in mice via intravenous
injection [48]. Brain accumulation was more pronounced for soft particles at 30 min; how-
ever, at the 12 h time point, these differences were no longer significant. Other organs also
showed higher retention, e.g., heart and lungs, for soft particles. The authors attribute the
differences in accumulation to the particles’ circulation time. Soft particles had prolonged
circulation as compared with hard particles, with elimination half-life in 6-fold higher for
the soft particles, which manifested in higher accumulation in organs with elevated blood
flow. In another report, PEGDA nanogels were compared with carboxylated polystyrene
NPs in vitro under brain flow conditions [25,49]. A higher association with the endothelial
cells was observed for the polystyrene particles (stiff), as well as increased transport rates
across the endothelial monolayer. PEG-block-poly(pentafluorophenyl methacrylate) poly-
mers were crosslinked with different diamine cross-linkers, giving polymersomes with
tunable membrane elasticity (from 3.7 to 7.3 MPa) that were evaluated against an orthotopic
glioblastoma (GBM) tumor model [50]. Lower elasticity led to increased transcytosis and
brain accumulation, despite shorter blood circulation. It should be highlighted that the
surface of the particles might play an important role in the outcome since PEG is well
known for its ability to reduce protein adsorption and avoid internalization. Nonetheless,
several studies indicate that stiffer polymeric nanoparticles are indeed internalized to a
greater extent by brain endothelial cells, yet it does not guarantee higher transcytosis.
Employing a filter-free BBB model and p(NIPMAM) nanogels with different crosslinking
densities, Zuhorn and coworkers showed that lower stiffness nanogels (<200 kPa) promote
transcytosis even though endocytosis is not promoted [44]. Brown et al. also attempted
to investigate the effect of stiffness on the BBB with protein, liposomes, and polystyrene
nanoparticles; however, analyses could not be dissociated from other particle properties,
such as size, composition, and shape [10]. The influence of stiffness on transcytosis and
brain accumulation adds a parameter to the design of NPs that may be evaluated for
polymeric NPs. Comparison should always observe the stiffness range, often described by
the particles’ Young’s moduli and not simply as softer or stiffer.

Simulation of the interaction between a lipid membrane and particles of varying
stiffness suggests that to initiate and complete the wrapping process of a soft particle
more energy is required than in the case of stiffer particles. In particular, membrane
bending deformation is more pronounced for stiff particles, meaning the softer particles
will require an additional energy barrier to induce deformation in the membrane to be fully
wrapped [51–54].

5. Nanoparticle Surface Characteristics
5.1. Surface Charge

Surface chemistry dictates the fate of NPs in vivo, and a straightforward but important
characteristic is surface charge. To induce surface charges on NPs, functional groups such
as carboxylic acid or amines are frequently utilized [55–57]. Neutral particles have been
shown to circulate longer in the bloodstream and avoid rapid clearance, as compared
with charged particles [58]. Positively charged NPs typically display higher accumulation
in the spleen and liver, as compared with negatively charged NPs. NP surface charges
likewise also impact transport across the BBB. The endothelial cells of the BBB have a higher
density of negative charges due to the presence of proteoglycans, as compared with blood
components and human umbilical vein endothelial cells (HUVEC) [59]. This leads to the
ability of positively charged NPs to cross the BBB via adsorptive-mediated transcytosis [60].
Moscariello et al. observed BBB crossing for NPs with cationic surface coatings [55,56].
A 5 nm dendrimer protein bioconjugate was formed with biotin-functionalized cationic
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poly(amido)amine (PAMAM) dendrons of second and third generation, demonstrating
transport across the BBB without impairing the BBB integrity and entering NVU cells [56].
However, positive surface charges on NPs can also induce toxicity by increasing the
production of reactive oxygen species, which leads to mitochondrial damage. Furthermore,
positive surface charges, as well as strong anionic charges, have even been shown to
decrease BBB integrity [61]. This may result in higher particle transport, but at the price
of BBB disruption potentially inciting future health effects in patients, which can lead to
higher transport due to the disruption of the BBB. In a study on polystyrene NPs, uptake
was compared with the transport across a Caco-2 cell barrier, presenting higher uptake
for NPs with positive surface charges, as well as higher transport for negative NPs [57].
Therefore, careful control over the surface charge is key for inducing NP transport across
the BBB and limiting NP accumulation in endothelial cells, while also controlling the
cytotoxicity of NPs.

5.2. Ligand Density and Linker Length

Ligands are utilized in active cellular targeting, where highly specific interactions
with cell receptors are exploited. Based on the targeting of viruses, multivalent targeting
has been studied and shown to increase the binding affinities of viruses to the cell surfaces,
increasing internalization [62]. However, higher ligand density on NP surfaces may also
cause side effects, such as size increases, steric hindrance, and decreased stealth behavior
in vivo [62]. Therefore, controlling cellular uptake of NPs in relation to ligand density
has sparked the interest of the nanomedicine field. Research focusing on linker length,
specifically studying PEG linkers and shorter peptide linkers, revealed higher cellular
internalization with shorter linker length (Figure 4) [63,64]. Ligand density was optimal
at 100% surface functionalization, as studied by Abstiens and coworkers for RGD ligands
in combination with PEG linkers (Mw = 2 kDa) in glioblastoma cells [63]. The effective
surface coverage of the ligands is likely considerably lower than 100% due to the length of
the PEG linker. The interaction of NPs and cells was analyzed via a mathematical modeling
approach, focusing on ligand density in relation to receptor density [65,66]. The optimal
ligand density for highest cellular internalization was found to be dependent on receptor
density. However, as ligand density increases, the rise in binding affinity may, in effect,
decrease the exocytosis efficiency [65]. An optimum balance is key for effective transport
across the BBB. Anraku and coworkers studied the effect of glucose density on the surface
of micelles that interact with glucose transporters type 1 (GLUT-1) on brain endothelial
cells [12]. They showed that the polymeric micelles successfully crossed the BBB and that
micelles with 25% surface functionalization showed the highest accumulation in the brain.
Depending on ligand density, the particles were either found in and around the endothelial
cells when high ligand densities were employed, or they penetrated deeper into the brain
in neurons and microglia at lower ligand densities, confirming the importance of carefully
balancing the binding affinity of NPs. Ligand density has a substantial impact on the
avidity of the NPs, which ultimately affects their uptake, intracellular trafficking, and
transcytosis, which is discussed to a greater extent in Section 5.4, Avidity.
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Figure 4. Strategy for the preparation of polymeric NPs with different linker length and ligand density. (A) Synthesis
of poly(lactic acid)–poly(ethylene glycol) copolymer with carboxyl end (PLA-PEG-COOH) and different lengths of PEG
(2, 3.5 and 5 kDa) and conjugation of the targeting moiety (Cyclo(RGDfK)) by EDC/NHS chemistry. (B) Fluorescent-
labeling with CF™647/CF™488A amine dyes to carboxylic acid-terminated PLGA using 4-(4,6-dimethoxy-1,3,5-triazin-
2-yl)-4-methylmorpholinium chloride (DMTMM). (C) Preparation of polymeric NPs with different PEG linker lengths
and ligand densities. EDC: N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide, NHS: N-hydroxysuccinimide, DBU: 1,8-
Diazabicyclo[5.4.0]undec-7-ene, BME: beta-mercaptoethanol, DCM: dichloromethane, DMF: dimethylformamide, DIPEA:
N,N-diisopropylethylamine. Adapted with permission from Reference [63], American Chemical Society, 2019.

5.3. Targeting Ligands

Ligand-decorated nanoparticles are widely explored for brain delivery to promote
transcytosis and targetability. To boost nanoparticle transport across the BBB, ligands that
bind cell receptors are a common design feature of nanoparticles [67,68]. Often targeting
overexpressed receptors or transporters at the apical surface of polarized brain endothelial
cells, the decorated NPs typically display increased uptake by the cells, which results
in higher transcytosis levels. Once the particles cross the BBB, it is still critical that they
also accumulate at the appropriate location in the brain. Targeting can be improved
by additional binding moieties or by controlling ligand density. Receptor recruitment
during endocytosis can favor but also limit internalization and transcytosis of NPs. Ligand-
associated properties, e.g., ligand affinity and ligand density, may saturate the receptors and
reduce NP uptake or hinder NP release from the basolateral membrane [12,65,69,70]. Dual
targeting can benefit the transport of NPs to the brain as well as accumulation in the desired
site. Research in dual targeting of endothelial cells has shown increased NP crossing using
a combination of ligands, avoiding saturation of receptor recruitment [71,72]. Moreover,
dual or multifunctional ligands can tackle barriers and achieve site-specific targeting in
one system. Examples of dual targeting strategies are discussed in this section.

Targeting strategies are, however, susceptible to a number of parameters. Proper
targeting design goes beyond the choice of effective ligands and requires control over
conjugation parameters, e.g., ligand density and linker nature [12,70,73], in addition to un-
derstanding particle surface interactions with complex biological media [74,75]. Common
conjugation strategies are based on covalent binding to surface groups or polymer chains,
e.g., amine-carboxyl or thiol-maleimide conjugations. Moreover, covalent conjugation,



Pharmaceutics 2021, 13, 2045 9 of 26

electrostatic adsorption, and non-covalent receptor–ligand-mediated conjugation are also
frequently employed [76,77].

5.3.1. Glucose and Glucose Derivatives—Glucose Transporters

Many neurological disorders are associated with variations in the expression and activ-
ity of glucose transporters at the blood–brain barrier or in diseased cells, e.g., Alzheimer’s
disease and cancer [78–80]. Glucose transporters type 1 (GLUT1) are generally identified
as being responsible for glucose uptake by brain endothelial cells, even though other
glucose transporters are also present on the cell surface, e.g., GLUT3 and GLUT4 [81,82].
In most cancers, increased expression of glucose transporters is observed. For example,
in glioblastoma, the necrotic areas exhibit upregulation of GLUT1, as compared with in-
vasive borders [83]. Therefore, glucose transporters have been explored to enhance BBB
transport, tumor penetration, brain accumulation, and treatment efficacy [12,84,85]. For
example, poly(ethylene glycol)-co-poly(trimethylene carbonate) NPs functionalized with
2-deoxy-D-glucose were developed as a system for exploring the expression profile of
glucose transporters in the BBB and glioma cells [84]. This targeting approach increased
the treatment efficacy of paclitaxel-loaded particles. As previously discussed, ligand den-
sity may have a significant role in the interaction between NPs and cells. Anraku et al.
demonstrated that polymeric micelles decorated with varying densities of glucose directed
the accumulation of the micelles to neurons, in addition to modulating the transport across
the BBB [12]. Immunohistochemical analysis revealed that a fraction of 25% of glucose
conjugated through the C6 position increases brain accumulation and does not remain
significantly associated with the brain capillary endothelial cells, in contrast with micelles
with 50% of functionalized block copolymers (Figure 5), which can be explained by the
affinity of the micelles to the cellular surface. The fractions of 25% and 50% glucose were
primarily located in the neurons and microglia. Surprisingly, astrocytes did not present
detectable levels of the micelles [12]. Kataoka and coworkers described above addresses
in a comprehensive manner how relevant control over ligand density is for NP-mediated
brain delivery, distinguishing association levels of micelles to different components of
the NVU. Antisense oligonucleotide (ASO) therapies have also been demonstrated to
benefit from a controlled density of glucose moieties on the nanocarriers [86]. Polyion
micelles of the copolymer PEG-b-poly(l-lysine) modified with 3-mercaptopropyl amine and
2-thiolaneimine (PEG-PLL(MPA/IM)) at various glucose amounts (ratio glucose/methoxy
terminal groups: 0, 24, 52, 76, 103) displayed enhanced brain accumulation for micelles,
with a ratio of glucose ligands of 52 and a knockdown efficiency that correlates with
brain accumulation.
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Figure 5. Interaction between C6-position glucose-functionalized polymeric micelles containing
different glucose densities and the mouse brain. Sections were immunolabelled with (a) anti-PECAM1
antibody for brain capillary endothelial cells, (b) anti-Tuj1 antibody for neurons, (c) anti-Iba1 antibody
for microglia, and (d) anti-GFAP antibody for astrocytes (green); DAPI (blue) for nuclei and micelles
are labelled with fluorescent dye Cy5 (red). Scale bar: 20µm (10µm in insets). Adapted with
permission from Reference [12], Springer Nature, 2017.

The addition of a second type of targeting ligand can be advantageous. This was
demonstrated for example by Wu et al. who combined maltobionic acid, a glucose deriva-
tive, with 4-carboxyphenylboronic acid, a sialic acid binding moiety, as ligand on cholic
acid-functional dendrimers in a sequential manner, resulting in enhanced targeting [85]. A
reduction in tumor growth, as well as an increase in survival rate in mice with orthotopic
patient-derived xenografts (PDX) of diffuse intrinsic pontine glioma (DIPG), were observed
upon administration of vincristine-loaded nanocarriers. The results were correlated with
a synergistic contribution of increased particle transport across the BBB, owing to the
interaction with glucose transporters, and higher uptake and deeper penetration in tu-
mor spheroids. MRI and near infra-red fluorescence (NIRF) imaging in vivo and ex vivo
support brain tumor accumulation of the nanocarriers.

5.3.2. Transferrin, Anti-Transferrin Antibodies, and Transferrin Receptor Targeting
Peptides—Transferrin Receptor

Transferrin receptor (TfR) is a well-known target for diagnosis and treatment of cancers.
The transferrin–transferrin receptor complex (Tf-TfR) is involved in iron metabolism, i.e.,
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from iron capture and transport by Tf, to internalization in cells by complexation with
TfR, followed by degradation or exocytosis. The BBB is rich in TfRs, which have been
extensively explored for improving transcytosis, and consequently, for improving brain
delivery. Transferrin-decorated NPs (Tf-NPs) are commonly tested for their ability to
overcome the BBB and accumulate in the brain [87–89]. Even though Tf-NPs often show
amelioration of transcytosis levels, it should be taken into account that in vivo, the presence
of endogenous Tf will compete for TfR sites and will ultimately limit the availability of
receptors for Tf-NPs. Bearing this in mind, employing an antibody as ligand that does not
compete for the same site as the endogenous Tf may be beneficial. Antibody-conjugated
PEGylated liposomes show a significant improvement over Tf-conjugated counterparts,
though the binding mode of the antibodies may affect the final outcome [90,91]. For
example, particle avidity towards receptors can also negatively affect transcytosis levels;
this is discussed in another section. A range of antibody clones has been reported in the
literature for TfR, e.g., OX26 [92,93], Ri7, RI7217 [94], 8D3 [95].

Using two-photon excitation, Kucharz and coworkers traced the delivery of anti-TfR-
functionalized PEGylated liposomes to the brain in anesthetized and awake mice [14].
Post-capillary venules are responsible for nearly all delivery, even though high association
was observed in the capillaries. Evidence of transcytosis of nanoliposomes and their
presence in the brain is presented, greatly contributing to the discussion of nanoparticles’
capability to cross the BBB.

TfR can also be further targeted using peptides. T7-peptide, for example, combined
with Tet1 peptide, was conjugated to dendrigraft poly-L-lysine NPs, where Tf was conju-
gated via acid-cleavable long polyethylene glycol to decouple from the NPs upon entry in
the endo/lysosomes, augmenting transcytosis levels [96]. The Tet1 targeting peptide also
further allowed neuron targeting.

5.3.3. Peptides

Phage display technology has been successfully used to identify new peptides to
improve brain delivery [97]. Through screening of a library of peptides by affinity, the
consensus motifs are identified through the clones, and the most promising peptides can
be tested. The use of peptides avoids competition with endogenous ligands, allows design
versatility, and reduces costs. In brain delivery, BBB-shuttle peptides are often associated
with receptors or transporters, as previously described for TfR, but adsorptive transcytosis
and passive diffusion have also been documented [98].

G23 Peptide

Also known as Tet1 peptide, the G23 peptide consists of 12 amino acids (HLNILSTL-
WKYR or HLNILSTLWKYRC with C-terminal cysteine for coupling) and has been shown
to enhance the transcytotic capacity of NPs across the BBB [13,99]. Although derived
from tetanus toxin, a powerful neurotoxin, the peptide lies within a heavy chain, which
on itself is non-toxic and displays neuron-targeting capabilities with binding properties
to gangliosides [100,101]. Polymersomes prepared from PEG-block-poly(caprolactone-
gradient-trimethylene carbonate) were decorated with G23 peptide and shown to increase
transcytosis by at least 4-fold as compared with non-targeted polymersomes in in vitro
models [99,101,102]. Significant in vivo brain accumulation was also reported [102].

Moreover, the peptide has been demonstrated to be an effective ligand across a range
of brain-related diseases. NPs made of zein, an alcohol-soluble protein from maize, carrying
curcumin were functionalized with G23 peptide and revealed not only higher transcytosis
levels but also antitumor activity and deeper penetration in tumor spheroids of glioblas-
toma [13]. In Alzheimer’s disease models, it offers advantages in BBB transport and
targeting of neurons, with promising results of decorated nanocarriers decreasing amyloid
plaque [96,103,104]. Aiming to reduce the expression of β-site amyloid precursor protein
cleaving enzyme 1 (BACE1) through small interfering RNA (siRNA) technology, siRNA was
loaded into PEGylated poly(2-(N,N-dimethylaminoethyl)methacrylate (PEG-PDMAEMA)
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nanocarriers functionalized with a CGN peptide (d-CGNHPHLAKYNGT), which also
promotes transcytosis, together with Tet1 peptide [104]. This nanotherapeutic was able
to decrease BACE1 mRNA levels and promote neuroprotective effects, which was re-
flected in improvements in cognitive performance in amyloid precursor protein/presenilin
1 (APP/PS1) double transgenic mice.

Angiopep-2, Apolipoprotein E, and Other Low-Density Lipoprotein Receptor-Related
Protein 1(LRP1) Ligands—LRP1 Receptor

Low-density lipoprotein receptor-related protein 1 (LRP1) is a cell surface receptor
expressed in the BBB, brain cancers, and neurons [105,106]. Multiple ligands can bind to
LRP1, including apolipoprotein E (Apo E) and lactoferrin [107,108]. Apo E is implicated in
the maintenance of the integrity of the BBB and fibrillogenesis in Alzheimer’s disease [109].
Adsorption or coupling of Apo E ligands on the surface of polymeric NPs shows improve-
ment in transport across the BBB, accumulation in the brain and tumors, and inhibition
of amyloid plaque accumulation [110]. Apo E is also associated with the protein corona
and with the effectiveness of brain delivery nanocarriers that favor Apo E occurrence in
the corona composition [111,112].

A well-established transport peptide that binds to LRP1 is angiopep-2 (TFFYG-
GSRGKRNNFKTEEY), which has been extensively explored in brain delivery [113–116].
Hyaluronic acid NPs conjugated to angiopep-2 were developed as a theranostic platform
for glioblastoma [117]. Uptake of NPs equipped with this ligand by glioblastoma cells
was superior to non-targeted NPs, while the encapsulated gadolinium-diethylenetriamine
imaging agent endowed the NPs with diagnostic properties. Nanoconjugates of β-poly(L-
malic acid) were functionalized with angiopep-2 and tri-leucine, and their delivery to the
brain was compared with nanoconjugates where angiopep-2 was substituted with other
ligands, e.g., transferrin receptor ligands [118]. The reported results suggest that tri-leucine
increases brain uptake in areas with high cerebral microvasculature density, e.g., midbrain
colliculi. Angiopep-2 was also shown to significantly contribute to the transport across the
BBB, where other ligands showed reduced transcytosis.

RGD Peptide

Arg-Gly-Asp or RGD is a highly conserved motif associated with cell adhesion to the
extracellular matrix [119,120]. As an integrin-binding motif, RGD is involved in the regula-
tion of many processes, e.g., angiogenesis, cell migration, metastasis, and apoptosis, which
makes the RGD-integrin pair of interest as a target. The targeting capabilities and thera-
peutic benefits against brain cancer of cyclic(RGD) peptides were demonstrated for PEG-b-
poly-(L-glutamic acid) micelles incorporating (1,2-diaminocyclohexane) platinum(II) [121].
Coadministration of micelles functionalized with cyclic(RGD) or cyclic(RAD), cyclic-Arg-
Ala-Asp, revealed the progression of transport through the BBB and tumor accumulation
of the cyclic(RGD)-micelles observed by intravital confocal laser scanning microscopy.
The RGD peptide is an effective ligand for siRNA therapy. Lou et al. prepared poly-
plexes via self-assembly employing N-(2-hydroxypropyl)-methacrylamide (HPMA) and
N-acryloxysuccinimide (NAS) random copolymers synthesized by RAFT polymeriza-
tion with siRNA stabilized by cholesterol [122]. The polyplexes were PEGylated, and
cyclic(RGD) peptides were coupled onto the PEG chains. RGD’s binding ability increased
the internalization of the polyplexes in human glioblastoma cells and successfully silenced
gene expression. In a dual targeting approach aimed at superior targeting ability and deliv-
ery to tumor neovasculature and tumor cells, PEG-PCL nanoparticles were functionalized
with RGD peptide and interleukin-13 peptide [123]. Ex vivo imaging of treated mice indi-
cated great accumulation of the dual-functionalized NPs in the tumor site in the brain; also,
deeper penetration in tumor spheroids was observed for the dual-functionalized particles.

Glutathione

Glutathione (GSH), γ-L-glutamyl-L-cysteinyl-glycine, is an important antioxidant
produced in cells. PEGylated liposomes display improved brain delivery when they are
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coated with GSH [124–126]. By encapsulating antibody fragments into GSH-PEGylated-
liposomes, Rotman et al. argue that such liposomes are promising tools for the targeted
delivery of drugs, as they can cross the BBB and enhance brain accumulation [126]. As a
gene delivery-mediating targeting ligand, GSH is also a suitable moiety. GSH moieties
were attached to a poly(ethylene imine) derivative post-polymerization; moreover, the
ratio of primary and secondary amine groups was varied [127]. BBB transport studies
in hCMEC/D3 cells revealed that primary amines display stronger association with and
increased uptake in the endothelial monolayer; however, they are not prone to transport
through the BBB, likely due to intracellular pathways.

RVG Peptide

Derived from the rabies virus, which can reach the brain through peripheral nerves and
enter the central nervous systems via retrograde axoplasmic transport, RVG peptides have
been successfully employed as targeting ligands in delivery to the brain. While the rabies
virus does not reach the brain through transport across the BBB, the RVG peptides do show
potential as BBB-penetrating ligands in several drug delivery systems [128–131]. RVG pep-
tides were conjugated to PEG-b-PLGA nanoparticles loaded with 4,4′-dimethoxychalcone
(DMC), a molecule that promotes autophagy [132]. The therapeutic effect was evaluated for
Parkinson’s disease using a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
Parkinson’s disease mouse model [133]. The results suggest that enhanced transport across
the BBB takes place, along with a reduction in oxidative stress and inhibition of tyrosine
hydroxylase ubiquitination, as well as improvement in motor deficits [132]. Cook et al.
studied the distribution of RVG29-modified PLGA nanoparticles in the brain [134]. Major
particle accumulation occurred in the cortex and cerebellum, likely due to cerebral blood
volume, for both targeted and non-targeted NPs. Accumulation of targeted NPs was
increased compared with non-targeted NPs; however, the effect was not sustained over 6 h
after injection. Loss of targeting ability was attributed to instability of the RVG29 peptide
in aqueous solutions. RVG peptides have also been reported as potential carriers for gene
therapies to the brain [135,136].

TGN Peptide

The TGN peptide (TGNYKALHPHNG) was identified by phage display screening, with
the consensus of clones of 60% [137]. It has been reported to boost the brain transport effi-
ciency of PEG-PLGA, PEG-PDMAEMA, and PEG-poly(ε-caprolactone) (PCL) [104,137–140].
By encapsulating a neuroprotective peptide in PEG-poly(lactic acid) (PEG-PLA) NPs
and decorating these particles with a fusion peptide of TGN and Tet1 bound through a
tetraglycine linker, therapeutic efficacy was improved as compared with non-decorated
and single-peptide-decorated NPs. NPs functionalized with the fusion peptide exhibited
superior targeting to BBB, as evidenced by the higher association with brain capillary
endothelial cells (bEnd.3 cells) and increased brain accumulation determined by ex vivo
fluorescence imaging [139].

5.3.4. Aptamers

Aptamers consist of single-stranded DNA or RNA and spontaneously fold in 3D
structures that bind to a specific molecule. Aptamer-based systems for brain delivery
mainly focus on ways to target the disease site [141–145]. A technique often used to
identify aptamers is SELEX, which stands for systematic evolution of ligands by exponential
enrichment [146,147]. Monaco and coworkers showed that PLGA-b-PEG NPs conjugated
to aptamer Gint4.T, which interacts with platelet-derived growth factor receptor β in
glioblastoma, show significantly higher tumor accumulation than NPs conjugated with
a scrambled version of the aptamer [148]. Transport across the BBB into damaged and
non-damaged areas was also higher for the Gint4.T-modified NPs. Aptamers targeting
CD133 have also been reported to improve brain delivery in a multi-drug polymer–micellar
system composed of poly(styrene-b-ethylene oxide) (PS-b-PEO) and PLGA [149].



Pharmaceutics 2021, 13, 2045 14 of 26

5.3.5. Cell Membrane Coating

The selection of binding ligands is an intricate task, especially considering the com-
plexity and variability of cells, barriers, and microenvironments. Each cell membrane has
a specific composition that comprises several proteins, carbohydrates, and lipids. As an
approach to interacting more precisely with specific cells, biomimetic nanoparticles have
been developed by coating NPs with various types of cell membrane [150–154]. Cancer
cell membranes are particularly interesting due to the homotypic adhesion between cells
within the tumor microenvironment and their ability to camouflage themselves from the
MPS, owing to the presence of anti-phagocytic signs, such as CD47 [155,156]. Employing
metastatic brain tumor cells, poly(ε-caprolactone) (PCL) NPs loaded with indocyanine
green were coated with these cell membranes and evaluated in brain tumors [157]. The
authors not only reported increased penetration across an intact as well as a disrupted
BBB and brain accumulation but also reported superior treatment efficacy. Cancer cell
membranes were also employed in the treatment of ischemic stroke by coating PEG-block-
poly(2-diisopropyl)methacrylate (PEG–PDPA) NPs loaded with succinobucol with 4T1 cell
membrane, a metastatic breast cancer cell line. Targeting of ischemic inflammation lesions
was achieved, and greater BBB penetration was observed [158].

5.4. Avidity

Another property that is of great relevance to targeting is avidity, the combination of
abilities to bind receptors. It is particularly relevant for transport across the BBB, where the
nanocarriers should complete the apical-to-basolateral transport to reach the brain. Related
to the antibodies–antigen complex stability, avidity regulation may avoid that the antibodies
and antibody-decorated NPs remain in the microvasculature, but rather allow them to be
delivered to the brain parenchyma. A series of anti-TfR antibodies with different affinities
was prepared by introducing alanine mutations in order to determine whether their lower
or higher affinities could impact transcytosis [69]. The antibodies with higher affinities
showed greater uptake by the endothelial cells; however, the antibodies of lower affinity
displayed increased brain accumulation. The authors discuss the idea that high affinity
promotes uptake, as more receptors are likely to be bound to cell surface TfR, though low
affinity antibodies are more prone to subsequently dissociate from the TfR. Similar behavior
was observed for glucose transporter targeting and low-density lipoprotein receptor-
related protein 1 (LPR1) targeting [12,73]. By functionalizing poly[oligo(ethylene glycol)
methacrylate]–poly [2(diisopropylamino)ethyl methacrylate] with angiopep-2, which binds
LPR1, it has been shown that syndapin-2 proteins are involved in transcytosis and that this
process depends on the avidity of the carrier [159]. Carriers with high affinity promote faster
degradation, while mid-affinity carriers promote fast shuttling, with formation of tubular
structures associated with syndapin-2. The formation of sorting tubules for degradation
and exocytosis has also been described, exploring TfR comparing mono- and bivalent anti-
TfR monoclonal antibodies. The effect of particle avidity on associating with the sorting
tubules during intracellular trafficking sheds light on a remarkable sorting mechanism and
factors that may control it. It not only reinforces the importance of NP design in improving
brain delivery but also points out that controlled ligand functionalization is beneficial for
targeted drug delivery.

Simulations of clathrin-mediated endocytosis and exocytosis, in which avidity of
rigid nanoparticles is included, indicate that a critical affinity needs to be reached to allow
complete internalization and that too high affinity impedes particle release from the basal
membrane due to insufficiently large fusion pore formation [65]. Additionally, too high
ligand density will refrain particle detachment from the membrane, even though pore size
is enough for particle release (Figure 6). The simulation aims to predict the behavior of
NPs with different avidities through receptor-mediated transcytosis, an essential process
for the transport of NPs across the BBB to reach the brain.
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Figure 6. Simulations of the exocytosis of ligand-functionalized nanoparticles with three different densities of ligands
(ρab = 2600, 5300 and 6300 µm−2) on the receptor-mediated transcytosis across polarized cells. (a) Number of bonds formed
between ligand and receptor. (b) Fusion pore formation with diameter progression. (c) Bottom view of the membrane and
pore diameter. (d) Evolution of the vesicle interaction with membrane and fusion pore formation followed by detachment
from the membrane for sufficiently low ligand densities. Nanoparticles are considered rigid spheres and ligands are
considered pH independent. The last condition guarantees that the number of bonds and receptors that is at the end of
endocytosis is the same as the number that is at the beginning of exocytosis. Adapted with permission from Reference [65],
Royal Society of Chemistry, 2019.

5.5. Protein Corona

Protein corona formation is an intrinsic property of nanoparticles that are exposed
to biological environments and is often modulated by a nanoparticle’s physicochemical
properties [160–163]. Corona composition is dynamic, and protein mobility plays an im-
portant role in the desorption/adsorption process. The Vroman effect addresses protein
corona formation in materials exposed to a physiological environment and postulates that
protein exchange will change corona composition, while the overall quantity of proteins
remains roughly the same [163,164]. As reported for many cellular types, the uptake levels
and mechanisms of internalization of nanoparticles are affected by the composition of
this protein corona [165–168]. Particle biodistribution and clearance are also significantly
influenced by the protein corona. Proteins such as serum albumin, apolipoproteins, fib-
rinogen, clusterin, and Ig gamma and light chains are commonly found in the protein
corona of nanoparticles [163]. Many of these proteins are relatively featureless in terms
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of targeting; however, some are well-described ligands that cross the BBB via receptor-
mediated transcytosis, e.g., Apo E. There have been promising attempts of controlling the
corona formation to improve brain delivery of NPs. For example, Zhang et al. reported the
functionalization of PEG-liposomes with a short peptide that binds to the lipid-binding
domain of apolipoproteins, leaving the receptor-binding domain available to interact with
lipoprotein receptor-related proteins and scavenger receptors class B, which affected in-
tracranial glioma accumulation and notable increases in brain distribution [169]. Even
though the protein corona is of interest in brain delivery, it also poses challenges in the
investigation of particle properties [170–172].

Coating nanoparticles with molecules that avoid protein adsorption is a broadly
implemented strategy in nanotherapeutic systems, and PEGylation is the most common
approach. Increased circulation times and brain accumulation are reported for PEG-coated
NPs prepared from polycyanoacrylate [173–175], poly (lactic-co-glycolic acid) [176,177],
polystyrene [176], and other polymers [178], which is associated with the decreased forma-
tion of protein corona and evasion of the MPS. PEG density regulates corona formation and,
consequently, particle clearance, of which the threshold for rapid clearance is indicated as
20 PEG chains per 100 nm2 for PLGA-PG nanoparticles, largely independent of particle
size (diameters of 55, 90, and 140 nm) [177]. No distinguishable difference regarding the
composition of the protein corona was observed, although Apo E amounts decrease with
increasing PEG density. Moreover, 100 nm diameter polystyrene NPs coated with nine
PEG chains per 100 nm2 showed good diffusion in rat brain tissue ex vivo, as determined
by nanoparticle tracking analysis, as compared with particles with lower densities. Even
below the PEG density threshold reported by Bertrand et al., brain diffusion appears to
benefit from increased PEG density, which may be attributed to the higher quantity of
Apo E in the protein corona and reduced adhesiveness [176,177]. Other surface modifica-
tion methods to control protein corona formation are surface charge and hydrophobicity
modulation [179–181].

Particles’ mechanical properties also result in different protein corona profiles, which
may affect uptake, toxicity, transport across the BBB, and brain accumulation [44,48,182,183].
Protein adsorption is lower for softer particles, which ultimately leads to a reduced impact
of corona-related particle–cell interactions [183,184].

Targeting capabilities of ligand-decorated NPs are likewise also affected by the pres-
ence of a protein corona [75]. Corona formation and the effects on targeting have been
evaluated for PEGylated polystyrene NPs functionalized with Tf [74]. Particles were
submitted to in vitro and in vivo protein corona formation conditions, respectively, by
incubating particles in human plasma and by injecting the particles in the tail vein of
male Kunming mice. Particles were purified prior to targeting experiments. Both types
of coronae diminished transport across the BBB for the Tf-NPs to a level comparable with
non-targeted NPs. Tf-NPs with a protein corona formed in vivo did, however, still present
some targeting ability, as represented by higher internalization levels. Tumor cell targeting,
however, remained for both corona types, although it was higher for NPs of which the
corona was formed in vitro.

We should highlight that corona formation is not restricted to the presence of proteins
and that other biomolecules, e.g., sugars, are also present and may also affect particle
behavior [168].

In Table 1, we summarize the effects of NP properties in brain delivery and the main
advantages and limitations of those properties. We should also highlight that loading of
molecules to the NPs affects the properties, e.g., size and stiffness, that loaded NPs should
be considered as a distinctive NP, and that characterization should be performed accord-
ingly.
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Table 1. Summary of the effects of polymeric NPs properties in brain delivery and NPs properties advantages and limitations
in application.

NP Property Effect on Brain Delivery Advantages Limitations

Size

Smaller sizes tend to benefit
transport across the BBB.

NP size can be controlled
through different methods.

Preparation of smaller polymeric NPs is still
challenging, and size population homogeneity is

often depreciated.

Brain accumulation is
shown to be higher for

smaller NPs.

Size control may improve
brain accumulation.

Loading of molecules may be low for small
sized NPs.

Smaller NPs are more prone to clearance by the
kidneys, while bigger NPs tend to be cleared by

the spleen.

Shape
Specific interactions may be

favored in
ligand-functionalized NPs.

Specific NP shapes may
increase cell adhesion,

e.g., rods.

Synthesis methods are not yet straightforward or
broadly applicable.

May reduce internalization by cells because
more energy is required for wrapping.

Stiffness

Stiffer NPs usually display
increased uptake but are not

necessarily
more transcytosed.

Softer particles display
reduced protein adsorption.

Uptake of softer NPs by cells is most likely
reduced, which may limit treatment efficacy.

NP brain accumulation is
dependent on stiffness.

Variety of methodologies
available to control stiffness.

The influence of other physicochemical
properties might not allow setting an

unequivocal threshold for an extensive range
of particles.

Effects are highly dependent
on the range of stiffness
(often Young’s module).

Softer particles may be used
to evade the MPS and

enhance brain accumulation.

Stiffness modulation may not be trivial to all
systems and all stiffnesses ranges.

NPs stiffness might not be homogeneous
through the particle.

Charge

Negatively charged surface
of endothelial cells favors
interaction with positively

charged particles.
Control over surface charge

may be used to diminish
accumulation in endothelial
cells and improve transport

across the BBB.

Higher uptake does not necessarily lead to
higher transcytosis, as positively charged

particles might remain trapped in the endothelial
cells to a larger extent.

Positively charged NPs
show higher uptake but

lower transport across cells
barriers compared with
negatively charged NPs.

Positively charged particles may induce toxicity,
increase ROS, and affect BBB integrity.

Ligands

May increase targetability Improves specificity. Targeting ability may be limited by protein
corona formation.

May increase transcytosis
but also depends on ligand

density and affinity.

Versatility of conjugation
techniques.

Unspecific-site functionalization strategies may
reduce receptor-ligand interaction; additionally,

populations heterogeneity is expected.

Variety of ligands. Specific targets must be previously identified.

Use of multiple ligands for
dual- or multi-targeting.

Size increases due to functionalization.

Some ligands are costly and hard to produce and
purify, e.g., antibodies.

Avidity

Transcytosis is boosted by
tuning ligand density and

avoiding enduring
attachment of particles to

the endothelial
cells membrane.

Control of the endocytosis,
sorting, and exocytosis in

endothelial cells.
Controlled ligand density is not trivial.
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Table 1. Cont.

NP Property Effect on Brain Delivery Advantages Limitations

Avidity regulates the levels
and location of NPs in

the brain.

Improvement in the
therapeutic index of drug

delivery systems. Engineering and production of ligands with
different affinities is complex.

Enhance uptake by
target cell.

Corona

Presence of specific proteins,
e.g., Apo E, may enhance
NPs transport across the
BBB and accumulation in

the brain.

May reduce particle toxicity. Alters size, shape, and surface properties.

May improve
particle targetability.

May hamper targetability of
ligand-functionalized NPs by masking

the ligands.

Affects predictability of NPs–biological
environment interaction.

6. Concluding Remarks

Systemic administration of nanoparticles provides a promising and effective approach
towards therapeutics delivery to the brain. The many different synthetic pathways towards
polymeric nanoparticles enable careful design of new nanocarriers. The modular fashion in
which desired features can be incorporated allows exquisite control over physicochemical
properties, which can effectively contribute to overcoming barriers and can help to direct
particle interactions with cellular/biological environments. The blood–brain barrier and
the mononuclear phagocytic system are critical barriers to deliberate in order to accomplish
successful delivery and tissue accumulation. The influences of some nanoparticle proper-
ties have been documented extensively—in particular, nanoparticle size, where smaller
nanoparticles favor transport across the BBB and brain accumulation, provided that they
are not too small (<5 nm) and can avoid clearance by the kidneys. Other nanoparticle prop-
erties that affect cell–nanoparticle interactions are still underexplored. Ligand density and
stiffness are excellent examples. Their influence on biodistribution, transcytosis, and brain
accumulation have been addressed and demonstrated to be relevant parameters, though
most literature reports on brain delivery do not characterize or optimize nanocarriers re-
garding these parameters. The examples discussed in this review also illustrate how good
design and thorough characterization are valuable in the development of delivery systems.

We have brought here an overview of the properties of polymeric nanoparticles
that influence brain delivery, illustrated with examples that point out the importance of
comprehensive particle characterization. Particularly in view of targeting ligands, much
remains to be explored and understood concerning avidity, ligand density, and protein
corona formation. Importantly, no property can singly outline the brain delivery capabilities
of a drug delivery system, making every particle unique. Valuable trends can, however, be
extrapolated, unraveling important design criteria for novel nanocarriers that can reliably
gain access to the brain.
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Nanoparticles: Covalent and Noncovalent Approaches, Release Control, and Clinical Studies. Chem. Rev. 2016, 116, 5338–5431.
[CrossRef]

4. Mukherjee, A.; Waters, A.K.; Kalyan, P.; Achrol, A.S.; Kesari, S.; Yenugonda, V.M. Lipid-polymer hybrid nanoparticles as a
next-generation drug delivery platform: State of the art, emerging technologies, and perspectives. Int. J. Nanomed. 2019, 14,
1937–1952. [CrossRef] [PubMed]

5. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [CrossRef] [PubMed]

6. Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O.C. Degradable Controlled-Release Polymers and Polymeric Nanoparticles:
Mechanisms of Controlling Drug Release. Chem. Rev. 2016, 116, 2602–2663. [CrossRef] [PubMed]

7. Chander, S.; Kulkarni, G.T.; Dhiman, N.; Kharkwal, H. Protein-Based Nanohydrogels for Bioactive Delivery. Front. Chem. 2021,
9, 573748. [CrossRef]

8. Rother, M.; Nussbaumer, M.G.; Renggli, K.; Bruns, N. Protein cages and synthetic polymers: A fruitful symbiosis for drug
delivery applications, bionanotechnology and materials science. Chem. Soc. Rev. 2016, 45, 6213–6249. [CrossRef]

9. Kröger, A.P.P.; Paulusse, J.M.J. Single-chain polymer nanoparticles in controlled drug delivery and targeted imaging. J. Control.
Release 2018, 286, 326–347. [CrossRef]

10. Brown, T.D.; Habibi, N.; Wu, D.; Lahann, J.; Mitragotri, S. Effect of Nanoparticle Composition, Size, Shape, and Stiffness on
Penetration Across the Blood–Brain Barrier. ACS Biomater. Sci. Eng. 2020, 6, 4916–4928. [CrossRef]

11. Shilo, M.; Sharon, A.; Baranes, K.; Motiei, M.; Lellouche, J.-P.M.; Popovtzer, R. The effect of nanoparticle size on the probability to
cross the blood-brain barrier: An in-vitro endothelial cell model. J. Nanobiotechnol. 2015, 13, 19. [CrossRef]

12. Anraku, Y.; Kuwahara, H.; Fukusato, Y.; Mizoguchi, A.; Ishii, T.; Nitta, K.; Matsumoto, Y.; Toh, K.; Miyata, K.; Uchida, S.; et al.
Glycaemic control boosts glucosylated nanocarrier crossing the BBB into the brain. Nat. Commun. 2017, 8, 1001. [CrossRef]
[PubMed]

13. Zhang, H.; van Os, W.L.; Tian, X.; Zu, G.; Ribovski, L.; Bron, R.; Bussmann, J.; Kros, A.; Liu, Y.; Zuhorn, I.S. Development of
curcumin-loaded zein nanoparticles for transport across the blood–brain barrier and inhibition of glioblastoma cell growth.
Biomater. Sci. 2021, 9, 7092–7103. [CrossRef] [PubMed]

14. Kucharz, K.; Kristensen, K.; Johnsen, K.B.; Lund, M.A.; Lønstrup, M.; Moos, T.; Andresen, T.L.; Lauritzen, M.J. Post-capillary
venules are the key locus for transcytosis-mediated brain delivery of therapeutic nanoparticles. Nat. Commun. 2021, 12, 4121.
[CrossRef] [PubMed]

15. Da Silva-Candal, A.; Brown, T.; Krishnan, V.; Lopez-Loureiro, I.; Ávila-Gómez, P.; Pusuluri, A.; Pérez-Díaz, A.; Correa-Paz, C.;
Hervella, P.; Castillo, J.; et al. Shape effect in active targeting of nanoparticles to inflamed cerebral endothelium under static and
flow conditions. J. Control. Release 2019, 309, 94–105. [CrossRef] [PubMed]

16. Bourquin, J.; Milosevic, A.; Hauser, D.; Lehner, R.; Blank, F.; Petri-Fink, A.; Rothen-Rutishauser, B. Biodistribution, Clearance, and
Long-Term Fate of Clinically Relevant Nanomaterials. Adv. Mater. 2018, 30, 1704307. [CrossRef]

17. Hickey, J.W.; Santos, J.L.; Williford, J.-M.; Mao, H.-Q. Control of polymeric nanoparticle size to improve therapeutic delivery. J.
Control. Release 2015, 219, 536–547. [CrossRef]

18. De Jong, W.H.; Hagens, W.I.; Krystek, P.; Burger, M.C.; Sips, A.J.A.M.; Geertsma, R.E. Particle size-dependent organ distribution
of gold nanoparticles after intravenous administration. Biomaterials 2008, 29, 1912–1919. [CrossRef]

19. Sonavane, G.; Tomoda, K.; Sano, A.; Ohshima, H.; Terada, H.; Makino, K. In vitro permeation of gold nanoparticles through rat
skin and rat intestine: Effect of particle size. Colloids Surf. B Biointerfaces 2008, 65, 1–10. [CrossRef]

20. Gao, K.; Jiang, X. Influence of particle size on transport of methotrexate across blood brain barrier by polysorbate 80-coated
polybutylcyanoacrylate nanoparticles. Int. J. Pharm. 2006, 310, 213–219. [CrossRef]

21. Cruz, L.J.; Stammes, M.A.; Que, I.; van Beek, E.R.; Knol-Blankevoort, V.T.; Snoeks, T.J.A.; Chan, A.; Kaijzel, E.L.; Löwik, C.W.G.M.
Effect of PLGA NP size on efficiency to target traumatic brain injury. J. Control. Release 2016, 223, 31–41. [CrossRef]

22. Zhou, J.; Patel, T.R.; Sirianni, R.W.; Strohbehn, G.; Zheng, M.Q.; Duong, N.; Schafbauer, T.; Huttner, A.J.; Huang, Y.; Carson, R.E.;
et al. Highly penetrative, drug-loaded nanocarriers improve treatment of glioblastoma. Proc. Natl. Acad. Sci. USA 2013, 110,
11751–11756. [CrossRef]

23. Kulkarni, S.A.; Feng, S.-S. Effects of Particle Size and Surface Modification on Cellular Uptake and Biodistribution of Polymeric
Nanoparticles for Drug Delivery. Pharm. Res. 2013, 30, 2512–2522. [CrossRef]

http://doi.org/10.1016/j.conb.2018.12.014
http://doi.org/10.1038/s41563-019-0566-2
http://doi.org/10.1021/acs.chemrev.5b00589
http://doi.org/10.2147/IJN.S198353
http://www.ncbi.nlm.nih.gov/pubmed/30936695
http://doi.org/10.1038/s41573-020-0090-8
http://www.ncbi.nlm.nih.gov/pubmed/33277608
http://doi.org/10.1021/acs.chemrev.5b00346
http://www.ncbi.nlm.nih.gov/pubmed/26854975
http://doi.org/10.3389/fchem.2021.573748
http://doi.org/10.1039/C6CS00177G
http://doi.org/10.1016/j.jconrel.2018.07.041
http://doi.org/10.1021/acsbiomaterials.0c00743
http://doi.org/10.1186/s12951-015-0075-7
http://doi.org/10.1038/s41467-017-00952-3
http://www.ncbi.nlm.nih.gov/pubmed/29042554
http://doi.org/10.1039/D0BM01536A
http://www.ncbi.nlm.nih.gov/pubmed/33538729
http://doi.org/10.1038/s41467-021-24323-1
http://www.ncbi.nlm.nih.gov/pubmed/34226541
http://doi.org/10.1016/j.jconrel.2019.07.026
http://www.ncbi.nlm.nih.gov/pubmed/31330214
http://doi.org/10.1002/adma.201704307
http://doi.org/10.1016/j.jconrel.2015.10.006
http://doi.org/10.1016/j.biomaterials.2007.12.037
http://doi.org/10.1016/j.colsurfb.2008.02.013
http://doi.org/10.1016/j.ijpharm.2005.11.040
http://doi.org/10.1016/j.jconrel.2015.12.029
http://doi.org/10.1073/pnas.1304504110
http://doi.org/10.1007/s11095-012-0958-3


Pharmaceutics 2021, 13, 2045 20 of 26

24. Zhang, L.; Fan, J.; Li, G.; Yin, Z.; Fu, B.M. Transcellular Model for Neutral and Charged Nanoparticles Across an In Vitro
Blood–Brain Barrier. Cardiovasc. Eng. Technol. 2020, 11, 607–620. [CrossRef] [PubMed]

25. Nowak, M.; Brown, T.D.; Graham, A.; Helgeson, M.E.; Mitragotri, S. Size, shape, and flexibility influence nanoparticle transport
across brain endothelium under flow. Bioeng. Transl. Med. 2019, 5, e10153. [CrossRef] [PubMed]

26. Voigt, N.; Henrich-Noack, P.; Kockentiedt, S.; Hintz, W.; Tomas, J.; Sabel, B.A. Surfactants, not size or zeta-potential influence
blood–brain barrier passage of polymeric nanoparticles. Eur. J. Pharm. Biopharm. 2014, 87, 19–29. [CrossRef] [PubMed]

27. Hua, Z.; Jones, J.R.; Thomas, M.; Arno, M.C.; Souslov, A.; Wilks, T.R.; O’Reilly, R.K. Anisotropic polymer nanoparticles with
controlled dimensions from the morphological transformation of isotropic seeds. Nat. Commun. 2019, 10, 5406. [CrossRef]
[PubMed]

28. Liu, Y.; Jiang, K.; Ma, Y.; Liu, L.; Yang, W. Control of cross-linking and reactions in one-step dispersion polymerization toward
particles with combined anisotropies. Polym. Chem. 2016, 7, 2728–2739. [CrossRef]

29. van Ravensteijn, B.G.P.; Kegel, W.K. Tuning particle geometry of chemically anisotropic dumbbell-shaped colloids. J. Colloid
Interface Sci. 2017, 490, 462–477. [CrossRef]

30. Champion, J.A.; Mitragotri, S. Role of target geometry in phagocytosis. Proc. Natl. Acad. Sci. USA 2006, 103, 4930–4934. [CrossRef]
31. Kolhar, P.; Anselmo, A.C.; Gupta, V.; Pant, K.; Prabhakarpandian, B.; Ruoslahti, E.; Mitragotri, S. Using shape effects to target

antibody-coated nanoparticles to lung and brain endothelium. Proc. Natl. Acad. Sci. USA 2013, 110, 10753–10758. [CrossRef]
32. Ho, C.C.; Keller, A.; Odell, J.A.; Ottewill, R.H. Preparation of monodisperse ellipsoidal polystyrene particles. Colloid Polym. Sci.

1993, 271, 469–479. [CrossRef]
33. Pearce, A.K.; Wilks, T.R.; Arno, M.C.; O’Reilly, R.K. Synthesis and applications of anisotropic nanoparticles with precisely defined

dimensions. Nat. Rev. Chem. 2021, 5, 21–45. [CrossRef]
34. Meyer, R.A.; Green, J.J. Shaping the future of nanomedicine: Anisotropy in polymeric nanoparticle design. Wiley Interdiscip. Rev.

Nanomed. Nanobiotechnol. 2016, 8, 191–207. [CrossRef]
35. Bobbi, E.; Sabagh, B.; Cryan, S.-A.; Wilson, J.A.; Heise, A. Anisotropic polymer nanoparticles with solvent and temperature

dependent shape and size from triblock copolymers. Polym. Chem. 2019, 10, 3436–3443. [CrossRef]
36. Saraswat, Y.C.; Ibis, F.; Rossi, L.; Sasso, L.; Eral, H.B.; Fanzio, P. Shape anisotropic colloidal particle fabrication using 2-photon

polymerization. J. Colloid Interface Sci. 2020, 564, 43–51. [CrossRef] [PubMed]
37. Champion, J.A.; Katare, Y.K.; Mitragotri, S. Making polymeric micro- and nanoparticles of complex shapes. Proc. Natl. Acad. Sci.

USA 2007, 104, 11901–11904. [CrossRef]
38. Tang, W.; Fan, W.; Lau, J.; Deng, L.; Shen, Z.; Chen, X. Emerging blood–brain barrier-crossing nanotechnology for brain cancer

theranostics. Chem. Soc. Rev. 2019, 48, 2967–3014. [CrossRef] [PubMed]
39. Decuzzi, P.; Ferrari, M. The adhesive strength of non-spherical particles mediated by specific interactions. Biomaterials 2006, 27,

5307–5314. [CrossRef]
40. Jennings, L.; Ivashchenko, O.; Marsman, I.J.C.; Laan, A.C.; Denkova, A.G.; Waton, G.; Beekman, F.J.; Schosseler, F.; Mendes, E.

In vivo biodistribution of stable spherical and filamentous micelles probed by high-sensitivity SPECT. Biomater. Sci. 2016, 4,
1202–1211. [CrossRef]

41. Dal Magro, R.; Simonelli, S.; Cox, A.; Formicola, B.; Corti, R.; Cassina, V.; Nardo, L.; Mantegazza, F.; Salerno, D.; Grasso, G.;
et al. The Extent of Human Apolipoprotein A-I Lipidation Strongly Affects the β-Amyloid Efflux Across the Blood-Brain Barrier
in vitro. Front. Neurosci. 2019, 13, 419. [CrossRef] [PubMed]

42. Zhu, X.; Vo, C.; Taylor, M.; Smith, B.R. Non-spherical micro- and nanoparticles in nanomedicine. Mater. Horiz. 2019, 6, 1094–1121.
[CrossRef]

43. Schulte, M.F.; Bochenek, S.; Brugnoni, M.; Scotti, A.; Mourran, A.; Richtering, W. Stiffness Tomography of Ultra-Soft Nanogels by
Atomic Force Microscopy. Angew. Chem. Int. Ed. 2021, 60, 2280–2287. [CrossRef]

44. Ribovski, L.; de Jong, E.; Mergel, O.; Zu, G.; Keskin, D.; van Rijn, P.; Zuhorn, I.S. Low nanogel stiffness favors nanogel transcytosis
across an in vitro blood–brain barrier. Nanomed. Nanotechnol. Biol. Med. 2021, 34, 102377. [CrossRef] [PubMed]

45. Guo, P.; Liu, D.; Subramanyam, K.; Wang, B.; Yang, J.; Huang, J.; Auguste, D.T.; Moses, M.A. Nanoparticle elasticity directs tumor
uptake. Nat. Commun. 2018, 9, 130. [CrossRef] [PubMed]

46. Sun, J.; Zhang, L.; Wang, J.; Feng, Q.; Liu, D.; Yin, Q.; Xu, D.; Wei, Y.; Ding, B.; Shi, X.; et al. Tunable rigidity of (polymeric
core)-(lipid shell) nanoparticles for regulated cellular uptake. Adv. Mater. 2015, 27, 1402–1407. [CrossRef]

47. Wedel, B.; Hertle, Y.; Wrede, O.; Bookhold, J.; Hellweg, T. Smart Homopolymer Microgels: Influence of the Monomer Structure on
the Particle Properties. Polymers 2016, 8, 162. [CrossRef]

48. Anselmo, A.C.; Zhang, M.; Kumar, S.; Vogus, D.R.; Menegatti, S.; Helgeson, M.E.; Mitragotri, S. Elasticity of Nanoparticles
Influences Their Blood Circulation, Phagocytosis, Endocytosis, and Targeting. ACS Nano 2015, 9, 3169–3177. [CrossRef]

49. Zhang, W.; Mehta, A.; Tomg, Z.; Esser, L.; Voelcker, N.H. Development of Polymeric Nanoparticles for Blood–Brain Barrier
Transfer—Strategies and Challenges. Adv. Sci. 2021, 8, 2003937. [CrossRef]

50. Zheng, M.; Du, Q.; Wang, X.; Zhou, Y.; Li, J.; Xia, X.; Lu, Y.; Yin, J.; Zou, Y.; Park, J.B.; et al. Tuning the Elasticity of Polymersomes
for Brain Tumor Targeting. Adv. Sci. 2021, 8, 2102001. [CrossRef]

51. Yi, X.; Shi, X.; Gao, H. Cellular Uptake of Elastic Nanoparticles. Phys. Rev. Lett. 2011, 107, 98101. [CrossRef]
52. Yi, X.; Gao, H. Cell membrane wrapping of a spherical thin elastic shell. Soft Matter 2015, 11, 1107–1115. [CrossRef] [PubMed]
53. Yi, X.; Gao, H. Kinetics of receptor-mediated endocytosis of elastic nanoparticles. Nanoscale 2017, 9, 454–463. [CrossRef] [PubMed]

http://doi.org/10.1007/s13239-020-00496-6
http://www.ncbi.nlm.nih.gov/pubmed/33113565
http://doi.org/10.1002/btm2.10153
http://www.ncbi.nlm.nih.gov/pubmed/32440560
http://doi.org/10.1016/j.ejpb.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24607790
http://doi.org/10.1038/s41467-019-13263-6
http://www.ncbi.nlm.nih.gov/pubmed/31776334
http://doi.org/10.1039/C6PY00218H
http://doi.org/10.1016/j.jcis.2016.11.045
http://doi.org/10.1073/pnas.0600997103
http://doi.org/10.1073/pnas.1308345110
http://doi.org/10.1007/BF00657391
http://doi.org/10.1038/s41570-020-00232-7
http://doi.org/10.1002/wnan.1348
http://doi.org/10.1039/C9PY00363K
http://doi.org/10.1016/j.jcis.2019.12.035
http://www.ncbi.nlm.nih.gov/pubmed/31901833
http://doi.org/10.1073/pnas.0705326104
http://doi.org/10.1039/C8CS00805A
http://www.ncbi.nlm.nih.gov/pubmed/31089607
http://doi.org/10.1016/j.biomaterials.2006.05.024
http://doi.org/10.1039/C6BM00297H
http://doi.org/10.3389/fnins.2019.00419
http://www.ncbi.nlm.nih.gov/pubmed/31156358
http://doi.org/10.1039/C8MH01527A
http://doi.org/10.1002/anie.202011615
http://doi.org/10.1016/j.nano.2021.102377
http://www.ncbi.nlm.nih.gov/pubmed/33621652
http://doi.org/10.1038/s41467-017-02588-9
http://www.ncbi.nlm.nih.gov/pubmed/29317633
http://doi.org/10.1002/adma.201404788
http://doi.org/10.3390/polym8040162
http://doi.org/10.1021/acsnano.5b00147
http://doi.org/10.1002/advs.202003937
http://doi.org/10.1002/advs.202102001
http://doi.org/10.1103/PhysRevLett.107.098101
http://doi.org/10.1039/C4SM02427C
http://www.ncbi.nlm.nih.gov/pubmed/25530516
http://doi.org/10.1039/C6NR07179A
http://www.ncbi.nlm.nih.gov/pubmed/27934990


Pharmaceutics 2021, 13, 2045 21 of 26

54. Shen, Z.; Ye, H.; Yi, X.; Li, Y. Membrane Wrapping Efficiency of Elastic Nanoparticles during Endocytosis: Size and Shape Matter.
ACS Nano 2019, 13, 215–228. [CrossRef]

55. Moscariello, P.; Raabe, M.; Liu, W.; Bernhardt, S.; Qi, H.; Kaiser, U.; Wu, Y.; Weil, T.; Luhmann, H.J.; Hedrich, J. Unraveling In
Vivo Brain Transport of Protein-Coated Fluorescent Nanodiamonds. Small 2019, 15, 1902992. [CrossRef]

56. Moscariello, P.; Ng, D.Y.W.; Jansen, M.; Weil, T.; Luhmann, H.J.; Hedrich, J. Brain Delivery of Multifunctional Dendrimer Protein
Bioconjugates. Adv. Sci. 2018, 5, 1700897. [CrossRef]

57. Bannunah, A.M.; Vllasaliu, D.; Lord, J.; Stolnik, S. Mechanisms of nanoparticle internalization and transport across an intestinal
epithelial cell model: Effect of size and surface charge. Mol. Pharm. 2014, 11, 4363–4373. [CrossRef]

58. Elci, S.G.; Jiang, Y.; Yan, B.; Kim, S.T.; Saha, K.; Moyano, D.F.; Yesilbag Tonga, G.; Jackson, L.C.; Rotello, V.M.; Vachet, R.W. Surface
Charge Controls the Suborgan Biodistributions of Gold Nanoparticles. ACS Nano 2016, 10, 5536–5542. [CrossRef] [PubMed]

59. Ribeiro, M.; Domingues, M.; Freire, J.; Santos, N.; Castanho, M. Translocating the blood-brain barrier using electrostatics. Front.
Cell. Neurosci. 2012, 6, 44. [CrossRef]

60. Chen, Y.; Liu, L. Modern methods for delivery of drugs across the blood–brain barrier. Adv. Drug Deliv. Rev. 2012, 64, 640–665.
[CrossRef]

61. Lockman, P.R.; Koziara, J.M.; Mumper, R.J.; Allen, D.D. Nanoparticle Surface Charges Alter Blood–Brain Barrier Integrity and
Permeability. J. Drug Target. 2004, 12, 635–641. [CrossRef]

62. Alkilany, A.M.; Zhu, L.; Weller, H.; Mews, A.; Parak, W.J.; Barz, M.; Feliu, N. Ligand density on nanoparticles: A parameter with
critical impact on nanomedicine. Adv. Drug Deliv. Rev. 2019, 143, 22–36. [CrossRef]

63. Abstiens, K.; Gregoritza, M.; Goepferich, A.M. Ligand Density and Linker Length are Critical Factors for Multivalent
Nanoparticle–Receptor Interactions. ACS Appl. Mater. Interfaces 2019, 11, 1311–1320. [CrossRef]

64. Stefanick, J.F.; Ashley, J.D.; Kiziltepe, T.; Bilgicer, B. A Systematic Analysis of Peptide Linker Length and Liposomal Polyethylene
Glycol Coating on Cellular Uptake of Peptide-Targeted Liposomes. ACS Nano 2013, 7, 2935–2947. [CrossRef]

65. Deng, H.; Dutta, P.; Liu, J. Stochastic modeling of nanoparticle internalization and expulsion through receptor-mediated
transcytosis. Nanoscale 2019, 11, 11227–11235. [CrossRef]

66. Li, L.; Zhang, Y.; Wang, J. Effects of ligand distribution on receptor-diffusion-mediated cellular uptake of nanoparticles. R. Soc.
Open Sci. 2017, 4, 170063. [CrossRef] [PubMed]

67. Georgieva, J.V.; Hoekstra, D.; Zuhorn, I.S. Smuggling Drugs into the Brain: An Overview of Ligands Targeting Transcytosis for
Drug Delivery across the Blood-Brain Barrier. Pharmaceutics 2014, 6, 557–583. [CrossRef] [PubMed]

68. He, Q.; Liu, J.; Liang, J.; Liu, X.; Li, W.; Liu, Z.; Ding, Z.; Tuo, D. Towards Improvements for Penetrating the Blood–Brain
Barrier—Recent Progress from a Material and Pharmaceutical Perspective. Cells 2018, 7, 24. [CrossRef] [PubMed]

69. Yu, Y.J.; Zhang, Y.; Kenrick, M.; Hoyte, K.; Luk, W.; Lu, Y.; Atwal, J.; Elliott, J.M.; Prabhu, S.; Watts, R.J.; et al. Boosting Brain
Uptake of a Therapeutic Antibody by Reducing Its Affinity for a Transcytosis Target. Sci. Transl. Med. 2011, 3, 84ra44. [CrossRef]

70. Clark, A.J.; Davis, M.E. Increased brain uptake of targeted nanoparticles by adding an acid-cleavable linkage between transferrin
and the nanoparticle core. Proc. Natl. Acad. Sci. USA 2015, 112, 12486–12491. [CrossRef] [PubMed]

71. Mészáros, M.; Porkoláb, G.; Kiss, L.; Pilbat, A.-M.; Kóta, Z.; Kupihár, Z.; Kéri, A.; Galbács, G.; Siklós, L.; Tóth, A.; et al. Niosomes
decorated with dual ligands targeting brain endothelial transporters increase cargo penetration across the blood-brain barrier.
Eur. J. Pharm. Sci. 2018, 123, 228–240. [CrossRef]

72. Porkoláb, G.; Mészáros, M.; Tóth, A.; Szecskó, A.; Harazin, A.; Szegletes, Z.; Ferenc, G.; Blastyák, A.; Mátés, L.; Rákhely, G.; et al.
Combination of Alanine and Glutathione as Targeting Ligands of Nanoparticles Enhances Cargo Delivery into the Cells of the
Neurovascular Unit. Pharmaceutics 2020, 12, 635. [CrossRef]

73. Tian, X.; Leite, D.M.; Scarpa, E.; Nyberg, S.; Fullstone, G.; Forth, J.; Matias, D.; Apriceno, A.; Poma, A.; Duro-Castano, A.; et al. On
the shuttling across the blood-brain barrier via tubule formation: Mechanism and cargo avidity bias. Sci. Adv. 2020, 6, eabc4397.
[CrossRef] [PubMed]

74. Xiao, W.; Wang, Y.; Zhang, H.; Liu, Y.; Xie, R.; He, X.; Zhou, Y.; Liang, L.; Gao, H. The protein corona hampers the transcytosis of
transferrin-modified nanoparticles through blood–brain barrier and attenuates their targeting ability to brain tumor. Biomaterials
2021, 274, 120888. [CrossRef]

75. Salvati, A.; Pitek, A.S.; Monopoli, M.P.; Prapainop, K.; Bombelli, F.B.; Hristov, D.R.; Kelly, P.M.; Åberg, C.; Mahon, E.; Dawson,
K.A. Transferrin-functionalized nanoparticles lose their targeting capabilities when a biomolecule corona adsorbs on the surface.
Nat. Nanotechnol. 2013, 8, 137–143. [CrossRef] [PubMed]

76. Friedman, A.D.; Claypool, S.E.; Liu, R. The smart targeting of nanoparticles. Curr. Pharm. Des. 2013, 19, 6315–6329. [CrossRef]
[PubMed]

77. Thanh, N.T.K.; Green, L.A.W. Functionalisation of nanoparticles for biomedical applications. Nano Today 2010, 5, 213–230.
[CrossRef]

78. Flavahan, W.A.; Wu, Q.; Hitomi, M.; Rahim, N.; Kim, Y.; Sloan, A.E.; Weil, R.J.; Nakano, I.; Sarkaria, J.N.; Stringer, B.W.; et al.
Brain tumor initiating cells adapt to restricted nutrition through preferential glucose uptake. Nat. Neurosci. 2013, 16, 1373–1382.
[CrossRef]

79. Winkler, E.A.; Nishida, Y.; Sagare, A.P.; Rege, S.V.; Bell, R.D.; Perlmutter, D.; Sengillo, J.D.; Hillman, S.; Kong, P.; Nelson, A.R.;
et al. GLUT1 reductions exacerbate Alzheimer’s disease vasculo-neuronal dysfunction and degeneration. Nat. Neurosci. 2015, 18,
521–530. [CrossRef]

http://doi.org/10.1021/acsnano.8b05340
http://doi.org/10.1002/smll.201902992
http://doi.org/10.1002/advs.201700897
http://doi.org/10.1021/mp500439c
http://doi.org/10.1021/acsnano.6b02086
http://www.ncbi.nlm.nih.gov/pubmed/27164169
http://doi.org/10.3389/fncel.2012.00044
http://doi.org/10.1016/j.addr.2011.11.010
http://doi.org/10.1080/10611860400015936
http://doi.org/10.1016/j.addr.2019.05.010
http://doi.org/10.1021/acsami.8b18843
http://doi.org/10.1021/nn305663e
http://doi.org/10.1039/C9NR02710F
http://doi.org/10.1098/rsos.170063
http://www.ncbi.nlm.nih.gov/pubmed/28573012
http://doi.org/10.3390/pharmaceutics6040557
http://www.ncbi.nlm.nih.gov/pubmed/25407801
http://doi.org/10.3390/cells7040024
http://www.ncbi.nlm.nih.gov/pubmed/29570659
http://doi.org/10.1126/scitranslmed.3002230
http://doi.org/10.1073/pnas.1517048112
http://www.ncbi.nlm.nih.gov/pubmed/26392563
http://doi.org/10.1016/j.ejps.2018.07.042
http://doi.org/10.3390/pharmaceutics12070635
http://doi.org/10.1126/sciadv.abc4397
http://www.ncbi.nlm.nih.gov/pubmed/33246953
http://doi.org/10.1016/j.biomaterials.2021.120888
http://doi.org/10.1038/nnano.2012.237
http://www.ncbi.nlm.nih.gov/pubmed/23334168
http://doi.org/10.2174/13816128113199990375
http://www.ncbi.nlm.nih.gov/pubmed/23470005
http://doi.org/10.1016/j.nantod.2010.05.003
http://doi.org/10.1038/nn.3510
http://doi.org/10.1038/nn.3966


Pharmaceutics 2021, 13, 2045 22 of 26

80. Koepsell, H. Glucose transporters in brain in health and disease. Pflüg. Arch. Eur. J. Physiol. 2020, 472, 1299–1343. [CrossRef]
81. Al-Ahmad, A.J. Comparative study of expression and activity of glucose transporters between stem cell-derived brain microvas-

cular endothelial cells and hCMEC/D3 cells. Am. J. Physiol. Cell Physiol. 2017, 313, C421–C429. [CrossRef]
82. Pardridge, W.M.; Boado, R.J.; Farrell, C.R. Brain-type glucose transporter (GLUT-1) is selectively localized to the blood-brain

barrier. Studies with quantitative western blotting and in situ hybridization. J. Biol. Chem. 1990, 265, 18035–18040. [CrossRef]
83. Talasila, K.M.; Røsland, G.V.; Hagland, H.R.; Eskilsson, E.; Flønes, I.H.; Fritah, S.; Azuaje, F.; Atai, N.; Harter, P.N.; Mittelbronn,

M.; et al. The angiogenic switch leads to a metabolic shift in human glioblastoma. Neuro-Oncology 2016, 19, 383–393. [CrossRef]
84. Jiang, X.; Xin, H.; Ren, Q.; Gu, J.; Zhu, L.; Du, F.; Feng, C.; Xie, Y.; Sha, X.; Fang, X. Nanoparticles of 2-deoxy-d-glucose

functionalized poly(ethylene glycol)-co-poly(trimethylene carbonate) for dual-targeted drug delivery in glioma treatment.
Biomaterials 2014, 35, 518–529. [CrossRef]

85. Wu, H.; Lu, H.; Xiao, W.; Yang, J.; Du, H.; Shen, Y.; Qu, H.; Jia, B.; Manna, S.K.; Ramachandran, M.; et al. Sequential Targeting in
Crosslinking Nanotheranostics for Tackling the Multibarriers of Brain Tumors. Adv. Mater. 2020, 32, 1903759. [CrossRef]

86. Min, H.S.; Kim, H.J.; Naito, M.; Ogura, S.; Toh, K.; Hayashi, K.; Kim, B.S.; Fukushima, S.; Anraku, Y.; Miyata, K.; et al. Systemic
Brain Delivery of Antisense Oligonucleotides across the Blood–Brain Barrier with a Glucose-Coated Polymeric Nanocarrier.
Angew. Chem. Int. Ed. 2020, 59, 8173–8180. [CrossRef]

87. Visser, C.C.; Stevanovic, S.; Voorwinden, L.H.; van Bloois, L.; Gaillard, P.J.; Danhof, M.; Crommelin, D.J.; de Boer, A.G. Targeting
liposomes with protein drugs to the blood–brain barrier in vitro. Eur. J. Pharm. Sci. 2005, 25, 299–305. [CrossRef] [PubMed]

88. Mishra, V.; Mahor, S.; Rawat, A.; Gupta, P.N.; Dubey, P.; Khatri, K.; Vyas, S.P. Targeted brain delivery of AZT via transferrin
anchored pegylated albumin nanoparticles. J. Drug Target. 2006, 14, 45–53. [CrossRef] [PubMed]

89. Liu, D.-Z.; Cheng, Y.; Cai, R.-Q.; Wang, B.D.W.-W.; Cui, H.; Liu, M.; Zhang, B.-L.; Mei, Q.-B.; Zhou, S.-Y. The enhancement of
siPLK1 penetration across BBB and its anti glioblastoma activity in vivo by magnet and transferrin co-modified nanoparticle.
Nanomed. Nanotechnol. Biol. Med. 2018, 14, 991–1003. [CrossRef] [PubMed]

90. Gosk, S.; Vermehren, C.; Storm, G.; Moos, T. Targeting Anti—Transferrin Receptor Antibody (OX26) and OX26-Conjugated
Liposomes to Brain Capillary Endothelial Cells Using In Situ Perfusion. J. Cereb. Blood Flow Metab. 2004, 24, 1193–1204. [CrossRef]

91. Johnsen, K.B.; Burkhart, A.; Thomsen, L.B.; Andresen, T.L.; Moos, T. Targeting the transferrin receptor for brain drug delivery.
Prog. Neurobiol. 2019, 181, 101665. [CrossRef]

92. Pang, Z.; Lu, W.; Gao, H.; Hu, K.; Chen, J.; Zhang, C.; Gao, X.; Jiang, X.; Zhu, C. Preparation and brain delivery property of
biodegradable polymersomes conjugated with OX26. J. Control. Release 2008, 128, 120–127. [CrossRef]

93. Bao, H.; Jin, X.; Li, L.; Lv, F.; Liu, T. OX26 modified hyperbranched polyglycerol-conjugated poly(lactic-co-glycolic acid)
nanoparticles: Synthesis, characterization and evaluation of its brain delivery ability. J. Mater. Sci. Mater. Med. 2012, 23, 1891–1901.
[CrossRef]

94. Johnsen, K.B.; Bak, M.; Melander, F.; Thomsen, M.S.; Burkhart, A.; Kempen, P.J.; Andresen, T.L.; Moos, T. Modulating the antibody
density changes the uptake and transport at the blood-brain barrier of both transferrin receptor-targeted gold nanoparticles and
liposomal cargo. J. Control. Release 2019, 295, 237–249. [CrossRef]

95. Fornaguera, C.; Dols-Perez, A.; Calderó, G.; García-Celma, M.J.; Camarasa, J.; Solans, C. PLGA nanoparticles prepared by
nano-emulsion templating using low-energy methods as efficient nanocarriers for drug delivery across the blood–brain barrier. J.
Control. Release 2015, 211, 134–143. [CrossRef]

96. Cai, L.; Yang, C.; Jia, W.; Liu, Y.; Xie, R.; Lei, T.; Yang, Z.; He, X.; Tong, R.; Gao, H. Endo/Lysosome-Escapable Delivery Depot
for Improving BBB Transcytosis and Neuron Targeted Therapy of Alzheimer’s Disease. Adv. Funct. Mater. 2020, 30, 1909999.
[CrossRef]

97. Oller-Salvia, B.; Sánchez-Navarro, M.; Giralt, E.; Teixidó, M. Blood–brain barrier shuttle peptides: An emerging paradigm for
brain delivery. Chem. Soc. Rev. 2016, 45, 4690–4707. [CrossRef] [PubMed]

98. Zhou, X.; Smith, Q.R.; Liu, X. Brain penetrating peptides and peptide–drug conjugates to overcome the blood–brain barrier and
target CNS diseases. WIREs Nanomed. Nanobiotechnol. 2021, 13, e1695. [CrossRef]

99. De Jong, E.; Williams, D.S.; Abdelmohsen, L.K.E.A.; Van Hest, J.C.M.; Zuhorn, I.S. A filter-free blood-brain barrier model to
quantitatively study transendothelial delivery of nanoparticles by fluorescence spectroscopy. J. Control. Release 2018, 289, 14–22.
[CrossRef] [PubMed]

100. Liu, J.K.; Teng, Q.; Garrity-Moses, M.; Federici, T.; Tanase, D.; Imperiale, M.J.; Boulis, N.M. A novel peptide defined through
phage display for therapeutic protein and vector neuronal targeting. Neurobiol. Dis. 2005, 19, 407–418. [CrossRef] [PubMed]

101. Georgieva, J.V.; Brinkhuis, R.P.; Stojanov, K.; Weijers, C.A.G.M.; Zuilhof, H.; Rutjes, F.P.J.T.; Hoekstra, D.; van Hest, J.C.M.; Zuhorn,
I.S. Peptide-Mediated Blood–Brain Barrier Transport of Polymersomes. Angew. Chem. Int. Ed. 2012, 51, 8339–8342. [CrossRef]

102. Stojanov, K.; Georgieva, J.V.; Brinkhuis, R.P.; van Hest, J.C.; Rutjes, F.P.; Dierckx, R.A.J.O.; de Vries, E.F.J.; Zuhorn, I.S. In Vivo
Biodistribution of Prion- and GM1-Targeted Polymersomes following Intravenous Administration in Mice. Mol. Pharm. 2012, 9,
1620–1627. [CrossRef]

103. Mathew, A.; Fukuda, T.; Nagaoka, Y.; Hasumura, T.; Morimoto, H.; Yoshida, Y.; Maekawa, T.; Venugopal, K.; Kumar, D.S.
Curcumin Loaded-PLGA Nanoparticles Conjugated with Tet-1 Peptide for Potential Use in Alzheimer’s Disease. PLoS ONE 2012,
7, e32616. [CrossRef] [PubMed]

104. Wang, P.; Zheng, X.; Guo, Q.; Yang, P.; Pang, X.; Qian, K.; Lu, W.; Zhang, Q.; Jiang, X. Systemic delivery of BACE1 siRNA through
neuron-targeted nanocomplexes for treatment of Alzheimer’s disease. J. Control. Release 2018, 279, 220–233. [CrossRef] [PubMed]

http://doi.org/10.1007/s00424-020-02441-x
http://doi.org/10.1152/ajpcell.00116.2017
http://doi.org/10.1016/S0021-9258(18)38267-X
http://doi.org/10.1093/neuonc/now175
http://doi.org/10.1016/j.biomaterials.2013.09.094
http://doi.org/10.1002/adma.201903759
http://doi.org/10.1002/anie.201914751
http://doi.org/10.1016/j.ejps.2005.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15911226
http://doi.org/10.1080/10611860600612953
http://www.ncbi.nlm.nih.gov/pubmed/16603451
http://doi.org/10.1016/j.nano.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29339188
http://doi.org/10.1097/01.WCB.0000135592.28823.47
http://doi.org/10.1016/j.pneurobio.2019.101665
http://doi.org/10.1016/j.jconrel.2008.03.007
http://doi.org/10.1007/s10856-012-4658-7
http://doi.org/10.1016/j.jconrel.2019.01.005
http://doi.org/10.1016/j.jconrel.2015.06.002
http://doi.org/10.1002/adfm.201909999
http://doi.org/10.1039/C6CS00076B
http://www.ncbi.nlm.nih.gov/pubmed/27188322
http://doi.org/10.1002/wnan.1695
http://doi.org/10.1016/j.jconrel.2018.09.015
http://www.ncbi.nlm.nih.gov/pubmed/30243824
http://doi.org/10.1016/j.nbd.2005.01.022
http://www.ncbi.nlm.nih.gov/pubmed/16023583
http://doi.org/10.1002/anie.201202001
http://doi.org/10.1021/mp200621v
http://doi.org/10.1371/journal.pone.0032616
http://www.ncbi.nlm.nih.gov/pubmed/22403681
http://doi.org/10.1016/j.jconrel.2018.04.034
http://www.ncbi.nlm.nih.gov/pubmed/29679667


Pharmaceutics 2021, 13, 2045 23 of 26

105. Tooyama, I.; Kawamata, T.; Akiyama, H.; Kimura, H.; Moestrup, S.K.; Gliemann, J.; Matsuo, A.; McGeer, P.L. Subcellular
localization of the low density lipoprotein receptor-related protein (α2-macroglobulin receptor) in human brain. Brain Res. 1995,
691, 235–238. [CrossRef]

106. Lillis, A.P.; Van Duyn, L.B.; Murphy-Ullrich, J.E.; Strickland, D.K. LDL receptor-related protein 1: Unique tissue-specific functions
revealed by selective gene knockout studies. Physiol. Rev. 2008, 88, 887–918. [CrossRef]

107. Yang, D.S.; Small, D.H.; Seydel, U.; Smith, J.D.; Hallmayer, J.; Gandy, S.E.; Martins, R.N. Apolipoprotein E promotes the binding
and uptake of β-amyloid into Chinese hamster ovary cells in an isoform-specific manner. Neuroscience 1999, 90, 1217–1226.
[CrossRef]

108. Qiu, Z.; Strickland, D.K.; Hyman, B.T.; Rebeck, G.W. α2-Macroglobulin Enhances the Clearance of Endogenous Soluble β-Amyloid
Peptide via Low-Density Lipoprotein Receptor-Related Protein in Cortical Neuron. J. Neurochem. 1999, 73, 1393–1398. [CrossRef]

109. Montagne, A.; Nation, D.A.; Sagare, A.P.; Barisano, G.; Sweeney, M.D.; Chakhoyan, A.; Pachicano, M.; Joe, E.; Nelson, A.R.;
D’Orazio, L.M.; et al. APOE4 leads to blood–brain barrier dysfunction predicting cognitive decline. Nature 2020, 581, 71–76.
[CrossRef] [PubMed]

110. Hartl, N.; Adams, F.; Merkel, O.M. From Adsorption to Covalent Bonding: Apolipoprotein E Functionalization of Polymeric
Nanoparticles for Drug Delivery Across the Blood–Brain Barrier. Adv. Ther. 2021, 4, 2000092. [CrossRef]

111. Dal Magro, R.; Ornaghi, F.; Cambianica, I.; Beretta, S.; Re, F.; Musicanti, C.; Rigolio, R.; Donzelli, E.; Canta, A.; Ballarini, E.; et al.
ApoE-modified solid lipid nanoparticles: A feasible strategy to cross the blood-brain barrier. J. Control. Release 2017, 249, 103–110.
[CrossRef] [PubMed]

112. Dal Magro, R.; Albertini, B.; Beretta, S.; Rigolio, R.; Donzelli, E.; Chiorazzi, A.; Ricci, M.; Blasi, P.; Sancini, G. Artificial
apolipoprotein corona enables nanoparticle brain targeting. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 429–438. [CrossRef]

113. Li, Y.; Dang, Y.; Han, D.; Tan, Y.; Liu, X.; Zhang, F.; Xu, Y.; Zhang, H.; Yan, X.; Zhang, X.; et al. An Angiopep-2 functionalized
nanoformulation enhances brain accumulation of tanshinone IIA and exerts neuroprotective effects against ischemic stroke. New
J. Chem. 2018, 42, 17359–17370. [CrossRef]

114. Shao, K.; Huang, R.; Li, J.; Han, L.; Ye, L.; Lou, J.; Jiang, C. Angiopep-2 modified PE-PEG based polymeric micelles for
amphotericin B delivery targeted to the brain. J. Control. Release 2010, 147, 118–126. [CrossRef]

115. Hoyos-Ceballos, G.P.; Ruozi, B.; Ottonelli, I.; Da Ros, F.; Vandelli, M.A.; Forni, F.; Daini, E.; Vilella, A.; Zoli, M.; Tosi, G.;
et al. PLGA-PEG-ANG-2 Nanoparticles for Blood–Brain Barrier Crossing: Proof-of-Concept Study. Pharmaceutics 2020, 12, 72.
[CrossRef] [PubMed]

116. Wang, L.; Hao, Y.; Li, H.; Zhao, Y.; Meng, D.; Li, D.; Shi, J.; Zhang, H.; Zhang, Z.; Zhang, Y. Co-delivery of doxorubicin and siRNA
for glioma therapy by a brain targeting system: Angiopep-2-modified poly(lactic-co-glycolic acid) nanoparticles. J. Drug Target.
2015, 23, 832–846. [CrossRef]

117. Costagliola di Polidoro, A.; Zambito, G.; Haeck, J.; Mezzanotte, L.; Lamfers, M.; Netti, P.A.; Torino, E. Theranostic Design of
Angiopep-2 Conjugated Hyaluronic Acid Nanoparticles (Thera-ANG-cHANPs) for Dual Targeting and Boosted Imaging of
Glioma Cells. Cancers 2021, 13, 503. [CrossRef]

118. Israel, L.L.; Braubach, O.; Galstyan, A.; Chiechi, A.; Shatalova, E.S.; Grodzinski, Z.; Ding, H.; Black, K.L.; Ljubimova, J.Y.; Holler, E.
A Combination of Tri-Leucine and Angiopep-2 Drives a Polyanionic Polymalic Acid Nanodrug Platform Across the Blood–Brain
Barrier. ACS Nano 2019, 13, 1253–1271. [CrossRef]

119. Pierschbacher, M.D.; Ruoslahti, E. Cell attachment activity of fibronectin can be duplicated by small synthetic fragments of the
molecule. Nature 1984, 309, 30–33. [CrossRef]

120. Temming, K.; Schiffelers, R.M.; Molema, G.; Kok, R.J. RGD-based strategies for selective delivery of therapeutics and imaging
agents to the tumour vasculature. Drug Resist. Updates 2005, 8, 381–402. [CrossRef]

121. Miura, Y.; Takenaka, T.; Toh, K.; Wu, S.; Nishihara, H.; Kano, M.R.; Ino, Y.; Nomoto, T.; Matsumoto, Y.; Koyama, H.; et al. Cyclic
RGD-Linked Polymeric Micelles for Targeted Delivery of Platinum Anticancer Drugs to Glioblastoma through the Blood–Brain
Tumor Barrier. ACS Nano 2013, 7, 8583–8592. [CrossRef]

122. Lou, B.; Connor, K.; Sweeney, K.; Miller, I.S.; O’Farrell, A.; Ruiz-Hernandez, E.; Murray, D.M.; Duffy, G.P.; Wolfe, A.; Mastrobattista,
E.; et al. RGD-decorated cholesterol stabilized polyplexes for targeted siRNA delivery to glioblastoma cells. Drug Deliv. Transl.
Res. 2019, 9, 679–693. [CrossRef] [PubMed]

123. Gao, H.; Xiong, Y.; Zhang, S.; Yang, Z.; Cao, S.; Jiang, X. RGD and Interleukin-13 Peptide Functionalized Nanoparticles for
Enhanced Glioblastoma Cells and Neovasculature Dual Targeting Delivery and Elevated Tumor Penetration. Mol. Pharm. 2014,
11, 1042–1052. [CrossRef]

124. Hu, Y.; Gaillard, P.J.; de Lange, E.C.M.; Hammarlund-Udenaes, M. Targeted brain delivery of methotrexate by glutathione
PEGylated liposomes: How can the formulation make a difference? Eur. J. Pharm. Biopharm. 2019, 139, 197–204. [CrossRef]

125. Rip, J.; Chen, L.; Hartman, R.; van den Heuvel, A.; Reijerkerk, A.; van Kregten, J.; van der Boom, B.; Appeldoorn, C.; de Boer, M.;
Maussang, D.; et al. Glutathione PEGylated liposomes: Pharmacokinetics and delivery of cargo across the blood–brain barrier in
rats. J. Drug Target. 2014, 22, 460–467. [CrossRef]

126. Rotman, M.; Welling, M.M.; Bunschoten, A.; de Backer, M.E.; Rip, J.; Nabuurs, R.J.A.; Gaillard, P.J.; van Buchem, M.A.; van der
Maarel, S.M.; van der Weerd, L. Enhanced glutathione PEGylated liposomal brain delivery of an anti-amyloid single domain
antibody fragment in a mouse model for Alzheimer’s disease. J. Control. Release 2015, 203, 40–50. [CrossRef]

http://doi.org/10.1016/0006-8993(95)00735-9
http://doi.org/10.1152/physrev.00033.2007
http://doi.org/10.1016/S0306-4522(98)00561-2
http://doi.org/10.1046/j.1471-4159.1999.0731393.x
http://doi.org/10.1038/s41586-020-2247-3
http://www.ncbi.nlm.nih.gov/pubmed/32376954
http://doi.org/10.1002/adtp.202000092
http://doi.org/10.1016/j.jconrel.2017.01.039
http://www.ncbi.nlm.nih.gov/pubmed/28153761
http://doi.org/10.1016/j.nano.2017.11.008
http://doi.org/10.1039/C8NJ02441C
http://doi.org/10.1016/j.jconrel.2010.06.018
http://doi.org/10.3390/pharmaceutics12010072
http://www.ncbi.nlm.nih.gov/pubmed/31963430
http://doi.org/10.3109/1061186X.2015.1025077
http://doi.org/10.3390/cancers13030503
http://doi.org/10.1021/acsnano.8b06437
http://doi.org/10.1038/309030a0
http://doi.org/10.1016/j.drup.2005.10.002
http://doi.org/10.1021/nn402662d
http://doi.org/10.1007/s13346-019-00637-y
http://www.ncbi.nlm.nih.gov/pubmed/30972664
http://doi.org/10.1021/mp400751g
http://doi.org/10.1016/j.ejpb.2019.04.004
http://doi.org/10.3109/1061186X.2014.888070
http://doi.org/10.1016/j.jconrel.2015.02.012


Pharmaceutics 2021, 13, 2045 24 of 26

127. Englert, C.; Trützschler, A.-K.; Raasch, M.; Bus, T.; Borchers, P.; Mosig, A.S.; Traeger, A.; Schubert, U.S. Crossing the blood-brain
barrier: Glutathione-conjugated poly(ethylene imine) for gene delivery. J. Control. Release 2016, 241, 1–14. [CrossRef] [PubMed]

128. Oswald, M.; Geissler, S.; Goepferich, A. Targeting the Central Nervous System (CNS): A Review of Rabies Virus-Targeting
Strategies. Mol. Pharm. 2017, 14, 2177–2196. [CrossRef]

129. You, L.; Wang, J.; Liu, T.; Zhang, Y.; Han, X.; Wang, T.; Guo, S.; Dong, T.; Xu, J.; Anderson, G.J.; et al. Targeted Brain Delivery of
Rabies Virus Glycoprotein 29-Modified Deferoxamine-Loaded Nanoparticles Reverses Functional Deficits in Parkinsonian Mice.
ACS Nano 2018, 12, 4123–4139. [CrossRef]

130. Chen, W.; Zuo, H.; Zhang, E.; Li, L.; Henrich-Noack, P.; Cooper, H.; Qian, Y.; Xu, Z.P. Brain Targeting Delivery Facilitated by
Ligand-Functionalized Layered Double Hydroxide Nanoparticles. ACS Appl. Mater. Interfaces 2018, 10, 20326–20333. [CrossRef]
[PubMed]

131. Xu, J.; Yang, X.; Ji, J.; Gao, Y.; Qiu, N.; Xi, Y.; Liu, A.; Zhai, G. RVG-functionalized reduction sensitive micelles for the effective
accumulation of doxorubicin in brain. J. Nanobiotechnol. 2021, 19, 251. [CrossRef]

132. Zhang, W.; Chen, H.; Ding, L.; Gong, J.; Zhang, M.; Guo, W.; Xu, P.; Li, S.; Zhang, Y. Trojan Horse Delivery of 4,4′-
Dimethoxychalcone for Parkinsonian Neuroprotection. Adv. Sci. 2021, 8, 2004555. [CrossRef]

133. Jackson-Lewis, V.; Przedborski, S. Protocol for the MPTP mouse model of Parkinson’s disease. Nat. Protoc. 2007, 2, 141–151.
[CrossRef] [PubMed]

134. Cook, R.L.; Householder, K.T.; Chung, E.P.; Prakapenka, A.V.; DiPerna, D.M.; Sirianni, R.W. A critical evaluation of drug delivery
from ligand modified nanoparticles: Confounding small molecule distribution and efficacy in the central nervous system. J.
Control. Release 2015, 220, 89–97. [CrossRef] [PubMed]

135. Son, S.; Hwang, D.W.; Singha, K.; Jeong, J.H.; Park, T.G.; Lee, D.S.; Kim, W.J. RVG peptide tethered bioreducible polyethylenimine
for gene delivery to brain. J. Control. Release 2011, 155, 18–25. [CrossRef] [PubMed]

136. Gao, Y.; Wang, Z.-Y.; Zhang, J.; Zhang, Y.; Huo, H.; Wang, T.; Jiang, T.; Wang, S. RVG-Peptide-Linked Trimethylated Chitosan for
Delivery of siRNA to the Brain. Biomacromolecules 2014, 15, 1010–1018. [CrossRef]

137. Li, J.; Feng, L.; Fan, L.; Zha, Y.; Guo, L.; Zhang, Q.; Chen, J.; Pang, Z.; Wang, Y.; Jiang, X.; et al. Targeting the brain with PEG–PLGA
nanoparticles modified with phage-displayed peptides. Biomaterials 2011, 32, 4943–4950. [CrossRef] [PubMed]

138. Li, J.; Zhang, C.; Li, J.; Fan, L.; Jiang, X.; Chen, J.; Pang, Z.; Zhang, Q. Brain Delivery of NAP with PEG-PLGA Nanoparticles
Modified with Phage Display Peptides. Pharm. Res. 2013, 30, 1813–1823. [CrossRef]

139. Guo, Q.; Xu, S.; Yang, P.; Wang, P.; Lu, S.; Sheng, D.; Qian, K.; Cao, J.; Lu, W.; Zhang, Q. A dual-ligand fusion peptide improves
the brain-neuron targeting of nanocarriers in Alzheimer’s disease mice. J. Control. Release 2020, 320, 347–362. [CrossRef]

140. Gao, H.; Qian, J.; Cao, S.; Yang, Z.; Pang, Z.; Pan, S.; Fan, L.; Xi, Z.; Jiang, X.; Zhang, Q. Precise glioma targeting of and penetration
by aptamer and peptide dual-functioned nanoparticles. Biomaterials 2012, 33, 5115–5123. [CrossRef]

141. Mu, C.; Dave, N.; Hu, J.; Desai, P.; Pauletti, G.; Bai, S.; Hao, J. Solubilization of flurbiprofen into aptamer-modified PEG–PLA
micelles for targeted delivery to brain-derived endothelial cells in vitro. J. Microencapsul. 2013, 30, 701–708. [CrossRef]

142. Yang, L.; Sun, H.; Liu, Y.; Hou, W.; Yang, Y.; Cai, R.; Cui, C.; Zhang, P.; Pan, X.; Li, X.; et al. Self-Assembled Aptamer-Grafted
Hyperbranched Polymer Nanocarrier for Targeted and Photoresponsive Drug Delivery. Angew. Chem. Int. Ed. 2018, 57,
17048–17052. [CrossRef]

143. Modrejewski, J.; Walter, J.-G.; Kretschmer, I.; Kemal, E.; Green, M.; Belhadj, H.; Blume, C.; Scheper, T. Aptamer-modified polymer
nanoparticles for targeted drug delivery. BioNanoMaterials 2016, 17, 43–51. [CrossRef]

144. Wang, F.; Zhou, Y.; Cheng, S.; Lou, J.; Zhang, X.; He, Q.; Huang, N.; Cheng, Y. Gint4.T-Modified DNA Tetrahedrons Loaded with
Doxorubicin Inhibits Glioma Cell Proliferation by Targeting PDGFRβ. Nanoscale Res. Lett. 2020, 15, 150. [CrossRef] [PubMed]

145. Amero, P.; Khatua, S.; Rodriguez-Aguayo, C.; Lopez-Berestein, G. Aptamers: Novel Therapeutics and Potential Role in Neuro-
Oncology. Cancers 2020, 12, 2889. [CrossRef] [PubMed]

146. Cheng, C.; Chen, Y.H.; Lennox, K.A.; Behlke, M.A.; Davidson, B.L. In vivo SELEX for Identification of Brain-penetrating Aptamers.
Mol. Nucleic Acids 2013, 2, e67. [CrossRef]

147. Blank, M.; Weinschenk, T.; Priemer, M.; Schluesener, H. Systematic Evolution of a DNA Aptamer Binding to Rat Brain Tumor
Microvessels: Selective targeting of endothelial regulatory protein pigpen. J. Biol. Chem. 2001, 276, 16464–16468. [CrossRef]

148. Monaco, I.; Camorani, S.; Colecchia, D.; Locatelli, E.; Calandro, P.; Oudin, A.; Niclou, S.; Arra, C.; Chiariello, M.; Cerchia, L.; et al.
Aptamer Functionalization of Nanosystems for Glioblastoma Targeting through the Blood–Brain Barrier. J. Med. Chem. 2017, 60,
4510–4516. [CrossRef]

149. Smiley, S.B.; Yun, Y.; Ayyagari, P.; Shannon, H.E.; Pollok, K.E.; Vannier, M.W.; Das, S.K.; Veronesi, M.C. Development of CD133
Targeting Multi-Drug Polymer Micellar Nanoparticles for Glioblastoma—In Vitro Evaluation in Glioblastoma Stem Cells. Pharm.
Res. 2021, 38, 1067–1079. [CrossRef]

150. Pasto, A.; Giordano, F.; Evangelopoulos, M.; Amadori, A.; Tasciotti, E. Cell membrane protein functionalization of nanoparticles
as a new tumor-targeting strategy. Clin. Transl. Med. 2019, 8, 8. [CrossRef]

151. Fan, Y.; Hao, W.; Cui, Y.; Chen, M.; Chu, X.; Yang, Y.; Wang, Y.; Gao, C. Cancer Cell Membrane-Coated Nanosuspensions for
Enhanced Chemotherapeutic Treatment of Glioma. Molecules 2021, 26, 5103. [CrossRef] [PubMed]

152. Fang, R.H.; Hu, C.-M.J.; Luk, B.T.; Gao, W.; Copp, J.A.; Tai, Y.; O’Connor, D.E.; Zhang, L. Cancer Cell Membrane-Coated
Nanoparticles for Anticancer Vaccination and Drug Delivery. Nano Lett. 2014, 14, 2181–2188. [CrossRef]

http://doi.org/10.1016/j.jconrel.2016.08.039
http://www.ncbi.nlm.nih.gov/pubmed/27586188
http://doi.org/10.1021/acs.molpharmaceut.7b00158
http://doi.org/10.1021/acsnano.7b08172
http://doi.org/10.1021/acsami.8b04613
http://www.ncbi.nlm.nih.gov/pubmed/29799186
http://doi.org/10.1186/s12951-021-00997-z
http://doi.org/10.1002/advs.202004555
http://doi.org/10.1038/nprot.2006.342
http://www.ncbi.nlm.nih.gov/pubmed/17401348
http://doi.org/10.1016/j.jconrel.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/26471392
http://doi.org/10.1016/j.jconrel.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20800628
http://doi.org/10.1021/bm401906p
http://doi.org/10.1016/j.biomaterials.2011.03.031
http://www.ncbi.nlm.nih.gov/pubmed/21470674
http://doi.org/10.1007/s11095-013-1025-4
http://doi.org/10.1016/j.jconrel.2020.01.039
http://doi.org/10.1016/j.biomaterials.2012.03.058
http://doi.org/10.3109/02652048.2013.778907
http://doi.org/10.1002/anie.201809753
http://doi.org/10.1515/bnm-2015-0027
http://doi.org/10.1186/s11671-020-03377-y
http://www.ncbi.nlm.nih.gov/pubmed/32691170
http://doi.org/10.3390/cancers12102889
http://www.ncbi.nlm.nih.gov/pubmed/33050158
http://doi.org/10.1038/mtna.2012.59
http://doi.org/10.1074/jbc.M100347200
http://doi.org/10.1021/acs.jmedchem.7b00527
http://doi.org/10.1007/s11095-021-03050-8
http://doi.org/10.1186/s40169-019-0224-y
http://doi.org/10.3390/molecules26165103
http://www.ncbi.nlm.nih.gov/pubmed/34443689
http://doi.org/10.1021/nl500618u


Pharmaceutics 2021, 13, 2045 25 of 26

153. Gao, C.; Lin, Z.; Wu, Z.; Lin, X.; He, Q. Stem-Cell-Membrane Camouflaging on Near-Infrared Photoactivated Upconversion
Nanoarchitectures for in Vivo Remote-Controlled Photodynamic Therapy. ACS Appl. Mater. Interfaces 2016, 8, 34252–34260.
[CrossRef] [PubMed]

154. Rossi, L.; Fraternale, A.; Bianchi, M.; Magnani, M. Red Blood Cell Membrane Processing for Biomedical Applications. Front.
Physiol. 2019, 10, 1070. [CrossRef]

155. Oldenborg, P.A.; Zheleznyak, A.; Fang, Y.F.; Lagenaur, C.F.; Gresham, H.D.; Lindberg, F.P. Role of CD47 as a marker of self on red
blood cells. Science 2000, 288, 2051–2054. [CrossRef] [PubMed]

156. Rusciano, D.; Welch, D.R.; Burger, M.M.; Molecular, B. (Eds.) Homotypic and heterotypic cell adhesion in metastasis. In Cancer
Metastasis: In Vitro and In Vivo Experimental Approaches; Elsevier: Amsterdam, The Netherlands, 2000; Volume 29, pp. 9–64.

157. Wang, C.; Wu, B.; Wu, Y.; Song, X.; Zhang, S.; Liu, Z. Camouflaging Nanoparticles with Brain Metastatic Tumor Cell Membranes:
A New Strategy to Traverse Blood–Brain Barrier for Imaging and Therapy of Brain Tumors. Adv. Funct. Mater. 2020, 30, 1909369.
[CrossRef]

158. He, W.; Mei, Q.; Li, J.; Zhai, Y.; Chen, Y.; Wang, R.; Lu, E.; Zhang, X.-Y.; Zhang, Z.; Sha, X. Preferential Targeting Cerebral Ischemic
Lesions with Cancer Cell-Inspired Nanovehicle for Ischemic Stroke Treatment. Nano Lett. 2021, 21, 3033–3043. [CrossRef]

159. Villaseñor, R.; Schilling, M.; Sundaresan, J.; Lutz, Y.; Collin, L. Sorting Tubules Regulate Blood-Brain Barrier Transcytosis. Cell Rep.
2017, 21, 3256–3270. [CrossRef]

160. Dai, Q.; Yan, Y.; Guo, J.; Björnmalm, M.; Cui, J.; Sun, H.; Caruso, F. Targeting Ability of Affibody-Functionalized Particles Is
Enhanced by Albumin but Inhibited by Serum Coronas. ACS Macro Lett. 2015, 4, 1259–1263. [CrossRef]

161. Dai, Q.; Yan, Y.; Ang, C.-S.; Kempe, K.; Kamphuis, M.M.J.; Dodds, S.J.; Caruso, F. Monoclonal Antibody-Functionalized
Multilayered Particles: Targeting Cancer Cells in the Presence of Protein Coronas. ACS Nano 2015, 9, 2876–2885. [CrossRef]

162. Walkey, C.D.; Chan, W.C.W. Understanding and controlling the interaction of nanomaterials with proteins in a physiological
environment. Chem. Soc. Rev. 2012, 41, 2780–2799. [CrossRef]

163. Walkey, C.D.; Olsen, J.B.; Guo, H.; Emili, A.; Chan, W.C.W. Nanoparticle Size and Surface Chemistry Determine Serum Protein
Adsorption and Macrophage Uptake. J. Am. Chem. Soc. 2012, 134, 2139–2147. [CrossRef]

164. Vroman, L. Effect of Adsorbed Proteins on the Wettability of Hydrophilic and Hydrophobic Solids. Nature 1962, 196, 476–477.
[CrossRef]

165. Francia, V.; Yang, K.; Deville, S.; Reker-Smit, C.; Nelissen, I.; Salvati, A. Corona Composition Can Affect the Mechanisms Cells
Use to Internalize Nanoparticles. ACS Nano 2019, 13, 11107–11121. [CrossRef]

166. Bertoli, F.; Garry, D.; Monopoli, M.P.; Salvati, A.; Dawson, K.A. The Intracellular Destiny of the Protein Corona: A Study on its
Cellular Internalization and Evolution. ACS Nano 2016, 10, 10471–10479. [CrossRef]

167. dos Santos, T.; Varela, J.; Lynch, I.; Salvati, A.; Dawson, K.A. Quantitative Assessment of the Comparative Nanoparticle-Uptake
Efficiency of a Range of Cell Lines. Small 2011, 7, 3341–3349. [CrossRef]

168. Monopoli, M.P.; Åberg, C.; Salvati, A.; Dawson, K.A. Biomolecular coronas provide the biological identity of nanosized materials.
Nat. Nanotechnol. 2012, 7, 779–786. [CrossRef]

169. Zhang, Z.; Guan, J.; Jiang, Z.; Yang, Y.; Liu, J.; Hua, W.; Mao, Y.; Li, C.; Lu, W.; Qian, J.; et al. Brain-targeted drug delivery by
manipulating protein corona functions. Nat. Commun. 2019, 10, 3561. [CrossRef]

170. Lundqvist, M.; Stigler, J.; Elia, G.; Lynch, I.; Cedervall, T.; Dawson, K.A. Nanoparticle size and surface properties determine the
protein corona with possible implications for biological impacts. Proc. Natl. Acad. Sci. USA 2008, 105, 14265–14270. [CrossRef]

171. Madathiparambil Visalakshan, R.; González García, L.E.; Benzigar, M.R.; Ghazaryan, A.; Simon, J.; Mierczynska-Vasilev, A.;
Michl, T.D.; Vinu, A.; Mailänder, V.; Morsbach, S.; et al. The Influence of Nanoparticle Shape on Protein Corona Formation. Small
2020, 16, 2000285. [CrossRef]

172. Tenzer, S.; Docter, D.; Rosfa, S.; Wlodarski, A.; Kuharev, J.; Rekik, A.; Knauer, S.K.; Bantz, C.; Nawroth, T.; Bier, C.; et al.
Nanoparticle Size Is a Critical Physicochemical Determinant of the Human Blood Plasma Corona: A Comprehensive Quantitative
Proteomic Analysis. ACS Nano 2011, 5, 7155–7167. [CrossRef]

173. Brigger, I.; Morizet, J.; Aubert, G.; Chacun, H.; Terrier-Lacombe, M.-J.; Couvreur, P.; Vassal, G. Poly(ethylene glycol)-Coated
Hexadecylcyanoacrylate Nanospheres Display a Combined Effect for Brain Tumor Targeting. J. Pharmacol. Exp. Ther. 2002, 303,
928–936. [CrossRef]

174. Calvo, P.; Gouritin, B.; Villarroya, H.; Eclancher, F.; Giannavola, C.; Klein, C.; Andreux, J.P.; Couvreur, P. Quantification and
localization of PEGylated polycyanoacrylate nanoparticles in brain and spinal cord during experimental allergic encephalomyelitis
in the rat. Eur. J. Neurosci. 2002, 15, 1317–1326. [CrossRef]

175. Hu, X.; Yang, F.; Liao, Y.; Li, L.; Zhang, L. Cholesterol–PEG comodified poly (N-butyl) cyanoacrylate nanoparticles for brain
delivery: In vitro and in vivo evaluations. Drug Deliv. 2017, 24, 121–132. [CrossRef]

176. Nance, E.A.; Woodworth, G.F.; Sailor, K.A.; Shih, T.-Y.; Xu, Q.; Swaminathan, G.; Xiang, D.; Eberhart, C.; Hanes, J. A dense
poly(ethylene glycol) coating improves penetration of large polymeric nanoparticles within brain tissue. Sci. Transl. Med. 2012, 4,
149ra119. [CrossRef]

177. Bertrand, N.; Grenier, P.; Mahmoudi, M.; Lima, E.M.; Appel, E.A.; Dormont, F.; Lim, J.-M.; Karnik, R.; Langer, R.; Farokhzad, O.C.
Mechanistic understanding of in vivo protein corona formation on polymeric nanoparticles and impact on pharmacokinetics.
Nat. Commun. 2017, 8, 777. [CrossRef]

http://doi.org/10.1021/acsami.6b12865
http://www.ncbi.nlm.nih.gov/pubmed/27936561
http://doi.org/10.3389/fphys.2019.01070
http://doi.org/10.1126/science.288.5473.2051
http://www.ncbi.nlm.nih.gov/pubmed/10856220
http://doi.org/10.1002/adfm.201909369
http://doi.org/10.1021/acs.nanolett.1c00231
http://doi.org/10.1016/j.celrep.2017.11.055
http://doi.org/10.1021/acsmacrolett.5b00627
http://doi.org/10.1021/nn506929e
http://doi.org/10.1039/C1CS15233E
http://doi.org/10.1021/ja2084338
http://doi.org/10.1038/196476a0
http://doi.org/10.1021/acsnano.9b03824
http://doi.org/10.1021/acsnano.6b06411
http://doi.org/10.1002/smll.201101076
http://doi.org/10.1038/nnano.2012.207
http://doi.org/10.1038/s41467-019-11593-z
http://doi.org/10.1073/pnas.0805135105
http://doi.org/10.1002/smll.202000285
http://doi.org/10.1021/nn201950e
http://doi.org/10.1124/jpet.102.039669
http://doi.org/10.1046/j.1460-9568.2002.01967.x
http://doi.org/10.1080/10717544.2016.1233590
http://doi.org/10.1126/scitranslmed.3003594
http://doi.org/10.1038/s41467-017-00600-w


Pharmaceutics 2021, 13, 2045 26 of 26

178. Kim, H.R.; Andrieux, K.; Couvreur, P. PEGylated Polymer-Based Nanoparticles for Drug Delivery to the Brain. In Colloid Stability;
Tadros, T.F., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2010; pp. 409–428.

179. Moyano, D.F.; Saha, K.; Prakash, G.; Yan, B.; Kong, H.; Yazdani, M.; Rotello, V.M. Fabrication of Corona-Free Nanoparticles with
Tunable Hydrophobicity. ACS Nano 2014, 8, 6748–6755. [CrossRef]

180. Estephan, Z.G.; Schlenoff, P.S.; Schlenoff, J.B. Zwitteration As an Alternative to PEGylation. Langmuir 2011, 27, 6794–6800.
[CrossRef]

181. Abstiens, K.; Maslanka Figueroa, S.; Gregoritza, M.; Goepferich, A.M. Interaction of functionalized nanoparticles with serum
proteins and its impact on colloidal stability and cargo leaching. Soft Matter 2019, 15, 709–720. [CrossRef]

182. Anselmo, A.C.; Mitragotri, S. Impact of particle elasticity on particle-based drug delivery systems. Adv. Drug Deliv. Rev. 2017,
108, 51–67. [CrossRef]

183. Obst, K.; Yealland, G.; Balzus, B.; Miceli, E.; Dimde, M.; Weise, C.; Eravci, M.; Bodmeier, R.; Haag, R.; Calderón, M.; et al.
Protein Corona Formation on Colloidal Polymeric Nanoparticles and Polymeric Nanogels: Impact on Cellular Uptake, Toxicity,
Immunogenicity, and Drug Release Properties. Biomacromolecules 2017, 18, 1762–1771. [CrossRef]

184. Miceli, E.; Kuropka, B.; Rosenauer, C.; Osorio Blanco, E.R.; Theune, L.E.; Kar, M.; Weise, C.; Morsbach, S.; Freund, C.; Calderón,
M. Understanding the elusive protein corona of thermoresponsive nanogels. Nanomedicine 2018, 13, 2657–2668. [CrossRef]

http://doi.org/10.1021/nn5006478
http://doi.org/10.1021/la200227b
http://doi.org/10.1039/C8SM02189A
http://doi.org/10.1016/j.addr.2016.01.007
http://doi.org/10.1021/acs.biomac.7b00158
http://doi.org/10.2217/nnm-2018-0217

	Introduction 
	Nanoparticle Size 
	Nanoparticle Shape 
	Nanoparticle Stiffness 
	Nanoparticle Surface Characteristics 
	Surface Charge 
	Ligand Density and Linker Length 
	Targeting Ligands 
	Glucose and Glucose Derivatives—Glucose Transporters 
	Transferrin, Anti-Transferrin Antibodies, and Transferrin Receptor Targeting Peptides—Transferrin Receptor 
	Peptides 
	Aptamers 
	Cell Membrane Coating 

	Avidity 
	Protein Corona 

	Concluding Remarks 
	References

