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Abstract: The blood–brain barrier (BBB) is a barrier that separates the blood from the brain tissue
and possesses unique characteristics that make the delivery of drugs to the brain a great challenge.
To achieve this purpose, it is necessary to design strategies to allow BBB passage, in order to reach
the brain and target the desired anatomic region. The use of nanomedicine has great potential to
overcome this problem, since one can modify nanoparticles with strategic molecules that can interact
with the BBB and induce uptake through the brain endothelial cells and consequently reach the brain
tissue. This review addresses the potential of nanomedicines to treat neurological diseases by using
nanoparticles specially developed to cross the BBB.

Keywords: Alzheimer’s disease; drug delivery; drug targeting; neurodegenerative diseases;
Parkinson’s disease

1. Introduction

The blood–brain barrier (BBB) is a physical barrier, with unique properties, that is
present in the majority of blood vessels irrigating the brain. It tightly regulates the access of
ions, molecules, and cells coming from the blood to the central nervous system (CNS) [1].
The unparalleled architecture of the BBB, characterized by a layer of continuous nonfenes-
trated endothelial cells surrounded by smooth muscle cells, pericytes, and projections of
astrocytes, is essential for its function [1]. In steady state conditions, the BBB is critical to
protect brain from harmful agents, but the other side of the coin is that its high selectivity
makes access difficult for the of drugs used in the treatment of many neuronal disorders. In
that sense, the challenge of crossing and transposing the BBB is crucial for an effective and
successful therapy. Nanotechnology is an essential tool when developing new systems for
the efficient delivery of potential therapeutic and diagnostic compounds to specific areas of
the brain, since they reduce the adverse side effects associated with the non-specific distri-
bution of drugs, increase drug concentration at the desired site of action and, consequently,
improve the therapeutic effectiveness [2–6]. Therefore, nanoparticles (NPs) have gained
increasing attention in the field of medicine, being considered a promising tool for drug
development [2]. Various kinds of NPs, namely, liposomes, lipid nanoparticles, polymeric
nanoparticles, dendrimers, cyclodextrins, silica nanoparticles, magnetic nanoparticles, gold
nanoparticles, quantum dots, and carbon nanotubes, have been described as appealing
candidates for increasing the penetration of drugs through BBB. The suitability of nanode-
livery systems for brain delivery depends on properties such as nanometric size, surface
charge, morphology, and, especially, the molecular recognition and interaction between
a specific ligand conjugated on the nanoparticle surface and the molecule overexpressed
on the brain target place (active targeting) [2]. The intrinsic characterization parameters
of NPs, including the determination of size, zeta potential, and encapsulation efficiency
(EE) of the NPs, play a pivot role in their biological effects and ultimately in their efficacy
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and safety [2]. The nanoscale is very important because the order of magnitude enables
the interaction with cells, leading to a cell response. Therefore, the size and composi-
tion of nanosystems can be controlled and adjusted in order to create particles capable
of passing through the BBB [3]. Most studies report a size ranging from 100 to 300 nm
as the most appropriate for NP transport of drugs across the BBB [4]. Additionally, one
should guarantee that they are biocompatible and biodegradable, so that one can minimize
toxicity in vivo [5]. At the same time, nanosystems appear to be important for reducing the
adverse side effects associated with the non-specific distribution of drugs, increasing drug
concentration at the desired site of action in the brain, and, consequently, improving the
therapeutic effectiveness [6].

2. Active Targeted Brain Delivery

Active targeting is particularly important when designing solutions to achieve this
goal, since this strategy allows directing the nanoparticles to the desired place and, con-
sequently, transporting and delivering drugs to the site of action, the brain. In fact, these
nanosystems display a great surface area to volume ratio, which enables the nanoparticles
to be highly chemically reactive, allowing surface modification with molecules that may
be recognized by the receptors/transporters overexpressed in the BBB and cell-specific
receptors in the brain tissue [7,8]. There are, essentially, three different strategies for
achieving this purpose (Figure 1): adsorptive-mediated transcytosis, transporter-mediated
transcytosis, and receptor-mediated transcytosis [9,10]. Once in the brain, it is necessary
that nanoparticles can reach the desired target, such as brain tumor cells, neurons, or even
the fibrils associated with many neurological diseases. Different examples of nano-drug
delivery systems described in the literature for brain delivery are listed in Table 1.Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 26 
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Table 1. Types of actively targeted nanoparticles used for brain delivery.

Targeting
Effector/Ligand NPs Type Composition Therapeutic Agent Size (nm) Zeta Potential (mV) EE (%) Administration Route In Vitro/In Vivo Results Refs

Adsortive-mediated transcytosis

Lectin Polymeric nanoparticles
PLA/PEG/WGA;
PLA/PEG/STL;

PLGA/PEG/STL;
PLGA/PEG/OL

VIP, bFGF, HLP, UCN 85 to 130 −30 to −15 70 to 75 Intranasal

- increased brain uptake in rats compared
to NPs with no lectin;
- improved spatial learning and memory in
AD rats;
- enhanced neuroprotection in
schizophrenic or hemiparkinsonian rats.

[3–7]

Cardiolipin Liposomes SM/Chol/CL n.i. 100 to 150 −38 to +50 n.i. intraperitoneal

- reduced cell viability and Tau
phosphorilation in mouse neuroblastoma
cell lines;
- reduction of Aβ levels and Tau
phosphorilation in plasma and brain of
APP/PS1 transgenic mice;
- high affinity for Aβ fibrils association.

[8–11]

Heparin Magnetic nanoparticles Fe3O4/Heparin n.i. 70 −50 n.i. n.i.
- high affinity for Aβ fibrils association
and protection of neuronal cells against
Aβ toxicity.

[12]

CPPs
Polymeric nanoparticles;

Polymeric micelles;
Quantum dots

PLA/PEG/Penetratin;
MPEG/PCL/TAT;
ZnS:Mn/ZnS/TAT

siRNA for Raf-1/CPT 60 to 200 −5 to +15 n.i.
intravenous,
intranasal,

intra-arterial

- enhanced brain uptake in SD rats;
- inhibition of tumor growth in rat model
of malignant glioma;
- specific brain delivery for
QDs theranostic.

[13–15]

Transporter-mediated transcytosis

Mannose
Lipid nanoparticles;

Cationic HSA
nanoparticles

GMS/SA/SL/MAN;
HSA/EDA/Mannose DT, DOX 90 to 100 −15 to −10 75 to 85 intravenous

- increase of DT brain uptake in mices;
- higher DOX transport across bEnd.3
monolayer and uptake by U87MG
glioblastoma cells;
- reduction of tumor size of
glioma-bearing mice.

[16,17]

Glutathione Liposomes;
Polymeric nanoparticles

EPC/CHOL/GSH;
PLGA/GSH;

PEI/GSH
RBV, PTX 80 to 300 −40 to −5 45 intravenous,

intranasal

- increase of RBV and PTX brain uptake
in rats;
- receptor-mediated uptake in human,
bovine, and porcine cerebral
microvascular endothelial cells;
- enhanced passage across the
hCMEC/D3 cells.

[18–20]

Amino acids Liposomes;
Lipid nanoparticles

SL/Chol/TPGS/GLU;
DSPE/PEG/PHE DOX 80 to 165 −35 to −15 75 intravenous - higher uptake by C6 glioma cells and

accumulation of DOX in brain of mice. [21,22]
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Table 1. Cont.

Targeting
Effector/Ligand NPs Type Composition Therapeutic Agent Size (nm) Zeta Potential (mV) EE (%) Administration Route In Vitro/In Vivo Results Refs

Receptor-mediated transcytosis

Transferrin

Lipid nanoparticles;
Polymeric nanoparticles;

Carbon dots;
Albumin nanoparticles;

Liposomes;
Silica/polymeric/magnetic;

Dendrimers

Compritol/SA/Tf;
PLGA/Tf;

Carbon powder/Tf;
HSA/Tf;

DSPE/PEG/Tf;
PLGA/TMOS/Fe3O4/Tf;

DAB/Tf

SQV, LOP, α-M,
DOX/PTX, pβ-Gal 10 to 200 −30 to −5 20 to 90 intravenous

- Higher uptake and transcytosis across
human brain-microvascular endothelial
cell monolayers;
- C-dots with Tf can enter easily in the
CNS of injected zebrafish;
- Higher LOP brain uptake and
anti-nociceptive effects in the tail-flick test
in ICR (CD-1) mice;
- Tf-liposomes improved brain delivery of
α-M in rats;
- Strong anti-glioma activity of DOX/PTX
Tf-NPs in mice;
- higher β-Gal expression in the brain after
Tf-dendriplex administration in mice.

[23–29]

OX26 mAb

Albumin nanoparticles;
Lipid nanocapsules;

Polymeric nanoparticles;
Liposomes

HSA/OX26;
SL/PC/PE/OX26;

PLGA/
DE2B4/OX26;

POPC/PEG/OX26;
DSPC/Chol/DSPE-
PEG/19B8Mab/OX26

LOP, iAβ5 , pTH 115 to 170 −35 to −3 60 intravenous

- higher LOP brain uptake and
anti-nociceptive effects in the tail-flick test
in ICR (CD-1) mice;
- increased brain uptake compared to
non-targeted nanocapsules in rats;
- increased uptake of iAβ5 in porcine brain
capillary endothelial cells;
- pTH-NPs enter CNS, rescue gene
expression and revert motor impairment
in PD rats.

[26,30–33]

Lactoferrin

Polymeric nanoparticles;
Cyclodextrins;
Dendrimers;

Lipid nanoparticles;
Liposomes

PLGA/PEG/Lf;
PCL/PEG/Lf;

PLGA/PEG/Lf;
PLGA/FA/Lf;

HA/Lf;
β-CDs/PEG/Lf;

DAB/Lf;
PAMAM/PEG/Lf;

BA/TP/Cac/TMX/Lf;
EPC/CHOL/CHETA/Lf

UCN, ETP, NAP, DOX,
pβ-Gal, GDNF, BCNU,

DOX
90 to 210 −30 to +40 35 to 98 intravenous,

intranasal,

- enhanced brain uptake and
bioavailability in mice;
- neuroprotection and memory
improvements in AD mice model after
NAP-NPs administration;
- attenuation of striatum lesion caused by
6-OHDA in PD rats after
UCN-NPs administration;
- improved locomotor activity and reduced
neuronal cell loss in PD rats by
GDNF-dendrimers;
- higher β-Gal expression in the brain after
Lf-dendrimers administration in mice;
- enhanced permeation across BBB cell
monolayer and inhibition of U87MG
glioblastoma cell growth;
- higher accumulation in tumor cells and
extended survival time of glioma-bearing
rats by DOX-NPs.

[34–43]

ApoE Lipid nanoparticles;
Albumin nanoparticles

CP/DSPE-
PEG/ApoE;

HSA/PEG/ApoE;
SL/PC/mApoE

RSV 120 to 250 −55 to −15 85 to 98 intravenous,
intrapulmonary

- higher permeability of RSV-NPs through
hCMEC/D3 monolayers;
- only ApoE-NPs found in brain capillary
endothelial cells and neurons of SV
129 mice;
- enhanced brain target via pulmonary
administration in mice.

[44–46]
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Table 1. Cont.

Targeting
Effector/Ligand NPs Type Composition Therapeutic Agent Size (nm) Zeta Potential (mV) EE (%) Administration Route In Vitro/In Vivo Results Refs

Polysorbate 80 Polymeric nanoparticles
PLA/PS80;

PBCA/PS80;
PLGA/PS80

NTX-1, TC, RVT,
BA, GEM 35 to 210 −40 to −10 50 to 60 intravenous,

intranasal

- only PS80-coated NPs found in brain
tissues of mice;
- antinociceptive effects after
NTX-1-loaded NPs administration in mice;
- higher accumulation of TC-NPs,
RVT-NPs and BA-NPs than free forms in
brain of rats;
- GEM-NPs inhibit C6 glioma cells growth
and increase survival time of rats.

[47–52]

Angiopep-2

Polymeric nanoparticles;
Micelles;

Gold nanoparticles;
Carbon nanotubes;

Dendrimers

PCL/PEG/AP-2;
PE/PEG/AP-2;
Au/PEG/AP-2;

MWNTs/PEG/AP-
2;

PAMAM/PEG/AP2

AMB, DOX, TRAIL 10 to 200 −20 to +15 80 intravenous

- higher accumulation of AP-2 NPs in the
brain of SD rats, compared to
non-functionalized ones;
- enhanced permeation of AMB across BBB
and brain uptake in SD rats for brain
fungal burden;
- increased survival time of glioma-bearing
mice after DOX-loaded Au NPs
and MWNTs;
- enhanced brain uptake and survival time
of tumor-bearing mices after
TRAIL-dendrimers.

[53–57]

RVG29 Polymeric nanoparticles;
Dendrimers;

PLGA/RVG29;
PAMAM/PEG/RVG29;
DGL/PEG/RVG29;
Pluronic/PEG/RVG29

CPT, pLuc, shRNAs,
β-Gal, 110 to 150 −3 to 12 40 to 80 intravenous

- enhanced apparent brain delivery of NPs
in the presence of RVG29 peptide;
- increased expression of LUC gene in
mice brain;
- reduction of neurofibrillary tangles and
rescue of memory loss in AD
transgenic mice;
- β-Gal delivered and accumulated
efficiently in mice brain.

[58–61]

CDX Liposomes;
Polymeric nanoparticles

HSPC/DSPE-
PEG/CDX;

PLA/PEG/CDX
DOX, PTX 95 n.i 95 intravenous

- ability for crossing the BBB monolayer
and enhanced median survival time in
glioma-bearing mice after DOX and
PTX-loaded NPs-CDX administration.

[62,63]

RGD Magnetic nanoparticles;
Liposomes

Fe2O3/PEG/RGD;
DPPC/Chol/TPGS/RGD DT/QDs 40 to 180 −20 to +1 70 intravenous

- accumulation in the cancer site,
generating a MRI contrast for mice brain
tumor imaging;
- enhanced brain uptake and imaging after
DT/QDs-loaded liposomes administration
in mice.

[64,65]

NGR
Polymeric nanoparticles;

Liposomes;
Quantum dots

PLGA/PEG/NGR;
HSPC/CHOL/DSPE-

PEG/NGR;
OEI/PEG/NGR;

CdSe/ZnS/PEG/NGR

DT, DOX, siRNA-Luc 10 to 130 15 50 intravenous

- anti-angiogenesis and prolonged
survival time in mice bearing intracranial
glioma by DT or DOX-NPs;
- downregulation of reporter gene
(Luciferase) in glioma cells in mice;
- enhanced brain cancer imaging in rat
glioma model after
QDs-NGR administration.

[66–69]

List of abbreviations: β-gal: β-galactosidase; Apo-E: Apolipoprotein E; AD: Alzheimer’s; BBB: blood–brain barrier; Chol: cholesterol; DOX: doxorubicin; DSPE: 1, 2-Distearoyl-sn-glycero-3-phosphoethanolamine-
Poly(ethylene glycol); FA: folic acid; NPs: nanoparticles; %EE: %encapsulation efficiency; MRI: magnetic resonance imaging; PAMAM: Poly(amidoamine); PTX: paclitaxel; PC: phosphatidylcholine;
PLGA: poly(lactic-co-glycolic acid); PEG: polyethylene glycol; QD: quantum dots; siRNA: small interfering RNA; SD: Sprague-Dawley.
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2.1. Adsorptive-Mediated Transcytosis

Adsorptive-mediated transcytosis (AMT) provides a route for the brain delivery of
nanoparticles across the BBB. The endothelial cells of BBB constitute a phospholipid rich
membrane covered by a glycocalyx composed of heparan sulfate proteoglycans (HSPGs),
namely glypican and syndecan [11]. Moreover, there are many carboxyl groups of sialo-
glycoproteins and sialoglycolipids on this side of the BBB [12]. Together, these make the
luminal side of the BBB highly negatively charged. Therefore, AMT can be promoted
using the electrostatic interactions between the negative moieties exposed at the luminal
surface of cerebral endothelial cells and the cationic groups of ligands conjugated on the
nanoparticles surface [13]. Several studies have demonstrated that clathrin-coated pits or
caveolae are involved in AMT, since after charge–charge interactions, the nanoparticles
will then cross brain endothelial cells through the formation of membrane-invaginated
vesicles [14,15]. In fact, the brain capillary endothelium is particularly enriched in clathrin-
coated pits and caveolae compared to the peripheral endothelia. However, it is important
to mention that the clathrin-coated pits are more abundant than the caveolae, indicating
that transcytosis occurs mainly by clathrin-mediated mechanisms [16]. Basically, clathrin-
coated pits along the luminal surface of endothelial cells are negatively charged and thus
are capable of binding positively charged nanoparticles. Therefore, this strategy takes
advantage of electrostatic interactions between nanoparticles and their target. Nanopar-
ticles can be functionalized with positively charged molecules, in order to induce BBB
adsorption and transcytosis of the nanocarrier into the brain. However, by itself, AMT does
not ensure cell-specific targeting, since positively charged molecules can be rapidly and
indiscriminately adsorbed by all negatively charged cell membranes and, thus, penetrate a
variety of different cells. Nevertheless, several works reported the use of AMT as a strategy
for brain delivery.

2.1.1. Lectin

Lectins are proteins or glycoproteins of nonimmunological origin that specifically
recognize sugar molecules and, therefore, are capable of binding glycosylated membrane
components. These proteins are positively charged and, hence, theoretically they might es-
tablish electrostatic interactions and adsorb to the BBB, increasing brain uptake. Although
very promising, this strategy is more common for nose to brain delivery, which bypasses
the BBB. Nonetheless, there are many works using lectin mediated-transport for brain
targeting [17–21]. In a primary work, Gao et al. synthesized polymeric nanoparticles com-
posed of PLA and functionalized with wheat germ agglutinin and tested the brain uptake
in intranasally administered rats [17]. The results showed a negligible nasal toxicity of these
nanocarriers and, at the same time, an increase of brain uptake [17]. This system could
be very promising for treating neurodegenerative diseases, because it can increase drug
concentrations in the brain and drastically reduce the side-effects. Zhang et al. conducted
a work using PLA nanoparticles coated with solanum tuberosum lectin to encapsulate
basic fibroblast growth factor [18]. These nanoparticles were nasally administered in AD
rats, and an increase in spatial learning and memory by the Mirror water maze task was
reported [18]. Moreover, in a study with hemiparkinsonian rat models, PLGA nanoparticles
functionalized with odorranalectin (less immunogenic) and loaded with urocortin peptide
were able to reduce rat rotational behavior, demonstrating a neuroprotection capacity [20].
This could be an attractive approach, not only in neurodegenerative diseases, but also in
other brain dysfunctions, such as psychiatric problems, because the common medications
are associated with a lot of side-effects. Concerning schizophrenia, Piazza et al. devel-
oped polymeric nanoparticles composed of PLGA and lectin to encapsulate haloperidol,
which were administered intranasally in rats [19]. The results demonstrated an increase of
haloperidol in the brain of rats compared to the nanoparticles without a lectin coating [19].
Collectively, these studies show that once in the brain, lectin conjugated nanoparticles are
promising for the treatment of neurological diseases, although it remains elusive if they are
truly capable of increasing BBB passage.
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2.1.2. Cardiolipin

Cardiolipin is an important component of the inner mitochondrial membrane, and it
is important for numerous enzyme activities involved in mitochondrial energy metabolism.
This molecule is positively charged and, thus, can also induce adsorption to the BBB. This
type of approach has been used in some works [22–25]. Obviously, neurodegenerative
diseases emerge as an immediate candidate, and many works have attempted to deliver
drugs to the brain to treat the neuronal death associated with these kinds of diseases.
Bereczki et al. used liposomes composed of sphingomyelin, cholesterol, and cardiolipin in
mouse neuroblastoma cell lines [22]. The results were very promising, since liposomes were
capable of rescuing cell viability and, at the same, a reduction in Tau phosphorylation was
observed [22]. Moreover, in order to test the hypothesis that alterations in the equilibrium
of Aβ levels between plasma and the brain can have a beneficial effect on the treatment of
AD, Ordóñez-Gutiérrez and colleagues conducted a study with APP/PS1 transgenic mice
(AD model), repeatedly injecting intraperitoneally liposomes composed of sphingomyelin,
cholesterol, and cardiolipin [23]. Although the results showed a significant decrease in Aβ
levels in the plasma, the levels in the brain were only slightly affected. The same result,
in terms of Aβ levels in the brain, was obtained by Taylor et al., using a similar liposome
formulation of sphingomyelin, cholesterol, and cardiolipin [24]. However, a reduction of
Tau phosphorylation was confirmed, indicating that the modulation of Aβ in plasma may
be important to treat AD [23]. Interestingly, although liposomes with cardiolipin cannot by
themselves decrease Aβ fibrils in the brain, they reveal a high affinity for these fibrils, as
reported by Gobbi et al., using surface plasmon resonance (SPR) experiments [25]. This
could be particularly interesting for the generation of new vehicles for imaging and new
therapeutic agents.

2.1.3. Heparin

Heparin is a polyanionic polysaccharide, belonging to the glycosaminoglycans (GAGs)
family. This polymer has been used for cancer targeting, anti-coagulation, tissue engineer-
ing, and drug delivery applications. Heparin’s capacity to compete with Aβ peptides in
binding to proteoglycans is not yet well understood. However, this property could be very
useful in AD therapy. Wang et al. have studied this property using magnetic nanoparticles
(SPION) coated with heparin and showed concurrent binding with Aβ peptides by a
variety of techniques, including enzyme-linked immunosorbent assay, gel electrophoresis,
and thioflavin T assay [26]. Moreover, they observed that these nanoparticles were capable
of protecting neuronal cells from Aβ toxicity, demonstrating that this nanosystem could be
very promising [26].

2.1.4. Cell Penetrating Peptides

Cell penetrating peptides (CPP) are small peptides that can be translocated across
cellular membranes and gain access to the intracellular space [27]. All these peptides pos-
sess several positive charges, as well as other shared properties, such as their amphipathic
behavior and ability to interact with lipid membranes [28]. According to the literature,
the internalization of CPP does not depend on a specific binding to a receptor [29–31].
Although the exact mechanism has not yet been precisely described, it seems that elec-
trostatic interactions between the lipid membranes or other components (glycoproteins
and glycosaminoglycans present in extracellular matrix) and CPP induce the endocytosis
and, consequently, the internalization [32–34]. This is a subtle strategy for overcoming the
problem of crossing the BBB and, therefore, there are many works reported in the literature
using this approach [35–37]. The efficiency of these peptides for brain delivery was tested in
a study conducted by Xia et al., using penetrating-functionalized PEG–PLA nanoparticles
in Sprague-Dawley rats [36]. These nanocarriers were able to increase brain uptake and, at
the same time, reduced the accumulation in non-targeted organs [36]. This CPP specific
targeting was also confirmed in a study conducted by Santra et al., with quantum dots func-
tionalized with TAT using intra-arterially injected rats [37]. This ability for targeting brain
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is also very useful in the cancer field, because it is crucial for solving the problem related
to the side-effects associated with therapeutic agents. Simultaneously, it is also important
to find new approaches to increase our efficacy in cancer treatment. Having this in mind,
Kanazawa et al. synthesized polymeric micelles composed of poly(ε-caprolactone) coated
with TAT and loaded with siRNA for Raf-1/anticancer drug camptothecin, even though, in
this particular case, the intranasal administration in a rat model of malignant glioma did
not require BBB passage [35]. The silencing of Raf-1 through siRNA impacted cell prolifera-
tion and apoptosis, increasing survival and inhibiting tumor growth [35]. Moreover, the
viability of normal neuronal cells was preserved, indicating a specific targeting of cancer
cells and making this a very promising strategy in the brain cancer field [35]. Taking into
consideration that the latter strategy has shown great efficacy in glioma treatment, it is
conceivable that others routes requiring BBB passage are feasible, since the use of CPP for
this purpose has already been described, as cited above.

2.2. Transporter-Mediated Transcytosis

An alternative strategy for the brain delivery of drugs is the use of BBB-specific
transporters, for efficient supply of nutrients of low molecular weight from the bloodstream
to the CNS. Twenty different transporters are well known in the BBB [38,39]. In that
sense, transporter-mediated transcytosis (TMT) could be an important approach for the
design of nanocarriers for brain delivery. In fact, it is possible to synthesize nanoparticles
with molecules conjugated on their surface that are well recognized by the transporters
overexpressed in brain endothelial cells. However, this approach is not widely used,
because it can interfere with the normal uptake of nutrients [10]. Nevertheless, the most
common strategies are the use of glucose, glutathione, and amino acids transporters.

2.2.1. Glucose Transporter 1

Glucose transporter 1 (GLUT1) is a transmembrane protein that belongs to the GLUT
family, with 14 different members known in humans, to date [40]. This transporter is
expressed in the BBB, in order to mediate the passage of metabolic substrates, such as
sugars [39,41]. Furthermore, GLUT1 seems to be overexpressed in brain cancer cells, which
makes it an attractive candidate target for glioma treatment [42–44]. Some authors have
used this transporter to facilitate permeation through the BBB and deliver drugs inside the
brain [45,46]. Singh et al. tested the efficacy of lipid nanoparticles modified with MAN,
which is an analogue of mannose with high affinity for GLUT transporters. With this
approach the authors were interested in delivering docetaxel, a chemotherapy agent, to
the brain [45]. The results demonstrated an enhancement in brain uptake, intravenously
injected mice, demonstrating excellent potential for brain cancer drug delivery [45]. In a
more in-depth study, cationic HSA nanoparticles were modified with ethylenediamine and
mannose and loaded with doxorubicin [46]. The in vitro results showed an enhancement
in BBB uptake, as well as in U87MG glioblastoma cells [46]. The in vivo results using intra-
venously injected glioma-bearing mice were also in agreement with the previous evidence,
since the mice treated with mannose-coated HSA nanoparticles displayed a reduction in
tumor size, when compared to animals treated with uncoated HSA nanoparticles [46].

2.2.2. Glutathione Transporter

Glutathione (GSH) is a hydrophilic endogenous tripeptide and well-known antiox-
idant. GSH has been studied in recent years as a potential candidate to facilitate the
transporter-mediated transcytosis of nanocarriers, by interacting with a family of ATP-
binding cassete (ABC) transporters, named multidrug resistance proteins (MRP), on BBB
cells, such Mrp1, Mrp2, and Mrp5 [47]. Therefore, some works have demonstrated that
GSH-coupling nanoparticles represent a feasible and promising approach for the delivery
of drugs to the brain [48–50]. Maussang et al. used liposomes modified with GSH and
increased the brain uptake of ribavirin, which was used as a drug model, in intravenously
injected rats [48]. Furthermore, the uptake mechanism was studied using human, bovine,
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and porcine cerebral microvascular endothelial cells, showing a temperature-, time-, and
dose-dependent endocytosis, mediated via clathrin coated pits [48]. The same enhanced
brain uptake was obtained with GSH-coated PLGA nanoparticles loaded with paclitaxel
in intranasally injected rats; albeit, in this example using a direct-transport nose to brain
bypass BBB passage [49]. Concerning gene delivery, Englert et al. optimized a cationic
polymeric nanocarrier composed of poly(ethyleneimine), and modified with GSH, and
tested this system in a hCMEC/D3 endothelial cell layer and mimicking the BBB within
microfluid-perfused biochips [50]. The cationic nanocarriers were able to cross the mono-
layer and release the DNA plasmids [50]. Hence, these studies demonstrate the capacity of
GSH-modified nanoparticles to target the brain.

2.2.3. Amino Acids Transporters

Amino acids transporters participate in the uptake of amino acids by cells and can be
classified in various systems, according to their substrate selectivity. For instance, L-type
amino acid transporter 1 (LAT1) is overexpressed in many cancer cells and is responsible
for transporting large neutral amino acids [51]. In particular, LAT1 is highly expressed
in the BBB and in brain cancer cells [52,53]. Therefore, this transporter seems to be an
interesting target for mediating BBB passage and, consequently, targeting brain cancer cells
at the same time. In this context, some authors have tried to develop this approach for
brain tumor delivery [54,55]. This dual-targeting strategy was used as a proof of concept
by Li et al. [54]. Fluorescent dyes (DIR and coumarin) were encapsulated inside liposomes
modified with glutamate, and the results revealed a higher uptake by C6 glioma cells
in vitro, compared to unmodified liposomes [54]. Additionally, intravenously injected
mice revealed a DIR accumulation in the brain, which attested to the capacity of this
transporter to allow BBB passage [54]. In the same line, Kharya et al. examined the capacity
of solid lipid nanoparticles modified with phenylalanine, and loaded with doxorubicin,
for brain and tumor targeting [55]. The results illustrated an enhancement of C6 glioma
cell uptake and an increase of doxorubicin brain accumulation in intravenously injected
mice. Therefore, such amino acids transporters can effectively facilitate the transport of
nanoparticles across the BBB and increase access to the brain tumor microenvironment [55].

2.3. Receptor-Mediated Transcytosis

Another, alternative, way of reaching the brain tissue is taking advantage of receptors
overexpressed in the BBB; the so-called receptor-mediated transcytosis (RMT). This mecha-
nism induces endocytosis through clathrin-coated pits or caveolae, resembling the process
in AMT [41]. After internalization of nanoparticles, they can follow different pathways
inside cells, depending on their size, charge, composition, and ligand-conjugation [41]. The
most common receptors used to mediate RMT through the BBB are transferrin, lactoferrin,
low density lipoprotein, and nicotinic acetylcholine receptors, which will be discussed be-
low. Additionally, the expression of insulin receptor and insulin-like growth factor receptor
on the luminal membrane of brain capillary endothelial cells might also be an interesting
approach [56]. This strategy was attempted in rhesus monkeys, where pegylated immune
liposomes were conjugated with monoclonal antibody against human insulin receptor
(HIR) and loaded with plasmids encoding either luciferase or β-galactosidase. Indeed,
the results confirmed the widespread expression of β-galactosidase in the primate brain.
Nevertheless, the risk of affecting the natural insulin balance has impaired the widespread
use of these receptors in the nanotechnology field [57].

Having this in mind, nanoparticles can be modified with specific ligands of receptors
and, hence, can be taken up by brain endothelial cells. Once in the brain, nanoparticles
have to reach the right cell target, and active targeting can also be designed for this purpose.
Nicotinic acetylcholine receptors can be used for targeting neuronal cells, while αvβ3
integrin and CD13/APN receptors are well-known examples of receptors overexpressed
in the brain tumor microenvironment, allowing the development of novel therapies that
specifically target the cancer cells in the brain tissue [58,59].
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2.3.1. Transferrin Receptor

Transferrin receptor (TfR) is a membrane protein composed of two identical glycosy-
lated subunits, which dimerize and bind to the circulating transferrin [60]. This binding
induces endocytosis via clathrin-coated pits and ensures the iron uptake to the brain, be-
cause this metal serves as a co-factor for many enzymes and participates in many metabolic
processes, such as ATP synthesis, as part of the iron–sulfur cluster and heme group of
mitochondrial respiratory chain complexes [61]. TfR is expressed in the endothelial cells of
the brain, but the endothelial cells present in different tissues cannot express this receptor,
making it a very interesting approach for mediating BBB passage and delivering drugs
to the brain [62]. Taking advantage of these receptors, there are plenty of examples in the
literature of nanoparticles functionalized with transferrin in order to increase the brain up-
take of therapeutic drugs [63–69]. Intending to test the potential of this approach, Kuo et al.
used a transwell chamber with a brain-microvascular endothelial cell (HBMEC) monolayer
and examined the capacity of the cationic lipid nanoparticles, composed by stearic acid,
compritol, and transferrin, to pass through this in vitro model of the BBB [63]. The results
showed the uptake and transcytosis of the nanocarrier through the HBMEC, observed
by cytoplasmic fluorescence [63]. Consistently, the uptake by brain endothelial cells was
also verified with PLGA nanoparticles functionalized with transferrin in an in vitro study
conducted by Chang et al. [64]. Transposing this approach into an in vivo experimental
model, Li and colleagues confirmed this hypothesis using carbon dots functionalized with
transferrin in an intravenous-injected zebrafish model, in contrast to what happened with
carbon dots alone [65]. Therefore, the concept of transferrin as a mediator of transportation
across the BBB by a RMT process could allow the design of nanocarriers loaded with
therapeutic drugs, which will be delivered in the brain. In accordance with this, albumin
nanoparticles functionalized with transferrin and loaded with loperamide were used by
Ulbrich et al. in intravenously injected ICR (CD-1) mice [66]. This drug has anti-nociceptive
effects and cannot naturally cross the BBB. Nevertheless, using the tail-flick test, which
consists of a pain response test, it was possible to confirm the brain delivery capacity
of this nanocarrier system [66]. Moreover, liposomes conjugated with transferrin and
loaded with α-Mangostin enhanced targeted delivery in the brain of intravenously injected
rats, demonstrating the ability to cross the BBB [67]. Obviously, this strategy is also very
appealing in the brain cancer field, because it is necessary to find better approaches to
deliver drugs precisely to the tumor site. Cui et al. used a complex strategy that conjugates
magnetic, polymeric, and mesoporous silica nanoparticles. Taking advantage of the loading
capacity and tunable pore size of silica nanoparticles and applying an external magnetic
field, they were able to deliver, in a tissue-specific manner, doxorubicin and paclitaxel in a
U-87 MG-luc2 xenograft of BALB/c nude mice, an experimental animal model for brain
cancer [68]. The results suggested that nanoparticles loaded with doxorubicin had the
strongest inhibition of tumor growth, suggesting that this strategy holds great potential
for future applications [68]. Another appealing strategy for treating several diseases is the
artificial manipulation of cell transcriptome, as idealized by gene therapy. Somani et al.
developed 3-diaminobutyric polypropylenimine-transferrin dendrimers loaded with a
plasmid for β-galactosidase [69]. This nanosystem was tested in intravenously injected
mice, duplicating β-galactosidase expression in the brain compared to the unmodified
dendriplex, and indicating that this nanosystem was capable of passing the BBB and
modulating neuronal expression; making it very promising for gene therapy [69].

In an alternative to transferrin, nanoparticles can be modified with monoclonal anti-
bodies (OX26 or R17217) against TfR [70]. These monoclonal antibodies have a different
binding site on TfR and, therefore, do not interfere with transferrin binding at physiological
conditions, which represents a tremendous advantage, because normally the transferrin
binding site is saturated [62]. Indeed, some authors adopted this approach in order to avoid
the saturation of TfR [66,71–74]. For example, Ulbrich and coauthors used two coating
strategies (transferrin and OX26 mAb) in human serum albumin nanoparticles loaded with
loperamide. A comparison between the two strategies showed that monoclonal antibody
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functionalization had the same efficiency, regarding its capacity to overcome the problem
imposed by the BBB, with the advantage of not saturating TfR [66]. Additionally, the same
brain-target efficacy of OX26 mAb functionalization was obtained in lipid nanocapsules
in intravenously-injected rats [71]. This strategy could be also very advantageous in neu-
rodegenerative disease therapy, where monomer aggregation induces oxidative stress and
inflammation, leading to neuronal cell death. In a recent work, PLGA nanoparticles were
coated with OX26 mAb and anti-AβmAb. Loureiro et al. made a proof of concept for AD
using this nanosystem loaded with iAβ5, which inhibits the interaction between amyloid
beta peptides [72]. Porcine brain capillary endothelial cells were used as an in vitro model
of BBB, and nanocarriers increased the endothelial cells uptake, making this a very promis-
ing approach to treat AD [72]. Regarding PD, liposomes conjugated with OX26 mAb and
loaded with a plasmid encoding tyrosine hydroxylase were synthesized and administered
in PD rat models [73]. This rat model had a 90% reduction in striatal tyrosine hydroxylase
enzyme activity due to a neurotoxin administration, but the developed nanocarriers were
capable of entering the CNS, rescuing gene expression, and reverting motor impairment,
being an excellent approach for brain delivery and gene therapy [73].

2.3.2. Lactoferrin Receptor

Despite the similarities between lactoferrin and transferrin, they differ in their receptor
binding properties. This feature is due to a small structural difference in the lobes and
inter-lobe linker of these two iron binding proteins [75,76]. Interestingly, lactoferrin seems
to have a higher brain uptake than transferrin and OX26 mAb, which may be crucial for
the design of more efficient nanocarriers for the brain deliver of drugs [77]. Actually, many
works have used nanocarriers functionalized with lactoferrin for cancer, neurodegenerative
diseases, and gene therapies [78–87]. In order to study the real capability of lactoferrin to
induce RMT across the brain endothelial cells, Hu et al. used PLA nanoparticles coated
with lactoferrin and proved the enhancement of brain uptake compared to nanoparticles
alone in intravenously injected mice, using a fluorescent probe (coumarin-6) [78]. With
the same purpose, Ye et al. used lactoferrin conjugated with β-cyclodextrins and loaded
with a fluorescent dye (IR-775 chloride), and verified the enhancement of brain uptake and
bioavailability [79]. The capacity for brain targeting using lactoferrin receptor (LfR) can
be also applied, for example, in the treatment of neurodegenerative diseases. With this in
mind, Liu et al. developed a nanocarrier system for AD treatment using PCL nanoparticles
coated with lactoferrin and loaded with NAP, a neuroprotective peptide [80]. The results
showed that, after nasal administration in an AD mice model, PCL-Lf-NAP nanoparticles
rescued the balance between acetylcholinesterase and choline acetyltransferase activities
and decreased neuronal degeneration in the hippocampus, resulting in memory improve-
ments, as observed in a Morris water maze experiment [80]. Therefore, lactoferrin can be
conjugated to nanoparticles, not only to mediate BBB transport, but also for the targeted
delivery of the selected molecule/compound to the desired anatomic region in the brain
tissue; holding great potential for the treatment of neurodegenerative diseases. Intending
to take advantage of these two features at the same time, PLGA-Lactoferrin nanoparticles
loaded with urocortin were capable of efficiently reaching the brain and rescuing tyrosine
hydroxylase expression in a PD experimental model. As a consequence, it normalized the
dopamine content and attenuated the striatum lesion caused by 6-hydroxydopamine in
intravenously-injected rats [81]. Considering the potential for gene therapy applications,
Somani and colleagues studied 3-diaminobutyric polypropylenimine (DAB) dendrimers
functionalized with lactoferrin and loaded with β-galactosidase expression plasmid [82].
After intravenous administration, they observed a significantly higher expression in the
brain and lower expression in the other major organs [82]. Transposing this strategy to
a concrete application, Huang et al. used polyamidoamine (PAMAM) dendrimers to
deliver the human GDNF gene (hGDNF) into a rat model of PD [83]. They observed
improved locomotor activity, reduced dopaminergic neuronal cell loss, and enhancement
of monoamine neurotransmitter levels [83]. In the cancer field, lactoferrin has also been
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used to coat nanoparticles and deliver drugs into the brain [84–87]. As reported in a study,
lipid nanoparticles coated with lactoferrin and loaded with tamoxifen were able to pass
across the human brain-microvascular endothelial cells (HBMECs) and human astrocytes
monolayer co-cultured in transwell devices, which mimic the BBB [84]. Another, very simi-
lar, study used PLGA coated with folic acid and lactoferrin loaded with etoposide, a cell
cycle inhibitor [85]. In both examples, the developed nanosystems could impair the growth
of human primary glioblastoma cells (U87MG) [84,85]. Moreover, Yin et al. synthesized
hyaluronic acid nanoparticles functionalized with lactoferrin and loaded with doxorubicin,
and studied the effect in intravenously injected C6 glioma-bearing nude mice [86]. They
observed an enhanced accumulation in the glioma using real-time fluorescence imaging
and, at the same time, an increased survival time of the treated animals [86]. Similar
results were obtained in another study with lactoferrin procationic liposomes loaded with
doxorubicin in intravenously injected C6 glioma-bearing mice [87]. Collectively, all these
works give strong evidence that lactoferrin functionalization is a promising strategy for
improving drug accessibility to the brain in a wide range of applications.

2.3.3. Low-Density Lipoprotein Receptors

The primary function of the low-density lipoprotein (LDL) receptor is the removal
of highly atherogenic LDL particles from the circulation, being internalized via clathrin-
mediated endocytosis [88,89]. Many studies have demonstrated that LDL receptor, LDLR-
related protein1 (LRP1), and very low-density lipoprotein receptor (VLDLR) are overex-
pressed on brain endothelial cells [90]. Therefore, despite also being found in hepatocytes
and the sinusoidal endothelium, one can take advantage of these receptors to cross the
BBB and deliver drugs inside the brain [90]. Apolipoprotein E (ApoE) is a family member
of soluble apolipoproteins [91,92]. This apolipoprotein binds to the LDL receptor and,
thus, can be thought as an interesting approach to mediating BBB passage [89]. Several
authors have used this strategy to establish new ApoE-coated nanosystems for brain drug
delivery [93–96]. Neves and colleagues functionalized solid lipid nanoparticles with ApoE
using two strategies that take advantage of the strong interaction between biotin and
avidin [93]. The developed nanosystems were used to protect and transport resveratrol, a
bioactive compound with neurological benefits, through the BBB. Brain permeability was
evaluated in transwell devices with a hCMEC/D3 cell monolayer, and a 1.8-fold increment
in barrier transit was verified for functionalized nanoparticles, when compared with non-
functionalized ones [94]. As a proof of concept, Zensi et al. used albumin nanoparticles
covalently bound to ApoE and showed that only coated nanoparticles were found in the
brain capillary endothelial cells and neurons of intravenously-injected SV 129 mice [95].
Similarly, a study with solid lipid nanoparticles covalently bound to mApoE (residues
141–150 of human apolipoprotein E) in pulmonary-administered mice showed an equiva-
lent brain uptake effect, using a fluorescent dye. They also conducted some permeability
studies using a human cerebral microvascular endothelial cell monolayer as an in vitro
model, and the results were concordant with what happened in vivo [96].

Another, alternative, method of ApoE targeting is through the coating of nanopar-
ticles with polysorbate 80, because it induces adsorption of ApoE while in systemic cir-
culation [97]. Sun et al. coated PLA nanoparticles with polysorbate 80 and injected
intravenously in mice. The results showed that only nanoparticles with the polysorbate
80 coating induced fluorescence in brain tissues [98]. Taking advantage of the targeting
efficiency of this nanosystem, Ruan et al. tested this strategy for the design of new drug
carriers, using PLA-polysorbate 80 nanoparticles loaded with neurotoxin-1, an analgesic
peptide, in intranasal-injected mice [99]. After applying the hot-plate test or the formalin
test, which consisted in the analysis of mice reaction to a thermal stimulus or to a localized
inflammation induced by formalin, an analgesic effect was successfully achieved [99]. This
undoubtedly shows that, upon reaching the brain (although in this study the adminis-
tration route does not require BBB passage), they were efficient for targeted delivery to
the brain cells, suggesting that this strategy ensures BBB transport, as well as coordinated
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delivery to the desired cell target. Neurodegenerative diseases are also an interesting
field of applications to explore this approach [100–102]. Wilson et al. developed poly(n-
butylcyanoacrylate) nanoparticles coated with polysorbate 80 and loaded with tacrine, a
cholinesterase inhibitor used for treating mild to moderate AD. These nanosystems were
tested in intravenously-injected rats, and the results showed a higher accumulation of
tacrine in the brain compared with other major organs, demonstrating great capacities for
AD treatment [100]. The same author also used this nanosystem to encapsulate rivastig-
mine, a reversible cholinesterase inhibitor used for the treatment of AD, and the results
were in agreement with the latter-mentioned study; increasing brain uptake and reinforcing
the capacity as a new drug carrier for AD [101]. Furthermore, Jose and coauthors used
PLGA nanoparticles loaded with bacoside-A, a therapeutic drug used for the treatment of
neurodegenerative diseases, and observed a higher concentration of this drug in the brain
of intravenously injected mice [102]. Some authors have also used polysorbates to deliver
chemotherapeutic drugs for brain cancer, to increase drug bioavailability, and reduce toxic
side-effects [103]. In a work conducted by Wang et al., polybutylcyanoacrylate loaded with
gemcitabine could inhibit the growth of C6 glioma cells in vitro, increasing the number
of cells in the G0/G1 phase and increasing the survival time of intravenously injected
rats [103].

Angiopep-2 can be also used to induce transcytosis of nanoparticles across the BBB,
through recognition by LDL receptors. Angiopep-2 is a peptide derived from the kunitz
domains of aprotinin and other human proteins, which are ligands for LRP1 and LRP2 [104].
Demeulle and Xin demonstrated that angiopep-2 binds to LRP1, being internalized by
brain neuroglial and brain capillary endothelial cells (BCECs) [104,105]. Therefore, this
peptide could be a promising and useful molecule to help in brain delivery. In fact, many
works have used this strategy to overcome the problem imposed for the BBB in brain drug
delivery [106–111]. Huile et al. synthesized PCL-angiopep-2 nanoparticles and observed a
higher brain uptake compared to unconjugated nanoparticles, which indicates that these
nanocarriers were capable of crossing the BBB [106]. Moreover, concerning fungal infections
and brain inaccessibility for amphotericin B, Angiopep-2-conjugated polymeric micelles
loaded with this drug were developed, to establish a new way of treating brain fungal
infections [107]. The results showed that these micelles could enter the BCEC monolayer,
and, at the same time, Sprague-Dawley rats showed a superior brain uptake when injected
with these nanosystems, compared to micelles without angiopep-2 conjugation [107]. In
a subsequent study, the same author tested the therapeutic efficacy of this nanosystem
and showed a significant reduction of brain fungal burden and enhanced survival time in
an immunosuppressed murine model with intracerebral fungal infection [108]. Coating
nanoparticles with angiopep-2 has also been used to increase the concentration in the brain
tumor site [109–111]. In general, the tumor microenvironment presents acidic pH condi-
tions, due to cancer cell metabolism. With this in mind, Ruan et al. used pH-responsive gold
nanoparticles loaded with doxorubicin [109]. The results in glioma-bearing mice showed
an increased survival time, indicating that this system was able to pass the BBB and, at the
same time, release the drug in the cancer site [109]. A similar effect on the survival time
of glioma-bearing mice was obtained using angiopep-2 multi-walled carbon nanotubes
loaded with doxorubicin after intravenous administration [110]. Lastly, Huang et al. used
this targeting system to increase the efficacy of gene therapy in cancer treatment. In fact,
PAMAM dendrimers loaded with tumor necrosis factor-related apoptosis inducing ligand
(TRAIL) plasmid were developed, in order to induce apoptosis in brain cancer cells [111].
An enhancement of brain uptake in intravenously injected brain tumor bearing mice was
observed, while an extension of the median survival time in twelve days compared to
temozolomide administration demonstrated that the developed nanosystem was capable
of permeating the BBB, entering the brain cancer cells, and inducing apoptosis [111].
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2.3.4. Nicotinic Acetylcholine Receptors

Nicotinic acetylcholine receptors (nAChR) bind the neurotransmitter acetylcholine,
playing an important role in the peripheral and central nervous system [112–117]. nAChR
are widely expressed in the brain in both the pre- and post-synaptic sites of neurons [118–121].
However, some studies have demonstrated that the expression of these receptors can also
be found in the BBB, which could be very promising for designing nanoparticles for brain
drug delivery, since they can play a dual role; allowing BBB passage and targeting neuronal
cells at the same time [122]. To take advantage of these attractive receptors, RVG29 peptide,
a fragment composed of 29 amino acids derived from the Rabies virus glycoprotein, was
conjugated on the surface of several nanosystems [123–126]. This peptide specifically binds
to the nAChR expressed by neuronal cells, enabling neurotropic viruses to cross the BBB
and infect brain cells [127]. Kim et al. used pluronic-based nanocarriers, conjugated with
both chitosan and RVG29 and loaded with β-galactosidase, and increased the enzyme levels
inside the brain compared to nanocarriers without RVG29, demonstrating the capacity
of this peptide to increase brain uptake [124]. Concerning gene delivery, Liu et al. used
PAMAM-PEG-RVG29 dendrimers loaded with a plasmid for luciferase expression [125].
They observed that nanoparticles with RVG29 were able to cross an in vitro model of the
BBB composed of BCECs. At the same time, a higher brain uptake and increased expression
of luciferase (reporter gene) was observed by luciferase activity assay in intravenously-
injected mice, showing the capacity of these nanosystems for gene delivery [125]. These
promising developments were used in AD treatment, in a combined therapy using shRNA
encoding plasmids and D-peptide [126]. shRNA was used to downregulate an enzyme
responsible for the transformation of amyloid precursor protein (APP) in Aβ peptide, while
D-peptide was used to inhibit Tau phosphorylation. These two molecules were loaded into
dendrigraft poly-L-lysines (DGLs) functionalized with RVG29 and showed a reduction of
neurofibrillary tangles, leading to a memory loss rescue in intravenously injected APP/PS1
transgenic mice [126].

Another valid strategy for brain delivery is the use of snake neurotoxin candoxin
(CDX) peptide. This fragment is composed by 16 amino acids from the loop II region
of snake neurotoxin candoxin and binds to nAChR with high affinity [128,129]. Some
authors adopted this strategy to deliver drugs inside brain [130,131]. Concerning brain
glioma, Wei et al. synthesized liposomes modified with CDX and c(RGDyK), which is
a ligand for integrins highly expressed in the tumor cells, and the results showed the
ability of this nanosystem to cross a BCEC monolayer and, at the same, to increase the
median survival time in nude mice bearing glioma [130]. Furthermore, in another study,
co-delivery of TRAIL encoding plasmid and paclitaxel using two separate nanosystems
was tested [131]. Paclitaxel was loaded in PLA nanoparticles functionalized with CDX,
and TRAIL encoding plasmid was loaded into polyethylenimine modified with RGD [131].
The results demonstrated the synergistic effect of these two molecules, observed by an
increase in the median survival time of an intravenously-injected glioblastoma-bearing
mice model [131].

2.3.5. αvβ3 Integrin Receptors

Integrins are heterodimeric receptors of two transmembrane subunits (α and β),
which are assembled in a noncovalently manner, forming an extracellular globular head,
and with the remaining portions forming two rod-shaped tails that spin the plasma
membrane [132–136]. These receptors are involved in many crucial cellular processes,
such as adhesion, migration, differentiation, survival, assembly of the extracellular matrix,
growth factor signaling, organization of the cytoskeleton, and cytoskeleton-mediated pro-
cesses, such as contraction, endocytosis, and phagocytosis [137]. However, they have an
important role in the development of many diseases, such as neoplasia, tumor metastasis,
and immune dysfunction [138,139]. In particular, αvβ3 integrin has been associated with
angiogenesis in malignant gliomas via basic fibroblast growth factor (bFGF) and tumor
necrosis factor α (TNF-α) [57,58]. Therefore, this receptor is very useful for targeting brain
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tumor cells. RGD peptide is composed of arginine-glycine-aspartic acid and has the capac-
ity for binding to αvβ3 integrin. Hence, RGD can be used to coat nanoparticles, to achieve
the desired brain targeting [140]. There are some studies in the literature implementing
this approach for cancer therapy [141,142]. Nevertheless, this system was not used solely
for cancer therapy, but was also implemented for imaging, to generate a better contrast
and, consequently, for the earlier detection of certain diseases that are highly dependent on
the timing of the diagnosis for the success of the treatment. In this context, Richard and
coauthors synthesized iron oxide nanoparticles decorated with RGD peptide for brain tu-
mor imaging. The results showed an accumulation in the cancer site and a greater contrast,
allowing a better detection of the tumor in the brain of a xenografted U87MG mouse tumor
model [141]. In an attempt at conjugating diagnosis with therapy, Sonali et al. developed
a proof-of-concept study using theranostic liposomes decorated with RGD peptide, for
the delivery of docetaxel combined with quantum dots, in intravenously-injected mice.
The results showed an enhancement of brain uptake and imaging contrast compared to
liposomes alone [142].

2.3.6. CD13/APN Receptor

CD13/APN is a membrane-bound protein homodimer responsible for several biologi-
cal functions [143]. This receptor belongs to the Zn-binding metalloproteinase superfamily,
having a crucial role in angiogenesis and tumor cell migration [143]. The increased activity
of this protein in cancer patients when compared with healthy individuals is associated
with tumor progression and growth [59]. Thus, NGR peptide, which is composed of
asparagine-glycine-arginine amino acids, has emerged as a promising target molecule for
this CD13/APN receptor found in the tumoral microenvironment, because it binds specifi-
cally to cancer cells and not to other CD13 rich tissues [144]. Due to its specificity for cancer
sites, some authors have used this strategy in the development of drug carriers for brain
cancer delivery [145–148]. Kang et al. developed docetaxel-loaded PLGA nanoparticles
for brain delivery in a mice model bearing intracranial U87 glioma [145]. This nanosystem
was capable of reaching the glioma site in higher quantities, showing anti-angiogenesis
activity, and a significant extension of the mice survival time [145]. Pastorino et al. tested
aGD2-SIL(DXR) and NGR-SL(DXR) liposomes loaded with doxorubicin [146]. The results
showed a decrease in tumor angiogenesis and an increase in the median survival time of
intravenously-injected neuroblastoma mice, demonstrating a synergistic effect of these
two types of nanosystem [146]. NGR receptor has been also used to study its potential for
gene therapy applications. As such, An and colleagues developed nanospheres loaded
with siRNA for luciferase [147]. They modified nanoparticles with NGR peptide, and this
system was sensible to glutathione activity, which is highly expressed in tumor cells [147].
The results showed that nanoparticles reached the brain of a mice-glioma model and were
able to downregulate the luciferase expression, indicating excellent capacities for gene
therapy [147]. As previously mentioned, it is also necessary to make various improvements
in the diagnosis imaging field, to create better contrast between the surrounding tissue and
the site of interest. In this context, Huang et al. used quantum dots modified with NGR
to target tumor cells and their vasculature, taking advantage of CD13 expression [148].
The enhancement of the fluorescence observed in the tumor cells and vasculature of a
intravenously-injected rat glioma model compared to quantum dots alone, indicated that
NGR target cancer sites and could be used as an important adjuvant for brain cancer
imaging [148].

3. Marketed Formulations and Clinical Trials

In recent years, several nano-based drug delivery systems have been approved by the
Food and Drug Administration (FDA) for the prevention and treatment of a wide spectrum
of illnesses, including cancer and infectious diseases. The number of patents and marketed
formulations in the nanomedicine field is significantly increasing, and many clinical trials
are currently taking place. Until now, no one formulation based on nanoparticles has
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received approval for clinical use in the prevention and treatment of CNS diseases, although
there are some clinical trials that are currently ongoing, and others are planned [149,150].
Thus, an ongoing phase-I trial (NCT03603379) of anti-EGFR-immunoliposomes loaded
with doxorubicin will compare the ratio between the concentration of doxorubicin in the
cerebro-spinal fluid and in the peripheral blood after intravenous administration of the
formulations [151]. One single-center open label pilot (NCT03815916) is currently ongoing
and is testing the efficacy of gold nanocrystals in Parkinson’s disease [152]. Moreover, two
predicted clinical trials are expected to occur in the future. The clinical trial NCT03806478
is a phase-II trial that will evaluate the efficacy of intranasal delivery of APH-1105 for
the treatment of mild to moderate Alzheimer’s in adults [153]. In the phase-II clinical
trial, NCT03843710, the efficacy of gold nanocrystals will be evaluated in amyotrophic-
lateral sclerosis [154]. If the results of the clinical trials mentioned above are in accordance
with the varied panoply of studies mentioned in this review in terms of brain delivery
efficacy, this might help in the translation of nanotechnology “from the bench to the clinic”.
Furthermore, this could generate a positive feedback loop, whereby new clinical trials can
be designed and launched. In that sense, these pioneer studies are crucial for the future
development of nano-approaches for the treatment of neurological diseases.

4. Conclusions

In conclusion, intensive research has been devoted to find promising and attractive
brain drug delivery strategies. The necessity of circumventing the physical barrier that the
BBB represents to the delivery of drugs into the brain in high concentrations is undoubtedly
a great challenge in improving current therapies. Here, we have reviewed exciting progress
and research advances within the context of the brain delivery of pharmaceutical bioactive
compounds, as well as imaging contrast agents, conjugated in nanotheranostic applications.
Active targeting has been summarized as being particularly important when designing
solutions to achieve this goal, since this strategy allows directing the nanoparticles to
the desired site of action, by modifying the surface of NPs with molecules that may be
recognized specifically by receptors or transporters overexpressed in the brain, such as
transferrin, lactoferrin, LDL, nAChR, and αvβ3 integrin receptors, or glucose, glutathione,
and amino acids transporters. Despite the enormous efforts in the nanotechnology field for
improving current diagnostic and therapeutic strategies for the treatment of neurological
disorders, nanomedicine has yet to make its mark in clinical studies. In this context, we
believe that the clinical translation of this pre-clinical evidence and findings should be
fully exploited in the near future, in order to promote the introduction of nano-based
formulations into the market. As a result, these promising and novel solutions, based on
site-specific brain drug-delivery, may improve the current therapy for CNS disorders.

Author Contributions: R.G.R.P.: Methodology, Writing—original draft preparation; A.J.C.: Method-
ology, Writing—original draft preparation; M.P.: Writing—review and editing; A.R.N.: Conceptual-
ization, Methodology, Supervision, Writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This work received financial support from the European Union (FEDER funds) and
National Funds (FCT/MEC, Fundação para a Ciência e a Tecnologia and Ministério da Educação
e Ciência) under the Partnership Agreement PT2020 UID/MULTI/04378/2013—POCI/01/0145/
FEDER/007728.

Acknowledgments: ARN thanks her previous Post-Doc grant under the project NORTE-01-0145-
FEDER-000011. ARN also acknowledges ARDITI for the Post-Doc grant ARDITI-CQM_2017_011-
PDG under the project M1420-01-0145-FEDER-000005-CQM+ (Madeira 14-20) and the CQM Base
Fund—UIDB/00674/2020, and Programmatic Fund—UIDP/00674/2020. MP thanks FCT for fund-
ing, through program DL 57/2016—Norma transitória.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2021, 22, 11654 17 of 22

References
1. Daneman, R.; Prat, A. The Blood–Brain Barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [CrossRef] [PubMed]
2. Lockman, P.; 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] [PubMed]
3. Hanada, S.; Fujioka, K.; Inoue, Y.; Kanaya, F.; Manome, Y.; Yamamoto, K. Cell-Based in Vitro Blood–Brain Barrier Model Can

Rapidly Evaluate Nanoparticles’ Brain Permeability in Association with Particle Size and Surface Modification. Int. J. Mol. Sci.
2014, 15, 1812–1825. [CrossRef] [PubMed]

4. Wohlfart, S.; Gelperina, S.; Kreuter, J. Transport of drugs across the blood–brain barrier by nanoparticles. J. Control. Release 2012,
161, 264–273. [CrossRef] [PubMed]

5. Bahadar, H.; Maqbool, F.; Niaz, K.; Abdollahi, M. Toxicity of Nanoparticles and an Overview of Current Experimental Models.
Iran. Biomed. J. 2015, 20, 1–11. [CrossRef]

6. Gao, H. Progress and perspectives on targeting nanoparticles for brain drug delivery. Acta Pharm. Sin. B 2016, 6, 268–286.
[CrossRef]

7. De Jong, W.H.; Borm, P.J.A. Drug delivery and nanoparticles: Applications and hazards. Int. J. Nano-Med. 2008, 3, 133–149.
[CrossRef] [PubMed]

8. Khalin, I.; Alyautdin, R.; Ismail, N.M.; Haron, M.H.; Kuznetsov, D. Nanoscale drug delivery systems and the blood–brain barrier.
Int. J. Nanomed. 2014, 9, 795–811. [CrossRef]

9. Abbott, N.J.; Rönnbäck, L.; Hansson, E. Astrocyte–endothelial interactions at the blood–brain barrier. Nat. Rev. Neurosci. 2006,
7, 41–53. [CrossRef]

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

11. Hervé, F.; Ghinea, N.; Scherrmann, J.-M. CNS Delivery Via Adsorptive Transcytosis. AAPS J. 2008, 10, 455–472. [CrossRef]
12. Vorbrodt, A.W. Ultracytochemical characterization of anionic sites in the wall of brain capillaries. J. Neurocytol. 1989, 18, 359–368.

[CrossRef] [PubMed]
13. Kumagai, A.K.; Eisenberg, J.B.; Pardridge, W.M. Absorptive-mediated endocytosis of cationized albumin and a be-ta-endorphin-

cationized albumin chimeric peptide by isolated brain capillaries. Model system of blood-brain barrier transport. J. Biol. Chem.
1987, 262, 15214–15219. [CrossRef]

14. Broadwell, R.D. Transcytosis of macromolecules through the blood-brain barrier: A cell biological perspective and critical
appraisal. Acta Neuropathol. 1989, 79, 117–128. [CrossRef] [PubMed]

15. Schnitzer, J.E. Caveolae: From basic trafficking mechanisms to targeting transcytosis for tissue-specific drug and gene delivery
in vivo. Adv. Drug Deliv. Rev. 2001, 49, 265–280. [CrossRef]

16. Tuma, P.L.; Hubbard, A.L. Transcytosis: Crossing Cellular Barriers. Physiol. Rev. 2003, 83, 871–932. [CrossRef] [PubMed]
17. Gao, X.; Tao, W.; Lu, W.; Zhang, Q.; Zhang, Y.; Jiang, X.; Fu, S. Lectin-conjugated PEG–PLA nanoparticles: Preparation and brain

delivery after intranasal administration. Biomaterials 2006, 27, 3482–3490. [CrossRef]
18. Zhang, C.; Chen, J.; Feng, C.; Shao, X.; Liu, Q.; Zhang, Q.; Pang, Z.; Jiang, X. Intranasal nanoparticles of basic fibroblast growth

factor for brain delivery to treat Alzheimer’s disease. Int. J. Pharm. 2014, 461, 192–202. [CrossRef]
19. Piazza, J.; Hoare, T.; Molinaro, L.; Terpstra, K.; Bhandari, J.; Selvaganapathy, P.R.; Gupta, B.; Mishra, R.K. Haloperidol-

loaded intranasally administered lectin functionalized poly(ethylene glycol)–block-poly(d,l)-lactic-co-glycolic acid (PEG–PLGA)
nanoparticles for the treatment of schizophrenia. Eur. J. Pharm. Biopharm. 2014, 87, 30–39. [CrossRef]

20. Wen, Z.; Yan, Z.; Hu, K.; Pang, Z.; Cheng, X.; Guo, L.; Zhang, Q.; Jiang, X.; Fang, L.; Lai, R. Odorranalectin-conjugated nanopar-
ticles: Preparation, brain delivery and pharmacodynamic study on Parkinson’s disease following intranasal administration.
J. Control. Release 2011, 151, 131–138. [CrossRef]

21. Gao, X.; Wu, B.; Zhang, Q.; Chen, J.; Zhu, J.; Zhang, W.; Rong, Z.; Chen, H.; Jiang, X. Brain delivery of vasoactive intestinal
peptide enhanced with the nanoparticles conjugated with wheat germ agglutinin following intranasal administration. J. Control.
Release 2007, 121, 156–167. [CrossRef] [PubMed]

22. Bereczki, E.; Re, F.; Masserini, M.E.; Winblad, B.; Pei, J.J. Liposomes functionalized with acidic lipids rescue Aβ-induced toxicity
in murine neuroblastoma cells. Nanomed. Nanotechnol. Biol. Med. 2011, 7, 560–571. [CrossRef] [PubMed]

23. Ordóñez-Gutiérrez, L.; Re, F.; Bereczki, E.; Ioja, E.; Gregori, M.; Andersen, A.J.; Antón, M.; Moghimi, S.M.; Pei, J.-J.;
Masserini, M.; et al. Repeated intraperitoneal injections of liposomes containing phosphatidic acid and cardiolipin reduce
amyloid-β levels in APP/PS1 transgenic mice. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 421–430. [CrossRef] [PubMed]

24. Taylor, M.; Moore, S.; Mourtas, S.; Niarakis, A.; Re, F.; Zona, C.; La Ferla, B.; Nicotra, F.; Masserini, M.; Antimisiaris, S.; et al.
Effect of curcumin-associated and lipid ligand-functionalized nanoliposomes on aggregation of the Alzheimer’s Aβ peptide.
Nanomed. Nanotechnol. Biol. Med. 2011, 7, 541–550. [CrossRef] [PubMed]

25. Gobbi, M.; Re, F.; Canovi, M.; Beeg, M.; Gregori, M.; Sesana, S.; Sonnino, S.; Brogioli, D.; Musicanti, C.; Gasco, P.; et al. Lipid-based
nanoparticles with high binding affinity for amyloid-β1–42 peptide. Biomaterials 2010, 31, 6519–6529. [CrossRef]

26. Wang, P.; Kouyoumdjian, H.; Zhu, D.C.; Huang, X. Heparin nanoparticles for β amyloid binding and mitigation of β amyloid
associated cytotoxicity. Carbohydr. Res. 2014, 405, 110–114. [CrossRef]

27. Lindgren, M.; Hallbrink, M.; Prochiantz, A.; Langel, U. Cell-penetrating peptides. Trends. Pharmacol. Sci. 2000, 21, 99–103.
[CrossRef]

http://doi.org/10.1101/cshperspect.a020412
http://www.ncbi.nlm.nih.gov/pubmed/25561720
http://doi.org/10.1080/10611860400015936
http://www.ncbi.nlm.nih.gov/pubmed/15621689
http://doi.org/10.3390/ijms15021812
http://www.ncbi.nlm.nih.gov/pubmed/24469316
http://doi.org/10.1016/j.jconrel.2011.08.017
http://www.ncbi.nlm.nih.gov/pubmed/21872624
http://doi.org/10.7508/ibj.2016.01.001
http://doi.org/10.1016/j.apsb.2016.05.013
http://doi.org/10.2147/IJN.S596
http://www.ncbi.nlm.nih.gov/pubmed/18686775
http://doi.org/10.2147/IJN.S52236
http://doi.org/10.1038/nrn1824
http://doi.org/10.1016/j.addr.2011.11.010
http://doi.org/10.1208/s12248-008-9055-2
http://doi.org/10.1007/BF01190839
http://www.ncbi.nlm.nih.gov/pubmed/2746307
http://doi.org/10.1016/S0021-9258(18)48160-4
http://doi.org/10.1007/BF00294368
http://www.ncbi.nlm.nih.gov/pubmed/2688350
http://doi.org/10.1016/S0169-409X(01)00141-7
http://doi.org/10.1152/physrev.00001.2003
http://www.ncbi.nlm.nih.gov/pubmed/12843411
http://doi.org/10.1016/j.biomaterials.2006.01.038
http://doi.org/10.1016/j.ijpharm.2013.11.049
http://doi.org/10.1016/j.ejpb.2014.02.007
http://doi.org/10.1016/j.jconrel.2011.02.022
http://doi.org/10.1016/j.jconrel.2007.05.026
http://www.ncbi.nlm.nih.gov/pubmed/17628165
http://doi.org/10.1016/j.nano.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/21703989
http://doi.org/10.1016/j.nano.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25461285
http://doi.org/10.1016/j.nano.2011.06.015
http://www.ncbi.nlm.nih.gov/pubmed/21722618
http://doi.org/10.1016/j.biomaterials.2010.04.044
http://doi.org/10.1016/j.carres.2014.07.020
http://doi.org/10.1016/S0165-6147(00)01447-4


Int. J. Mol. Sci. 2021, 22, 11654 18 of 22

28. Drin, G.; Rousselle, C.; Scherrmann, J.-M.; Rees, A.R.; Temsamani, J. Peptide delivery to the brain via adsorptive-mediated
endocytosis: Advances with SynB vectors. AAPS Pharm. Sci. 2002, 4, 61–67. [CrossRef]

29. Rousselle, C.; Smirnova, M.; Clair, P.; Lefauconnier, J.M.; Chavanieu, A.; Calas, B.; Scherrmann, J.M.; Temsamani, J. En-hanced
delivery of doxorubicin into the brain via a peptide-vector-mediated strategy: Saturation kinetics and specificity. J. Pharmacol.
Exp. Ther. 2001, 296, 124–131.

30. Vives, E.; Richard, J.; Rispal, C.; Lebleu, B. TAT Peptide Internalization: Seeking the Mechanism of Entry. Curr. Protein Pept. Sci.
2003, 4, 125–132. [CrossRef]

31. Wender, P.A.; Mitchell, D.J.; Pattabiraman, K.; Pelkey, E.T.; Steinman, L.; Rothbard, J.B. The design, synthesis, and evaluation of
molecules that enable or enhance cellular uptake: Peptoid molecular transporters. Proc. Natl. Acad. Sci. USA 2000, 97, 13003–13008.
[CrossRef] [PubMed]

32. Thorén, P.E.; Persson, D.; Karlsson, M.; Nordén, B. The antennapedia peptide penetratin translocates across lipid bilayers—The
first direct observation. FEBS Lett. 2000, 482, 265–268. [CrossRef]

33. Fittipaldi, A.; Ferrari, A.; Zoppe’, M.; Arcangeli, C.; Pellegrini, V.; Beltram, F.; Giacca, M. Cell Membrane Lipid Rafts Mediate
Caveolar Endocytosis of HIV-1 Tat Fusion Proteins. J. Biol. Chem. 2003, 278, 34141–34149. [CrossRef] [PubMed]

34. Console, S.; Marty, C.; García-Echeverría, C.; Schwendener, R.; Ballmer-Hofer, K. Antennapedia and HIV Transactivator of
Transcription (TAT) “Protein Transduction Domains” Promote Endocytosis of High Molecular Weight Cargo upon Binding to
Cell Surface Glycosaminoglycans. J. Biol. Chem. 2003, 278, 35109–35114. [CrossRef]

35. Kanazawa, T.; Morisaki, K.; Suzuki, S.; Takashima, Y. Prolongation of Life in Rats with Malignant Glioma by Intranasal
siRNA/Drug Codelivery to the Brain with Cell-Penetrating Peptide-Modified Micelles. Mol. Pharm. 2014, 11, 1471–1478.
[CrossRef]

36. Xia, H.; Gao, X.; Gu, G.; Liu, Z.; Hu, Q.; Tu, Y.; Song, Q.; Yao, L.; Pang, Z.; Jiang, X.; et al. Penetratin-functionalized PEG–PLA
nanoparticles for brain drug delivery. Int. J. Pharm. 2012, 436, 840–850. [CrossRef]

37. Santra, S.; Yang, H.; Stanley, J.T.; Holloway, P.H.; Moudgil, B.M.; Walter, G.; Mericle, R.A. Rapid and effective labeling of brain
tissue using TAT-conjugated CdS: Mn/ZnS quantum dots. Chem. Commun. 2005, 25, 3144–3146. [CrossRef]

38. Allen, D.D.; Geldenhuys, W.J. Molecular modeling of blood–brain barrier nutrient transporters: In silico basis for evaluation of
potential drug delivery to the central nervous system. Life Sci. 2006, 78, 1029–1033. [CrossRef]

39. Tsuji, A. Small molecular drug transfer across the blood-brain barrier via carrier-mediated transport systems. NeuroRX 2005,
2, 54–62. [CrossRef]

40. Szablewski, L. Glucose transporters in healthy heart and in cardiac disease. Int. J. Cardiol. 2017, 230, 70–75. [CrossRef]
41. Béduneau, A.; Saulnier, P.; Benoit, J.-P. Active targeting of brain tumors using nanocarriers. Biomaterials 2007, 28, 4947–4967.

[CrossRef] [PubMed]
42. Nishioka, T.; Oda, Y.; Seino, Y.; Yamamoto, T.; Inagaki, N.; Yano, H.; Imura, H.; Shigemoto, R.; Kikuchi, H. Distribution of the

glucose transporters in human brain tumors. Cancer Res. 1992, 52, 3972–3979. [PubMed]
43. Zeller, K.; Rahner-Welsch, S.; Kuschinsky, W. Distribution of Glut1 Glucose Transporters in Different Brain Structures Compared

to Glucose Utilization and Capillary Density of Adult Rat Brains. Br. J. Pharmacol. 1997, 17, 204–209. [CrossRef] [PubMed]
44. Vannucci, S.J.; Maher, F.; Simpson, I.A. Glucose transporter proteins in brain: Delivery of glucose to neurons and glia. Glia 1997,

21, 2–21. [CrossRef]
45. Singh, I.; Swami, R.; Jeengar, M.K.; Khan, W.; Sistla, R. p-Aminophenyl-α-d-mannopyranoside engineered lipidic nanoparticles

for effective delivery of docetaxel to brain. Chem. Phys. Lipids 2015, 188, 1–9. [CrossRef] [PubMed]
46. Byeon, H.J.; Thao, L.Q.; Lee, S.; Min, S.Y.; Lee, E.S.; Shin, B.S.; Choi, H.-G.; Youn, Y.S. Doxorubicin-loaded nanoparticles consisted

of cationic- and mannose-modified-albumins for dual-targeting in brain tumors. J. Control. Release 2016, 225, 301–313. [CrossRef]
[PubMed]

47. Geldenhuys, W.; Mbimba, T.; Harrison, T.; Sutariya, V. Brain-targeted delivery of paclitaxel using glutathione-coated nano-
particles for brain cancers. J. Drug Target. 2011, 19, 837–845. [CrossRef] [PubMed]

48. Zhang, Y.; Schlachetzki, F.; Pardridge, W.M. Global non-viral gene transfer to the primate brain following intravenous administra-
tion. Mol. Ther. 2003, 7, 11–18. [CrossRef]

49. Acharya, S.R.; Reddy, P.R. Brain targeted delivery of paclitaxel using endogenous ligand. Asian J. Pharm. Sci. 2016, 11, 427–438.
[CrossRef]

50. 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]

51. Wang, Q.; Holst, J. L-type amino acid transport and cancer: Targeting the mTORC1 pathway to inhibit neoplasia. Am. J. Cancer
Res. 2015, 5, 1281–1294. [PubMed]

52. Fuchs, B.C.; Bode, B.P. Amino acid transporters ASCT2 and LAT1 in cancer: Partners in crime? Semin. Cancer Biol. 2005,
15, 254–266. [CrossRef] [PubMed]

53. Ylikangas, H.; Peura, L.; Malmioja, K.; Leppänen, J.; Laine, K.; Poso, A.; Lahtela-Kakkonen, M.; Rautio, J. Structure–activity
relationship study of compounds binding to large amino acid transporter 1 (LAT1) based on pharmacophore modeling and in
situ rat brain perfusion. Eur. J. Pharm. Sci. 2013, 48, 523–531. [CrossRef] [PubMed]

54. Li, L.; Di, X.; Zhang, S.; Kan, Q.; Liu, H.; Lu, T.; Wang, Y.; Fu, Q.; Sun, J.; He, Z. Large amino acid transporter 1 mediated glutamate
modified docetaxel-loaded liposomes for glioma targeting. Colloids Surf. B Biointerfaces 2016, 141, 260–267. [CrossRef]

http://doi.org/10.1208/ps040426
http://doi.org/10.2174/1389203033487306
http://doi.org/10.1073/pnas.97.24.13003
http://www.ncbi.nlm.nih.gov/pubmed/11087855
http://doi.org/10.1016/S0014-5793(00)02072-X
http://doi.org/10.1074/jbc.M303045200
http://www.ncbi.nlm.nih.gov/pubmed/12773529
http://doi.org/10.1074/jbc.M301726200
http://doi.org/10.1021/mp400644e
http://doi.org/10.1016/j.ijpharm.2012.07.029
http://doi.org/10.1039/b503234b
http://doi.org/10.1016/j.lfs.2005.06.004
http://doi.org/10.1602/neurorx.2.1.54
http://doi.org/10.1016/j.ijcard.2016.12.083
http://doi.org/10.1016/j.biomaterials.2007.06.011
http://www.ncbi.nlm.nih.gov/pubmed/17716726
http://www.ncbi.nlm.nih.gov/pubmed/1617673
http://doi.org/10.1097/00004647-199702000-00010
http://www.ncbi.nlm.nih.gov/pubmed/9040500
http://doi.org/10.1002/(SICI)1098-1136(199709)21:1&lt;2::AID-GLIA2&gt;3.0.CO;2-C
http://doi.org/10.1016/j.chemphyslip.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25819559
http://doi.org/10.1016/j.jconrel.2016.01.046
http://www.ncbi.nlm.nih.gov/pubmed/26826308
http://doi.org/10.3109/1061186X.2011.589435
http://www.ncbi.nlm.nih.gov/pubmed/21692650
http://doi.org/10.1016/S1525-0016(02)00018-7
http://doi.org/10.1016/j.ajps.2015.11.121
http://doi.org/10.1016/j.jconrel.2016.08.039
http://www.ncbi.nlm.nih.gov/pubmed/27586188
http://www.ncbi.nlm.nih.gov/pubmed/26101697
http://doi.org/10.1016/j.semcancer.2005.04.005
http://www.ncbi.nlm.nih.gov/pubmed/15916903
http://doi.org/10.1016/j.ejps.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23228412
http://doi.org/10.1016/j.colsurfb.2016.01.041


Int. J. Mol. Sci. 2021, 22, 11654 19 of 22

55. Kharya, P.; Jain, A.; Gulbake, A.; Shilpi, S.; Jain, A.; Hurkat, P.; Majumdar, S.; Jain, S.K. Phenylalanine-coupled solid lipid
nanoparticles for brain tumor targeting. J. Nanopart. Res. 2013, 15, 1–12. [CrossRef]

56. Jones, A.R.; Shusta, E.V. Blood–Brain Barrier Transport of Therapeutics via Receptor-Mediation. Pharm. Res. 2007, 24, 1759–1771.
[CrossRef] [PubMed]

57. Brooks, P.C.; Montgomery, A.M.; Rosenfeld, M.; Reisfeld, R.A.; Hu, T.; Klier, G.; Cheresh, D.A. Integrin alpha v beta 3 an-tagonists
promote tumor regression by inducing apoptosis of angiogenic blood vessels. Cell 1994, 79, 1157–1164. [CrossRef]

58. Friedlander, M.; Brooks, P.C.; Shaffer, R.W.; Kincaid, C.M.; Varner, J.; Cheresh, D.A. Definition of Two Angiogenic Pathways by
Distinct alpha(v) Integrins. Science 1995, 270, 1500–1502. [CrossRef] [PubMed]

59. Van Hensbergen, Y.; Broxterman, H.J.; Hanemaaijer, R.; Jorna, A.S.; Van Lent, N.A.; Verheul, H.M.W.; Pinedo, H.M.; Hoekman,
K. Soluble aminopeptidase N/CD13 in malignant and nonmalignant effusions and intratumoral fluid. Clin. Cancer Res. 2002,
8, 3747–3754. [PubMed]

60. Moos, T.; Morgan, E.H. Transferrin and Transferrin Receptor Function in Brain Barrier Systems. Cell. Mol. Neurobiol. 2000,
20, 77–95. [CrossRef]

61. Rouault, T.A. Iron metabolism in the CNS: Implications for neurodegenerative diseases. Nat. Rev. Neurosci. 2013, 14, 551–564.
[CrossRef]

62. Jefferies, W.A.; Brandon, M.R.; Hunt, S.V.; Williams, A.F.; Gatter, K.C.; Mason, D.Y. Transferrin receptor on endothelium of brain
capillaries. Nature 1984, 312, 162–163. [CrossRef] [PubMed]

63. Kuo, Y.-C.; Wang, L.-J. Transferrin-grafted catanionic solid lipid nanoparticles for targeting delivery of saquinavir to the brain.
J. Taiwan Inst. Chem. Eng. 2014, 45, 755–763. [CrossRef]

64. Chang, J.; Jallouli, Y.; Kroubi, M.; Yuan, X.-B.; Feng, W.; Kang, C.-S.; Pu, P.-Y.; Betbeder, D. Characterization of endocytosis of
transferrin-coated PLGA nanoparticles by the blood–brain barrier. Int. J. Pharm. 2009, 379, 285–292. [CrossRef] [PubMed]

65. Li, S.; Peng, Z.; Dallman, J.; Baker, J.; Othman, A.M.; Blackwelder, P.; Leblanc, R.M. Crossing the blood–brain–barrier with
transferrin conjugated carbon dots: A zebrafish model study. Colloids Surf. B Biointerfaces 2016, 145, 251–256. [CrossRef]

66. Ulbrich, K.; Hekmatara, T.; Herbert, E.; Kreuter, J. Transferrin- and transferrin-receptor-antibody-modified nanoparticles enable
drug delivery across the blood–brain barrier (BBB). Eur. J. Pharm. Biopharm. 2009, 71, 251–256. [CrossRef]

67. Xia, H.; Cheng, Z.; Cheng, Y.; Xu, Y. Investigating the passage of tetramethylpyrazine-loaded liposomes across blood-brain barrier
models in vitro and ex vivo. Mater. Sci. Eng. C 2016, 69, 1010–1017. [CrossRef]

68. Cui, Y.; Xu, Q.; Chow, P.; Wang, D.; Wang, C.-H. Transferrin-conjugated magnetic silica PLGA nanoparticles loaded with
doxorubicin and paclitaxel for brain glioma treatment. Biomaterials 2013, 34, 8511–8520. [CrossRef]

69. Somani, S.; Blatchford, D.R.; Millington, O.; Stevenson, M.L.; Dufès, C. Transferrin-bearing polypropylenimine dendrimer for
targeted gene delivery to the brain. J. Control. Release 2014, 188, 78–86. [CrossRef]

70. Bickel, U.; Yoshikawa, T.; Pardridge, W. Delivery of peptides and proteins through the blood–brain barrier. Adv. Drug Deliv. Rev.
2001, 46, 247–279. [CrossRef]

71. Béduneau, A.; Hindré, F.; Clavreul, A.; Leroux, J.-C.; Saulnier, P.; Benoit, J.-P. Brain targeting using novel lipid nanovectors.
J. Control. Release 2008, 126, 44–49. [CrossRef] [PubMed]

72. Loureiro, J.; Gomes, B.; Fricker, G.; Coelho, M.; Rocha, S.; Pereira, M.C. Cellular uptake of PLGA nanoparticles targeted with
anti-amyloid and anti-transferrin receptor antibodies for Alzheimer’s disease treatment. Colloids Surf. B Biointerfaces 2016,
145, 8–13. [CrossRef] [PubMed]

73. Zhang, Y.; Calon, F.; Zhu, C.; Boado, R.J.; Pardridge, W.M. Intravenous Nonviral Gene Therapy Causes Normalization of Striatal
Tyrosine Hydroxylase and Reversal of Motor Impairment in Experimental Parkinsonism. Hum. Gene Ther. 2003, 14, 1–12.
[CrossRef]

74. Loureiro, J.; Gomes, B.; Fricker, G.; Cardoso, I.; Ribeiro, C.A.; Gaiteiro, C.; Coelho, M.A.; Pereira, M.D.C.; Rocha, S. Dual ligand
immunoliposomes for drug delivery to the brain. Colloids Surf. B Biointerfaces 2015, 134, 213–219. [CrossRef] [PubMed]

75. Wally, J.; Buchanan, S.K. A structural comparison of human serum transferrin and human lactoferrin. BioMetals 2007, 20, 249–262.
[CrossRef] [PubMed]

76. Nuijens, J.H.; van Berkel, P.H.C.; Schanbacher, F.L. Structure and biological actions of lactoferrin. J. Mammary Gland. Biol. Neoplasia
1996, 1, 285–295. [CrossRef] [PubMed]

77. Ji, B.; Maeda, J.; Higuchi, M.; Inoue, K.; Akita, H.; Harashima, H.; Suhara, T. Pharmacokinetics and brain uptake of lactoferrin in
rats. Life Sci. 2006, 78, 851–855. [CrossRef] [PubMed]

78. Hu, K.; Li, J.; Shen, Y.; Lu, W.; Gao, X.; Zhang, Q.; Jiang, X. Lactoferrin-conjugated PEG–PLA nanoparticles with improved brain
delivery: In vitro and in vivo evaluations. J. Control. Release 2009, 134, 55–61. [CrossRef]

79. Xu, L.; Yeudall, W.A.; Yang, H. Dendrimer-Based RNA Interference Delivery for Cancer Therapy. In Tailored Polymer Ar-chitectures
for Pharmaceutical and Biomedical Applications; ACS Symposium Series; American Chemical Society: Washington, DC, USA, 2013;
Volume 1135, pp. 197–213.

80. Liu, Z.; Jiang, M.; Kang, T.; Miao, D.; Gu, G.; Song, Q.; Yao, L.; Hu, Q.; Tu, Y.; Pang, Z.; et al. Lactoferrin-modified PEG-co-PCL
nanoparticles for enhanced brain delivery of NAP peptide following intranasal administration. Biomaterials 2013, 34, 3870–3881.
[CrossRef] [PubMed]

81. Hu, K.; Shi, Y.; Jiang, W.; Han, J.; Huang, S.; Jiang, X. Lactoferrin conjugated PEG-PLGA nanoparticles for brain delivery:
Preparation, characterization and efficacy in Parkinson’s disease. Int. J. Pharm. 2011, 415, 273–283. [CrossRef]

http://doi.org/10.1007/s11051-013-2022-6
http://doi.org/10.1007/s11095-007-9379-0
http://www.ncbi.nlm.nih.gov/pubmed/17619996
http://doi.org/10.1016/0092-8674(94)90007-8
http://doi.org/10.1126/science.270.5241.1500
http://www.ncbi.nlm.nih.gov/pubmed/7491498
http://www.ncbi.nlm.nih.gov/pubmed/12473585
http://doi.org/10.1023/A:1006948027674
http://doi.org/10.1038/nrn3453
http://doi.org/10.1038/312162a0
http://www.ncbi.nlm.nih.gov/pubmed/6095085
http://doi.org/10.1016/j.jtice.2013.09.024
http://doi.org/10.1016/j.ijpharm.2009.04.035
http://www.ncbi.nlm.nih.gov/pubmed/19416749
http://doi.org/10.1016/j.colsurfb.2016.05.007
http://doi.org/10.1016/j.ejpb.2008.08.021
http://doi.org/10.1016/j.msec.2016.08.001
http://doi.org/10.1016/j.biomaterials.2013.07.075
http://doi.org/10.1016/j.jconrel.2014.06.006
http://doi.org/10.1016/S0169-409X(00)00139-3
http://doi.org/10.1016/j.jconrel.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18055056
http://doi.org/10.1016/j.colsurfb.2016.04.041
http://www.ncbi.nlm.nih.gov/pubmed/27131092
http://doi.org/10.1089/10430340360464660
http://doi.org/10.1016/j.colsurfb.2015.06.067
http://www.ncbi.nlm.nih.gov/pubmed/26204501
http://doi.org/10.1007/s10534-006-9062-7
http://www.ncbi.nlm.nih.gov/pubmed/17216400
http://doi.org/10.1007/BF02018081
http://www.ncbi.nlm.nih.gov/pubmed/10887502
http://doi.org/10.1016/j.lfs.2005.05.085
http://www.ncbi.nlm.nih.gov/pubmed/16165165
http://doi.org/10.1016/j.jconrel.2008.10.016
http://doi.org/10.1016/j.biomaterials.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23453061
http://doi.org/10.1016/j.ijpharm.2011.05.062


Int. J. Mol. Sci. 2021, 22, 11654 20 of 22

82. Somani, S.; Robb, G.; Pickard, B.; Dufès, C. Enhanced gene expression in the brain following intravenous administration of
lactoferrin-bearing polypropylenimine dendriplex. J. Control. Release 2015, 217, 235–242. [CrossRef]

83. Huang, R.; Ke, W.; Liu, Y.; Wu, D.; Feng, L.; Jiang, C.; Pei, Y. Gene therapy using lactoferrin-modified nanoparticles in a
rotenone-induced chronic Parkinson model. J. Neurol. Sci. 2010, 290, 123–130. [CrossRef]

84. Kuo, Y.-C.; Cheng, S.-J. Brain targeted delivery of carmustine using solid lipid nanoparticles modified with tamoxifen and
lactoferrin for antitumor proliferation. Int. J. Pharm. 2015, 499, 10–19. [CrossRef]

85. Kuo, Y.-C.; Chen, Y.-C. Targeting delivery of etoposide to inhibit the growth of human glioblastoma multiforme using lactoferrin-
and folic acid-grafted poly(lactide-co-glycolide) nanoparticles. Int. J. Pharm. 2015, 479, 138–149. [CrossRef] [PubMed]

86. Yin, Y.; Fu, C.; Li, M.; Li, X.; Wang, M.; He, L.; Zhang, L.-M.; Peng, Y. A pH-sensitive hyaluronic acid prodrug modified with
lactoferrin for glioma dual-targeted treatment. Mater. Sci. Eng. C 2016, 67, 159–169. [CrossRef]

87. Chen, H.; Qin, Y.; Zhang, Q.; Jiang, W.; Tang, L.; Liu, J.; He, Q. Lactoferrin modified doxorubicin-loaded procationic liposomes for
the treatment of gliomas. Eur. J. Pharm. Sci. 2011, 44, 164–173. [CrossRef]

88. Brown, M.S.; Goldstein, J.L. A Receptor-Mediated Pathway for Cholesterol Homeostasis. Science 1986, 232, 34–47. [CrossRef]
89. Nykjaer, A.; Willnow, T. The low-density lipoprotein receptor gene family: A cellular Swiss army knife? Trends Cell Biol. 2002,

12, 273–280. [CrossRef]
90. Zlokovic, B.V. Cerebrovascular Effects of Apolipoprotein E. JAMA Neurol. 2013, 70, 440–444. [CrossRef]
91. Hatters, D.; Peters-Libeu, C.A.; Weisgraber, K.H. Apolipoprotein E structure: Insights into function. Trends Biochem. Sci. 2006,

31, 445–454. [CrossRef]
92. Peters-Libeu, C.A.; Newhouse, Y.; Hatters, D.M.; Weisgraber, K.H. Model of Biologically Active Apolipoprotein E Bound to

Dipalmitoylphosphatidylcholine. J. Biol. Chem. 2006, 281, 1073–1079. [CrossRef] [PubMed]
93. Neves, A.R.; Queiroz, J.F.; Weksler, B.; Romero, I.; Couraud, P.-O.; Reis, S. Solid lipid nanoparticles as a vehicle for brain-targeted

drug delivery: Two new strategies of functionalization with apolipoprotein E. Nanotechnology 2015, 26, 495103. [CrossRef]
94. Neves, A.R.; Queiroz, J.F.; Reis, S. Brain-targeted delivery of resveratrol using solid lipid nanoparticles functionalized with

apolipoprotein E. J. Nanobiotechnol. 2016, 14, 1–11. [CrossRef] [PubMed]
95. Zensi, A.; Begley, D.; Pontikis, C.; Legros, C.; Mihoreanu, L.; Wagner, S.; Büchel, C.; von Briesen, H.; Kreuter, J. Albumin

nanoparticles targeted with Apo E enter the CNS by transcytosis and are delivered to neurones. J. Control. Release 2009, 137, 78–86.
[CrossRef]

96. Magro, R.D.; Ornaghi, F.; Cambianica, I.; Beretta, S.; Re, F.; Musicanti, C.; Rigolio, R.; Donzelli, E.; Canta, A.R.; 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]

97. Kreuter, J. Application of nanoparticles for the delivery of drugs to the brain. Int. Congr. Ser. 2005, 1277, 85–94. [CrossRef]
98. Sun, W.; Xie, C.; Wang, H.; Hu, Y. Specific role of polysorbate 80 coating on the targeting of nanoparticles to the brain. Biomaterials

2004, 25, 3065–3071. [CrossRef]
99. Ruan, Y.; Yao, L.; Zhang, B.; Zhang, S.; Guo, J. Antinociceptive properties of nasal delivery of Neurotoxin-loaded nanoparticles

coated with polysorbate-80. Peptides 2011, 32, 1526–1529. [CrossRef]
100. Wilson, B.; Samanta, M.K.; Santhi, K.; Kumar, K.P.S.; Paramakrishnan, N.; Suresh, B. Targeted delivery of tacrine into the brain

with polysorbate 80-coated poly(n-butylcyanoacrylate) nanoparticles. Eur. J. Pharm. Biopharm. 2008, 70, 75–84. [CrossRef]
[PubMed]

101. Wilson, B.; Samanta, M.K.; Santhi, K.; Kumar, K.P.S.; Paramakrishnan, N.; Suresh, B. Poly(n-butylcyanoacrylate) nanoparticles
coated with polysorbate 80 for the targeted delivery of rivastigmine into the brain to treat Alzheimer’s disease. Brain Res. 2008,
1200, 159–168. [CrossRef]

102. Jose, S.; Sowmya, S.; Cinu, T.; Aleykutty, N.; Thomas, S.; Souto, E. Surface modified PLGA nanoparticles for brain targeting of
Bacoside-A. Eur. J. Pharm. Sci. 2014, 63, 29–35. [CrossRef]

103. Wang, C.-X.; Huang, L.-S.; Hou, L.-B.; Jiang, L.; Yan, Z.-T.; Wang, Y.-L.; Chen, Z.-L. Antitumor effects of polysorbate-80 coated
gemcitabine polybutylcyanoacrylate nanoparticles in vitro and its pharmacodynamics in vivo on C6 glioma cells of a brain tumor
model. Brain Res. 2009, 1261, 91–99. [CrossRef] [PubMed]

104. Demeule, M.; Currie, J.-C.; Bertrand, Y.; Ché, C.; Nguyen, T.; Régina, A.; Gabathuler, R.; Castaigne, J.-P.; Béliveau, R. Involvement
of the low-density lipoprotein receptor-related protein in the transcytosis of the brain delivery vector Angiopep-2. J. Neurochem.
2008, 106, 1534–1544. [CrossRef] [PubMed]

105. Xin, H.; Sha, X.; Jiang, X.; Chen, L.; Law, K.; Gu, J.; Chen, Y.; Wang, X.; Fang, X. The brain targeting mechanism of Angiopep-
conjugated poly(ethylene glycol)-co-poly(ε-caprolactone) nanoparticles. Biomaterials 2012, 33, 1673–1681. [CrossRef] [PubMed]

106. Huile, G.; Shuaiqi, P.; Zhi, Y.; Shijie, C.; Chen, C.; Xinguo, J.; Shun, S.; Zhiqing, P.; Yu, H. A cascade targeting strategy for
brain neuroglial cells employing nanoparticles modified with angiopep-2 peptide and EGFP-EGF1 protein. Biomaterials 2011,
32, 8669–8675. [CrossRef]

107. 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] [PubMed]

108. Shao, K.; Wu, J.; Chen, Z.; Huang, S.; Li, J.; Ye, L.; Lou, J.; Zhu, L.; Jiang, C. A brain-vectored angiopep-2 based polymeric micelles
for the treatment of intracranial fungal infection. Biomaterials 2012, 33, 6898–6907. [CrossRef]

http://doi.org/10.1016/j.jconrel.2015.09.003
http://doi.org/10.1016/j.jns.2009.09.032
http://doi.org/10.1016/j.ijpharm.2015.12.054
http://doi.org/10.1016/j.ijpharm.2014.12.070
http://www.ncbi.nlm.nih.gov/pubmed/25560309
http://doi.org/10.1016/j.msec.2016.05.012
http://doi.org/10.1016/j.ejps.2011.07.007
http://doi.org/10.1126/science.3513311
http://doi.org/10.1016/S0962-8924(02)02282-1
http://doi.org/10.1001/jamaneurol.2013.2152
http://doi.org/10.1016/j.tibs.2006.06.008
http://doi.org/10.1074/jbc.M510851200
http://www.ncbi.nlm.nih.gov/pubmed/16278220
http://doi.org/10.1088/0957-4484/26/49/495103
http://doi.org/10.1186/s12951-016-0177-x
http://www.ncbi.nlm.nih.gov/pubmed/27061902
http://doi.org/10.1016/j.jconrel.2009.03.002
http://doi.org/10.1016/j.jconrel.2017.01.039
http://doi.org/10.1016/j.ics.2005.02.014
http://doi.org/10.1016/j.biomaterials.2003.09.087
http://doi.org/10.1016/j.peptides.2011.05.002
http://doi.org/10.1016/j.ejpb.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18472255
http://doi.org/10.1016/j.brainres.2008.01.039
http://doi.org/10.1016/j.ejps.2014.06.024
http://doi.org/10.1016/j.brainres.2009.01.011
http://www.ncbi.nlm.nih.gov/pubmed/19401168
http://doi.org/10.1111/j.1471-4159.2008.05492.x
http://www.ncbi.nlm.nih.gov/pubmed/18489712
http://doi.org/10.1016/j.biomaterials.2011.11.018
http://www.ncbi.nlm.nih.gov/pubmed/22133551
http://doi.org/10.1016/j.biomaterials.2011.07.069
http://doi.org/10.1016/j.jconrel.2010.06.018
http://www.ncbi.nlm.nih.gov/pubmed/20609375
http://doi.org/10.1016/j.biomaterials.2012.06.050


Int. J. Mol. Sci. 2021, 22, 11654 21 of 22

109. Ruan, S.; Yuan, M.; Zhang, L.; Hu, G.; Chen, J.; Cun, X.; Zhang, Q.; Yang, Y.; He, Q.; Gao, H. Tumor microenvironment sensitive
doxorubicin delivery and release to glioma using angiopep-2 decorated gold nanoparticles. Biomaterials 2014, 37, 425–435.
[CrossRef]

110. Ren, J.; Shen, S.; Wang, D.; Xi, Z.; Guo, L.; Pang, Z.; Qian, Y.; Sun, X.; Jiang, X. The targeted delivery of anticancer drugs to
brain glioma by PEGylated oxidized multi-walled carbon nanotubes modified with angiopep-2. Biomaterials 2012, 33, 3324–3333.
[CrossRef] [PubMed]

111. Huang, S.; Li, J.; Han, L.; Liu, S.; Ma, H.; Huang, R.; Jiang, C. Dual targeting effect of Angiopep-2-modified, DNA-loaded
nanoparticles for glioma. Biomaterials 2011, 32, 6832–6838. [CrossRef] [PubMed]

112. McGehee, D.S.; Role, L. Physiological Diversity of Nicotinic Acetylcholine Receptors Expressed by Vertebrate Neurons. Annu.
Rev. Physiol. 1995, 57, 521–546. [CrossRef]

113. Galzi, J.L.; Revah, F.; Bessis, A.; Changeux, J.P. Functional Architecture of the Nicotinic Acetylcholine Receptor: From Electric
Organ to Brain. Annu. Rev. Pharmacol. Toxicol. 1991, 31, 37–72. [CrossRef]

114. Dani, J.A.; Bertrand, D. Nicotinic Acetylcholine Receptors and Nicotinic Cholinergic Mechanisms of the Central Nervous System.
Annu. Rev. Pharmacol. Toxicol. 2007, 47, 699–729. [CrossRef]

115. Sine, S.M.; Engel, A.G. Recent advances in Cys-loop receptor structure and function. Nature 2006, 440, 448–455. [CrossRef]
116. Lester, H.A. Cys-loop receptors: New twists and turns. Trends Neurosci. 2004, 27, 329–336. [CrossRef]
117. Corringer, P.-J.; Poitevin, F.; Prevost, M.S.; Sauguet, L.; Delarue, M.; Changeux, J.-P. Structure and Pharmacology of Pentameric

Receptor Channels: From Bacteria to Brain. Structure 2012, 20, 941–956. [CrossRef]
118. Le Novère, N.; Corringer, P.-J.; Changeux, J.-P. The diversity of subunit composition in nAChRs: Evolutionary origins, physiologic

and pharmacologic consequences. J. Neurobiol. 2002, 53, 447–456. [CrossRef]
119. Millar, N.S.; Gotti, C. Diversity of vertebrate nicotinic acetylcholine receptors. Neuropharmacology 2009, 56, 237–246. [CrossRef]
120. Gotti, C.; Clementi, F.; Fornari, A.; Gaimarri, A.; Guiducci, S.; Manfredi, I.; Moretti, M.; Pedrazzi, P.; Pucci, L.; Zoli, M. Structural

and functional diversity of native brain neuronal nicotinic receptors. Biochem. Pharmacol. 2009, 78, 703–711. [CrossRef]
121. Wu, J.; Lukas, R.J. Naturally-expressed nicotinic acetylcholine receptor subtypes. Biochem. Pharmacol. 2011, 82, 800–807. [CrossRef]
122. Hawkins, B.T.; Egleton, R.D.; Davis, T.P. Modulation of cerebral microvascular permeability by endothelial nicotinic acetylcholine

receptors. Am. J. Physiol. Circ. Physiol. 2005, 289, H212–H219. [CrossRef] [PubMed]
123. 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]

124. Kim, J.-Y.; Choi, W.I.; Kim, Y.H.; Tae, G. Brain-targeted delivery of protein using chitosan- and RVG peptide-conjugated,
pluronic-based nano-carrier. Biomaterials 2013, 34, 1170–1178. [CrossRef] [PubMed]

125. Liu, Y.; Huang, R.; Han, L.; Ke, W.; Shao, K.; Ye, L.; Lou, J.; Jiang, C. Brain-targeting gene delivery and cellular internalization
mechanisms for modified rabies virus glycoprotein RVG29 nanoparticles. Biomaterials 2009, 30, 4195–4202. [CrossRef]

126. Liu, Y.; An, S.; Li, J.; Kuang, Y.; He, X.; Guo, Y.; Ma, H.; Zhang, Y.; Ji, B.; Jiang, C. Brain-targeted co-delivery of therapeutic gene
and peptide by multifunctional nanoparticles in Alzheimer’s disease mice. Biomaterials 2016, 80, 33–45. [CrossRef]

127. Kumar, P.; Wu, H.; McBride, J.L.; Jung, K.-E.; Kim, M.H.; Davidson, B.; Lee, S.K.; Shankar, P.; Manjunath, N. Transvascular
delivery of small interfering RNA to the central nervous system. Nature 2007, 448, 39–43. [CrossRef] [PubMed]

128. Nirthanan, S.N.; Charpantier, E.; Gopalakrishnakone, P.; Gwee, M.C.; Khoo, H.-E.; Cheah, L.-S.; Bertrand, D.; Kini, M. Candoxin,
a Novel Toxin from Bungarus candidus, Is a Reversible Antagonist of Muscle (αβγδ) but a Poorly Reversible Antagonist of
Neuronal α7 Nicotinic Acetylcholine Receptors. J. Biol. Chem. 2002, 277, 17811–17820. [CrossRef] [PubMed]

129. Zhan, C.; Li, B.; Hu, L.; Wei, X.; Feng, L.; Fu, W.; Lu, W. Micelle-Based Brain-Targeted Drug Delivery Enabled by a Nicotine
Acetylcholine Receptor Ligand. Angew. Chem. Int. Ed. 2011, 50, 5482–5485. [CrossRef]

130. Wei, X.; Gao, J.; Zhan, C.; Xie, C.; Chai, Z.; Ran, D.; Ying, M.; Zheng, P.; Lu, W. Liposome-based glioma targeted drug delivery
enabled by stable peptide ligands. J. Control. Release 2015, 218, 13–21. [CrossRef] [PubMed]

131. Zhan, C.; Wei, X.; Qian, J.; Feng, L.; Zhu, J.; Lu, W. Co-delivery of TRAIL gene enhances the anti-glioblastoma effect of paclitaxel
in vitro and in vivo. J. Control. Release 2012, 160, 630–636. [CrossRef]

132. Humphries, M.J. Integrin structure. Biochem. Soc. Trans. 2000, 28, 311–339. [CrossRef] [PubMed]
133. Parise, L.V.; Phillips, D.R. Platelet membrane glycoprotein IIb-IIIa complex incorporated into phospholipid vesicles. Preparation

and morphology. J. Biol. Chem. 1985, 260, 1750–1756. [CrossRef]
134. Nermut, M.V.; Green, N.M.; Eason, P.; Yamada, S.S.; Yamada, K. Electron microscopy and structural model of human fibronectin

receptor. EMBO J. 1988, 7, 4093–4099. [CrossRef] [PubMed]
135. Weisel, J.; Nagaswami, C.; Vilaire, G.; Bennett, J. Examination of the platelet membrane glycoprotein IIb-IIIa complex and its

interaction with fibrinogen and other ligands by electron microscopy. J. Biol. Chem. 1992, 267, 16637–16643. [CrossRef]
136. Erb, E.-M.; Tangemann, K.; Bohrmann, B.; Müller, B.; Engel, J. Integrin αIIbβ3 Reconstituted into Lipid Bilayers Is Nonclustered

in Its Activated State but Clusters after Fibrinogen Binding. Biochemistry 1997, 36, 7395–7402. [CrossRef]
137. Schnell, O.; Krebs, B.; Wagner, E.; Romagna, A.; Beer, A.J.; Grau, S.J.; Thon, N.; Goetz, C.; Kretzschmar, H.A.; Tonn, J.-C.; et al.

Expression of Integrin αvβ3in Gliomas Correlates with Tumor Grade and Is not Restricted to Tumor Vasculature. Brain Pathol.
2008, 18, 378–386. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2014.10.007
http://doi.org/10.1016/j.biomaterials.2012.01.025
http://www.ncbi.nlm.nih.gov/pubmed/22281423
http://doi.org/10.1016/j.biomaterials.2011.05.064
http://www.ncbi.nlm.nih.gov/pubmed/21700333
http://doi.org/10.1146/annurev.ph.57.030195.002513
http://doi.org/10.1146/annurev.pa.31.040191.000345
http://doi.org/10.1146/annurev.pharmtox.47.120505.105214
http://doi.org/10.1038/nature04708
http://doi.org/10.1016/j.tins.2004.04.002
http://doi.org/10.1016/j.str.2012.05.003
http://doi.org/10.1002/neu.10153
http://doi.org/10.1016/j.neuropharm.2008.07.041
http://doi.org/10.1016/j.bcp.2009.05.024
http://doi.org/10.1016/j.bcp.2011.07.067
http://doi.org/10.1152/ajpheart.01210.2004
http://www.ncbi.nlm.nih.gov/pubmed/15708958
http://doi.org/10.1016/j.jconrel.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/26471392
http://doi.org/10.1016/j.biomaterials.2012.09.047
http://www.ncbi.nlm.nih.gov/pubmed/23122677
http://doi.org/10.1016/j.biomaterials.2009.02.051
http://doi.org/10.1016/j.biomaterials.2015.11.060
http://doi.org/10.1038/nature05901
http://www.ncbi.nlm.nih.gov/pubmed/17572664
http://doi.org/10.1074/jbc.M111152200
http://www.ncbi.nlm.nih.gov/pubmed/11884390
http://doi.org/10.1002/anie.201100875
http://doi.org/10.1016/j.jconrel.2015.09.059
http://www.ncbi.nlm.nih.gov/pubmed/26428462
http://doi.org/10.1016/j.jconrel.2012.02.022
http://doi.org/10.1042/bst0280311
http://www.ncbi.nlm.nih.gov/pubmed/10961914
http://doi.org/10.1016/S0021-9258(18)89657-0
http://doi.org/10.1002/j.1460-2075.1988.tb03303.x
http://www.ncbi.nlm.nih.gov/pubmed/2977331
http://doi.org/10.1016/S0021-9258(18)42050-9
http://doi.org/10.1021/bi9702187
http://doi.org/10.1111/j.1750-3639.2008.00137.x


Int. J. Mol. Sci. 2021, 22, 11654 22 of 22

138. Arnaout, M.A. Leukocyte Adhesion Molecules Deficiency: Its Structural Basis, Pathophysiology and Implications for Modulating
the Inflammatory Response. Immunol. Rev. 1990, 114, 145–180. [CrossRef]

139. Hynes, R.O. Integrins: Versatility, modulation, and signaling in cell adhesion. Cell 1992, 69, 11–25. [CrossRef]
140. Ruoslahti, E. RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 1996, 12, 697–715. [CrossRef]
141. Richard, S.; Boucher, M.; Lalatonne, Y.; Mériaux, S.; Motte, L. Iron oxide nanoparticle surface decorated with cRGD peptides

for magnetic resonance imaging of brain tumors. Biochim. Biophys. Acta (BBA)—Gen. Subj. 2017, 1861, 1515–1520. [CrossRef]
[PubMed]

142. Sonali, J.; Singh, R.P.; Sharma, G.; Kumari, L.; Koch, B.; Singh, S.; Bharti, S.; Rajinikanth, P.S.; Pandey, B.L.; Muthu, M.S. RGD-TPGS
decorated theranostic liposomes for brain targeted delivery. Colloids Surf. B Biointerfaces 2016, 147, 129–141. [CrossRef] [PubMed]

143. Wang, X.; Wang, B.; Zhang, Q. Anti-tumor targeted drug delivery systems mediated by aminopeptidase N/CD13. Acta Pharm.
Sin. B 2011, 1, 80–83. [CrossRef]

144. Arap, W.; Pasqualini, R.; Ruoslahti, E. Cancer Treatment by Targeted Drug Delivery to Tumor Vasculature in a Mouse Model.
Science 1998, 279, 377–380. [CrossRef]

145. Kang, T.; Gao, X.; Hu, Q.; Jiang, D.; Feng, X.; Zhang, X.; Song, Q.; Yao, L.; Huang, M.; Jiang, X.; et al. iNGR-modified PEG-PLGA
nanoparticles that recognize tumor vasculature and penetrate gliomas. Biomaterials 2014, 35, 4319–4332. [CrossRef] [PubMed]

146. Pastorino, F.; Brignole, C.; Di Paolo, D.; Nico, B.; Pezzolo, A.; Marimpietri, D.; Pagnan, G.; Piccardi, F.; Cilli, M.; Longhi, R.; et al.
Targeting Liposomal Chemotherapy via Both Tumor Cell–Specific and Tumor Vasculature–Specific Ligands Potentiates Therapeu-
tic Efficacy. Cancer Res. 2006, 66, 10073–10082. [CrossRef]

147. An, S.; Jiang, X.; Shi, J.; He, X.; Li, J.; Guo, Y.; Zhang, Y.; Ma, H.; Lu, Y.; Jiang, C. Single-component self-assembled RNAi
nanoparticles functionalized with tumor-targeting iNGR delivering abundant siRNA for efficient glioma therapy. Biomaterials
2015, 53, 330–340. [CrossRef]

148. Huang, N.; Cheng, S.; Zhang, X.; Tian, Q.; Pi, J.; Tang, J.; Wang, F.; Chen, J.; Xie, Z.; Xu, Z.; et al. Efficacy of NGR peptide-modified
PEGylated quantum dots for crossing the blood–brain barrier and targeted fluorescence imaging of glioma and tumor vasculature.
Nanomed. Nanotechnol. Biol. Med. 2017, 13, 83–93. [CrossRef] [PubMed]

149. Ye, Y.; Sun, Y.; Zhao, H.; Lan, M.; Gao, F.; Song, C.; Lou, K.; Li, H.; Wang, W. A novel lactoferrin-modified β-cyclodextrin
nanocarrier for brain-targeting drug delivery. Int. J. Pharm. 2013, 458, 110–117. [CrossRef]

150. Lombardo, S.M.; Schneider, M.; Türeli, A.E.; Türeli, N.G. Key for crossing the BBB with nanoparticles: The rational design.
Beilstein J. Nanotechnol. 2020, 11, 866–883. [CrossRef]

151. Doxorubicin-loaded Anti-EGFR-Immunoliposomes (C225-ILs-dox) in High-grade Gliomas—Full Text View—ClinicalTrials.gov.
Available online: https://clinicaltrials.gov/ct2/show/NCT03603379 (accessed on 1 October 2021).

152. P-MRS Imaging to Assess the Effects of CNM-Au8 on Impaired Neuronal Redox State in Parkinson’s Disease (REPAIR-PD)—Full
Text View—ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/show/NCT03815916 (accessed on 1 October 2021).

153. Study of APH-1105 in Patients with Mild to Moderate Alzheimer’s Disease—Full Text View—ClinicalTrials.gov. Available online:
https://clinicaltrials.gov/ct2/show/NCT03806478 (accessed on 1 October 2021).

154. P-MRS Imaging to Assess the Effects of CNM-Au8 on Impaired Neuronal Redox State in Amyotrophic Lateral Sclerosis (REPAIR-
ALS) (REPAIR-ALS)—Full Text View—ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/show/NCT03843710
(accessed on 1 October 2021).

http://doi.org/10.1111/j.1600-065X.1990.tb00564.x
http://doi.org/10.1016/0092-8674(92)90115-S
http://doi.org/10.1146/annurev.cellbio.12.1.697
http://doi.org/10.1016/j.bbagen.2016.12.020
http://www.ncbi.nlm.nih.gov/pubmed/28017683
http://doi.org/10.1016/j.colsurfb.2016.07.058
http://www.ncbi.nlm.nih.gov/pubmed/27497076
http://doi.org/10.1016/j.apsb.2011.06.002
http://doi.org/10.1126/science.279.5349.377
http://doi.org/10.1016/j.biomaterials.2014.01.082
http://www.ncbi.nlm.nih.gov/pubmed/24565520
http://doi.org/10.1158/0008-5472.CAN-06-2117
http://doi.org/10.1016/j.biomaterials.2015.02.084
http://doi.org/10.1016/j.nano.2016.08.029
http://www.ncbi.nlm.nih.gov/pubmed/27682740
http://doi.org/10.1016/j.ijpharm.2013.10.005
http://doi.org/10.3762/bjnano.11.72
https://clinicaltrials.gov/ct2/show/NCT03603379
https://clinicaltrials.gov/ct2/show/NCT03815916
https://clinicaltrials.gov/ct2/show/NCT03806478
https://clinicaltrials.gov/ct2/show/NCT03843710

	Introduction 
	Active Targeted Brain Delivery 
	Adsorptive-Mediated Transcytosis 
	Lectin 
	Cardiolipin 
	Heparin 
	Cell Penetrating Peptides 

	Transporter-Mediated Transcytosis 
	Glucose Transporter 1 
	Glutathione Transporter 
	Amino Acids Transporters 

	Receptor-Mediated Transcytosis 
	Transferrin Receptor 
	Lactoferrin Receptor 
	Low-Density Lipoprotein Receptors 
	Nicotinic Acetylcholine Receptors 
	v3 Integrin Receptors 
	CD13/APN Receptor 


	Marketed Formulations and Clinical Trials 
	Conclusions 
	References

