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Abstract

Drug delivery to the brain remains challenging mainly due to the blood-brain barrier (BBB) that 

regulates the entrance of substances to the brain. Advances in nanotechnology have enabled the 

engineering of nanomedicines for biomedical applications including enhanced drug delivery into 

the brain. In this review, we describe strategies of nanomedicines engineered to traverse the BBB 

and deliver therapeutic molecules to target brain sites. We highlight the representative applications 

with materials including polymers, lipids, and inorganic elements for brain drug delivery. We 

finalize this review with the current challenges and future perspective of nanotherapeutics for 

advanced drug delivery to the brain.
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Introduction

According to American Brain Foundation, brain diseases affect the lives of 1 in 6 people, 

and treatment of the disease costs over a trillion dollars annually. Moreover, the number of 

patients suffering from brain disease is expected to be growing due to the prolonged aging; 

therefore, there is a growing need for development of effective therapeutics for brain 

diseases [1]. Nevertheless, there has been minimal successful development of therapeutic 

molecules for brain disease despite remarkable achievements in scientific and medical 

research for treatment of other diseases [2]. This challenge is largely because of the blood-

brain barrier (BBB) that controls the accumulation and excretion of small molecules, 

protein, and even cells in the brain to protect it from the unexpected passage of substances 

from blood [3]. The barrier function of the BBB mainly comes from tightly connected 

vascular endothelial cells (ECs) that are surrounded by and communicate with pericytes and 

astrocytes. Highly expressed tight junctions of the ECs do not allow large molecules 

(approximately greater than 400 Da) to cross the barrier in a paracellular way while 

pericytes and astrocytes help ECs to maintain the barrier homeostasis by stabilizing the 

basement membrane and communicating with neural cells [4]. The challenge in brain drug 

delivery lies in transporting a sufficient amount of therapeutic agents across this BBB 

without disrupting the native barrier function required for the brain homeostasis [5]. Other 

approaches to the artificial opening of the BBB for drug delivery (e.g., using external 

stimulation such as ultrasound) won’t be included in this review.

Nanotechnology has revealed the distinct properties of diverse nanomaterials and paved the 

path for the applications for therapeutics, which is known as nanomedicine for promising 

next generation therapeutics with the following advantages for advanced drug delivery [6, 7]. 

First, various therapeutic molecules including biomolecules, genes, and small molecular 

agents can be loaded into diverse types of nanoparticles stable in circulation for the 

sustained delivery to target regions [8]. Second, the nanomedicine surface engineered with 

desirable properties by chemical modification enhances the stability and targeting ability [9]. 

Third, the intrinsic unique optical or electrical properties of nanomaterials can be exploited 

for additional functionality of nanoparticles for various biomedical applications [10]. Taking 

advantages of these features, nanoparticles have been designed to cross the BBB for the 

treatment of brain diseases.

This review begins with the introduction of the BBB physiology and describes the possible 

mechanisms with which drugs or drug-loaded nanoparticles can cross the barrier. We then 

describe the general use of nanoparticles for non-invasive delivery of therapeutic molecules 

and highlight various engineered nanomaterials including polymer, lipid, and inorganic 

nanoparticles for the delivery of therapeutic molecules across the BBB upon systemic 

administration. We will discuss the representative case studies to enhance the delivery 

efficiency for the treatment of brain diseases without altering brain microenvironment.

The BBB: Definition and Physiology

The BBB is a brain-specific, selective barrier that regulates the transport of substances 

between the circulation and the brain. The BBB mainly consists of endothelial cells, 

pericytes, and astrocytes, while other cellular components like microglia and neurons 
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actively communicate with BBB cells, leading to the structural integrity of the BBB (Figure 

1). Therefore, it is critical to understand the physiological and structural feature of the BBB 

for the administration of therapeutics into the brain.

Compared to other vascular endothelial cells, brain vascular endothelial cells, the key 

components of the barrier function of the BBB, have highly expressed tight junction 

proteins, such as zonula occludens-1 (ZO-1) and claudins, primarily inhibiting random 

diffusion of substances between the blood and the brain [11] and strictly regulating the 

paracellular transport of molecules reportedly with a size up to approximately 4 nm [12]. 

Pericytes reside in the basement membrane or luminal surface of the endothelium. The 

number of pericytes in the brain vasculature is much higher than that of other vasculature, 

even similar to the number of endothelial cells [13]. This high number of pericytes 

contributes to the regulation of blood flow, angiogenesis, and immune cell infiltration in 

response to several neural activities [14]. Astrocytes are the most common and diverse 

neuroglial cells and provide a cellular link between the neurons and blood vessels, 

contributing to the formation, function, and structural integrity of the BBB through intricate 

signaling pathways [5, 15]. Microglia are immune cells that regulate neuronal development, 

several innate and adaptive immune responses, and wound healing in the BBB [16, 17]. 

These complex activities and interactions of the BBB cells enable the maintenance of the 

physiological activity and flux of biomolecules across the barrier. The BBB integrity is often 

disrupted in pathological disease conditions including stroke, multiple sclerosis, brain 

injuries, Parkinson’s disease, and Alzheimer disease. The BBB breakdown is largely due to 

the remodeling of the protein complex located in the endothelial cell junctions [18].

From blood to brain: Mechanisms

Despite the strict regulation of the material transport across the BBB, essential materials 

such as glucose can selectively penetrate into the brain for the maintenance of brain 

metabolism. The penetrance of molecules in circulation into the brain parenchyma generally 

occurs in a paracellular way (between endothelial cells), through passive diffusion across the 

endothelial cells, or via solute carriers and vesicular transport (Figure 2). The following 

section presents brief mechanistic features by which molecules can get into the brain 

through several routes.

Paracellular transportation—Paracellular transportation represents the movement of 

substances through the gaps between two adjacent endothelial cells. Intercellular junctions 

between endothelial cells do not allow large molecules to pass them; however, molecules 

smaller than the gap can pass it through. At the BBB, tight junctions of the endothelium 

block the passage of molecules larger than ~ 4 nm, whereas small and water solutes can 

penetrate through paracellular transportation [19]. Studies have attempted to disrupt 

intercellular junctions to enhance the paracellular delivery of molecules using internal or 

external stimuli [20, 21]. This review does not include these BBB-disrupting or ‘invasive’ 

approaches.

Transcellular passive diffusion—Transcellular passive diffusion is a main pathway of 

small and hydrophobic molecules to interact with the endothelial plasma membrane of the 
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BBB upon the concentration gradient across the barrier [22]. Modification of the chemical 

structure of small and hydrophobic molecules can further improve the kinetics of 

transcellular passive diffusion [23]. However, not all small and hydrophobic molecules can 

similarly cross the endothelial layer through transcellular passive diffusion, the principle of 

which remains to be studied for the discovery of small molecular therapeutics for brain 

diseases [24].

Transporters—Brain endothelial cells express various solute carriers to transport essential 

substances that could otherwise not pass through the BBB. Vital and small components such 

as specific ion, hexoses, amino acids, and fatty acids for brain metabolic activities can 

penetrate into the brain using the specific transporters [3]. For example, glucose is 

selectively delivered by the glucose transporter1 (GLUT-1) for energy production in brain, 

and amino acids cross the BBB using the specific transporters, such as L-type amino acid 

transporter (LAT)1 and 2, and cationic/anionic transporters, depending on the charge and 

size [25]. In addition, fatty acids and nucleic acids can also cross the barrier by their own 

specific transporters [26].

Transcytosis—Other substances unable to cross the BBB in a paracellular way, via 
transcellular diffusion, or by specific transporters may get into the brain through transcytosis 

[24, 27]. Transcytosis is one mechanism of a material transport through a cell through 

endocytosis and exocytosis, which is commonly observed in polarized cells [28, 29]. 

Transcytosis allows relatively large substances such as proteins to pass through a cell 

whereas other transport mechanisms involve with small molecules. The process of 

transcytosis is divided into three steps: endocytosis of a cargo on the surface of a plasma 

membrane, intracellular trafficking in the vesicle without lysosomal degradation, and the 

exocytosis on the opposite cellular orientation. This transport occurs in an adsorption-

mediated way or receptor-mediated way. Adsorption-mediated transcytosis happens to 

cationic and large substances on the surface of endothelial cells largely followed by caveolin 

or clathrin, while receptor-mediated transcytosis is one common pathway to deliver specific 

ligands such as transferrin, insulin, deltrophin, and lipoproteins [24, 30, 31]. Both 

adsorption-mediated transcytosis and receptor-mediated transcytosis are widely used for 

nanomaterial transport into the brain [27–29]. Adsorption-mediated transcytosis is a main 

transport pathway for nanomaterials made of cationic components or positively charged 

surface, while receptor-mediated transcytosis is a strategy for nanoparticles functionalized to 

interact with cellular receptors.

Nanoparticles for Therapeutic Molecule Delivery (Nanomedicines)

Development of biotechnology has extended the concept of therapeutic molecules from 

conventional small molecular drugs to several biopharmaceutical agents such as recombinant 

proteins, functional peptides, monoclonal antibodies, and genetic molecules [33–35]. In a 

well-defined and controlled laboratory protocol, such therapeutic molecules have exhibited 

an enormous potential; however, the systemic effect in animal models has hardly 

reproducible largely due to the unexpected structural instability and non-specific distribution 

throughout the animal organs [36, 37]. This challenge in bench-to-bed translation of drugs 

underscores the needs for highly reproducible and effective drug delivery system [38]. In 
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order to improve therapeutic efficacy of drugs, many delivery carriers have been developed 

to maintain the structural stability of therapeutic molecules and minimize undesired leakage 

of drugs in off-target regions. To date, various formulations such as micro/nanoparticles, 

patches, scaffolds, and hydrogels used for drug delivery have exhibited better therapeutic 

efficacy with the improved pharmacokinetics [39].

There are several administration routes for the delivery of therapeutic molecules into target 

sites, including transdermal, pulmonary, oral, and systemic delivery. Administrated 

formulations exhibit different pharmacokinetic profiles per route [40, 41]. Parenteral 

systemic delivery directly through blood vessels is commonly performed in drug delivery 

due to the fast effect and low loss of therapeutic molecules via the simple and direct 

injection of the therapeutic molecules into blood [42]. For effective drug delivery upon 

systemic administration into blood, the carriers are required to maintain the stability in 

circulation, to accumulate in a target tissue with a minimal off-target effect, and to 

internalize into a cellular compartment and release the cargo on a desirable site for better 

efficacy [43]. In this case, nanoscale formulations including polymeric, lipid, and inorganic 

nanoparticles are commonly exploited due to the unique physicochemical characteristics. 

Furthermore, by engineering the surface of nanoparticles with shielding materials, blood 

circulation time of those nanoparticles becomes longer for increased accumulation in target 

tissues. Conjugation of targeting ligands further enhances cell-type specific internalization 

after accumulation of nanoparticles in diseased tissues, finally exhibiting therapeutic effect 

at a cellular level.

In that regard, various nanoparticles have been utilized to deliver of therapeutic molecules 

across the BBB for the treatment of brain diseases [44, 45]. Surface modification of 

nanoparticles with specific ligands capable of binding to target receptors in brain endothelial 

cells may lead to receptor-mediated transcytosis of the engineered nanoparticles loaded with 

drug cargos, thereby delivering therapeutic molecules into the brain [46, 47]. In addition, the 

efflux system mainly operated by p-glycoproteins can inhibit the penetration of drug 

molecules across the BBB [48]. In that regard, delivery of therapeutic molecules by 

nanoparticles via receptor-mediated transcytosis is advantageous because the internalization 

process can exploit vesicular trafficking that reduces the efflux of external molecules. 

Several in vitro and in vivo studies have demonstrated the advantages of nanoparticle-based 

drug delivery to the brain (Figure 3). In the following section, we highlight representative 

studies that leverage various nanoparticles to effectively deliver therapeutic molecules across 

the BBB in a non-invasive manner.

Nanoparticles Engineered to Deliver Therapeutic Molecules across the BBB

Polymer nanoparticles—Synthetic or natural polymers are highly promising materials 

for drug delivery thanks to the high versatility and biocompatibility depending on their 

backbone structure. Controlling the degradation/bond cleavage of polymers can also regulate 

the release kinetics in the body and facilitate the in vivo clearance of delivery carriers. Here 

we review three types of polymer nanoparticles for drug delivery; dendrimers, entangled 

solid polymer nanoparticles, and self-assembled micelles.
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Dendrimers are highly symmetric, monodisperse, and spherical three-dimensional polymer 

networks [49]. In general, drug molecules are attached on the surface of dendrimers in a 

covalent manner. The size of dendrimers is determined by its generation of polymerization. 

A recent study demonstrated that the use of hydroxyl polyamidoamine (PAMAM) exhibited 

site-specific delivery of small molecular drugs across the BBB and blood-CSF barriers, 

specifically targeting the injured brain [50]. More recently, the same group further 

engineered PAMAM dendrimers with different generations and monitored the accumulation 

in a brain injury mouse model. Interestingly, the result showed a higher generation (6th 

generation) of the PAMAM dendrimer in a size of 6.7 nm that has a longer blood circulation 

time and more brain accumulation than those of a lower generation (4th generation) in a size 

of 4.3 nm [51]. Another study demonstrated that a PAMAM with cationic surface property 

also can cross the BBB followed by localization in neurons and glial cells when 

administered to the carotid artery [52]. Despite several studies showing the dendrimer-based 

BBB penetrance, the mechanism by which dendrimers can cross the BBB remains unclear.

Entangled polymer nanoparticles form a solid nanoparticle by intermolecular interactions 

between several polymers via multiple interactions such as Van der Waals or electrostatic 

interactions. For example, poly(D,L-lactide-co-glycolide) (PLGA), which is a copolymer of 

lactic acid and glycolic acid, is commonly used to deliver various therapeutic agents 

incorporated in the core of PLGA. Moreover, the chemical structure of PLGA enables slow 

hydrolysis and subsequent passive drug release in cellular environment, resulting in a 

sustained drug effect. In order to deliver nanoparticles across the BBB, a 65-nm PLGA 

nanoparticle has been developed to cross the BBB for the delivery to glioblastoma cells in 

the brain parenchyma [53] Furthermore, a poly(ethylene glycol) (PEG)-coated PLGA 

nanoparticle enhanced the circulation time by escaping from the elimination by the 

reticuloendothlial system (RES), thus enabling higher internalization of polymer 

nanoparticles in the brain (Figure 4) [54]. In addition to PLGA, several biodegradable or 

biocompatible polymers including poly(D,L-lactide) (PLA), polyglycolide (PGA), heparin, 

polycaprolactone (PCL), and polystyrene (PS) have been applied for the preparation of 

polymer nanoparticles. Size-dependent brain penetrance has been demonstrated using PS-

PEG nanoparticles (20, 40, 100, and 500 nm) [55]. However, all models used in these studies 

are either brain injury or brain tumor models, where the BBB structure is often disrupted. On 

the other hand, targeting ligands are attached on the surface of nanoparticles in order to 

deliver those across the healthy or intact BBB, including cRGD [56, 57], PS-80 [58], 

transferrin [59], IgG [60], and Pep-1 [61]. Electrostatic interaction-based entangled polymer 

nanoparticles designed to deliver therapeutic molecules across the BBB used a nanocomplex 

that has a cationic polymer network, polyethyleneimine (PEI) and poly-L-lysine (PLL) with 

plasmid DNA [62]. The nanocomplex was further modified with Angiopep-2 to facilitate the 

transcytosis through LDLR-related protein (LRP)-receptor in brain endothelial cells, 

showing effective treatment of glioma at both cellular and animal levels.

Self-assembled micelles are composed of hydrophilic and hydrophobic block copolymers. 

The hydrophobic blocks are assembled in the middle of a nanoparticle to the core for the 

loading of hydrophobic drugs, while hydrophilic blocks spread out to the nanoparticle 

corona for maintaining the structure in an aqueous solution. Different from the additional 

coating of surfactants or stealth polymers on entangled polymer nanoparticles needed for 
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anti-adsorption and anti-phagocytosis in circulation, self-assembled micelles form a stable 

and stealth nanoparticle itself due to the amphiphilic nature. Furthermore, by modifying the 

surface of hydrophilic corona with selective ligands, drug-loaded micelles can be 

internalized into the brain via transcytosis, followed by the release of therapeutic molecules 

upon micelle disruption in intracellular environment. Several types of micelles composed of 

various block copolymer formulations such as PAA-PEG [63], PLA-PEG [64, 65], DGL-

PEG [66], PTMC-PEG [67], and PDSGM-PEG [68] have been reported for the delivery of 

therapeutic molecules across the BBB. Paclitaxel (PTX)-loaded PLA-PEG micelles 

modified the PEG block with t-Lyp1 ligand exhibited higher brain accumulation and 

internalization into the glioma cells, inhibiting the progression of glioma in an animal model 

[69]. A recent interesting study designed advanced wormlike polymer micelles made of 

PEG-grafted poly(2-diisopropyl methacrylate) (PDPA) block copolymers (mPEG-b-PDPA) 

to be degraded in response to brain tumor microenvironment so that drugs could be released 

into the target brain tumor (Figure 5) [70]. With further modification of the PEG with a 

RGD peptide, the micelle even enabled highly specific delivery of drugs into the specific 

brain tumor while the wormlike shape facilitated deeper penetration into the three-

dimensional tumor tissue.

Lipid nanoparticles—Lipid-based nanoparticles such as liposomes has relatively low 

toxicity compared to other nanoparticle formulations with high in vivo stability. We 

highlight representative lipid-based nanoparticles, including liposomes, solid lipid 

nanoparticles, high-and low-density lipoprotein (HDL and LDL) nanoparticles.

Liposomes have a spherical vesicle structure that consists of an amphiphilic phospholipid 

bilayer such as sphingomyelin and phosphatidylcholine. Both the surface and core of a 

liposome are hydrophilic because hydrophilic heads of phospholipids are oriented to the 

inner and outer side of a liposome while the shell compartment of a liposome has 

hydrophobic tails, enabling the loading of both hydrophilic and hydrophobic cargos into a 

single nanoparticle. Furthermore, modification of the liposome surface with grafting or 

conjugating specific ligands capable of binding to brain endothelial cells has facilitated the 

transport of therapeutic molecules loaded in the liposome across the BBB [71, 72]. The first 

delivery of small molecules was reported in an animal model in 1996, using a liposome 

surface engineered with PEG and OX26 monoclonal antibody to create an antibody-directed 

immunoliposome [73]. The immunoliposome was internalized into the brain via transferrin 

receptor-mediated transcytosis, therefore exhibiting successful delivery of a drug molecule, 

doxorubicin, 24 hours after intravenous injection. In order to induce additional function after 

brain penetration, a dual targeting liposome was developed by modifying the surface with 

both folate and transferrin [74]. Transferrin modified liposomes enabled the effective 

transcytosis, and subsequent delivery of doxorubicin-loaded liposomes to glioma cells 

specifically via folate-mediated endocytosis. Therapeutic efficacy of this liposome 

demonstrated minimal systemic toxicity and high glioma regression upon non-invasive 

systemic administration in a glioma-bearing mice model (Figure 6). Up to date, a number of 

liposome-based delivery systems have been introduced, including paclitaxel [75–77], 

doxorubicin [78, 79], siRNA [80–82], cisplatin [83], and imaging agents [84–86], which 
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suggests the high potential of engineered liposomes for the delivery of therapeutic molecules 

across the BBB.

Solid lipid nanoparticles are micelle-like spheres that consist of a solid hydrophobic lipid 

core surrounded by triglycerides and fatty acids with several surfactants including 

polysorbate and phospholipid on the particle surface. The loading efficiency of hydrophobic 

drugs in solid lipid nanoparticles is higher than that of liposomes due to the large volume of 

a hydrophobic core for drug entrapment. Studies have reported up to date that solid lipid 

nanoparticles penetrate into the brain parenchyma via adsorption-mediated transcytosis. This 

is because the polysorbate on solid lipid nanoparticles are easily adsorbed on the plasma 

membrane of brain endothelial cells, thereby contributing to the particle internalization and 

subsequent excretion from brain endothelial cells to the brain parenchyma. Recently, a solid 

lipid nanoparticle used for the delivery of resveratrol, a polyphenolic anticancer drug, 

showed the ability to penetrate into the brain tumor [87]. In this study, the particle 

formulation with triglyceride trimyristin and lipids was optimized with the drug in a 1:10 

drug-to-lipid ratio, and the particle surface was further modified with polysorbate 80 (PS 80) 

and poly(vinyl alcohol) (PVA). Owing to the high volume of the particle core, approximately 

30% of resveratrol was loaded into the nanoparticle, exhibiting high efficacy with minimal 

systemic toxicity.

HDL and LDL nanoparticles are natural particles that are composed of lipid precursors and 

apolipoproteins. HDL transports cholesterols from peripheral tissues to the liver while LDL 

delivers cholesterols from the liver to peripheral tissues, contributing to cholesterol 

homeostasis in the body. In addition, small molecules or proteins are naturally assembled 

with these nanoparticles, either loaded into the particles or bound on the surface of the 

particles, for natural delivery to the brain parenchyma in vivo. A recent study showed that 

HDL can also deliver endogenous miRNA [88]. Researchers have reconstituted HDL or 

LDL nanoparticles using apolipoprotein mimetics. Delivery of curcumin into the brain was 

shown to treat Alzheimer’s disease using a LDL-mimetic nanocarrier [89]. Due to the 

limited availability of the primary apolipoproteins of LDL, apolipoprotein B100 (apoB100), 

researchers used positively charged lactoferrin instead of apoB100 to mimic LDL, 

demonstrating the transcytosis of LDL-mimetic nanoparticles through lactoferrin receptors 

on brain endothelial cells. High serum stability of the LDL-mimetic nanoparticles enhanced 

the pharmacokinetic properties, resulting in higher accumulation in the brain of a mouse 

model. Natural HDL nanoparticles are highly stable in circulation with a long half-life (6 ~ 

24 hours) [90]. This high stability, biocompatibility, and long circulation time allow 

reconstituted HDL-mimetic nanoparticles to have attracted great attention for the potential to 

deliver therapeutic molecules. Furthermore, the major apolipoprotein of HDL, 

apolipoprotein A1 (apoA1), can cross the BBB via transcytosis mediated by several 

receptors on brain endothelial cells such as scavenger receptor class B-I (SR-B1), inducing 

effective delivery of HDL-mimetic nanoparticles with no additional modifications [91]. 

Different from other nanoparticle platforms, reconstituted HDL-mimetic nanoparticles can 

serve a nanomedicine without further loading of drug molecules because of its intrinsic 

biological functions. For example, HDL-mimetic nanoparticles with apoA1 themselves 

reduced the level of brain amyloid beta (Aβ) after 24 hours of intravenous administration in 

symptomatic APP/PS1 mice [92]. Similarly, HDL-mimetic nanoparticles with apoE3 were 

Kim et al. Page 8

J Ind Eng Chem. Author manuscript; available in PMC 2020 May 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also internalized into the cortex and hippocampus upon systemic injection, exhibiting 

accelerated Aβ clearance and relieving memory impairment (Figure 7) [93, 94].

Inorganic nanoparticles—Inorganic nanoparticles consisting of heavy metals or semi-

conductive elements have the unique physical, optical, chemical, and electrical properties. 

Inorganic materials-based nanomedicine can support the nanostructure more firmly than that 

of other organic materials-based ones. However, the reactivity of inorganic nanoparticles 

requires surface modification with biocompatible materials with targeting ligands for the use 

as non-invasive nanomedicine.

Gold nanoparticles are the most commonly used inorganic nanomedicine for biomedical 

applications because of the easy synthesis and surface modification with high 

biocompatibility. Transferrin modified gold nanoparticles incorporated with PEG linkers 

were internalized into the brain parenchyma [95]. Size-dependent internalization of the 

engineered gold nanoparticles, as well as the density of transferrin modification on the gold 

surface were monitored. Interestingly, 20 nm gold nanoparticle showed the lowest 

accumulation in the brain due to the lower amount of transferrin on the surface, while other 

45 and 80 nm gold nanoparticles showed increased association with brain endothelial cells 

through enhanced particle-cell interaction via transferrin receptors. More recent studies 

showed that transferrin-gold nanoparticles leverage the cleavable bond in the endosome to 

facilitate the transcytosis into the brain while inhibiting the re-efflux to the blood [96]. Gold 

nanoparticles with highly packed oligonucleotide on the surface called spherical nucleic acid 

(SNA) could get into the brain through scavenger receptor class A [97], and this approach 

also showed delivery of siRNA for the treatment of glioblastoma [98]. The successful BBB-

crossing ability of SNA was evaluated by in vitro and in vivo models, and this targeted 

glioblastoma therapy showed a remarkable effect with minimal systemic toxicity upon 

intravenous injection (Figure 8).

Magnetic nanoparticles have also been utilized for biomedical applications including brain 

nanomedicine. The paramagnetism of magnetic nanoparticles enables additional function of 

magnetic resonance image (MRI)-guided delivery of therapeutic molecules into the brain 

[99]. Furthermore, internalization of magnetic nanoparticles into the brain was enhanced by 

an external magnetic force which attract the nanoparticles to the magnet direction [100]. The 

external magnetic force induced more interaction with endothelial cells for receptor- or 

adsorptive-mediated transcytosis, delivering more nanoparticles into the brain without 

disrupting brain microenvironment.

Even though gold nanoparticles and magnetic nanoparticles are the most commonly applied 

inorganic material-based nanomedicines, other nanoparticles with different inorganic cores 

have been utilized as a carrier for BBB-crossing nanomedicine. Quantum dots have excellent 

optical properties for fluorescent diagnostic probes [101]. Coating of the outer shell of 

quantum dots with bioactive molecules such as targeting ligands and stealth materials 

enabled targeted delivery of therapeutic molecules to the brain [102]. Silica nanoparticles 

known to be relatively more biocompatible than other heavy metal-based inorganic 

nanoparticles have been widely used for various nanomedicine applications [103, 104]. In 

particular, mesoporous silica nanoparticles can efficiently load therapeutic or diagnostic 
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molecules in the pore and the surface is engineered to exhibit great potential to cross the 

BBB [105, 106]. Carbon nanoparticles, such as fullerene, carbon nanotube, graphene 

(oxide), and carbon nanodot, have also been applied for brain nanomedicine upon their 

surface modification [107–110]. Although advantages of inorganic nanoparticles such as 

additional functionality with the solid structural backbone, long-term toxicity of inorganic 

nanomedicine should be addressed for further clinical translations.

Conclusion and Future Prospects

There is considerable progress in the field of engineered nanomedicine for central nervous 

system (CNS) drug delivery past several years. Several nanoscale formulations have 

demonstrated the enhanced efficacy by successful delivery of therapeutic molecules across 

the BBB at the cellular and animal levels. Nevertheless, few clinically approved therapeutics 

across the BBB is reported yet, although many nanomedicines for the treatment of other 

diseases like cancers or cardiovascular diseases are already commercialized or in clinical 

trials. That is mainly because of the inability of drugs or drug-loaded nanoparticles to cross 

the BBB and also due to the lack of cost-effective and predictive power of assessing the 

efficacy of drugs across the BBB. Recent innovative models called organs-on-chips in which 

tissues can be cultured in an environment that is engineered for better replicating the in vivo 
microenvironment may provide better chance to prescreen drugs and test the BBB-crossing 

ability of drug candidates [111]. Different from animal models that arise the concern of 

cross-species differences, human organ-on-chips can provide a better opportunity for the 

understanding of human organs including human cell-based brain neurovascular unit in well-

defined and controlled system [112]. Besides, further engineering of various nanoparticles 

for clinical translations are required for the clinical translation of nanotherapeutics for the 

CNS drug delivery across the BBB. The priority now is to standardize the production of 

nanotherapeutics to reduce the heterogeneity of nanomedicine synthesis and modification at 

a bulk scale. Along with a better prescreening platform for the testing of the BBB-crossing 

ability, as well as standardized bulk synthesis of nanomedicines, advanced nanotherapeutics 

engineered to cross the BBB for CNS disease would be realized in the near future.
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Figure 1. 
Schematic illustration of the blood-brain barrier (BBB) and other components of a 

neurovascular unit. Reproduced with permission [3]. Copyright 2006, Springer Nature.
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Figure 2. 
Transport of substances from blood to brain by several routes; paracellular route, 

transcellular route, carrier-mediated transporter (CMT), receptor-mediated transcytosis 

(RMT), and adsorptive-mediated transcytosis. Reproduced with permission [32] from Tabriz 

University of Medical Sciences licensed under a Creative Commons.
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Figure 3. 
Main features of nanomedicine influencing on systemic delivery and the BBB passage: size, 

shape, charge, and composition. Reproduced with permission [46]. Copyright 2016, 

Elsevier.
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Figure 4. 
Penetration of PLGA and PLGA-PEG nanoparticles into the brain in living mice. (a) Direct 

comparison of the distribution of fluorophore-loaded nanoparticles of similar sizes with 

different surface coatings 60 min after injection into the mice. (b) Direct comparison of the 

distribution of PEG-coated nanoparticles of various sizes 60 min after injection into the 

mice. Scale bar is 50 mm. Reproduced with permission [54]. Copyright 2012, AAAS.
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Figure 5. 
In vivo distribution profiles of RGD-DM1 loaded mPEG-b-PDPA micelles (RNW) in a U87-

Luc induced orthotopic brain tumor model and its specific targeting to the tumor tissues. a) 

The in vivo fluorescence images of RNW and blank mPEG-b-PDPA micelles (bNW) at 

different time points after intravenous injection. b) the typical fluorescence images of the 

entire animal at 4 h after injection; c) the ex vivo fluorescence images of the major organs at 

4 h after injection; d) the calculated relative fluorescence intensity of each major organ at 4 h 

after injection, * p < 0.05; e) the in vivo specific targeting of bNW and RNW to the sites of 
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brain tumors. The in vivo imaging was detected under the in vivo multimodal imaging 

system of Spectrum/CT at 4 h after injection, and the 3D images were reconstructed by the 

accompanied software. f) the ex vivo multimodal images of brain tissues under the 

Spectrum/CT system. Reproduced with permission [70]. Copyright 2016, Wiley-VCH.
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Figure 6. 
Systemic evaluation of folate and transferrin modified liposome (Tf(F)-dox-lipo). (a) Ex 
vivo fluorescence images of dissected brains of rats bearing C6 glioma sacrificed at 24 h 

after intravenous injection. (b-d) BBB penetration of Tf(F)-dox-lipo monitored by (b) MRI, 

(c) brain column, and d) H&E staining of 10 μm sections of glioma tumors after each 

treatment excised on day 23 post-inoculation. (e) TUNEL assay of brain tumors. Blue 

represents nuclei and green represents apoptotic cells. Reproduced with permission [74]. 

Copyright 2013, Elsevier.
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Figure 7. 
HDL-mimetic nanoparticles with apoE3 for Aβ clearance. (a) TEM images of reconstituted 

HDL with apoE3 (rHDL), GM1 modified rHDL (GM1-rHDL), neuroprotective peptide-

modified liposomes without apoE3 (αNAP-GM1-DMPC liposome), and neuroprotective 

peptide-modified rHDL (reconstituted HDL) (αNAP-GM1-rHDL). Scale bar is 20 nm. (b) 

Morphology of the primary neurons after treatment of the samples. (c) Histological assay of 

neurons in the dentate gyrus region after treatment of the samples. Reproduced with 

permission [93]. Copyright 2015, ACS.
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Figure 8. 
Delivery of siRNA into glioblastoma using SNA. (a) Accumulation of gold nanoparticles in 

the brain and glioblastoma region. (b) Schematic illustration of Gd(III)-modified SNA for 

MR imaging. (c) Accumulation of SNA by crossing the BBB monitored by MRI section, 

H&E staining, and 3D reconstituted MRI. (d) LA-ICP-MS mapping of Gd(III)-modified 

SNA in the brain. (e) Confocal microscopic image of coronal brain sections derived from 

normal and glioblastoma-bearing mice upon injection of Cy-5 modified SNA. Reproduced 

with permission [98]. Copyright 2013, AAAS.
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