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BRIEF. This paper summarizes the latest advances in the clinical translation of nanoparticle-based systems for blood-brain barrier crossing.

ABSTRACT. The brain is one of the most important organs in the 
human body. The blood-brain barrier (BBB) is an essential protec-
tion mechanism for the central nervous system (CNS), preventing 
pathogens and foreign substances from reaching the brain. Conse-
quently, the BBB represents a substantial obstacle to drug delivery. 
In the last few decades, researchers have explored different strate-
gies to assist drugs to cross the BBB. Nanoparticles are emerging 
as an effective and non-invasive system to treat nervous system 
disorders. Here, we review the latest advances in BBB-crossing 
nanoparticles, with an emphasis on their clinical translation. 

THE NEUROVASCULAR UNIT 

The brain is the most complex organ in the human body, distinguished 
by its high specialization, structural and functional hierarchy, and con-
stant metabolic demand [1]. Several mechanisms ensure the continu-
ous and controlled transport of oxygen and nutrients to the brain, 
through an organized group of cells of both vascular and neural origin 
called the neurovascular unit (NVU) [1]. The NVU comprehend sev-
eral main components that help regulate the passing of molecules to 
the brain. These include endothelial cells, pericytes, astrocytes, and 
microglia (Figure 1). Understanding the NVU components and brain 
physiology is fundamental for the development of delivery systems 
capable of directly targeting the central nervous system. 

Blood-brain barrier. The blood-brain barrier (BBB) describes the net-
work of blood vessels that protects the functional tissue (parenchyma) 
of the brain from harmful substances [2]. It is a highly regulated struc-
ture that only allows essential substances to pass. The cerebral capil-
laries of the BBB are lined with highly packed, flat, endothelial cells 
that form tight junctions to seal pathways between cells [2]. Endothe-
lial cells present a lack of fenestrations (openings) on the membrane, 

thereby preventing the non-specific passage of polar molecules be-
tween the blood and the brain. Moreover, endothelial cells prevent 
non-specific pinocytotic events. All of these features selectively con-
trol the passage of nutrients while preventing the influx of toxins [2]. 
Endothelial cells are encircled by the basal lamina which is a connec-
tive tissue surrounding the blood vessel. Pericytes connect with the 
basal lamina on the other side [2].  

Pericytes. Pericytes support the structure of the microvessel and signal 
endothelial cells to regulate the growth and permeability of the cell 
membrane [2]. Pericytes control BBB permeability via its contractile 
fibres that regulate capillary diameter, thereby controlling cerebral 
blood flow [2]. Pericytes also act as a line of defence as they can elim-
inate harmful microorganisms that cross into the brain through endo-
cytosis [2]. 

Astrocytes. As a type of glial cell, astrocytes provide structural prop-
erties to the BBB. They form contacts with the entire vascular system 
to regulate oxygen and glucose transport and help blood components 
to cross the BBB [2]. Astrocytes also regulate water and ion concen-
trations and control the clearance of neurotransmitters, multiplication 
of stem cells, and synapses number; they act as an additional barrier 
before compounds can enter the brain [3] (Figure 1). 

PASSAGEWAYS: HOW MOLECULES CAN PASS THROUGH 
THE BBB 

The BBB functions as a protective network in the brain but essential 
molecules such as oxygen, water, and glucose must be able to cross 
the BBB to provide nutrients to brain cells. There are several ways that 
these molecules cross the BBB (Figure 1). 

Passive Transport. Small lipophilic molecules soluble in the hydro-
phobic core of the cell membrane can cross the BBB through passive

 
Figure 1. Components of the NVU. Biological molecules can cross the BBB using different passageways. The figure shows the most common 
pathways of transportation. (Created using Biorender.com) 



 

transport [3]. This mechanism does not require energy for the transfer 
of molecules through the barrier; it is a diffusion process that enables 
molecules to cross. Passive transport is not highly controlled by the 
components of the BBB, thus only molecules that fulfill specific re-
quirements can use it. An example is given by molecules with a mo-
lecular weight of less than 400 Da and forming less than 8 hydrogen 
bonds [2].  

Receptor-Mediated Transcytosis. This method of transportation takes 
advantage of overexpressed receptors on the BBB that help larger mol-
ecules such as insulin, leptin, and transferrin to cross the barrier [4]. 
External agents such as nanoparticle systems can be engineered with 
these molecules that can match the target receptor [4]. The receptors 
are then able to recognize and bind with the ligand attached to the na-
noparticle and create a receptor-ligand complex which is then inter-
nalized through endocytosis [5].  

Adsorptive-Mediated Transcytosis. Adsorptive-mediated transcytosis 
is a type of transport that leverages electrostatic interactions between 
the negatively charged sialoglycoproteins of glycocalyx and cationic 
molecules [3]. The attraction between the two charges enables certain 
molecules such as peptides to cross the BBB. Nanoparticles can be 
functionalized by attaching cationic ligands to the surface of the parti-
cle. Nevertheless, this is not an efficient way of targeting certain 
cells/areas of the brain since nanoparticles interact with all negatively 
charged cell membranes and there are low rates of this way of vesicle 
transport [4].  

Carrier-Mediated Transport. Carrier-mediated transport is usually 
used by endogenous molecules such as glucose and amino acids in 
facilitated or active diffusion [6]. In the former, molecule-specific 
transporters go down the concentration gradient, while in the active 
diffusion transporters go against it [6]. Since carrier-mediated 
transport allows molecules to both enter and exit the brain, it is not the 
most useful mechanism for nanoparticles to enter as they can be easily 
released back out through efflux mechanisms that control waste re-
moval from the brain [6]. 

WHAT ARE NANOPARTICLES & HOW DO THEY WORK? 

Nanoparticles are organic or synthetic molecules on the nanoscopic 
scale used for targeted drug delivery and disease diagnosis [7]. They 
are also used to overcome biological barriers, such as crossing the 
BBB. Nanoparticles are organized into different classes based on their 
different physicochemical characteristics (Figure 2). 

Lipid-based nanoparticles. Lipid-based nanoparticles are spherical en-
tities with at least one lipid bilayer surrounding an internal aqueous 
chamber [7]. Advantages of lipid-based nanoparticles include being 
highly biocompatible and the ability to encapsulate larger-sized cargo 
[8-9]. A subset of lipid-based nanoparticles are liposomes and lipid 
nanoparticles. Liposomes are composed of phospholipids that can 
form multilamellar vesicular structures [7]. This allows them to be 
able to carry a wide range of cargo as they can trap hydrophilic and 
lipophilic compounds in the same system [10]. However, liposomes 
can be quickly destroyed by the immune system through the phago-
cytic cells from the reticuloendothelial system [7,11]. Some classes of 
lipid nanoparticles form micellar structures with a non-polar core and 
cationic or ionizable lipids [12]. Ionizable lipids have a near-neutral 
charge at physiological pH but become positively charged in acidic 
environments such as endosomal compartments, allowing the endoso-
mal to escape during intracellular delivery [7]. Nevertheless, lipid na-
noparticles are limited by their low drug-loading efficiency and bio-
distribution, being highly uptake by the liver and spleen [13].  

Polymeric nanoparticles. Polymeric nanoparticles are created from 
natural or synthetic materials that are biocompatible and biodegrada-
ble [7] (Figure 3). Drugs delivered by polymeric nanoparticles are ei-
ther confined in the nanoparticle core, contained in the polymer ma-
trix, bound to the nanoparticle surface, or chemically bonded to the 
polymer [7]. Their unique structure allows more variety of compounds 
that can be simultaneously delivered. For example, compounds that 
are hydrophobic, hydrophilic, and/or of different molecular weights 
can be transported at the same time, making them ideal for the delivery 
of macromolecules, proteins, and vaccines [7]. However, polymeric 
nanoparticles have a higher risk of particle aggregation and toxicity in 
the body [7]. 

Inorganic Nanoparticles. Inorganic nanoparticles have a wide variety 
of structural characteristics such as size and shape as well as physical,  

 

 
Figure 2. Nanoparticle classification. Organic and inorganic nanoparticles present different sub-classes of varied material and structure with 
some of the most common illustrated here. Many different sub-classes of nanoparticles accommodate for different drug deliveries and body 
conditions. (Created using Biorender.com) 

 



 

 
Figure 3. Nanoparticles for biomedical applications. Different characteristics (size, shape, charge) combined with drug encapsulation and 
different coatings, are important for nanoparticle interaction with biological systems. (Created using Biorender.com) 

electrical, and radioactive based on the material used [7]. Most inor-
ganic nanoparticles are biocompatible but there are concerns about 
toxicity especially amongst metal-based nanoparticles due to their low 
solubility [7]. 

Gold Nanoparticles. A common material used for creating inorganic 
nanoparticles is gold (Au). Gold nanoparticles come in many struc-
tural forms including nanospheres, nanorods, nanoshells, and 
nanocages [7]. It is also easily functionalized allowing them to have 
greater delivery capabilities [7].  

Iron Oxide Nanoparticles. Iron oxide presents very interesting propri-
eties such as superparamagnetism, large surface area, and low toxicity 
[7]. Nevertheless, those nanoparticles can easily agglomerate and be 
highly reactive, especially with oxidizing agents [7]. To avoid this, 
iron oxide nanoparticles can be covered with a coating such as mag-
nesium or iron carbide to make them less reactive and still retain their 
original properties [7].  

CHALLENGES WITH CROSSING THE BBB 

The introduction of nanoparticles to the body can be challenging. Par-
ticles can be recognized by the immune system and their behaviour 
under certain conditions can impact their effectiveness. High shear 
force, enzyme absorbance, rapid clearance of nanoparticles, and their 
swift secretion must be overcome. The presence of natural barriers 
such as the BBB prevents their diffusion in many compartments. Nev-
ertheless, there are methods to overcome these limitations. For exam-
ple, nanoparticles can be coated with materials that are recognized by 

the body. The most commonly used nanoparticle coating is polyeth-
ylene glycol. Polyethylene glycol (PEG) is a polyether coating that 
allows nanoparticles escape from the immune system and improves 
their solubility in body fluids [14]. PEG is attached to nanoparticles 
through physical adsorption, chemical bonding, or conjugation with 
hydrophobic molecules that can create aqueous self-assembled 
PEGylated nanoparticles. Once PEG is attached to a hydrophobic pol-
ymer or lipid it creates a shield between the nanoparticle and its sur-
rounding by minimizing protein adsorption while in circulation by act-
ing as a non-fouling surface [14]. 

However, researchers have found that exposure to more than 5 mol% 
of PEG can result in the body creating anti-PEG antibodies that attach 
to the nanoparticle and are recognized by macrophages resulting in 
their liver accumulation [14]. This could lead to toxicity in vivo. 

NANOPARTICLE SYSTEMS IN CLINICAL TRIALS  

In this paper, we analyzed a few completed case studies of clinical 
trials that involved the use of nanoparticles to cross the BBB. Overall, 
the results from Table 1 suggests that a majority of nanoparticle re-
search about crossing the BBB is still in phase 1 of clinical trials. How-
ever, there have been a few phase 2 trials of nanoparticles which will 
be the focus of this discussion. In phase 2 clinical trial carried out by 
Nagpal, S. et al, the chemotherapeutic agent irinotecan was linked to 
a polyethylene glycol polymer through a biodegradable link to create 
NKTR-102. Irinotecan is then released from NKTR-102 and metabo-
lized to cause damage to DNA through topoisomerase I inhibition. The 



 

Table 1. Nanoparticles in clinical trials. 

Nanoparticle Clinical Trial  
Reference Disease Stage Reference 

Gold nanoparticle NCT03020017 Gliosarcoma 
Recurrent Glioblastoma Early Phase 1 [15], [16] 

CPT-11 (NL CPT-11) NCT00734682 Recurrent High-Grade Gliomas Phase 1 [17], [18] 

Irinotecan molecules attached to a 
polyethylene glycol (PEG) polymer NCT01663012 

Anaplastic Astrocytomas 
Anaplastic Oligodendrogliomas 
Glioblastomas 

Phase 2 [19], [20] 

Irinotecan Liposome NCT03086616 Diffuse Intrinsic Pontine Glioma Phase 1 [21] 

AGuIX Gadolinium Based Nanopar-
ticles (NANO-RAD) NCT02820454 Brain Metastases Phase 1 [22], [23] 

Nanocells NCT02766699 Glioblastoma 
Astrocytoma, Grade IV Phase 1 [24], [25] 

Doxorubicin-loaded Anti-EGFR-
immunoliposomes (C225-ILs-dox) NCT03603379 Glioblastoma Phase 1 [26] 

Gold Nanocrystals NCT03815916 Parkinson’s Disease Phase 2 [27] 

half-life of the compound increased from 2 to 50 days, nevertheless 
due to its large size it is not able to easily pass back out of vascular 
membranes such as the BBB and can accumulate in higher concentra-
tions around tumor areas of the brain. Only two patients resulted to 
show toxicity concerns, and there were no changes to the safety profile 
established in phase 1. In phase 2 clinical trials carried out by Clene 
Nanomedicine, CNM-Au8 was tested on patients with Parkinson’s 
disease. CNM-Au8 are clean-surfaced catalytically active gold nano-
crystals, 13nm in diameter, in an oral suspension, which are often used 
to increase the absorption rate and bioavailability of poorly soluble 
drugs [28-29]. In results released by Clene Nanomedicine, CNM-Au8 
successfully decreased the concentration of free radicals by turning 
them into oxygen and water, increased NAD+ from NADH to stimu-
late cellular respiration, and lowered the levels of misfolded proteins 
by reducing oxidative stress. Along with drug delivery for patients 
with Parkinson’s disease, CNM-Au8 has also been tested on patients 
with multiple sclerosis and amyotrophic lateral sclerosis which high-
lights the versatility of this nanoparticle formulation. Overall, during 
this phase of clinical trials, the clean-surface gold nanoparticle and 
target molecule interactions were successful and passed safety stand-
ards [28]. Although these clinical trials have been successful, they are 
still in their early stages of development. Nonetheless, given that many 
nanoparticle investigations are still in their in vitro and in vivo studies, 
reaching the clinical trial stage can be considered a form of success. 
The nanoparticle size is one of the main reasons that prevent nano-
medicine to reach an advanced clinical stage. Most of them are too 
large to be taken in by transcytosis vesicles, and once inside the brain, 
the extracellular space is extremely dense, making movement and tar-
geting difficult for nanoparticles [4]. Nanoparticles must fit into the 
extracellular spaces which range from 50 nm to 100 nm [4]. Many 
constraints exist when synthesizing nanoparticles for brain-targeted 
delivery systems slowing the progression of current research. 

CONCLUSIONS 

In conclusion, it is important to understand the biology of the NVU to 
develop delivery systems for CNS therapy. A better understanding of 
the relationship between nanoparticles and the body will help create 
materials that can avoid an immune response with the help of different 
physical and chemical modifications. However, this research is still 
just a small portion of the way to finding cures for neurodegenerative 
diseases. Crossing the BBB requires nanoparticles to be modified in a 
specific way, which needs to match the properties of the drug being 
delivered to be compatible with each other. Because of these factors, 
nanoparticles often have to go through multiple rounds of pre-clinical 
and clinical testing before getting approved. Nanoparticle research and 

applications to the brain are still quite new. Therefore, this paper pro-
vided a basic background of the biology and gathered some of the most 
promising research to provide insight into the progress toward finding 
a treatment for CNS diseases. 
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