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Abstract 

One of the major challenges in drug development is the delivery of therapeutics to the 

central nervous system (CNS). The blood-brain barrier (BBB), which modulates the 

passage of molecules from the CNS, presents a formidable obstacle that limits brain 

uptake of therapeutics and, therefore, impedes the treatment of multiple neurological 

pathologies. 

Targeted nanocarriers present an excellent opportunity for drug delivery into the brain 

leveraging on endogenous receptors to transport therapeutics across the BBB 

endothelium. Receptor mediated transport endows multiple benefits over other, 

conventional delivery methods such as the transient permeabilization of the BBB or 

the direct depositioning of intracranial depots. Herein, different strategies for 

nanocarrier targeting to the CNS are discussed, highlighting the challenges and recent 

developments. 

 

1. Introduction 

The field of neuroscience has made a great progress over recent years, which led to 

an improved understanding of central nervous system (CNS) disorders. Yet the 

progress in the development of successful strategies for treating these disorders is still 

lagging behind. The CNS, consisting of the brain and spinal cord, has a protective 

barrier in the form of the blood brain barrier (BBB), which limits the entrance of many 

therapeutics in different types of CNS disorders. This is one of the reasons why CNS 
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therapeutics take longer to develop and have a lower clinical approval success rate in 

comparison to other drugs (according to the Tufts Center for the Study of Drug 

Development http://csdd.tufts.edu). The BBB acts as a highly selective and restrictive 

barrier in order to protect the CNS from the passage of neurotoxins, invading 

organisms and to regulate the movement of essential nutrients between the circulation 

and the brain parenchyma. This major challenge led to an entire field of research 

dedicated to overcoming the BBB and efficiently delivers therapeutic agents to the 

brain. The BBB is formed by endothelial cells joint together by tight junctions that line 

cerebral vessels [1, 2, 3] (Figure 1). This causes most molecular substances to pass 

through a transcellular route across the BBB rather than a paracellular route through 

the junctions, as in most endothelial barriers [4, 5].  

The organization of the BBB components and the function of the BBB can be altered 

under pathological condition such as brain cancer, multiple sclerosis, dementia, 

epilepsy and more. In the case of brain malignancies, a blood-brain-tumor barrier 

(BBTB) can be formed with the progression and deterioration of the disease. The BBTB 

contain existing and newly formed blood vessels that contribute on one hand to the 

delivery of nutrients and oxygen to the tumor and facilitate glioma cell migration to 

other parts of the brain and on the other hand block the entrance of therapeutic agents 

to the brain.  Many efforts have been made to overcome BBB or BBTB separately. 

However, in most cases, BBB and BBTB exist simultaneously when glioma is 

diagnosed, thus most studies does not distinguish between them and target both of 

them.  However, dual targeting approaches both BBB and BBTB have also been 

utilized [6]. 

 

1.1 Main routes for molecular traffic across the BBB  

The movement across the BBB can occur in several cellular pathways (Figure 1). 

Transcellular passive diffusion involves the movement of solutes across membranes 

along their concentration gradient without consuming energy or involving a carrier 

protein. Lipid solubility, polarity, molecular size, concentration in the blood, and surface 

area available for diffusion can influence the ability of a certain substance to passively 

diffuse through the lipid membrane of the endothelial cells composing the BBB [5, 7, 

8]. Small gaseous molecules (e.g O2, CO2)[1], small lipophilic agent (e.g ethanol)[1] 

and drugs such as the opioids family (e.g morphine, heroin)[9] or antidepressants [10] 

can passively diffuse through the lipid membranes. Other substances, such as small 

or large hydrophilic molecules, relay on transcytosis, which can be mediated either by 
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transport proteins, receptors or through adsorption. A number of specific transport and 

enzyme systems, which are presented on the apical and the basolateral endothelial 

membranes, can regulate essential nutrients traffic across the endothelial cells from 

the blood into the brain parenchyma. The complexity of the restrictive passage through 

the BBB should be taken into account in drug delivery strategies to the CNS. The 

designed drug construct should target one of the active transcytosis pathways in order 

to reach the brain parenchyma. The first active transport is the transporter-mediated 

transcytosis pathway. This pathway is a substrate selective pathway, thus the 

suggested drug should either mimic the endogenous substrate or have the natural 

substrate bound to the drug conjugate [11]. The endothelial cells incorporate either 

influx transport carriers for glucose (e.g GLUT-1 glucose carrier) [12, 13, 14], amino 

acids (e.g L1 amino acid transporter(LAT1)), glutathione [15], nucleosides, and other 

substances or efflux transporters (e.g. P-glycoprotein, Multidrug resistance-associated 

protein (MRP1/4/5)) [16, 17], which are energy-dependent. Hydrophilic 

macromolecules and certain peptides can cross through the BBB by endocytic 

mechanisms involving a receptor in a process called receptor-mediated transcytosis 

(RMT) [18] and by a less specific process called adsorptive-mediated transcytosis 

(AMT) [19, 20]. These processes include a vesicle-mediated transfer of substances 

across the cell by endocytosis at the apical membrane and the release of the content 

to be exocytosedat the basolateral membrane [21]. Several receptors that are 

expressed on the endothelium of the brain can be used in devising delivery strategies. 

Among them are the transferrin receptor (TfR) [22, 23, 24], low-density lipoprotein 

receptor (LDLR) [25, 26], insulin receptor (IR) [27], and others as detailed below. 

Compared to the RMT pathway, which requires as a first step specific binding of the 

ligand to a membrane receptor followed by internalization, the AMT pathway involves 

a nonspecific binding of the ligand to membrane surface charges as a first step, then 

followed by internalization. The interaction of a desired cationic protein or cell 

penetrating peptide (CPP) is based on electrostatic interactions between the positively 

charged substance and the negatively charged membrane of the endothelial cells [19, 

20]. The degree of transcytosis across the brain endothelial cells is to a lesser extent 

compared to the peripheral endothelium, which makes drug delivery across the BBB 

even more challenging [1]. Nevertheless, the endothelium of brain arterioles and 

venules were reported to be leakier and subjected to greater modulation [1, 28]. This 

is a great advantage for delivering drugs across the brain once passing the less 

penetrable brain capillary endothelium.  



 

Figure 1: Schematic representative of the Blood Brain Barrier (BBB) and physiological 

pathways that enable nanoparticle based drug delivery across the BBB. (a) 

Paracellular pathway; (b)Transcellular pathway; (c) Transporter-mediated 

transcytosis; (d) Receptor-mediated transcytosis; (e) Adsorptive- mediated 

transcytosis. 

 

1.2 Delivery routes of therapeutics to the CNS 



Although many drugs have therapeutic potential for CNS disorder, only few of them 

have been clinically used due to limitations posed by the BBB. The delivery routes for 

the CNS can be divided into two main approaches: invasive and non-invasive. The 

invasive approach mostly relies on surgical intervention for the administration of the 

therapeutic agent directly into the brain, hence bypassing the BBB. This intracranial 

drug delivery includes the methods of intracerebral implementation [29, 30, 31], 

intracerebroventricular infusion [32], interstitial delivery [32] and convection-enhanced 

diffusion (CED) [33]. These delivery strategies involve administration of the therapeutic 

agent by either implanting drug-releasing depots into the brain parenchyma, direct 

injection into the brain or catheters stereotactically placed through cranial burr holes. 

This invasive approach for local delivery of drugs to an intracranial target can achieve 

sustained drug concentrations and is considered to be the most appealing method for 

the treatment of brain tumors. However, this strategy has certain disadvantages, such 

as surgery complications, CNS infection, catheter obstruction, potential high 

intracranial pressures, local toxicity, and inadequate drug distribution.  

      The noninvasive approach can be achieved by systemic delivery of the therapeutic 

agents capable of crossing the BBB or by alternative pathways which directly bypass 

the BBB such as intranasal administration. It is known that the  olfactory and trigeminal 

nerves create a pathway connecting the nasal cavity and the brain thus providing 

potential routes for noninvasive administration of therapeutics to the CNS [34, 35]. This 

pathway enables a quick delivery of drugs to the CNS within minutes, especially drugs 

with lower molecular weight and higher lipophilicity.  However, the disadvantage of the 

use of this method is the concentration that can be achieved in different regions of the 

brain and spinal cord. High molecular weight drugs tend to be less efficient in this drug 

delivery method. Finally, systemic administration can be achieved by intravenous (IV) 

administration. By IV injection, the therapeutic agents encounter the BBB and in order 

to penetrate the brain should be able either diffuse passively or use the active 

pathways discussed earlier such as the transport proteins, RMT or AMT. The existence 

of abundant transporters and receptors on the apical membrane of the BBB and their 

unique characteristics offer substantial potential for drug development and will be 

discussed further on.  

      Nowadays, different methods for disrupting the BBB are being explored in order to 

enhance the delivery of different therapeutic agents.  One such method is the magnetic 

resonance imaging-guided focus ultrasound (MRI-gFUS) [36]. In this method, 

microbubbles are injected systemically and under the guidance of MRI, a certain 

targeted area in the brain is being stimulated by the US waves, causing a disruption of 



the BBB. The microbubbles can be loaded with the desired drug, thus can be used as 

a drug carriers for targeted delivery [37]. Another approach is to inject empty 

microbubbles in order to cause the temporary breaching of the BBB and then injection 

of the therapeutic agent [38, 39, 40]. Other ways to promote the temporary disruption 

of the BBB is to use agents such as mannitol [41, 42]  and bradykinin [43, 44]. 

1.3 Nanoparticle based drug delivery to the CNS 
In order to overcome the obstacles mentioned above, many attempts to develop 

therapeutic agents have been made. This includes viral vectors, nanoparticles (NP), 

cell penetrating peptides (CPPs) and many more. Viral vectors have become a 

valuable tool for therapeutic gene delivery to a specific site.  A number of different 

viruses have been studied as vectors for gene CNS delivery. These include lentivirus 

[45], retrovirus [46], recombinant adeno-associated virus [47] and herpes simplex virus 

[48]. Although the use of viral vectors demonstrated satisfactory efficiency for CNS 

delivery, there are several disadvantages that should be considered when approaching 

this delivery method. These limitations include unwanted immune response, changes 

in the properties of delivered virus due to endogenous recombination, and mutagenic 

behavior leading to oncogenesis.  

On the other hand, over the past decades, different types of nanoparticles (NPs) have 

emerged as potential drug delivery vehicles due to the fact that they can be easily 

tailored to achieve both controlled drug release and tissue specificity [49, 50, 51]. NPs 

are small-scaled drug carriers that can vary in shape, size, surface properties and 

mechanical stiffness depending on their composition which can be based on different 

materials such as lipids, polymers, proteins, or inorganic compounds [52, 53]. NPs 

serve as carriers for a variety of therapeutic molecules: from nucleic acid to proteins, 

small molecules and chemotherapy drugs, and combinations of the aforementioned 

agents. NPs are characterized in the ability to protect the payload from degradation, 

increase the plasma concentration half-life, reduce toxicity, and release the payload in 

a controlled release manner, hence enabling a wide therapeutic window [49, 50].  In 

addition, NPs can promote delivery of their cargo directly to specific cells and are 

therefore can be used for precise tumor targeting.  

The physicochemical characteristics of NPs have been shown to be crucial for 

determining their fate and performance following administration. Several parameters 

were examined including nanoparticle size, shape, stiffness, surface charge, 

composition, and aggregation. Size has a significant effect on blood circulation time as 

an optimal vesicle should be large enough to avoid renal clearance but small enough 

to avoid clearance via the mononuclear phagocytic system [54]. The size of NPs 



should be also adjusted in accordance to the route of administration and delivery 

purposes. The shape and curvature of NPs can also affect circulation half life and 

immune response as oblate-shaped NPs were shown have a lower macrophage 

uptake in comparison to spherical nanoparticles and, therefore, longer circulation time 

and different biodistribution [55]. NP softness is another important factor that has 

recently been shown to be a key parameter in modulating the behavior of 

nanoparticles. It has been shown that for polymeric nanoconstructs, regardless of the 

size and shape, softer NPs were significantly better in avoiding uptake by  bone-

marrow-derived monocytes in comparison to rigid ones [53]. Moreover, softer NPs, 

have been shown to enhance tumor vasculature targeting [52]. Surface features of 

LNPs have also been thoroughly investigated. Positive charge has been shown to 

result in better uptake of by cells in comparison to uncharged or negatively charged 

NPs [56]. However, positively charged NPs have toxic effects including induction of 

pro-inflammatory response [57]. Due to the importance of surface characteristics, 

surface functionalization has been widely used either for elongation of circulation time 

by hydrophilic polymers such as PEG and Hyaluronan; or for specific cell targeting by 

ligands such as antibodies, peptides, and aptamers. 

The physicochemical properties of NP also influence their passage across the BBB, 

naturally, long circulation will promote BBB passage but there are additional factors. 

Size is an important factor as small particles have been shown to achieve better BBB 

penetration [58]. Indeed, most studies detailed below utilize NP smaller than 200nm. 

Nevertheless it should be noted that filamentous phages used for BBB penetrating 

peptides in-vivo are 900 nm in length and have a diameter of 6.5 nm. Shape and 

surface charge have also been studied yet literature report have not been consistent 

[59]. 

The complexity of the BBB makes CNS drug delivery a tremendous challenge, but also 

provides many unique opportunities for drug delivery. The conjugation or adsorption 

onto the NP surface of moieties that could interact with the BBB and facilitate 

transcytosis are examples of promising approaches to drug delivery. Herein, we will 

focus on non-viral targeted drug delivery systems, which have demonstrated the ability 

to cross the BBB and deliver therapeutic payloads in-vivo. 

2. Specific targeting 

Large hydrophilic molecules can cross the BBB by either RMT or by AMT [1, 60] 

(Figure 1).  RMT possess several advantages in comparison to AMT and untargeted 

systems. As mentioned passive delivery of untargeted systems mostly enable the 

passage of small hydrophilic compounds. In addition, both untargeted and AMT based 
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systems lack specificity. The AMT strategy possess additional limitations such as 

toxicity and immunogenicity attributed to the positively charged CPPs used as detailed 

below (PMID 18726697).  

 From a clinical standpoint there are many advantages for developing NPs, which 

utilize the RMT approach for crossing the BBB as the entry mechanism is known and 

therefore such systems are likely to receive faster regulatory approval. Therefore, in 

this review we will focus on targeted NPs that have a known receptor/transporter.  

There are many sources for specific ligands among which are endogenous neurotropic 

biomolecules, pathogen/ toxin derived proteins, and peptides and phage display bio-

panning as detailed below. 

 

2.1 The ultimate receptor/transporter 
Upon examining the receptor/transporter for CNS drug delivery, there are several 

required attributes. The first attribute is specificity: the receptor should be exclusively 

expressed (or at least expressed in higher amounts in comparison to other tissues) in 

the apical side of brain vasculature. The second and obvious requirement is the 

capacity to facilitate transcytosis. High turnover is another requirement and as other 

requirements it is common for all receptors utilized for active drug targeting. Another 

important attribute is the physiological role of the transporter that should not be easily 

altered [61].  

Due to high expression on the BBB and their capacity to facilitate transcytosis, several 

endogenous transporters and receptors have been used for BBB targeting among 

them are transferrin receptor 1 (TfR1), glucose, GSH, low-density lipoproteins 

(LDLRs), insulin receptor (IR), and leptin.  

 

2.2 Transferrin receptors 
The concept of utilizing the transferrin receptor for brain drug delivery has been 

proposed already in 1984 by Jefferies et al. [62, 63] and has been extensively studied 

as a potential brain drug delivery target [64]. The rationale behind using TfR is clear 

as it is responsible for the transport of transferrin to the brain parenchyma in order to 

maintain the iron homeostasis. In addition, TfRs are highly expressed on brain capillary 

endothelial, but not on endothelial cells elsewhere in the body [64].  

Several strategies have been used for TfR targeting among them are antibodies, 

peptides and transferrin as the natural ligand for the delivery of a wide array of 

nanoparticles and therapeutics [64]. Interestingly, the affinity of the targeting moiety 

towards the receptor has been shown to be highly important as low affinity antibodies 

were shown to be superior over high affinity antibodies as far as brain uptake upon 



intravenous IV administration to mice [65]. This is due to the fact that Anti-TfR 

antibodies that bind with high affinity to TfR remain associated with the BBB, whereas 

lower-affinity anti-TfR antibody variants are released from the BBB into the brain and 

therefore show a broad distribution as demonstrated by Mark S. Dennis and colleagues 

[65].  

Patrick Couvreur and colleagues have developed chitosan−PEG nanoparticles 

functionalized with the monoclonal antibody OX26 against TfR for brain delivery of the 

caspase-3 peptide inhibitor [66]. The authors have shown brain localization following 

IV administration of the NPs. In a following studies the authors have shown that by 

using the TfR targeting approach they can provide neuroprotection upon systemic 

administration [67, 68]. In a recent study, the authors also address an important issue 

in the development of brain targeted DDS which is the evaluation of the underlying 

mechanisms for enhanced cellular entry  [69]. The same group also developed 

squalenoyl adenosine nanoparticles, though untargeted these particles managed to 

provide neuroprotection after stroke and spinal cord injury [70]. 

 
2.3 Low-density lipoprotein receptors (LDLRs) and low-density lipoprotein 
receptor-related proteins (LRPs) 
Like TfR, LDLRs and low-density lipoprotein receptor-related proteins 1 (LRP1) and 2 

(LRP2) have been also widely studied as potential receptors for delivery across the 

BBB due to their high expression levels in brain capillary endothelial cells. LRP1, for 

example, have been shown to be overexpressed in the brain [61, 71, 72]. In addition, 

the RMT capacity of LDLRs is potentially higher than that of TfRs [72, 73]. 

LDLR targeting can be achieved directly by coating the NP with antibodies, specific 

ligands or peptides derived from ApoB, ApoE and Angiopep-2 or indirectly by 

nanoparticle surface modification that leads to the adsorption of apolipoproteins [74, 

75, 76]. 

One of the most advanced BBB delivery methodology is based on targeting with 

Angiopep-2, a peptide identified through sequence alignment screening with other 

human proteins having a Kunitz domain, which interacts with LRP1 [61, 77, 78]. 

Angiopep-2 has shown a high rate of transcytosis and brain uptake [61] and rapidly 

matured to phase II clinical trials with a paclitaxel conjugate for the treatment of breast 

cancer (NCT01967810) [79] and high-grade glioma in combination with bevacizumab 

(NCT01480583). Angiopep-2, has also been used for the delivery of a wide array of 

NPs encapsulating either small molecules, proteins or nucleic acid-based therapeutics 

into the CNS [80]. A recent work reports dual targeting immunoliposomes 

encapsulating TMZ using Angiopep-2 and CD133 antibody for glioblastoma stem cells 
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[81]. The authors report a significant reduction of tumor size following IV administration 

in addition to increased lifespan. However, the authors did not compare the dual 

targeted liposomes to liposomes only targeted with Angiopep-2 and therefore the 

added value of the addition of CD133 is not clear.  

 

2.4 Glutathione (GSH) transporters 
Another targeting moiety that has progressed to to clinical trials is GSH. GSH 

transporters is a great example of utilizing the selective transport of nutrients to 

facilitate drug delivery into the brain. GSH is an endogenous tripeptide that possesses 

antioxidant-like properties and is therefore highly important for the detoxification of 

intracellular metabolites [82].  

2-BBB’s G-Technology® developed two GSH targeted liposomal products currently in 

clinical trials: 2B3-101 (glutathione PEGylated liposomal doxorubicin) and 2B3-201 

(glutathione PEGylated liposomal methylprednisolone). 2B3-101, developed for 

patients suffering from multiple brain cancer indications, with an initial focus on patients 

with brain metastases of breast cancer and patients with glioma has completed a 

Phase I/IIa clinical trial (NCT01386580). 2B3-201, developed for patients suffering 

from acute and chronic neuro-inflammatory diseases, with an initial focus on patients 

with acute MS relapses completed phase I study (NCT02048358). In preclinical 

evaluation, 2B3-201 has shown a favorable pharmacokinetic profile and optimal 

distribution to the brain compared to the free drug [82, 83].  

The technology has also been used in preclinical studies for the delivery of additional 

therapeutics such as small molecules, peptides and antibodies [83, 84, 85, 86].  

  
3. Going beyond the obvious 
3.1 Pathogen and venom derived targeting moieties 
Despite the large amount of literature evidence for the well-known RMT targets 

described above, including TfR, LDLR and insulin receptor (reviewed elsewhere [72]), 

these receptors are expressed in multiple tissues and are not brain or BBB specific. 

Therefore, these RMT targets would be suitable for the treatment of deficiency 

syndromes but not for cases in which specific delivery is required such in the case of 

tumors, neurodegenerative and certain neurodevelopmental disorders. In addition, all 

of these receptors are characterized with a relatively low RMT capacity and therefore 

low levels of brain uptake (<2% in most systems). Incidentally, it should be explained 

that accurate quantification is another hurdle for BBB delivery. Thus, the identification 

of novel BBB RMT ligands with better tissue specificity and improved RMT capacity is 

yet an unmet need. There are increasing efforts for identification of such targets both 



through screening of peptide libraries using several approaches and by exploring 

pathogen derived targets as detailed below. 

The rationale of utilizing pathogen derived ligands is very intriguing as these targeting 

moieties are a product of long evolutionary processes for achieving CNS entry and 

therefore highly verified. Thus, inquiring of pathogen (viral or bacterial) and venom 

derived targets supplies a new pool of previously unexplored targets. Particularly 

interesting is the acetylcholine receptor (nAchR) which is targeted by the Rabies virus, 

plant extract alkaloid arrow poisons and snake venom components such as three-

finger toxins (Table 1 & Figure 1). Nevertheless, it should be noted that pathogen and 

venom derived proteins are both toxic and highly immunogenic in their complete form. 

Therefore, the specific fraction sufficient for targeting without inducing unwanted 

effects should be isolated. The general concept of using pathogen inspired systems 

was reviewed elsewhere [87, 88]. Here, we will focus on systems that matured to in-

vivo delivery of therapeutics.  

As described in Figure 2, pathogens do not only utilize CNS receptors for cell entry but 

also exploit several cellular mechanisms for CNS penetration. For example, several 

pathogens utilize intracellular transport, a mechanism essential for the distribution of 

neuronal organelles and proteins. The retrograde transport facilitated by the 

cytoplasmic dynein motor enables transfer of cargo from the nerve terminus to the cell 

body. The use of motor based axonal transport is a key mechanism for viral spread 

across the CNS especially when taking into account axon length which makes relying 

on passive diffusion irrelevant [89]. The use of motor based axonal transport following 

entry at peripheral nerve endings have been documented for several neurotropic 

viruses, bacteria and toxins including the Rabies, Poliovirus, Canine adenovirus type 

2 and Tetanus toxin [89]. Therefore, it is possible that NPs conjugated with viral 

proteins will also be able to exploit the motor based axonal transport for CNS 

spreading. 

The specific mechanisms of viral entry have also been studied and certain molecules 

on neuromuscular junctions and sensory-nerve endings can serve as receptors. For 

example, Poliovirus binds CD155, several adenoviruses bind the coxsackievirus and 

adenovirus receptor (CAR) and Rabies virus binds p75, nicotinic acetylcholine receptor 

(nAChR) and neural cell adhesion molecule (NCAM) [89]. 

 

3.1.1 Rabies virus glycoprotein (RVG)   
The concept of harnessing RVG for the purpose of drug delivery was reported by Priti 

Kumar and colleagues in 2007 [90]. These researchers were the first to raise the 

hypothesis that the strategy of BBB crossing of neurotropic viruses can be utilized for 
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siRNA delivery to the brain. The authors chose Rabies probably due to the fact it has 

a known neurotropism and in addition a lot is known regarding its CNS entry 

mechanism and specific receptors (Figure 2). The peptide used for targeting in this 

study, RVG29, was first discovered upon studying the CNS tropism of rabies [90, 91, 

92]. In these studies it was found that a 29 residue fragment of RVG (RVG-29) was 

able to completely inhibit the binding of snake-venom toxin α-bungarotoxin (BTX) to 

AchR [90, 91]. To enable siRNA binding, Kumar and colleagues synthesized a chimeric 

peptide by adding the positively charged nonamer arginine residues at the carboxy 

terminus of RVG-29. The authors have shown that the RVG-siRNA conjugate 

managed to reach the brain following IV administration and even promote a therapeutic 

effect by affording robust protection against fatal viral encephalitis in mice.  

Ever since, RVG was used for the delivery of multiple therapeutics and a wide array of 

nanoparticles and even exosomes, as summarized in Table 1. The different strategies 

of RVG targeting have been recently reviewed [93].  

 
Figure 2: Rabies virus axonal transport. The long axonal transport to the CNS begins 

in the periphery. According to the classical pathway, the rabies virus first infects 

muscle cells upon binding to the acetylcholine receptor. From the muscle, the virus 

spread into the neuromuscular junction and enters neurons via NCAM or p75. In the 

neuron, the Rabies virus utilizes the cells’ retrograde transport to travel to the CNS. 

 

 



 

Nevertheless, upon using NPs for delivery, the biodistribution is less favorable in 

comparison to siRNA conjugates reported by Kumar and colleagues as most of the 

injected dose would eventually end up in mononuclear phagocytic system (MPS) 

related organs. Therefore, improving NP biodistribution, which is a general challenge 

for all drug delivery purposes is critical when it comes to CNS delivery.  

 

3.1.2 Chlorotoxin (CTX) 

Chlorotoxin (CTX) is a 36 residue peptide derived from the venom of the Israeli 

scorpion Leiurus quinquestriatus [94]. This peptide has been used in multiple CNS 

delivery systems and even matured to clinical trials due to its ability to preferentially 

bind to brain tumor cells and high stability derived from its 8 cysteines that form 4 

disulfide bonds [94, 95, 96]. The preferential binding of malignant tissue may be related 

to CTX’s specific interaction with metalloprotease-2 (MMP-2) which is overexpressed 

in brain tumors. Additional advantages for CTX from a drug delivery standpoint are its 

lack of toxicity and immunogenicity and demonstrated ability to enter the brain upon IV 

administration, suggesting that it might be able to cross the BBB directly [94]. CTX has 

also been shown to possess antiangiogenic activity, additional advantage for cancer 

therapy [97]. 

CTX’s preferential binding to tumor cells has been harnessed for both radiotherapy 

and for the development of imaging agent to help tumor visualization during surgical 

resection [94, 95]. TM-601, an iodine 131 radioconjugate of the synthetic CTX, is 

currently evaluated in phase II clinical trials for the evaluation of safety and efficacy in 

high-grade gliomas (NCT00114309, NCT00683761) [98, 99, 100]. 

CTX has been used for systemic delivery of a wide array of therapeutics such as 

methotrexate, cisplatin, alisertib, siRNA and DNA and with several types of NPs 

including liposomes, dendrimers and polymeric NPs, as summarized in Table 1. 

Recently, Tamborini M et al. presented a combined approach employing both CTX 

targeted PLGA nanoparticles and radiation to reach infiltrating tumor niches in GBM 

[101]. The authors have shown the necessity of the combined approach as the whole 

brain X-ray irradiation prior to the injection of the targeted NPs enabled enhanced 

expression of CTX targets (including MMP2) and possible BBB permeabilization that 

enhanced the amount of targeted NPs in dispersed tumor cells. Another paper that 

demonstrated inhibition of GBM utilizing CTX targeted NPs was recently published by 

Han L. et al. [102]. The authors utilized an interesting "autocatalytic" approach to 

increase brain NP accumulation by encapsulation of BBB modulators in CTX targeted 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tamborini%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26745323


NPs. This enables the transportation of more NPs by creating a positive feedback loop. 

Moreover, the authors have shown that preferential accumulation in brain tumors at a 

concentration of 4.3- and 94.0-fold greater than that in the liver and in brain regions 

without tumors. 

 

Additional pathogen and venom derived targeting moieties including Clostridium tetani, 

Vibrio Cholerae, mamba Snake venom and bee venom are also listed in Table 1. 

 

3.2. Phage display screening 

Phage display is an effective molecular technique based on a direct linkage 

between phage phenotype and its encapsulated genotype, which leads to 

presentation of molecule libraries on the phage surface. This technique is being 

utilized in studying interactions between a protein and its ligand, receptor 

binding sites, and in improving the affinity between a certain protein to its 

binding ligand. Phage display is an efficient method for obtaining specific 

proteins and peptide that can bind to a certain receptors, thus provides a key 

tool for identifying novel agents (e.g antibodies, proteins or peptide) that can 

bind the BBB and facilitate the transport between the blood to brain 

parenchyma in the RMT pathway. Therefore, phage display libraries represent 

huge potential for formulating targeted drug delivery platforms [103].  
 
3.2.1 FC5 

FC5, a single domain llama antibody, is an interesting and relatively new targeting 

moiety discovered by Stanimirovic D. et al. [104]. FC5 was isolated via antibody phage 

display screen performed against human cerebromicrovascular endothelial cells 

(HCEC).The aim of the screen was to identify novel BBB binding and transmigrating 

antibodies [104] and indeed FC5 exhibited enhanced passage through the BBB in-vitro 

and in-vivo. Despite the fact that the screening was performed without aiming for a 

particular receptor, the authors later reported that FC5 internalization is probably 

receptor-mediated process and identified the transmembrane protein TMEM-30A as a 

possible receptor [105]. Recently, the same group reported on the development of 

bispecific antibodies in which FC5 was used as a BBB carrier [106, 107]. The authors 

have shown that bispecific antibodies comprised of FC5 and the antibody antagonist 

of the metabotropic glutamate receptor-1 (mGluR1) can be detected 

immunohistochemically in brain regions involved in pain processing after systemic 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Stanimirovic%20D%5BAuthor%5D&cauthor=true&cauthor_uid=11772942


administration. Thus, this bispecific antibody manages not only to cross the BBB but 

also to spread across the brain. In addition, the authors demonstrated the antibody’s 

ability to engage central mGluR1 receptors and possess analgesic properties in a 

rodent model of persistent inflammatory pain following IV administration [106]. 

FC5 has not been used yet for the delivery of NPs across the BBB and it would be 

interesting to see whether the capacity to deliver ‘cargo’ across the BBB and into the 

brain also applies for larger cargos such as NPs.    

 

3.2.2 Pep TGN 

Pep TGN is a 12-residue peptide that was found through in-vivo phage display 

screening, as with FC5, there was no aiming for a specific receptor [108, 109] though 

the authors do suggest that the mechanism is probably receptor mediated taking into 

account the selective and active transport across brain endothelial cells. Upon 

conjugation to PEG-PLGA NPs, the authors showed enhanced brain accumulation and 

lower liver accumulation in comparison to undecorated NPs. In a following study , the 

authors report that dual functionalization with both Pep-TGN and QSH (a peptide with 

good affinity to amyloid plaques) results in a beneficial therapeutic effect in a murine 

Alzheimer's disease model [110]. 

 
4. Learning from pathogens- combination of CPP with targeting approach 
As pathogens are equipped with more than just a targeting moiety, delivery of 

therapeutics in significant amounts probably cannot rely on targeting alone. Therefore, 

several papers have reported on the combination of both cell-penetrating peptides 

(CPPs) and a targeting moiety.  

CPPs are short positively charged peptides, which can thus cross cell membranes via 

AMT. CPPs were used for the delivery of multiple cargoes including proteins and 

nucleic acid-based therapeutics. TAT, a CPP derived from HIV, is one of the first 

examples for the most frequently used CPP for brain delivery.  

Very recently, Xi Yu et al. utilized a novel approach to design protein based 

nanoparticles for the delivery of therapeutic peptides [111]. The formation of 

activatable protein nanoparticles (APNPs) is performed via self-assembly of three 

independent polypeptides based on pairwise coiled-coil dimerization. The formed 

APNPs are activated to release the encapsulated cargo by locally enriched proteases 

in the disease microenvironment. The authors demonstrated that APNPs 

encapsulating the TAT conjugated neuroprotective peptide NR2B9c managed to 

effectively treat stroke in-vivo, by improved the delivery of Tat-NR2B9c to the ischemic 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yu%2C+Xi


brain,restoring both infarct volume and neurological function. In this study, APNPs 

encapsulating TAT conjugated NR2B9c outperformed the free peptides.  

TAT was first described by Steven F. Dowdy and colleagues [112] who managed to 

deliver active proteins to mice brains following intraperitoneal injection. However, the 

TAT conjugated protein was also delivered to all other tissues. Therefore, delivery that 

is CPP based only will lack brain selectivity. In addition, due to the fact CPPs are 

positively charged, their use can induce toxicity and undesired immune activation 

especially in chronic therapy [113].  Thus, identification of novel and less toxic CPP 

alternatives is another delivery challenge [114]. 

Several recent delivery systems report on combining the advantages of CPPs with the 

selectivity of specific ligands. For example, the combination of Angiopep-2 and TAT 

was shown to be more efficacious in comparison to Angiopep-2 alone for the delivery 

of paclitaxel in a murine glioma model [115]. Very recently, the same dual targeting 

combination was also tested in docetaxel (DTX)-loaded polymeric micelles in a glioma 

murine model [116]. The authors also reported on the beneficial effect of the 

combination which was also demonstrated in the improved efficacy and reduced 

toxicity. 

Another combination recently published explored the use of the novel human derived 

CPP dNP2 in addition to cleavable folic acid (FA) for dual targeting of paclitaxel (PTX) 

loaded liposome for the treatment of  glioma [117]. The authors have shown the benefit 

of acid cleavable FA for enhanced tumor targeting and glioma growth inhibition as 

cleavable FA targeted liposomes outperformed the non-cleavable version due to 

enhanced cell uptake. The same group also utilized a similar approach [118] for 

enhanced breast cancer and brain metastasis therapy. In this animal model, the dual 

targeted acid cleavable FA liposomes have shown a greater therapeutic effect in 

comparison to single targeted or non-cleavable FA targeted liposomes. dNP2 is a 

novel and interesting human derived CPP which was reported to be less toxic and 

more potent than currently used CPPs [114, 118].  

 

5. Conclusions 
Despite the fact that BBB continues to present a formidable obstacle for the treatment 

of CNS disorders, a lot of progress has been achieved the recent years with drug 

delivery to the brain. Many systems utilizing RMT targeting strategies have shown 

impressive brain delivery in preclinical settings and several even matured to clinical 

trials.  

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/docetaxel


Nevertheless, many aspects of drug delivery to the brain remain a challenging, 

especially those related to NP selectivity to the brain and non-specific deposition in 

MPS associated organs. Additional challenges are technical, such as the accurate 

quantification of NPs and therapeutics delivered to the brain.  

The achievement of drug delivery to the CNS in therapeutically relevant amounts will 

therefore require a combined effort of multiple disciplines including chemistry, 

materials science, neurobiology and neuroimaging. This will enable to adjust the 

chemo-physical NP properties for enhanced stability, improve brain penetrability and 

identify novel targeting moieties and receptor targets that would enable targeting 

specific parts of the CNS. Further understanding of the molecular mechanisms behind 

RMT which differs among the specific receptors and transporters targeted and of BBB 

bypassing strategies is also required. 

 

 

Table 1: Pathogen and venom derived CNS targeting moieties 

   

Path
oge
n 
type 

Pathoge
n 

protein/
peptide 
(the 
ligand) 

Known 
Receptor/ 
Transport
er / Entry Vehicle 

Payloa
d 

Delivery 
route 

Refe
renc
e 

Viru
s 

Rabies 

Virus RVG29 

nAchR, 

P75, 

NCAM 

siRNA-complex 

(electrostatic 

interaction 9r) siRNA 

intravascul

ar [90] 

  
RVG29 

nAchR, 

P75, 

NCAM Exosomes siRNA 

intravascul

ar [119] 

  
RVG29 

nAchR, 

P75, 

NCAM 

DNA-complex 

(electrostatic 

interaction 9r) 

shRNA 

coding 

plasmi

d DNA. intravenous [120] 

  
RVG29 

nAchR, 

P75, 

NCAM PEI nanocarrier 

microR

NA intravenous [121] 



  
RVG29 

nAchR, 

P75, 

NCAM 

chitosan-

conjugated 

Pluronic-based 

nano-carrier protein intravenous [122]  

  
RVG29 

nAchR, 

P75, 

NCAM 

albumin 

nanoparticles  

small 

molecu

le 

(itracon

azole) intravenous [123]  

  
RVG29 

nAchR, 

P75, 

NCAM 

polyamidoamine 

dendrimers 

(PAMAM) pDNA intravenous [124]  

  
RVG29 

nAchR, 

P75, 

NCAM 

Trimethylated 

Chitosan-PEG 

particles siRNA intravenous [125]  

  
RVG29 

nAchR, 

P75, 

NCAM 

Silica-Coated 

Gold Nanorods  - intravenous [126]  

  
RVG29 

nAchR, 

P75, 

NCAM liposome siRNA intravenous [127] 

  
RVG29 

nAchR, 

P75, 

NCAM 

PLGA 

nanoparticles 

small 

molecu

le 

(campt

othecin

) intravenous [128]  

  
RVG29 

nAchR, 

P75, 

NCAM 

mPEG- PLGA 

nanoparticle  

Defero

xamine intravenous [129]  

  
RVG29 

nAchR, 

P75, 

NCAM liposomes 

dopami

ne 

derivati

ve BPD  intravenous [130]  



  
RDP 

nAchR, 

P75, 

NCAM 

protein conjugate/ 

fusion protein protein intravenous [131] 

  
RDP 

nAchR, 

P75, 

NCAM 

protein conjugate/ 

fusion protein protein intravenous [132] 

Bact
eria 

       

 

Clostridi

um 

tetani 

Tetanus 

toxin 

fragmen

t C 

Peripheral 

nerve 

polysialog

anglioside

s 

protein conjugate/ 

fusion protein protein 

intracerebr

oventricular 

(i.c.v.) 

infusion [133]  

  

Tetanus 

toxin 

fragmen

t C 

Peripheral 

nerve 

polysialog

anglioside

s 

protein conjugate/ 

fusion protein protein 

intramuscul

ar or 

intrathecal 

injection 

[134, 

135, 

136]  

        

 

Vibrio 

Cholera

e 

Cholera 

toxin B 

subunit 

(CTB) 

GM1 

gangliosid

e.  

protein conjugate/ 

fusion protein protein 

Oral 

Delivery [137]  

  

Cholera 

toxin B 

subunit 

(CTB) 

GM1 

gangliosid

e.  

protein conjugate/ 

fusion protein protein Intra nasal [138] 

  

Zonnula 

ocluden

s toxin 

(ZOT) 

ΔG 

fragmen

t 

bind to a 

surface 

receptor 

and cause 

TJ 

opening 

via 

intracellula co administration 

small 

molecu

les 

(MTX 

and 

paclitax

el) 

intracarotid 

cannula [139]  



r PKC 

mediated 

events  

        

 

Coryneb

acterium 

diphteria 

Cross-

reacting 

material 

197 

(CRM19

7) 

Diphteria 

toxin 

receptor 

(DTR) conjugate 

horsera

dish 

peroxid

ase 

intravascul

ar bolus 

injection [140]  

  

Cross-

reacting 

material 

197 

(CRM19

7) 

Diphteria 

toxin 

receptor 

(DTR) 

PLGA 

Nanoparticles 

fluores

cent 

probes intravenous [141] 

  

Cross-

reacting 

material 

197 

(CRM19

7) 

Diphteria 

toxin 

receptor 

(DTR) 

PEG-

polyethylenimine 

(PEI)-particles siRNA 

intraperiton

eal 

injection [142] 

Ven
oms 

       

Snak

es 

King 

Cobra 

Snake 

Hannah 

toxin nAchR 

poly(ethylene 

glycol)-poly(lactic 

acid) micelles 

(PEG-PLA 

micelles) 

small 

molecu

les 

(paclita

xel) intracranial  [143]  

        

 

Malayan 

krait 

(Bungar

us 

(D) 

CDX nAchR liposomes 

doxoru

bicin  intravenous [144] 



candidu

s) 

  

(D) 

CDX nAchR 

PEG–PLA 

micelles 

paclitax

el intravenous [145] 

  

(D) 

CDX nAchR 

red blood cell 

membrane-coated 

nanoparticle  

doxoru

bicin  intravenous [146] 

Scor

pion 

Scorpion 

Venom 

(Leiurus 

quinque

striatus) 

Chlorot

oxin 

(CTX) 

Chloride 

channels, 

CPP direct 

passage 

across the 

BBB liposomes 

doxoru

bicin  intravenous [147] 

  

Chlorot

oxin 

(CTX) 

Chloride 

channels, 

CPP direct 

passage 

across the 

BBB PEG-PLGA NPs 

lexisca

n intravenous [148] 

  

Chlorot

oxin 

(CTX) 

Chloride 

channels, 

CPP direct 

passage 

across the 

BBB 

Redox-responsive 

magnetic 

nanoparticle 

O(6)-

benzyl

guanin

e  

convection-

enhanced 

delivery [148] 

  

Chlorot

oxin 

(CTX) 

Chloride 

channels, 

CPP direct 

passage 

across the 

BBB 

stable nucleic acid 

lipid particle 

(SNALP) 

miRNA 

and 

small 

molecu

le 

(sunitin

ib) intravenous [149] 

  

Chlorot

oxin 

(CTX) 

Chloride 

channels, 

CPP direct 

poly(amidoamine) 

dendrimers 131-I intravenous [150]  



passage 

across the 

BBB 

Bee 

Bee 

Venom 

Neuroto

xin Apamin 

Presumed 

-KCa 

channel 

poly(ethylene 

glycol) (PEG) 

distearoylphospha

tidylethanolamine 

(DSPE) micelles 

curcum

in  

 

 

 

intravenous [151] 

 

Bee 

Venom 

Neuroto

xin- 

Apamin 

fragment 

MiniAp-

4 

Presumed 

-KCa 

channel 

cyanine 5.5 

conjugate Cy5.5 

 

intravenous [152]  

 

Acknowledgments 
This manuscript is dedicated to Prof. Patrick Couvreur for all his achievements in the 

field of drug delivery. Specifically, we wish to convey our thanks to Prof. Couvreur for 

his help in generating novel approaches to target the brain and his outstanding 

contribution and friendship over the years.  

This work was supported in part by grants from the Israel Cancer Research Fund; 

The Lewis Family Trust; By the Susan and Mark Len Ovarian Cancer Fund and by 

the Israel Science Foundation (Award #1178/16) awarded to  D.P. This work was 

also supported by the Marie Skłodowska-Curie MINDED Project (grant agreement 

No 754490). S.M. thanks the TAU Nano Center for the postdoctoral fellowship. A.G 

thanks the Dr. Albert and Doris Fields trust for fellowship. 

 

 

 

 

 

References 



 

1. Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions at the blood-
brain barrier. Nat Rev Neurosci. 2006 Jan;7(1):41-53. doi: 10.1038/nrn1824. PubMed 
PMID: 16371949. 

2. Wolburg H, Lippoldt A. Tight junctions of the blood-brain barrier: development, 
composition and regulation. Vascul Pharmacol. 2002 Jun;38(6):323-37. PubMed 
PMID: 12529927. 

3. Abbott NJ. Astrocyte-endothelial interactions and blood-brain barrier permeability. J 
Anat. 2002 Jun;200(6):629-38. PubMed PMID: 12162730; PubMed Central PMCID: 
PMC1570746. 

4. Hawkins BT, Davis TP. The blood-brain barrier/neurovascular unit in health and 
disease. Pharmacol Rev. 2005 Jun;57(2):173-85. doi: 10.1124/pr.57.2.4. PubMed 
PMID: 15914466. 

5. Rosenblum D, Joshi N, Tao W, et al. Progress and challenges towards targeted delivery 
of cancer therapeutics. Nat Commun. 2018 Apr 12;9(1):1410. doi: 10.1038/s41467-
018-03705-y. PubMed PMID: 29650952; PubMed Central PMCID: PMC5897557. 

6. Chen CT, Duan ZQ, Yuan Y, et al. Peptide-22 and cyclic RGD functionalized liposomes 
for glioma targeting drug delivery overcoming BBB and BBTB. Acs Appl Mater & 
Interfaces. 2017 Feb 22;9(7):5864-5873. doi: 10.1021/acsami.6b15831. PubMed 
PMID: WOS:000394829800023; English. 

7. Summerfield S, Jeffrey P, Sahi J, et al. Passive diffusion permeability of the BBB-
examples and SAR. Hoboken, NJ: John Wiley & Sons, Inc; 2015. p. 95-112. 

8. Backes WL. Passive diffusion of drugs across membranes. Elsevier; 2007. p. 1-5. 
9. De Gregori S, De Gregori M, Ranzani GN, et al. Morphine metabolism, transport and 

brain disposition. Metab Brain Dis. 2012;27(1):1-5. doi: 10.1007/s11011-011-9274-6. 
10. Rochat B, Baumann P, Audus KL. Transport mechanisms for the antidepressant 

citalopram in brain microvessel endothelium. Brain Res. 1999;831(1-2):229-36. 
11. Tamai I, Tsuji A. Transporter-mediated permeation of drugs across the blood-brain 

barrier.  Am J Pharmacol Sci. 2000;89(11):1371-1388. doi: 10.1002/1520-
6017(200011)89:11<1371::AID-JPS1>3.0.CO;2-D. 

12. Devraj K, Klinger ME, Myers RL, et al. GLUT-1 glucose transporters in the blood-brain 
barrier: differential phosphorylation. J Neurosci Res. 2011;89(12):1913-25. doi: 
10.1002/jnr.22738. 

13. Qin Y, Fan W, Chen H, et al. In vitro and in vivo investigation of glucose-mediated 
brain-targeting liposomes. J Drug target. 2010;18(7):536-49. doi: 
10.3109/10611861003587235. 

14. Mergenthaler P, Lindauer U, Dienel GA, et al. Sugar for the brain: the role of glucose 
in physiological and pathological brain function. Trends Neurosci. 2013;36(10):587-
97. doi: 10.1016/j.tins.2013.07.001. 

15. Geldenhuys W, Wehrung D, Groshev A, et al. Brain-targeted delivery of doxorubicin 
using glutathione-coated nanoparticles for brain cancers. Pharm Dev Technol. 
2015;20(4):497-506. doi: 10.3109/10837450.2014.892130. 

16. Sanchez-Covarrubias L, Slosky LM, Thompson BJ, et al. Transporters at CNS barrier 
sites: obstacles or opportunities for drug delivery? Curr Pharm Des. 2014;20(10):1422-
49. 

17. Pulicherla KK, Verma MK. Targeting therapeutics across the blood brain barrier (BBB), 
prerequisite towards thrombolytic therapy for cerebrovascular disorders-an overview 
and advancements. AAPS PharmSciTech. 2015;16(2):223-33. doi: 10.1208/s12249-
015-0287-z. 



18. Jones AR, Shusta EV. Blood-brain barrier transport of therapeutics via receptor-
mediation. Pharm Res. 2007;24(9):1759-71. doi: 10.1007/s11095-007-9379-0. 

19. Lu W. Adsorptive-mediated brain delivery systems. Curr Pharm Biotechnol. 
2012;13(12):2340-8. 

20. Hervé F, Ghinea N, Scherrmann J-M. CNS delivery via adsorptive transcytosis. The 
AAPS journal. 2008;10(3):455-72. doi: 10.1208/s12248-008-9055-2. 

21. Banks WA. From blood–brain barrier to blood–brain interface: new opportunities for 
CNS drug delivery. Nat Rev Drug Discov. 2016;15(4):275-292. doi: 
10.1038/nrd.2015.21. 

22. Descamps L, Dehouck MP, Torpier G, et al. Receptor-mediated transcytosis of 
transferrin through blood-brain barrier endothelial cells. Am J Physiol. 1996;270(4 Pt 
2):H1149-58. 

23. Sahoo SK, Labhasetwar V. Enhanced antiproliferative activity of transferrin-
conjugated paclitaxel-loaded nanoparticles is mediated via sustained intracellular 
drug retention. Mol Pharm. 2005;2(5):373-83. doi: 10.1021/mp050032z. 

24. Ulbrich K, Hekmatara T, Herbert E, et al. Transferrin- and transferrin-receptor-
antibody-modified nanoparticles enable drug delivery across the blood-brain barrier 
(BBB). Eur J Pharm Biopharm eV. 2009;71(2):251-6. doi: 10.1016/j.ejpb.2008.08.021. 

25. Zhang B, Sun X, Mei H, et al. LDLR-mediated peptide-22-conjugated nanoparticles for 
dual-targeting therapy of brain glioma. Biomaterials. 2013;34(36):9171-82. doi: 
10.1016/j.biomaterials.2013.08.039. 

26. Nikanjam M, Gibbs AR, Hunt CA, et al. Synthetic nano-LDL with paclitaxel oleate as a 
targeted drug delivery vehicle for glioblastoma multiforme. J Control Release :  
2007;124(3):163-71. doi: 10.1016/j.jconrel.2007.09.007. 

27. Thorne RG, Pronk GJ, Padmanabhan V, et al. Delivery of insulin-like growth factor-I to 
the rat brain and spinal cord along olfactory and trigeminal pathways following 
intranasal administration. Neuroscience. 2004;127(2):481-96. doi: 
10.1016/j.neuroscience.2004.05.029. 

28. Ge S, Song L, Pachter JS. Where is the blood-brain barrier ... really? J Neurosci Res. 
2005 Feb 15;79(4):421-7. doi: 10.1002/jnr.20313. PubMed PMID: 15635601. 

29. Kim GY, Tyler BM, Tupper MM, et al. Resorbable polymer microchips releasing BCNU 
inhibit tumor growth in the rat 9L flank model. J control Release 2007;123(2):172-8. 
doi: 10.1016/j.jconrel.2007.08.003. 

30. Westphal M, Hilt DC, Bortey E, et al. A phase 3 trial of local chemotherapy with 
biodegradable carmustine(BCNU) wafers (Gliadel wafers) in patients with primary 
malignant glioma. Neuro Oncol. 2003;5(2):79-88. doi: 10.1093/neuonc/5.2.79. 

31. Recinos VR, Tyler BM, Bekelis K, et al. Combination of intracranial temozolomide with 
intracranial carmustine improves survival when compared with either treatment 
alone in a rodent glioma model. Neurosurgery. 2010;66(3):530-7; discussion 537. doi: 
10.1227/01.NEU.0000365263.14725.39. 

32. Lu C-T, Zhao Y-Z, Wong HL, et al. Current approaches to enhance CNS delivery of drugs 
across the brain barriers. Int J nanomedicine. 2014;9:2241-57. doi: 
10.2147/IJN.S61288. 

33. Sawyer AJ, Saucier-Sawyer JK, Booth CJ, et al. Convection-enhanced delivery of 
camptothecin-loaded polymer nanoparticles for treatment of intracranial tumors. 
Drug Deliv Transl Res. 2011;1(1):34-42. doi: 10.1007/s13346-010-0001-3. 

34. Henkin RI. Intranasal delivery to the brain. Nat Biotech. 2011;29(6):480-480. doi: 
10.1038/nbt.1866. 

35. van Woensel M, Wauthoz N, Rosière R, et al. Formulations for Intranasal Delivery of 
Pharmacological Agents to Combat Brain Disease: A New Opportunity to Tackle GBM? 
Cancers. 2013;5(3):1020-48. doi: 10.3390/cancers5031020. en. 



36. Martinez-Fernandez R, Rodriguez-Rojas R, Del Alamo M, et al. Focused ultrasound 
subthalamotomy in patients with asymmetric Parkinson's disease: a pilot study.  
Lancet Neurol. 2018 Jan;17(1):54-63. doi: 10.1016/S1474-4422(17)30403-9. PubMed 
PMID: 29203153. 

37. Zhao Y-Z, Lu C-T, Li X-K, et al. Improving the cardio protective effect of aFGF in ischemic 
myocardium with ultrasound-mediated cavitation of heparin modified microbubbles: 
preliminary experiment. J Drug Target. 2012;20(7):623-631. doi: 
10.3109/1061186X.2012.702771. 

38. Treat LH, McDannold N, Vykhodtseva N, et al. Targeted delivery of doxorubicin to the 
rat brain at therapeutic levels using MRI-guided focused ultrasound. Int J Cancer  
2007. doi: 10.1002/ijc.22732. 

39. Kinoshita M, McDannold N, Jolesz FA, et al. Noninvasive localized delivery of 
Herceptin to the mouse brain by MRI-guided focused ultrasound-induced blood-brain 
barrier disruption. Proc Natl Acad Sci. 2006;103(31):11719-23. doi: 
10.1073/pnas.0604318103. 

40. Kinoshita M, McDannold N, Jolesz FA, et al. Targeted delivery of antibodies through 
the blood–brain barrier by MRI-guided focused ultrasound. Biochem Biophys Res 
Commun. 2005. doi: 10.1016/j.bbrc.2005.12.112. 

41. Kemper EM, Boogerd W, Thuis I, et al. Modulation of the blood–brain barrier in 
oncology: therapeutic opportunities for the treatment of brain tumours? Cancer Treat 
Rev. 2004;30(5):415-423. doi: 10.1016/j.ctrv.2004.04.001. 

42. Azad TD, Pan J, Connolly ID, et al. Therapeutic strategies to improve drug delivery 
across the blood-brain barrier. Neurosurg Focus. 2015;38(3):E9-E9. doi: 
10.3171/2014.12.FOCUS14758. 

43. Liu L-b, Xue Y-x, Liu Y-h. Bradykinin increases the permeability of the blood-tumor 
barrier by the caveolae-mediated transcellular pathway. J Neurooncol. 
2010;99(2):187-194. doi: 10.1007/s11060-010-0124-x. 

44. Bartus RT, Elliott PJ, Dean RL, et al. Controlled Modulation of BBB Permeability Using 
the Bradykinin Agonist, RMP-7. Exp Neurol. 1996;142(1):14-28. doi: 
10.1006/EXNR.1996.0175. 

45. Geraerts M, Eggermont K, Hernandez-Acosta P, et al. Lentiviral vectors mediate 
efficient and stable gene transfer in adult neural stem cells In vivo. Hum Gene Ther. 
2006;17(6):635-650. doi: 10.1089/hum.2006.17.635. 

46. Morgan JR, Tompkins RG, Yarmush ML. Advances in recombinant retroviruses for 
gene delivery. Adv Drug Deliv Rev. 1993;12(3):143-158. doi: 10.1016/0169-
409X(93)90056-A. 

47. Lentz TB, Gray SJ, Samulski RJ. Viral vectors for gene delivery to the central nervous 
system. Neurobiol Dis. 2012;48(2):179-88. doi: 10.1016/j.nbd.2011.09.014. 

48. Wolfe D, Goins WF, Yamada M, et al. Engineering Herpes simplex virus vectors for CNS 
applications. Exp Neurol. 1999;159(1):34-46. doi: 10.1006/exnr.1999.7158. 

49. Gutkin A, Cohen ZR, Peer D. Harnessing nanomedicine for therapeutic intervention in 
glioblastoma. Expert Opin Drug Deliv. 2016;13(11):1573-1582. doi: 
10.1080/17425247.2016.1200557. 

50. Peer D, Karp JM, Hong S, et al. Nanocarriers as an emerging platform for cancer 
therapy. Nat Nanotech. 2007;2(12):751-60. doi: 10.1038/nnano.2007.387. 

51. Goldsmith M, Abramovitz L, Peer D. Precision nanomedicine in neurodegenerative 
diseases. ACS Nano. 2014 Mar 25;8(3):1958-65. doi: 10.1021/nn501292z. PubMed 
PMID: 24660817. 

52. Key J, Palange AL, Gentile F, et al. Soft discoidal polymeric nanoconstructs resist 
macrophage uptake and enhance vascular targeting in tumors. ACS Nano. 2015 Dec 
22;9(12):11628-41. doi: 10.1021/acsnano.5b04866. PubMed PMID: 26488177. 



53. Palomba R, Palange AL, Rizzuti IF, et al. Modulating phagocytic cell sequestration by 
tailoring nanoconstruct softness. ACS Nano. 2018 Feb 27;12(2):1433-1444. doi: 
10.1021/acsnano.7b07797. PubMed PMID: 29314819. 

54. Peer D, Karp JM, Hong S, et al. Nanocarriers as an emerging platform for cancer 
therapy. Nat Nanotech. 2007 Dec;2(12):751-60. doi: 10.1038/nnano.2007.387. 
PubMed PMID: 18654426. 

55. Toy R, Peiris PM, Ghaghada KB, et al. Shaping cancer nanomedicine: the effect of 
particle shape on the in vivo journey of nanoparticles. Nanomedicine . 2014 
Jan;9(1):121-34. doi: 10.2217/nnm.13.191. PubMed PMID: 24354814; PubMed 
Central PMCID: PMC4057606. 

56. Verma A, Stellacci F. Effect of surface properties on nanoparticle-cell interactions. 
Small. 2010 Jan;6(1):12-21. doi: 10.1002/smll.200901158. PubMed PMID: 19844908. 

57. Kedmi R, Ben-Arie N, Peer D. The systemic toxicity of positively charged lipid 
nanoparticles and the role of Toll-like receptor 4 in immune activation. Biomaterials. 
2010 Sep;31(26):6867-75. doi: 10.1016/j.biomaterials.2010.05.027. PubMed PMID: 
20541799. 

58. Sonavane G, Tomoda K, Makino K. Biodistribution of colloidal gold nanoparticles after 
intravenous administration: effect of particle size. Colloids Surf B Biointerfaces. 2008 
Oct 15;66(2):274-80. doi: 10.1016/j.colsurfb.2008.07.004. PubMed PMID: 18722754. 

59. Baghirov H, Karaman D, Viitala T, et al. Feasibility study of the permeability and uptake 
of mesoporous silica nanoparticles across the blood-brain barrier. PLoS One. 
2016;11(8):e0160705. doi: 10.1371/journal.pone.0160705. PubMed PMID: 
27547955; PubMed Central PMCID: PMC4993362. 

60. Pardridge WM. Blood-brain barrier drug targeting: the future of brain drug 
development. Molecular interventions. 2003 Mar;3(2):90-105, 51. doi: 
10.1124/mi.3.2.90. PubMed PMID: 14993430. 

61. Oller-Salvia B, Sanchez-Navarro M, Giralt E, et al. Blood-brain barrier shuttle peptides: 
an emerging paradigm for brain delivery. Chem Soc Rev. 2016 Aug 22;45(17):4690-
707. doi: 10.1039/c6cs00076b. PubMed PMID: 27188322. 

62. Johnsen KB, Burkhart A, Melander F, et al. Targeting transferrin receptors at the 
blood-brain barrier improves the uptake of immunoliposomes and subsequent cargo 
transport into the brain parenchyma. Sci Rep. 2017 Sep 4;7(1):10396. doi: 
10.1038/s41598-017-11220-1. PubMed PMID: 28871203; PubMed Central PMCID: 
PMC5583399. 

63. Jefferies WA, Brandon MR, Hunt SV, et al. Transferrin receptor on endothelium of 
brain capillaries. Nature. 1984 Nov 8-14;312(5990):162-3. PubMed PMID: 6095085. 

64. Johnsen KB, Moos T. Revisiting nanoparticle technology for blood-brain barrier 
transport: Unfolding at the endothelial gate improves the fate of transferrin receptor-
targeted liposomes. J Control Release. 2016 Jan 28;222:32-46. doi: 
10.1016/j.jconrel.2015.11.032. PubMed PMID: 26658072. 

65. Yu YJ, Zhang Y, Kenrick M, et al. Boosting brain uptake of a therapeutic antibody by 
reducing its affinity for a transcytosis target. Sci Transl Med. 2011 May 
25;3(84):84ra44. doi: 10.1126/scitranslmed.3002230. PubMed PMID: 21613623. 

66. Aktas Y, Yemisci M, Andrieux K, et al. Development and brain delivery of chitosan-PEG 
nanoparticles functionalized with the monoclonal antibody OX26. Bioconj Chem. 2005 
Nov-Dec;16(6):1503-11. doi: 10.1021/bc050217o. PubMed PMID: 16287248. 

67. Karatas H, Aktas Y, Gursoy-Ozdemir Y, et al. A nanomedicine transports a peptide 
caspase-3 inhibitor across the blood-brain barrier and provides neuroprotection. The 
J Neurosci. 2009 Nov 4;29(44):13761-9. doi: 10.1523/JNEUROSCI.4246-09.2009. 
PubMed PMID: 19889988. 



68. Yemisci M, Caban S, Gursoy-Ozdemir Y, et al. Systemically administered brain-
targeted nanoparticles transport peptides across the blood-brain barrier and provide 
neuroprotection. J Cereb Blood Flow Metab. 2015 Mar;35(3):469-75. doi: 
10.1038/jcbfm.2014.220. PubMed PMID: 25492116; PubMed Central PMCID: 
PMC4348388. 

69. Sahin A, Yoyen-Ermis D, Caban-Toktas S, et al. Evaluation of brain-targeted chitosan 
nanoparticles through blood-brain barrier cerebral microvessel endothelial cells. J 
Microencapsul. 2017 Nov;34(7):659-666. doi: 10.1080/02652048.2017.1375039. 
PubMed PMID: 28862080. 

70. Gaudin A, Yemisci M, Eroglu H, et al. Squalenoyl adenosine nanoparticles provide 
neuroprotection after stroke and spinal cord injury. Nat Nanotech. 2014 Nov 
24;9(12):1054-1062. doi: 10.1038/nnano.2014.274. PubMed PMID: 25420034; 
PubMed Central PMCID: PMC4351925. 

71. Chung NS, Wasan KM. Potential role of the low-density lipoprotein receptor family as 
mediators of cellular drug uptake. Adv drug Deliv Rev. 2004 May 7;56(9):1315-34. doi: 
10.1016/j.addr.2003.12.003. PubMed PMID: 15109771. 

72. Lajoie JM, Shusta EV. Targeting receptor-mediated transport for delivery of biologics 
across the blood-brain barrier. Annu Rev Pharmacol Toxicol. 2015;55:613-31. doi: 
10.1146/annurev-pharmtox-010814-124852. PubMed PMID: 25340933; PubMed 
Central PMCID: PMC5051266. 

73. Pan W, Kastin AJ, Zankel TC, et al. Efficient transfer of receptor-associated protein 
(RAP) across the blood-brain barrier. J Cell Sci. 2004 Oct 1;117(Pt 21):5071-8. doi: 
10.1242/jcs.01381. PubMed PMID: 15383619. 

74. Andrieux K, Couvreur P. Polyalkylcyanoacrylate nanoparticles for delivery of drugs 
across the blood-brain barrier. Wiley Interdiscipl Rev Nanomedi  Nanobiotechnol. 
2009 Sep-Oct;1(5):463-74. doi: 10.1002/wnan.5. PubMed PMID: 20049811. 

75. Zensi A, Begley D, Pontikis C, et al. Albumin nanoparticles targeted with Apo E enter 
the CNS by transcytosis and are delivered to neurones. J Control Release. 2009 Jul 
1;137(1):78-86. doi: 10.1016/j.jconrel.2009.03.002. PubMed PMID: 19285109. 

76. Wagner S, Zensi A, Wien SL, et al. Uptake mechanism of ApoE-modified nanoparticles 
on brain capillary endothelial cells as a blood-brain barrier model. PloS one. 
2012;7(3):e32568. doi: 10.1371/journal.pone.0032568. PubMed PMID: 22396775; 
PubMed Central PMCID: PMC3291552. 

77. Demeule M, Regina A, Che C, et al. Identification and design of peptides as a new drug 
delivery system for the brain. Journa Pharmacol Exp Ther. 2008 Mar;324(3):1064-72. 
doi: 10.1124/jpet.107.131318. PubMed PMID: 18156463. 

78. Demeule M, Currie JC, Bertrand Y, et al. Involvement of the low-density lipoprotein 
receptor-related protein in the transcytosis of the brain delivery vector angiopep-2. J 
Neurochem. 2008 Aug;106(4):1534-44. doi: 10.1111/j.1471-4159.2008.05492.x. 
PubMed PMID: 18489712. 

79. Drappatz J, Brenner A, Wong ET, et al. Phase I study of GRN1005 in recurrent 
malignant glioma. Clin cancer Res. 2013 Mar 15;19(6):1567-76. doi: 10.1158/1078-
0432.CCR-12-2481. PubMed PMID: 23349317. 

80. Ke W, Shao K, Huang R, et al. Gene delivery targeted to the brain using an Angiopep-
conjugated polyethyleneglycol-modified polyamidoamine dendrimer. Biomaterials. 
2009 Dec;30(36):6976-85. doi: 10.1016/j.biomaterials.2009.08.049. PubMed PMID: 
19765819. 

81. Kim JS, Shin DH, Kim JS. Dual-targeting immunoliposomes using angiopep-2 and 
CD133 antibody for glioblastoma stem cells. J Control Release. 2018 Jan 10;269:245-
257. doi: 10.1016/j.jconrel.2017.11.026. PubMed PMID: 29162480. 



82. Gaillard PJ, Appeldoorn CC, Rip J, et al. Enhanced brain delivery of liposomal 
methylprednisolone improved therapeutic efficacy in a model of neuroinflammation. 
J Control Release. 2012 Dec 28;164(3):364-9. doi: 10.1016/j.jconrel.2012.06.022. 
PubMed PMID: 22732475. 

83. Lee DH, Rotger C, Appeldoorn CC, et al. Glutathione PEGylated liposomal 
methylprednisolone (2B3-201) attenuates CNS inflammation and degeneration in 
murine myelin oligodendrocyte glycoprotein induced experimental autoimmune 
encephalomyelitis. J Neuroimmunol. 2014 Sep 15;274(1-2):96-101. doi: 
10.1016/j.jneuroim.2014.06.025. PubMed PMID: 25037177. 

84. Birngruber T, Raml R, Gladdines W, et al. Enhanced doxorubicin delivery to the brain 
administered through glutathione PEGylated liposomal doxorubicin (2B3-101) as 
compared with generic Caelyx, Doxil-a cerebral open flow microperfusion pilot study. 
J Pharm Sci. 2014 Jul;103(7):1945-1948. doi: 10.1002/jps.23994. PubMed PMID: 
24801480. 

85. Rotman M, Welling MM, Bunschoten A, et al. Enhanced glutathione PEGylated 
liposomal brain delivery of an anti-amyloid single domain antibody fragment in a 
mouse model for Alzheimer's disease. J Control Release. 2015 Apr 10;203:40-50. doi: 
10.1016/j.jconrel.2015.02.012. PubMed PMID: 25668771. 

86. Lindqvist A, Rip J, van Kregten J, et al. In vivo Functional Evaluation of Increased Brain 
Delivery of the Opioid Peptide DAMGO by Glutathione-PEGylated Liposomes. Pharm 
Res. 2016 Jan;33(1):177-85. doi: 10.1007/s11095-015-1774-3. PubMed PMID: 
26275529. 

87. McCall RL, Cacaccio J, Wrabel E, et al. Pathogen-inspired drug delivery to the central 
nervous system. Tissue Barriers. 2014;2(4):e944449. doi: 
10.4161/21688362.2014.944449. PubMed PMID: 25610755; PubMed Central PMCID: 
PMC4292043. 

88. Soddu E, Rassu G, Giunchedi P, et al. From naturally-occurring neurotoxic agents to 
CNS shuttles for drug delivery. Eur J Pharm Sci. 2015 Jul 10;74:63-76. doi: 
10.1016/j.ejps.2015.04.005. PubMed PMID: 25892455. 

89. Salinas S, Schiavo G, Kremer EJ. A hitchhiker's guide to the nervous system: the 
complex journey of viruses and toxins. Nat Rev Microbiol. 2010 Sep;8(9):645-55. doi: 
10.1038/nrmicro2395. PubMed PMID: 20706281. 

90. Kumar P, Wu H, McBride JL, et al. Transvascular delivery of small interfering RNA to 
the central nervous system. Nature. 2007 Jul 5;448(7149):39-43. doi: 
10.1038/nature05901. PubMed PMID: 17572664. 

91. Lentz TL. Rabies virus binding to an acetylcholine receptor alpha-subunit peptide. 
Journal of molecular recognition : J Mol Recognit. 1990 Apr;3(2):82-8. doi: 
10.1002/jmr.300030205. PubMed PMID: 2361061. 

92. Leonard S, Bertrand D. Neuronal nicotinic receptors: from structure to function. 
Nicotine Tob Res. 2001 Aug;3(3):203-23. doi: 10.1080/14622200110050213. PubMed 
PMID: 11506765. 

93. Oswald M, Geissler S, Goepferich A. Targeting the central nervous system (CNS): A 
review of rabies virus-targeting strategies. Mol Pharm. 2017 Jul 3;14(7):2177-2196. 
doi: 10.1021/acs.molpharmaceut.7b00158. PubMed PMID: 28514853. 

94. Ojeda PG, Wang CK, Craik DJ. Chlorotoxin: Structure, activity, and potential uses in 
cancer therapy. Biopolymers. 2016 Jan;106(1):25-36. doi: 10.1002/bip.22748. 
PubMed PMID: 26418522. 

95. Butte PV, Mamelak A, Parrish-Novak J, et al. Near-infrared imaging of brain tumors 
using the Tumor Paint BLZ-100 to achieve near-complete resection of brain tumors. 
Neurosurg Focus. 2014 Feb;36(2):E1. doi: 10.3171/2013.11.FOCUS13497. PubMed 
PMID: 24484247. 



96. Kovar JL, Curtis E, Othman SF, et al. Characterization of IRDye 800CW chlorotoxin as a 
targeting agent for brain tumors. Anal Biochem. 2013 Sep 15;440(2):212-9. doi: 
10.1016/j.ab.2013.05.013. PubMed PMID: 23711726. 

97. Jacoby DB, Dyskin E, Yalcin M, et al. Potent pleiotropic anti-angiogenic effects of 
TM601, a synthetic chlorotoxin peptide. Anticancer Res. 2010 Jan;30(1):39-46. 
PubMed PMID: 20150615. 

98. Mamelak AN, Rosenfeld S, Bucholz R, et al. Phase I single-dose study of intracavitary-
administered iodine-131-TM-601 in adults with recurrent high-grade glioma. J Clin 
Oncol. 2006 Aug 1;24(22):3644-50. doi: 10.1200/JCO.2005.05.4569. PubMed PMID: 
16877732. 

99. Hockaday DC, Shen S, Fiveash J, et al. Imaging glioma extent with 131I-TM-601. J Nucl 
Med. 2005 Apr;46(4):580-6. PubMed PMID: 15809479. 

100. Mamelak AN, Jacoby DB. Targeted delivery of antitumoral therapy to glioma and 
other malignancies with synthetic chlorotoxin (TM-601). Expert Opin Drug Deliv. 2007 
Mar;4(2):175-86. doi: 10.1517/17425247.4.2.175. PubMed PMID: 17335414. 

101. Tamborini M, Locatelli E, Rasile M, et al. A Combined approach employing chlorotoxin-
nanovectors and low dose radiation to reach infiltrating tumor niches in glioblastoma. 
ACS Nano. 2016 Feb 23;10(2):2509-20. doi: 10.1021/acsnano.5b07375. PubMed 
PMID: 26745323. 

102. Han L, Kong DK, Zheng MQ, et al. Increased nanoparticle delivery to brain tumors by 
autocatalytic priming for improved treatment and imaging. ACS Nano. 2016 Apr 
26;10(4):4209-18. doi: 10.1021/acsnano.5b07573. PubMed PMID: 26967254; 
PubMed Central PMCID: PMC5257033. 

103. Bazan J, Calkosinski I, Gamian A. Phage display--a powerful technique for 
immunotherapy: 1. Introduction and potential of therapeutic applications. Hum 
Vaccin Immunother. 2012 Dec 1;8(12):1817-28. doi: 10.4161/hv.21703. PubMed 
PMID: 22906939; PubMed Central PMCID: PMC3656071. 

104. Muruganandam A, Tanha J, Narang S, et al. Selection of phage-displayed llama single-
domain antibodies that transmigrate across human blood-brain barrier endothelium. 
FASEB J. 2002 Feb;16(2):240-2. doi: 10.1096/fj.01-0343fje. PubMed PMID: 11772942. 

105. Haqqani AS, Delaney CE, Tremblay TL, et al. Method for isolation and molecular 
characterization of extracellular microvesicles released from brain endothelial cells. 
Fluids Barriers CNS. 2013 Jan 10;10(1):4. doi: 10.1186/2045-8118-10-4. PubMed 
PMID: 23305214; PubMed Central PMCID: PMC3560214. 

106. Webster CI, Caram-Salas N, Haqqani AS, et al. Brain penetration, target engagement, 
and disposition of the blood-brain barrier-crossing bispecific antibody antagonist of 
metabotropic glutamate receptor type 1. FASEB J. 2016 May;30(5):1927-40. doi: 
10.1096/fj.201500078. PubMed PMID: 26839377. 

107. Haqqani AS, Delaney CE, Brunette E, et al. Endosomal trafficking regulates receptor-
mediated transcytosis of antibodies across the blood brain barrier. J Cereb Blood Flow 
Metab. 2018 Apr;38(4):727-740. doi: 10.1177/0271678X17740031. PubMed PMID: 
29140158; PubMed Central PMCID: PMC5888858. 

108. Li J, Feng L, Fan L, et al. Targeting the brain with PEG-PLGA nanoparticles modified 
with phage-displayed peptides. Biomaterials. 2011 Jul;32(21):4943-50. doi: 
10.1016/j.biomaterials.2011.03.031. PubMed PMID: 21470674; PubMed Central 
PMCID: PMC3727047. 

109. Qian Y, Zha Y, Feng B, et al. PEGylated poly(2-(dimethylamino) ethyl 
methacrylate)/DNA polyplex micelles decorated with phage-displayed TGN peptide 
for brain-targeted gene delivery. Biomaterials. 2013 Mar;34(8):2117-29. doi: 
10.1016/j.biomaterials.2012.11.050. PubMed PMID: 23245924. 



110. Zhang C, Wan X, Zheng X, et al. Dual-functional nanoparticles targeting amyloid 
plaques in the brains of Alzheimer's disease mice. Biomaterials. 2014 Jan;35(1):456-
65. doi: 10.1016/j.biomaterials.2013.09.063. PubMed PMID: 24099709. 

111. Yu X, Gou X, Wu P, et al. Activatable protein nanoparticles for targeted delivery of 
therapeutic peptides. Adv Mater. 2018 Feb;30(7). doi: 10.1002/adma.201705383. 
PubMed PMID: 29315863; PubMed Central PMCID: PMC5812013. 

112. Schwarze SR, Ho A, Vocero-Akbani A, et al. In vivo protein transduction: delivery of a 
biologically active protein into the mouse. Science. 1999 Sep 3;285(5433):1569-72. 
PubMed PMID: 10477521. 

113. Uusna J, Langel K, Langel U. Toxicity, immunogenicity, uptake, and kinetics methods 
for CPPs. Methods Mol Biol. 2015;1324:133-48. doi: 10.1007/978-1-4939-2806-4_9. 
PubMed PMID: 26202267. 

114. Lim S, Kim WJ, Kim YH, et al. dNP2 is a blood-brain barrier-permeable peptide enabling 
ctCTLA-4 protein delivery to ameliorate experimental autoimmune 
encephalomyelitis. Nat commun. 2015 Sep 15;6:8244. doi: 10.1038/ncomms9244. 
PubMed PMID: 26372309; PubMed Central PMCID: PMC4579786. 

115. Li Y, Zheng X, Gong M, et al. Delivery of a peptide-drug conjugate targeting the blood 
brain barrier improved the efficacy of paclitaxel against glioma. Oncotarget. 2016 Nov 
29;7(48):79401-79407. doi: 10.18632/oncotarget.12708. PubMed PMID: 27765902; 
PubMed Central PMCID: PMC5346723. 

116. Zhu Y, Jiang Y, Meng F, et al. Highly efficacious and specific anti-glioma chemotherapy 
by tandem nanomicelles co-functionalized with brain tumor-targeting and cell-
penetrating peptides. J Control Release. 2018 May 28;278:1-8. doi: 
10.1016/j.jconrel.2018.03.025. PubMed PMID: 29596873. 

117. Li M, Shi K, Tang X, et al. pH-sensitive folic acid and dNP2 peptide dual-modified 
liposome for enhanced targeted chemotherapy of glioma. Eur J Pharm Sci. 2018 Jul 
30. doi: 10.1016/j.ejps.2018.07.055. PubMed PMID: 30071282. 

118. Li M, Shi K, Tang X, et al. Synergistic tumor microenvironment targeting and blood-
brain barrier penetration via a pH-responsive dual-ligand strategy for enhanced breast 
cancer and brain metastasis therapy. Nanomedicine. 2018 May 22;14(6):1833-1843. 
doi: 10.1016/j.nano.2018.05.008. PubMed PMID: 29800759. 

119. Alvarez-Erviti L, Seow Y, Yin H, et al. Delivery of siRNA to the mouse brain by systemic 
injection of targeted exosomes. Nat Biotechnol. 2011 Apr;29(4):341-5. doi: 
10.1038/nbt.1807. PubMed PMID: 21423189. 

120. Liu Y, Guo Y, An S, et al. Targeting caspase-3 as dual therapeutic benefits by RNAi 
facilitating brain-targeted nanoparticles in a rat model of Parkinson's disease. PloS 
one. 2013;8(5):e62905. doi: 10.1371/journal.pone.0062905. PubMed PMID: 
23675438; PubMed Central PMCID: PMC3652845. 

121. Hwang DW, Son S, Jang J, et al. A brain-targeted rabies virus glycoprotein-disulfide 
linked PEI nanocarrier for delivery of neurogenic microRNA. Biomaterials. 2011 
Jul;32(21):4968-75. doi: 10.1016/j.biomaterials.2011.03.047. PubMed PMID: 
21489620. 

122. Kim JY, Choi WI, Kim YH, et al. Brain-targeted delivery of protein using chitosan- and 
RVG peptide-conjugated, pluronic-based nano-carrier. Biomaterials. 2013 
Jan;34(4):1170-8. doi: 10.1016/j.biomaterials.2012.09.047. PubMed PMID: 
23122677. 

123. Chen W, Zhan C, Gu B, et al. Targeted brain delivery of itraconazole via RVG29 
anchored nanoparticles. J Drug Target. 2011 Apr;19(3):228-34. doi: 
10.3109/1061186X.2010.492523. PubMed PMID: 20540685. 

124. Liu Y, Huang R, Han L, et al. Brain-targeting gene delivery and cellular internalization 
mechanisms for modified rabies virus glycoprotein RVG29 nanoparticles. 



Biomaterials. 2009 Sep;30(25):4195-202. doi: 10.1016/j.biomaterials.2009.02.051. 
PubMed PMID: 19467700. 

125. Gao Y, Wang ZY, Zhang J, et al. RVG-peptide-linked trimethylated chitosan for delivery 
of siRNA to the brain. Biomacromolecules. 2014 Mar 10;15(3):1010-8. doi: 
10.1021/bm401906p. PubMed PMID: 24547943. 

126. Lee C, Hwang HS, Lee S, et al. Rabies virus-inspired silica-coated gold nanorods as a 
photothermal therapeutic platform for treating brain tumors. Adv Mater. 2017 
Apr;29(13). doi: 10.1002/adma.201605563. PubMed PMID: 28134459. 

127. Conceicao M, Mendonca L, Nobrega C, et al. Intravenous administration of brain-
targeted stable nucleic acid lipid particles alleviates Machado-Joseph disease 
neurological phenotype. Biomaterials. 2016 Mar;82:124-37. doi: 
10.1016/j.biomaterials.2015.12.021. PubMed PMID: 26757259. 

128. Cook RL, Householder KT, Chung EP, et al. 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 Dec 28;220(Pt A):89-97. doi: 
10.1016/j.jconrel.2015.10.013. PubMed PMID: 26471392; PubMed Central PMCID: 
PMC4688251. 

129. You L, Wang J, Liu T, et al. Targeted brain delivery of Rabies virus glycoprotein 29-
modified deferoxamine-loaded nanoparticles reverses functional deficits in 
parkinsonian mice. ACS nano. 2018 May 22;12(5):4123-4139. doi: 
10.1021/acsnano.7b08172. PubMed PMID: 29617109. 

130. Qu M, Lin Q, He S, et al. A brain targeting functionalized liposomes of the dopamine 
derivative N-3,4-bis(pivaloyloxy)-dopamine for treatment of Parkinson's disease. J 
Control Release. 2018 May 10;277:173-182. doi: 10.1016/j.jconrel.2018.03.019. 
PubMed PMID: 29588159. 

131. Fu A, Wang Y, Zhan L, et al. Targeted delivery of proteins into the central nervous 
system mediated by rabies virus glycoprotein-derived peptide. Pharm Res. 2012 
Jun;29(6):1562-9. doi: 10.1007/s11095-012-0667-y. PubMed PMID: 22231987. 

132. Fu A, Zhao Z, Gao F, et al. Cellular uptake mechanism and therapeutic utility of a novel 
peptide in targeted-delivery of proteins into neuronal cells. Pharm Res. 2013 
Aug;30(8):2108-17. doi: 10.1007/s11095-013-1068-6. PubMed PMID: 23673555. 

133. Benn SC, Ay I, Bastia E, et al. Tetanus toxin fragment C fusion facilitates protein 
delivery to CNS neurons from cerebrospinal fluid in mice. J Neurochem. 2005 
Nov;95(4):1118-31. doi: 10.1111/j.1471-4159.2005.03459.x. PubMed PMID: 
16271047. 

134. Larsen KE, Benn SC, Ay I, et al. A glial cell line-derived neurotrophic factor 
(GDNF):tetanus toxin fragment C protein conjugate improves delivery of GDNF to 
spinal cord motor neurons in mice. Brain Res. 2006 Nov 20;1120(1):1-12. doi: 
10.1016/j.brainres.2006.08.079. PubMed PMID: 17020749. 

135. Li J, Chian RJ, Ay I, et al. Insect GDNF:TTC fusion protein improves delivery of GDNF to 
mouse CNS. Biochem Biophys Res Commun. 2009 Dec 18;390(3):947-51. doi: 
10.1016/j.bbrc.2009.10.083. PubMed PMID: 19852934. 

136. Chian RJ, Li J, Ay I, et al. IGF-1:tetanus toxin fragment C fusion protein improves 
delivery of IGF-1 to spinal cord but fails to prolong survival of ALS mice. Brain Res 2009 
Sep 1;1287:1-19. doi: 10.1016/j.brainres.2009.06.066. PubMed PMID: 19563785. 

137. Kohli N, Westerveld DR, Ayache AC, et al. Oral delivery of bioencapsulated proteins 
across blood-brain and blood-retinal barriers. Mol ther. 2014 Mar;22(3):535-546. doi: 
10.1038/mt.2013.273. PubMed PMID: 24281246; PubMed Central PMCID: 
PMC3944331. 

138. Zhang Q, Liu Y, Yang N, et al. Nasal administration of cholera toxin B subunit-nerve 
growth factor improves the space learning and memory abilities in beta-amyloid 



protein(25-35)-induced amnesic mice. Neuroscience. 2008 Jul 31;155(1):234-40. doi: 
10.1016/j.neuroscience.2008.05.040. PubMed PMID: 18585441. 

139. Menon D, Karyekar CS, Fasano A, et al. Enhancement of brain distribution of 
anticancer agents using DeltaG, the 12 kDa active fragment of ZOT. Int J Pharm. 2005 
Dec 8;306(1-2):122-31. doi: 10.1016/j.ijpharm.2005.09.006. PubMed PMID: 
16274945. 

140. Gaillard PJ, Visser CC, de Boer AG. Targeted delivery across the blood-brain barrier. 
Expert Opin Drug Deliv. 2005 Mar;2(2):299-309. doi: 10.1517/17425247.2.2.299. 
PubMed PMID: 16296755. 

141. Tosi G, Vilella A, Veratti P, et al. Exploiting Bacterial Pathways for BBB Crossing with 
PLGA Nanoparticles Modified with a Mutated Form of Diphtheria Toxin (CRM197): In 
Vivo Experiments. Mol Pharm. 2015 Oct 5;12(10):3672-84. doi: 
10.1021/acs.molpharmaceut.5b00446. PubMed PMID: 26312414. 

142. Hobel S, Appeldoorn CC, Gaillard PJ, et al. Targeted CRM197-PEG-PEI/siRNA 
Complexes for Therapeutic RNAi in Glioblastoma. Pharmaceuticals. 2011 Dec 
16;4(12):1591-1606. doi: 10.3390/ph4121591. PubMed PMID: 27721338; PubMed 
Central PMCID: PMC4060103. 

143. Zhan C, Yan Z, Xie C, et al. Loop 2 of Ophiophagus hannah toxin b binds with neuronal 
nicotinic acetylcholine receptors and enhances intracranial drug delivery. Mol Pharm. 
2010 Dec 6;7(6):1940-7. doi: 10.1021/mp100238j. PubMed PMID: 20964364. 

144. Wei X, Zhan C, Shen Q, et al. A D-peptide ligand of nicotine acetylcholine receptors for 
brain-targeted drug delivery. Angew Chem . 2015 Mar 2;54(10):3023-7. doi: 
10.1002/anie.201411226. PubMed PMID: 25600241. 

145. Zhan C, Li B, Hu L, et al. Micelle-based brain-targeted drug delivery enabled by a 
nicotine acetylcholine receptor ligand. Angew Chem. 2011 Jun 6;50(24):5482-5. doi: 
10.1002/anie.201100875. PubMed PMID: 21542074. 

146. Chai Z, Hu X, Wei X, et al. A facile approach to functionalizing cell membrane-coated 
nanoparticles with neurotoxin-derived peptide for brain-targeted drug delivery. J 
Control Release. 2017 Oct 28;264:102-111. doi: 10.1016/j.jconrel.2017.08.027. 
PubMed PMID: 28842313. 

147. Mahmud H, Kasai T, Khayrani AC, et al. Targeting glioblastoma cells expressing CD44 
with liposomes encapsulating Doxorubicin and displaying Chlorotoxin-IgG Fc Fusion 
protein. Int J Mol Sci. 2018 Feb 26;19(3). doi: 10.3390/ijms19030659. PubMed PMID: 
29495404; PubMed Central PMCID: PMC5877520. 

148. Han L, Cai Q, Tian D, et al. Targeted drug delivery to ischemic stroke via chlorotoxin-
anchored, lexiscan-loaded nanoparticles. Nanomedicine. 2016 Oct;12(7):1833-1842. 
doi: 10.1016/j.nano.2016.03.005. PubMed PMID: 27039220; PubMed Central PMCID: 
PMC5045320. 

149. Costa PM, Cardoso AL, Custodia C, et al. MiRNA-21 silencing mediated by tumor-
targeted nanoparticles combined with sunitinib: A new multimodal gene therapy 
approach for glioblastoma. J Control Release. 2015 Jun 10;207:31-9. doi: 
10.1016/j.jconrel.2015.04.002. PubMed PMID: 25861727. 

150. Cheng Y, Zhu J, Zhao L, et al. (131)I-labeled multifunctional dendrimers modified with 
BmK CT for targeted SPECT imaging and radiotherapy of gliomas. Nanomedicine. 2016 
May;11(10):1253-66. doi: 10.2217/nnm-2016-0001. PubMed PMID: 26940668. 

151. Wu J, Jiang H, Bi Q, et al. Apamin-mediated actively targeted drug delivery for 
treatment of spinal cord injury: more than just a concept. Mol Pharm. 2014 Sep 
2;11(9):3210-22. doi: 10.1021/mp500393m. PubMed PMID: 25098949. 

152. Oller-Salvia B, Sanchez-Navarro M, Ciudad S, et al. MiniAp-4: A Venom-Inspired 
Peptidomimetic for Brain Delivery. Angew Chem. 2016 Jan 11;55(2):572-5. doi: 



10.1002/anie.201508445. PubMed PMID: 26492861; PubMed Central PMCID: 
PMC4736446. 

 


