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Abstract: Recently, the development of effective strategies for enhancing drug delivery to 

the brain has been a topic of great interest in both clinical and pharmaceutical fields. In this 

review, we summarize our studies evaluating nose-to-brain delivery of drugs and small interfer-

ing ribonucleic acids in combination with cell-penetrating peptide-modified polymer micelles. 

Our findings show that the use of polymer micelles with surface modification with Tat peptide 

in the intranasal administration enables the non-invasive delivery of therapeutic agents to the 

brain by increasing the transfer of the administered drug or small interfering ribonucleic acid 

to the central nervous system from the nasal cavity.

Keywords: nose-to-brain, polymer micelles, cell-penetrating peptide, intranasal administra-

tion, nucleic acid

Introduction
The development of novel therapeutic systems that would be effective against intractable 

central nervous system (CNS) diseases such as Alzheimer’s disease, Parkinson’s dis-

ease, and brain tumors is expected to bring about breakthroughs in the future. In order 

to achieve therapeutic effectiveness, novel drug delivery systems capable of reaching 

target tissues are needed, in addition to new drugs.

In general, the blood–brain barrier (BBB) poses a major challenge to the drug 

development efforts targeting CNS disorders, since it limits the distribution of systemi-

cally administered therapeutics to the CNS.1,2 Therefore, the development of effective 

delivery systems capable of achieving therapeutic drug concentrations in the brain 

is of major interest not only in pharmaceutical research but also in the clinical field. 

Recently developed methodologies for brain drug delivery have been characterized 

as either invasive or non-invasive. The invasive methodologies consist of direct drug 

delivery by means of intraventricular or intracerebral administration and temporary 

disruption of the BBB, allowing the drug to enter the CNS.3 Non-invasive methodolo-

gies involve systemic drug delivery that uses drug carriers to deliver agents through a 

receptor-mediated or adsorptive transcytosis,4 or alternatively, by bypassing the BBB 

by using the nose-to-brain route.5–9

Intranasal delivery is a recognized non-invasive method of direct delivery of drugs 

to the CNS.5–9 In general, drugs administered through the nose-to-brain route are widely 

distributed within the cerebral regions, typically by migrating to the olfactory nerve, 

which is located in the epithelial tissue of the nasal olfactory mucosa inside the nasal 

cavity. 10–12 Migration also occurs along the trigeminal nerve in the nasal cavity respi-

ratory mucosa.10–12 Transport may also occur through the capillaries,  lymphatics, and 
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cerebrospinal fluid present in the nasal mucosa or by nasal 

mucociliary movement.10–14 Low-molecular-weight drugs,15,16 

peptides,10,17 proteins,18,19 small interfering ribonucleic acid 

(siRNA),20,21 and cells22–24 are reported to reach the CNS 

following intranasal delivery in animals.13 In addition, insu-

lin,25–29 melanocortin,30–33 angiotensin II,34 vasopressin,35 and 

oxytocin36–41 were shown to be directly delivered to the CNS 

following intranasal administration in humans.13,42 Intrana-

sal administration also provides a painless and convenient 

route that could be used for self-administration of drugs by 

patients.9–12,43 Therefore, nose-to-brain delivery is a highly 

versatile route, which, in combination with novel drugs 

being developed for treating intractable CNS diseases, is 

a promising approach for the treatment of disorders such 

as Alzheimer’s disease, Parkinson’s disease, and brain 

tumors. Furthermore, nano-sized drug carriers may improve 

 nose-to-brain drug delivery by their capability to increase 

the stability of the encapsulated drug against chemical and 

biological degradation. The modification of the surface of 

nanocarriers with the incorporation of cell-penetrating pep-

tides (CPPs) could further improve the specific drug delivery 

into the target cells. In this review, we will introduce our 

studies evaluating anti-cancer drugs and/or siRNAs’ delivery 

to the brain using a combination of the nose-to-brain route 

and CPP-modified polymer micelles.44–47

Polymeric micelles for nose-to brain 
delivery
A key property of the amphiphilic block copolymer is its 

capability to form nano-sized micelles by self-assembly in 

a particular solvent.48–50 The nano-sized polymer micelles 

have been utilized as core-shell-type colloidal carriers for 

delivery of drugs and genes.51–53 The use of these carriers 

could increase the availability of drugs to the CNS, since 

their small diameter would potentially allow the nanoparticles 

to be transported transcellularly along the neurons to the 

brain through various endocytic pathways of sustentacular 

or neuronal cells present in the nasal membrane.11

We selected methoxypolyethylene glycol (MPEG)-

polycaprolactone (PCL) (MPEG-PCL) co-polymers, which 

can be used to form nano-sized micelles, as nanocarriers 

and prepared coumarin-loaded MPEG-PCL micelles at a 

range of diameters. At first, we examined the brain- and 

bio-distribution of fluorescein model drugs (coumarin) in 

rats following intranasal administration of coumarin-loaded 

MPEG-PCL micelles, ranging in diameter from 100 to 

600 nm.44 No significant difference was observed between 

micelles with diameters ranging from 200 to 600 nm. 

However, coumarin concentration in the brain following 

administration of  coumarin-loaded PEG-PCL micelles with a 

diameter of 100 nm was significantly higher than that observed 

with micelles of a larger diameter, indicating that nano-sized 

polymer micelles with a diameter of around 100 nm can 

facilitate nasal absorption and increase the delivery of drugs 

into the CNS. In previous reports, smaller diameters may 

allow nanoparticles to be transported to the brain through 

various endocytic pathways of sustentacular or neuronal cells 

in the olfactory membrane.6,11,12,43,54 Therefore, these findings 

indicate that small nanoparticles are the most promising for 

use in intranasal brain delivery. The coumarin concentrations 

in non-targeted tissues, such as the liver, heart, kidney, and 

spleen, were found to be lower than those measured in the 

brain, indicating that intranasal administration of drugs may 

decrease the risk of side effects in non-CNS tissues.

We compared the efficiency of brain delivery follow-

ing intravenous and intranasal routes of administration of 

MPEG-PCL nanomicelles.44 As shown in Figure 1A, the 

amount of coumarin measured in brain tissue after intranasal 

administration was significantly higher than that observed 

after intravenous administration, providing further evidence 

that the intranasal route is an effective method for brain-

targeted drug delivery. Additionally, the duration of coumarin 

presence in blood circulation after intranasal administration 

was significantly shorter than that observed after intrave-

nous injection (Figure 1B). In particular, we were only able 

to detect very low levels of coumarin in the blood of rats 

following intranasal administration of coumarin-loaded 

MPEG-PCL micelles, indicating that drugs loaded within the 

micelles are delivered intranasally directly to the brain with-

out significant leakage into systemic circulation. However, 

coumarin was found to enter the systemic blood circulation 

soon after intranasal administration of coumarin solution 

alone. Therefore, administration of drug solution is associ-

ated with the risk of side effects resulting from toxic effects 

on non-CNS tissues. These findings suggest that intranasal 

delivery of drugs into brain tissue using nano-sized micelles 

is more likely to be effective and less likely to produce side 

effects in non-CNS tissues.

CPP-modified polymeric micelles 
for nose-to-brain delivery
The CPPs, which are cationic or amphiphilic molecules 

derived from sources such as the human immunodeficiency 

virus Tat protein and Drosophila antennapedia homeoprotein, 

can enhance the intracellular delivery of molecules.55 A basic 

domain of Tat was previously reported to be the minimum 
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Figure 1 Distribution in brain tissue and blood concentration of coumarin after 
intravenous or intranasal administration of coumarin-loaded MPEG-PCL micelles.
Notes: (A) Coumarin levels in the brain tissue of tumor-inoculated rats. Rats were 
sacrificed at 1 hour (following intranasal administration) or 24 hours (following 
intravenous administration) after the injection of coumarin-loaded MPEG-PCL 
micelles (dose corresponding to 20 µg of coumarin). Each bar represents the mean ± 
SE (n=3). **P,0.01. (B) Coumarin concentration in blood after administration of 
coumarin solution or coumarin-loaded MPEG-PCL (dose corresponding to 20 µg of 
coumarin). Each point represents the mean ± SE (n=3). **P,0.01 versus intranasally 
administered MPEG-PCL.
Abbreviations: MPEG-PCL, methoxypolyethylene glycol-polycaprolactone; SE, 
standard error; h, hours; PEG, polyethylene glycol.
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sequence responsible for cellular uptake mediated by the 

11-amino acid epitope YGRKKRRQRRR.56

Conjugation of the CPP to the surface on the nanocarri-

ers was expected to increase the penetration across the nasal 

mucosa and target cell membrane into the brain. Therefore, 

we developed MPEG-PCL copolymers conjugated with Tat 

peptide (MPEG-PCL-Tat) and evaluated the potential for 

intranasal brain delivery of coumarin-loaded  MPEG-PCL-Tat 

micelles (Figure 2).44

MPEG-PCL-Tat micelles showed high loading efficiency 

of coumarin. MPEG-PCL-Tat micelles had a smaller particle 

size (diameter of approximately 100 nm) than the  MPEG-PCL 

micelles without Tat and exhibited a positive charge, whereas 

MPEG-PCL micelles were negatively charged. These 

findings suggest that synthesized  MPEG-PCL-Tat forms 

nanoparticles, possibly as polymer micelles. Tat is almost 

completely presented on the surface of the polymer micelles, 

since MPEG-PCL-Tat nanoparticles exhibited the positive 

charge of the Tat peptide.

We first compared the efficacy of nose-to-brain delivery 

between MPEG-PCL and MPEG-PCL-Tat micelles. At 4 hours 

following intranasal administration, coumarin concentration 

in brain tissue of rats administered coumarin-loaded MPEG-

PCL-Tat was significantly higher than in rats administered 

coumarin-loaded MPEG-PCL micelles. We subsequently 

determined the biodistribution of coumarin in rats after intra-

nasal administration of coumarin-loaded  MPEG-PCL-Tat 

micelles. As shown in Figure 3, the concentrations of coumarin 

in non-targeted tissues, such as liver, lung, heart, kidney, and 

spleen, in rats administered coumarin-loaded MPEG-PCL-Tat 

were lower than those measured following administration 

of coumarin solution without the polymer micelles. These 

findings indicate that CPP-modified nano-sized micelles can 

improve the  nose-to-brain drug delivery.

Nose-to-brain delivery of  
drug-loaded polymer micelles for 
treatment of brain tumors
Although chemotherapy is widely applied in treatment of 

brain tumors, the outcomes continue to be unsatisfactory. 

In general, an increase in local anti-cancer drug concentra-

tion in the tumor tissue improves the outcome of the drug 

treatment. Therefore, we expected that the delivery of anti-

cancer drugs using a combination of nose-to-brain route and 

 MPEG-PCL-Tat micelles could increase the concentration of 

drugs at the intracranial tumors and suppress their growth.45 

Therefore, we prepared MPEG-PCL and MPEG-PCL-Tat 

micelles loaded with the anti-cancer drug camptothecin 

(CPT). The particle size of CPT-loaded MPEG-PCL and 

MPEG-PCL-Tat micelles was slightly larger than that before 

CPT loading. CPT encapsulation efficiencies of MPEG-PCL 

and MPEG-PCL-Tat were determined to be around 60%.

We evaluated the in vitro cytotoxicity in C6 rat glioma 

cells at a range of CPT concentrations. CPT-loaded 

 Tat-modified MPEG-PCL exhibited stronger cytotoxicity 

than CPT-loaded MPEG-PCL. This observation may be 

due to the improved cellular uptake efficiency of CPT-loaded 

 MPEG-PCL-Tat micelles by modification with CPP Tat on the 

 surface of micelles. CPT-free MPEG-PCL-Tat did not exhibit 
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MPEG-PCL (block polymer) Tat (cell-penetrating peptide, CPP)

NH2-GRKKRRQRRRG-COOH
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MPEG-PCL-Tat (CPP-modified block polymer)

CH3-(O-CH2-CH2)n-(OC-O-(CH2)5)m-OH
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Figure 2 Structure of Tat-modified MPEG-PCL micelle.
Note: Carboxylic group in cell-penetrating peptide Tat was conjugated to the hydroxyl group in MPEG-PCL by esterification.
Abbreviations: MPEG, methoxypolyethylene glycol; PCL, polycaprolactone; CPP, cell-penetrating peptide; G, glycine; R, arginine; K, lysine; Q, glutamine.
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any cytotoxicity at the higher concentrations tested. These 

results indicate that Tat-modified micelles strongly interact 

with the C6 rat glioma cells. Tat-modified polymer micelles 

would therefore be expected to result in greater delivery of 

CPT to tumor cells than polymer micelles without Tat.

We next determined the in vivo therapeutic effects in 

a rat model of intractable malignant glioma. CPT-loaded 

 MPEG-PCL-Tat micelles exhibited high therapeutic  efficiency 

after 7 days of continuous administration, unlike CPT-loaded 

MPEG-PCL. This observation suggests that Tat-modified 

MPEG-PCL micelles may be more effective because of high 

penetration of small molecule anti-cancer drugs across the 

nasal epithelium. The specificity achieved with intranasal 

delivery appears to be superior to the results obtained with 

the administration of simple CPT solution, which reportedly 

results in high drug levels in the systemic circulation.

siRNA delivery to the brain using 
nose-to-brain administration and 
CPP-modified polymer micelles
siRNA has great potential as a therapeutic agent against CNS 

diseases.57–61 Although the potential of using siRNA-based thera-

pies against CNS disorders has been successfully demonstrated 

through in vitro studies, the function of BBB poses a major 

challenge to the drug development efforts aimed at treating CNS 

disorders. Therefore, the development of  effective strategies that 

would enhance siRNA delivery to the brain is of great interest for 

both the clinical and pharmaceutical fields. In order to improve 
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Figure 3 Biodistribution of coumarin in rats after intranasal administration of 
coumarin-loaded MPEG-PCL-Tat micelles.
Notes: Rats were sacrificed 1 hour ( ) or 4 hours ( ) after injection of 
coumarin-loaded MPEG-PCL-Tat micelles, or 1 hour ( ) following the injection of 
coumarin solution (dose corresponding to 20 µg of coumarin). Each bar represents 
the mean ± SE (n=3). nsP.0.05, **P,0.01, *P,0.05.
Abbreviations: MPEG-PCL, methoxypolyethylene glycol-polycaprolactone; SE, 
standard error; ns, not significant.
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the efficiency of brain siRNA delivery systems, we developed 

an approach that combines siRNA nose-to-brain delivery system 

with CPP-modified nano-sized micelles.46

Significantly higher brain penetration was observed 

following intranasal administration of MPEG-PCL-Tat to 

rats than with intravenous injection, suggesting that supe-

rior delivery of nucleic acid to the brain is possible using 

peptide-modified micelles. Additionally, in our study of the 

mechanisms that promote nucleic acid transfer to the brain 

following intranasal administration using MPEG-PCL-Tat, 

we focused on the olfactory and trigeminal nerves, which 

are the two reported pathways of drug transport to the brain 

from the nasal  cavity. First, nasal mucosal tissue was observed 

15 minutes after intranasal administration of naked siRNA 

and complexes of siRNA with MPEG-PCL-Tat micelles. As 

shown in Figure 4, animals administered siRNA complexed 

with MPEG-PCL-Tat exhibited more intense fluorescence in 

the mucosal epithelial surface and lamina propria mucosae 

than the animals administered naked siRNA, indicating that 

MPEG-PCL-Tat exhibits high mucosal penetration. Next, we 

assessed the distribution of the siRNA to the olfactory bulb 

after intranasal administration and found a significantly higher 

transfer of the siRNA to the olfactory bulb in the MPEG-PCL-

Tat-treated animals, as compared to those administered the 

naked siRNA (Figure 5). This finding suggests that the use of 

MPEG-PCL-Tat may increase the transfer of nucleic acid to 

the brain via the olfactory nerve pathway in the nasal mucosal 

tissue. Additionally, the observation of the trigeminal nerve 

after intranasal administration detected higher transfer of the 

fluorescein-labeled model siRNA (dextran, molecular weight: 

10,000) to the trigeminal nerve in the MPEG-PCL-Tat group 

than in animals administered fluorescein-labeled model siRNA 

alone. This observation suggests that, as with the olfactory 

nerve, MPEG-PCL-Tat may also enable the nucleic acid to 

be delivered to the brain via the trigeminal nerve. Figure 6 

demonstrates the distribution in the whole brain, from olfac-

tory bulb to the brainstem, over time, measured following 

intravenous or intranasal administration of Anionic dextran 

labeled with Alexa Fluor® 678 (molecular weight: 10,000), 

(Alexa-dextran; Life Technologies, Carlsbad, MA, USA) 

model siRNA with and without MPEG-PCL-Tat. While the 

fluorescence of Alexa-labeled model siRNA did not distribute 

in the whole brain following intravenous administration, high 

accumulation was observed in the olfactory bulb 15 minutes 

after administration via the nose-to-brain pathway, both with or 

without MPEG-PCL-Tat. One hour after intranasal administra-

tion with MPEG-PCL-Tat, high accumulation was observed in 

the rostral brain tissue that appeared to follow the distribution 

trend into the olfactory bulb, while the caudal brain tissue 

and brain stem exhibited a high concentration that appeared 

to follow a distribution trend into the trigeminal nerve. Taken 

together, these observations suggest that, once transported 

Naked FAM-siRNAA B MPEG-PCL-Tat/FAM-siRNA

Untreated

200 µM 200 µM

200 µM

C

Figure 4 Distribution of FAM-siRNA in slices of nasal mucosa after intranasal 
administration of naked FAM-siRNA and MPEG-PCL-Tat/FAM-siRNA.
Notes: Rats were sacrificed 15 minutes after intranasal administration of naked FAM-
siRNA (A) or MPEG-PCL-Tat/FAM-siRNA (B) (dose corresponding to 40 µg of FAM-
siRNA, N/P=15). Untreated rats (C) were sacrificed at the same time point. Olfactory 
mucosa tissue was enucleated. Blue fluorescence represents the nuclei stained 
by Hoechst, and green fluorescence represents FAM-siRNA. Scale bar =200 µm. 
6-Carboxyfluorescein-aminohexyl (FAM)-siRNA (Cosmo Bio Co., Ltd., Tokyo, Japan) 
as a fluorescent-labeled siRNA.
Abbreviations: OE, olfactory mucosa epithelium; LP, lamina propria; NC, nasal 
cavity; MPEG-PCL, methoxypolyethylene glycol-polycaprolactone; N/P, ratio of amine 
to nucleic acid; FAM, 6-Carboxyfluorescein-aminohexyl; siRNA, small interfer ing 
ribonucleic acid.
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Figure 5 siRNA distribution in the olfactory bulb tissue after intranasal 
administration. 
Notes: Rats were sacrificed 15 minutes after intranasal administration of naked 
FAM-siRNA (A) or MPEG-PCL-Tat/FAM-siRNA (B) (dose corresponding to 40 µg 
of FAM-siRNA, N/P=15). Each olfactory bulb was enucleated. Blue fluorescence 
represents the nuclei stained by Hoechst, and green fluorescence represents FAM-
siRNA. Scale bar =200 µm. 6-Carboxyfluorescein-aminohexyl (FAM)-siRNA (Cosmo 
Bio Co., Ltd., Tokyo, Japan) as a fluorescent-labeled siRNA.
Abbreviations: GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell 
layer; GCL, granule cell layer; siRNA; small interfering ribonucleic acid; MPEG-PCL, 
methoxypolyethylene glycol-polycaprolactone; N/P, ratio of amine to nucleic acid; 
FAM, 6-Carboxyfluorescein-aminohexyl (FAM)-siRNA (Cosmo Bio Co., Ltd., Tokyo, 
Japan) as a fluorescent-labeled siRNA..

Figure 6 Dynamics of MPEG-PCL-Tat complex in brain tissue following intranasal 
or intravenous administration.
Notes: Rats were sacrificed and brains were enucleated at each point after 
intranasal or intravenous administration of naked Alexa-dextran or Alexa-dextran/
MPEG-PCL-Tat (dose corresponding to 40 µg of Alexa-dextran). Each sample was 
observed using Maestro™ (Kurabo, industries, Ltd., Osaka, Japan). Anionic dextran 
labeled with Alexa Fluor® 678 (molecular weight: 10,000), (Alexa-dextran; Life 
Technologies, Carlsbad, MA, USA).
Abbreviations: MPEG-PCL, methoxypolyethylene glycol-polycaprolactone; 
h, hour; min, minutes.

to the olfactory bulb and brain stem via the olfactory nerve 

and trigeminal nerve pathways, nucleic acid is subsequently 

transported to other brain tissues. This shows that the proposed 

system of delivery of nucleic acid to the brain by intranasal 

administration using MPEG-PCL-Tat relies primarily on an 

increase in the transfer of nucleic acid to the brain via the 

olfactory nerve and trigeminal nerve pathways.

Co-delivery of siRNA and drugs using 
nose-to-brain and CPP-modified 
polymer micelles for treatment  
of brain tumors
We investigated intranasal delivery of siRNA/drug co-

loaded MPEG-PCL-Tat micelles using a rat model of 

malignant  glioma.47 The MPEG-PCL-Tat/siRNA complex 

and  CPT-loaded MPEG-PCL-Tat/siRNA complex exhibited 

micelle diameters of approximately 60–200 nm, with a ten-

dency of size to decrease as the ratio of amine to nucleic acid 

(N/P ratio) increased. The zeta-potential of these complexes 

was found to increase with increasing N/P ratio. Further-

more, on evaluation by the SYBR Green exclusion assay 

(Takara Bio Inc., Shiga, Japan), the fluorescence intensity 

from siRaf-1 of MPEG-PCL-Tat/siRaf-1 complexes strongly 

decreased at an N/P ratio of 1 (10%), compared with that of 

naked siRNA (100%). These results indicate that MPEG-

PCL-Tat and CPT-loaded  MPEG-PCL-Tat could form a stable 

complex with siRNA.

We subsequently determined the cellular uptake of siRNA 

and evaluated its in vitro cytotoxicity in rat glioma C6 cells. 

The intracellular siRNA uptake of siRNA/MPEG-PCL-Tat 

complexes increased with increasing N/P ratio, with the high-

est intracellular uptake efficacy observed with the complexes 

at an N/P ratio of 30. To evaluate the in vitro transfection 

efficiency of the MPEG-PCL-Tat/siRNA complexes at an N/P 

ratio of 30, we assessed the cytotoxicity induced by Raf-1 

gene silencing in C6 cells using the WST-8 assay (Dojindo 

Laboratories, Kumamoto, Japan). These results showed that 
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the cell viability significantly decreased with an increase in 

the concentration of Raf-1 siRNA  (siRaf-1), indicating that 

MPEG-PCL-Tat/siRaf-1 induces cell death in rat glioma 

cells due to the high cellular uptake of siRaf-1 by MPEG-

PCL-Tat carrier.

We finally evaluated the in vivo therapeutic effects in glioma 

model rats of intranasally administered naked siRaf-1 without 

any micelles, MPEG-PCL-Tat/control siRNA,  MPEG-PCL-Tat/

siRaf-1 complex,  CPT-loaded-MPEG-PCL-Tat micelles/

control siRNA complex, and CPT-loaded  MPEG-PCL-Tat 

micelles/siRaf-1 complexes.  MPEG-PCL-Tat/siRaf-1 

 complex, CPT-loaded-MPEG-PCL-Tat micelles/control 

siRNA complex, and CPT-loaded MPEG-PCL-Tat micelles/

siRaf-1 complexes showed high therapeutic efficacy after 

7 days of continuous delivery. These results indicate that 

 MPEG-PCL-Tat improved the delivery of siRNAs and CPT 

to the brain, and showed a marked prolongation of the mean 

survival period. No cytotoxicity was detected in neuronal cells 

and no signs of macroscopic damage in rat nasal mucosa, olfac-

tory and trigeminal nerves, and brain tissue were observed.

Conclusion and future perspectives
Through the review, we have shown that the use of polymer 

micelles with surface-loaded Tat peptide in the intranasal 

administration of drugs and siRNAs enables the non-invasive 

delivery of therapeutic agents to the brain by increasing the 

transfer of drug or siRNA to the CNS from the nasal cavity. 

This improvement in delivery is not as pronounced with 

naked micelles. We feel that this review offers important 

insight that can be applied to improve drug delivery to the 

brain and shows the potential of using drug-loaded surface-

loaded polymer micelles against intractable neuropsychiatric 

disorders, brain tumors, and cerebral infarction.
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