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Purpose: We designed a 0.05% mometasone furoate (MF) nanocrystal dispersion and investigated whether the application of MF 
nanocrystals in nasal formulations enhanced local absorption compared to traditional nasal MF formulations (CA-MF).
Methods: MF nanocrystal dispersions (MF-NPs) were prepared by bead milling MF microcrystal dispersions (MF-MPs) consisting of 
MF, 2-hydroxypropyl-β-cyclodextrin, methylcellulose, and purified water. Pluronic F-127 combined with methylcellulose, Pluronic 
F-68, or carbopol was used as a base for in situ gelation (thickener). MF concentrations were measured using high-performance liquid 
chromatography, and nasal absorption of MF was evaluated in 6 week-old male Institute of Cancer Research (ICR) mice.
Results: The particle size range of MF prepared with the bead mill treatment was 80–200 nm, and the nanoparticles increased the 
local absorption of MF, which was higher than that of CA-MF and MF-MPs. In addition, unlike the results obtained in the small 
intestine and corneal tissue, the high absorption of nanocrystalline MF in the nasal mucosa was related to a pathway that was not 
derived from energy-dependent endocytosis. Moreover, the application of the in situ gelling system attenuated the local absorption of 
MF-NPs, owing to a decrease in drug diffusion in the dispersions.
Conclusion: We found that nanoparticulation of MF enhances local intranasal absorption, and nasal bioavailability is higher than that 
of CA-MF. In addition, we demonstrate that viscosity regulation is an important factor in the design of nasal formulations based on MF 
nanocrystals. These findings provide insights for the design of novel nanomedicines with enhanced nasal bioavailability.

Plain Language Summary: Mometasone furoate (MF) is administered nasally to treat nasal inflammatory diseases. In this study, we 
designed MF nanocrystal dispersions (MF-NPs) and investigated whether the application of MF nanocrystals in nasal MF formulations 
enhanced local absorption compared to traditional nasal MF formulations. MF-NPs were obtained via bead-milling of dispersions, 
consisting of MF, 2-hydroxypropyl-β-cyclodextrin, methylcellulose, and purified water, and the MF-NPs with in situ gelation were 
prepared by the addition of a gel base consisting of Pluronic F-127 combined with methylcellulose, Pluronic F-68, or carbopol. The 
nasal absorption of MF was evaluated in 6 week-old ICR mice. The bead-milled MF particles in the dispersions were crystalline with 
sizes of 80–200 nm. Moreover, MF-NPs exhibited lower viscosity and higher local absorption than commercially available nasal 
formulations and dispersions containing microcrystalline MF. However, the application of in situ gelling systems attenuated the local 
absorption of the MF-NPs. This is the first study to investigate the nasal absorption of dispersions containing nanocrystalline MF and 
the basis of in situ gelation, providing important information for the design of nanomedicines with enhanced nasal bioavailability. 
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Introduction
The prevalence of allergic rhinitis and rhinosinusitis has increased over the past decade.1–3 Currently recommended drug 
therapies for rhinitis and rhinosinusitis consist primarily of nasal corticosteroids, antihistamines, and oral and nasal 
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decongestants. Nasal corticosteroids are used as first-line agents, especially in patients with perennial or moderate-to- 
severe symptoms, or when nasal obstruction is a major problem.4–7

Mometasone furoate (MF), a white powder with a molecular weight of 539.45, is a corticosteroid that is used to treat 
rhinitis and rhinosinusitis. MF inhibits the arachidonic acid pathway, significantly suppressing the production of 
leukotrienes, inflammatory cytokines, and growth factors, and the expression of adhesion molecules.8 MF is 
a lipophilic compound with low water solubility developed for topical administration,9 and the absorbed drug is mainly 
excreted in bile as a metabolite and less frequently in urine.9 In clinical settings, a nasal formulation of MF is 
commercially available as NASONEX nasal 50 µg/spray (traditional nasal MF formulations, CA-MF), a metered-dose 
pump spray with a pH of 4.3–4.9.

Drugs administered through the nose are absorbed and exert both local and systemic effects. During this process, the 
mucosal layer, epithelial cell membranes, and capillary endothelium in the nasal cavity act as barriers to drug absorption 
in the bloodstream. In addition, nasal mucociliary clearance is the primary innate defense mechanism of the nose and 
paranasal sinuses, and epithelial cilia beat in a coordinated and unidirectional fashion to transport mucus from the 
epithelium to various drainage sites, thus removing inhaled particles and irritants under normal conditions.10 The nasal 
cavity has a thin mucus layer, which is more easily accessible and permeable than other mucosal surfaces.11 The 
epithelial cell membrane is composed of layers of pseudostratified columnar cells interconnected via tight junctions, and 
small hydrophobic molecules can pass through the biomembrane via concentration gradients. Hydrophilic molecules 
require selective transport systems to pass through lipid bilayers. Large polar drugs are absorbed by paracellular 
mechanisms, and tight junction structures provide a barrier to this absorption. Once a drug molecule passes through 
the basolateral side of the epithelium, the capillary endothelium in the blood acts as a barrier. Thus, drug absorption from 
the nasal respiratory epithelium is mediated by transcellular, paracellular, carrier-mediated transport, and transcytosis 
mechanisms.12 Furthermore, when drugs are administered into the nasal cavity, they reach the nasal mucosa and are 
directly transmitted to the brain via the olfactory pathway. Drugs pass through the olfactory epithelium, enter the 
perineuronal cavity via paracellular mechanisms, and migrate directly into the brain.13
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Protease inhibitors, in situ gelling agents, thickeners, tight junction modulators, cationic polymers, cyclodextrins, and 
surfactants can enhance nasal absorption. Nanotechnology-based drug delivery can be used to overcome the chemical, 
physiological, anatomical, and clinical barriers associated with conventional drugs. Many types of nanotherapeutics, such 
as those based on micelles, polymers, and liposomes as carrier materials, have been developed.14 The potential 
advantages of nanocrystal formulation include improved drug stability and solubility, increased bioavailability at the 
targeted area, and prolonged duration of action via controlled release. We have previously reported that nanodispersions 
containing fluorometholone, minoxidil, and indomethacin exhibited improved solubility and membrane permeability.15–18 

Nanodispersions may also enhance nasal bioavailability and may be used as nasal delivery systems for MF. In this study, 
we designed MF nanocrystal dispersions (MF-NPs), and investigated whether their application in nasal formulations 
enhanced local absorption compared to traditional nasal MF formulations.

Materials and Methods
Animals
All animal experiments were performed in accordance with the guidelines of the Kindai University and the Japanese 
Pharmacological Society. Six-week-old male Institute of Cancer Research (ICR) mice (n=277 mice, approximately 31.1 
g) were provided by Clea Japan, Inc. (Tokyo, Japan) and housed at 25°C. Water and CE-2 standard diet (Clare Japan, 
Tokyo, Japan) were provided ad libitum. In this study, mice were anaesthetized with isoflurane (3%, flow rate 1 L/min). 
Euthanasia was performed by injecting pentobarbital (200 mg/kg, i.p.) according to the AVMA guidelines 2020, and was 
approved by Kindai University on April 1, 2020, with project identification code KAPS-2020-013. This study was 
conducted in accordance with the ARRIVE guidelines.

Chemicals
MF powder and NASONEX® Nasal 50 µg (CA-MF) were provided from Tokyo Chemical Industry Co., Ltd (Tokyo, 
Japan), KYORIN Pharmaceutical Co., Ltd. (Tokyo, Japan), respectively. Isoflurane, Pluronic F-68, cytochalasin D, and 
butyl p-hydroxybenzoate were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Two-hydroxypropyl 
-β-cyclodextrin (HPβCD) and Bio-Rad Protein Assay Kit were purchased from Nihon Shokuhin Kako Co., Ltd. (Tokyo, 
Japan) and Bio-Rad (CA, USA), respectively. Dynasore and rottlerin were obtained from Nacalai Tesque (Kyoto, Japan) 
and nystatin was obtained from Sigma-Aldrich (St. Louis, MO, USA). Pluronic F-127 was purchased from Funakoshi 
Co., Ltd. (Tokyo, Japan), and methylcellulose (MC) was purchased from Shin-Etsu Chemical Co. Ltd. (Tokyo, Japan). 
All other chemicals and organic solvents were of analytical grade.

Preparation of MF Micro- and Nanocrystal Dispersions
The dispersions containing MF micro- and nanocrystals were prepared following our previous reports.15–19 Briefly, MF 
powder, HPβCD, and MC were suspended in purified water (dispersions containing mometasone furoate microcrystals, 
MF-MPs). The MF-NPs were prepared by bead milling. The mill treatment was performed using a ShakeMaster®NEO 
BMS-M10N21 (BioMedical Science, Tokyo, Japan) with 0.1 mm zirconia beads at 1500 rpm for 3 h at 4°C. Nanocrystal 
dispersions with thickeners (in situ gel formulations) were prepared as follows: Pluronic F-127 combined with MC, 
Pluronic F-68, or carbopol was added to the MF-NPs as base for in situ gelation, which were used as MF-NPs@F127/ 
MC, MF-NPs@F127/F68, and MF-NPs@F127/Car, respectively. The compositions of the MF dispersions are listed in 
Table 1. The contents of the additives and pH (4.9) were determined according to our previous studies20,21 and the pH of 
the CA-MF, respectively.

Measurement of MF Concentration
MF concentration was measured by high-performance liquid chromatography (HPLC) using an LC-20AT HPLC system 
(Shimadzu Corp., Kyoto, Japan) (wavelength, 254 nm). Inertsil ODS-3 column (2.1×50 mm, GL Science Co., Inc., 
Tokyo, Japan) was selected, column temperature was set at 35°C. The mobile phase (methanol/purified water/acetonitrile, 
50/43/7) were followed at 250 µL. The sample was mixed with a butyl p-hydroxybenzoate (1 µg/mL, internal standard) 
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in methanol, and 10 µL of the mixture was injected into the HPLC system. The internal standard and MF of retention 
time was 5.1 min and 16.8 min, respectively and the subsequent favorable calibration curve was y = 0.239x + 0.0076 (R² 
= 0.9986). The lower limit of quantification was 0.57 µM.

Particle Size of MF in Dispersions
A laser diffraction particle size analyzer, SALD-7100 (Shimadzu Corp.), was used to measure the MF particles in CA- 
MF and MF-MPs, and the refractive index was set at 1.60–0.010i. In addition, the particle distribution of dispersions 
containing MF nanocrystals with or without the thickener was determined using dynamic light scattering NANOSIGHT 
LM10 (QuantumDesign Japan, Tokyo, Japan) at a viscosity of 1.45 mPa∙s, wavelength of 405 nm, and measurement time 
of 60s. Moreover, the phase and height images of MF-NFs with or without the thickener were obtained using Scanning 
Probe Microscope (SPM)-9700 (Shimadzu Corp.), and these images were combined and expressed as SPM images.

Solubility of MF in Dispersions
The solubilized and non-solubilized MF in MF-NPs with or without a thickener were separated and centrifuged at 1×105 

× g using a Beckman OptimaTM MAX-XP Ultracentrifuge (Beckman Coulter, Osaka, Japan). Subsequently, the 
concentration of solubilized MF was measured using the HPLC method described above and expressed as the solubility 
of MF in the dispersions.

Membrane Permeability of MF in Dispersions
The membrane permeability of MF was evaluated according to our previous reports using Franz diffusion cell.18 Briefly, 
12.2 mL of 0.2 mM phosphate buffer (pH 7.2) were filled in the reservoir chamber of Franz diffusion cell, and a 0.45 μm 
pore-size membrane filters (MF™-MEMBRANE FILTER, Merck Millipore, Tokyo, Japan) was fixed on the cell. After 
that, 200 μL of MF dispersions with or without thickener were added to the 0.45 μm membrane filter (2 cm2), and 
incubated at 37°C for 5 min. Then, two hundred microliters of phosphate buffer were withdrawn from the reservoir 
chamber, the MF concentration was measured by HPLC method described above. In the experiments using dispersions 
containing nanocrystalline MF, membrane permeability was expressed as drug diffusion in the dispersions.

Viscosity of MF Dispersions
The four milliliters of MF dispersions with or without thickener were set to a CPZ-52Z plate in Brookfield digital 
viscometer (Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA), and measured the viscosity at 60 rpm 
(rotational speed) for 3.5 min under 20–40°C conditions. During the measurement, the pH of the MF-NPs@in situ gel 
was regulated to simulate that of the nasal cavity (pH 7.2) using NaOH.

Zeta Potential of MF in Dispersions
The ten milliliters of MF dispersions with or without thickener were set to a Zeta Potential Meter Model 502 (Nihon 
Rufuto Co., Ltd., Tokyo, Japan), and the zeta potential were measured at 49 V, 25°C condition.

Table 1 Compositions of Mometasone Furoate (MF) Formulations Used in This Study

Formulation Content (w/v %)

MF HPβCD MC Pluronic F-127 Pluronic F-68 Carbopol

MF-MPs 0.05 5 0.5 - - - -

MF-NPs 0.05 5 0.5 - - - Bead mill
MF-NPs@F127/MC 0.05 5 1.5 7 - - Bead mill

MF-NPs@F127/F68 0.05 5 0.5 7 1.5 - Bead mill

MF-NPs@F127/Car 0.05 5 0.5 7 - 0.15 Bead mill

Note: Data are expressed as w/v%.
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Dispersibility of MF Dispersions
The experiment was performed as described in our previous reports.20,21 First, three microliters of each MF 
dispersion were incubated in 5 mL test tubes in the dark at 20°C for 2 weeks, and images of the dispersions were 
captured with a digital camera. Moreover, the fifty microliters of MF dispersions were withdrawn from 5 mm under 
the surface, and the MF concentration was measured by the HPLC methods described above. The dispersibility of 
the MF dispersions was determined by measuring the difference in MF concentrations before and after the start of 
the experiment.

Powder X-Ray Diffraction (XRD)
The crystalline forms of MF in the MF-MPs and MF-NPs were measured using an XRD analyzer Mini Flex II (Rigaku 
Co., Tokyo, Japan) at a scanning rate, 10°/min; diffraction angles of 5°–90°; X-rays at 30 kV and 15 mA. Dried samples 
were obtained by volatilizing the dispersion solvent using a TAITEC VC-15SP CENTRIFUGAL CONCENTRATOR 
(Aich, Japan), and 100 mg of the powder was analyzed using an XRD analyzer Mini Flex II XRD analyzer to measure 
the crystalline form.

Thermogravimetry-Differential Thermal Analysis (TG-DTA)
The solvents of the MF-MPs and MF-NPs were volatilized using a TAITEC VC-15SP CENTRIFUGAL 
CONCENTRATOR, and five milligrams of the powder was set using the simultaneous TG-DTA apparatus DTG-60H 
(Shimadzu Corp.), and the TG-DTA patterns (melting point) were detected under a nitrogen atmosphere. The temperature 
was maintained at 5°C /min.

Nasal Absorption of MF Dispersions
MF dispersions with or without thickener (2 μL) were nasally administered to ICR mice, and the mice were euthanized 
by injecting a lethal dose of pentobarbital (200 mg/kg), and the blood was collected from vena cava 0.5, 1, 3, and 5 
h after nasal administration. The nasal mucosa and brain were removed by dissecting scissors and scalpels at the same 
time as above; 0.5, 1, 3, and 5 h after nasal administration, respectively. The nasal mucosa and brain were homogenized 
with 150 µL of methanol, homogenates and collected blood were centrifuged at 800 × g for 15 min at 4°C, and the 
supernatant was used for measurement. MF concentrations in the collected samples were measured using HPLC as 
described above. MF levels in the tissues were expressed as nmol/mg protein and proteins were measured using a Bio- 
Rad Protein Assay Kit. In addition, the area under the drug concentration–time curve (AUC0-5h) in the nasal mucosa was 
analyzed using the trapezoidal rule.

In this study, nystatin (54 μM),22 dynasore (40 μM),23 rottlerin (2 μM),24 and cytochalasin D (10 μM)22 were selected 
as inhibitors of caveolae-dependent endocytosis (CavME), clathrin-dependent endocytosis (CME), macropinocytosis 
(MP), and phagocytosis, respectively, and the energy-dependent endocytosis was inhibited using these four pharmaco-
logical inhibitors. Pharmacological inhibitors were dissolved in HEPES buffer containing 0.5% dimethyl sulfoxide 
(DMSO, control). Two microliters of pharmacological inhibitors were nasally administered to mice 30 min before 
administration of the MF formulation.

In total, 277 mice were used in this study. The above experimental conditions were grouped into eleven groups: CA- 
MF (n = 28), MF-MPs (n = 32), MF-NPs (n = 40), MF-NPs@F127/MC (n = 24), MF-NPs@F127/F68 (n = 24), MF-NPs 
@F127/Car (n = 24), combination of MF-NPs and vehicle (control, n=20), nystatin (n = 20), dynasore (n = 20), rottlerin 
(n = 20), or cytochalasin D (n = 20). Five untreated mice were used for measurement at 0 h.

Statistical Analysis
The JMP ver. 5.1 (SAS Institute) was used for the statistical analysis. One-way analysis of variance (ANOVA) followed 
by the Tukey–Kramer test was used for statistical analysis. The data are expressed as mean ± standard error (S.E.) of the 
mean, and the sample numbers (n) are shown in Figure legends.

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S430952                                                                                                                                                                                                                       

DovePress                                                                                                                       
5689

Dovepress                                                                                                                                                          Masuda et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Results
Evaluation of the Characteristics of MF-NP Dispersions
Figure 1 shows the changes in the particle size distribution of MF with and without bead milling. The particles of CA-MF 
ranged in size from 0.2 µm to 100 µm. The particle size distribution of the MF-MPs was also observed at a microscale. In 
contrast, the mean particle size of MF-NPs was 148.9 ± 2.4 nm. Figure 2 shows the XRD peak patterns and TG-DTA 
curves of MF in the MF-MPs and MF-NPs. The XRD peak patterns of MF in the MF-NPs were similar to the MF-MPs. 
It was known that two endothermic peaks between 225–240°C are detected in the DSC thermogram of raw MF showing 
the melting point of MF.25 In this study, the two peaks in the DTA analysis were detected at 226.1 and 233.3°C, 
respectively, in the MF powder. This peak pattern is correlated with the previous DSC data.25 In addition, no difference 
was observed between the MF powder and prepared MF formulations (MF-MPs and MF-NPs). Figure 3 shows the 
changes in the solubility, membrane permeability, and dispersibility of MF with or without bead milling. The solubility 
was enhanced by the bead-milling treatment, and the solubility of MF in the MF-NPs was 56.4–,15.4–fold of CA-MF and 
MF-MPs, respectively. The proportion of MF particles in the MF-NPs was only 34.2% in liquid form (solid form: 
65.8%). The membrane permeability of MF-NPs was higher than CA-MF and MF-MPs, and the dispersibility of the 
nanocrystalline MF was significantly higher than microcrystalline MF, as sedimentation in the MF-NPs was more gradual 
than that in the MF-MPs. Moreover, the dispersibility of the MF in the MF-NPs was similar to that in CA-MF. Based on 
the dispersibility results, we measured the viscosity and zeta potential, which are known factors that enhance the 
dispersibility of MF-NPs (Figure 4). Neither viscosity nor zeta potential differed between MF-MPs and MF-NPs; the 
zeta potential showed a negative charge. Although the zeta potential of CA-MF was also negatively charged, the value of 
the negative charge was significantly higher than those of MF-MPs and MF-NPs. In addition, the viscosity of CA-MF 
was 10.3–, 10.1–fold of MF-MPs and MF-NP viscosities, respectively, at 40°C.

Nasal Absorption of MF in Mice Treated with CA-MF, MF-MPs, and MF-NPs
It has been reported that the nose-to-brain pathway is a potential route for the transport of nanocrystals in the recent 
research.26 Therefore, we investigated whether MF was detected in the nasal mucosa, brain, and blood. No drug delivery 

Figure 1 Digital image (A) and particle size frequencies of commercially available mometasone furoate (CA-MF) (B), MF microcrystal dispersions (MF-MPs) (C), and MF 
nanocrystal dispersions (MF-NPs) (D). 
Notes: The Compositions of MF formulations are listed in Table 1. The particle distributions shown in (B and C) were determined using a laser diffraction particle size 
analyzer (SALD-7100). On the other hand, the data in (D) was obtained by dynamic light scattering NANOSIGHT LM10.
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to the brain or blood was observed 0–5 h after nasal administration of the MF dispersions, as MF levels were below the 
detection sensitivity in the brain and blood of mice nasally administered CA-MF, MF-MPs, and MF-NPs. In contrast to 
the results for brain and blood, MF was detected in the nasal mucosa; Figure 5A and B shows the changes in MF content 
in the nasal mucosa of mice nasally administered CA-MF, MF-MPs, and MF-NPs. The MF content in the nasal mucosa 
of mice nasally administered NF-NPs was significantly enhanced compared to that in mice nasally administered MF- 
MPs, and the MF levels of MF-NPs were also higher than those of CA-MF 30 min after nasal administration.

Our previous reports showed that energy-dependent endocytosis is involved in the high absorption of drug 
nanocrystals.15–21 Therefore, we also measured whether phagocytosis inhibitors (nystatin, dynasore, rottlerin, and 
cytochalasin D) prevented the high nasal absorption of MF-NPs (Figure 5C). Contrary to our expectations, the MF 
content in the nasal mucosa of mice that were nasally administered MF-NPs was not altered by pretreatment with 
phagocytosis inhibitors.

Effects of Thickener on the Characteristics and Nasal Absorption of MF-NPs
Viscosity is related to drug retention and absorption in the nasal mucosa.27,28 In this study, we prepared the MF-NPs 
containing thickener (MF-NPs@F127/MC, MF-NPs@F127/F68, MF-NPs@F127/Car), and evaluated the characteristics 
and nasal absorption. Figure 6A–E show the particle size distributions of the MF-NPs with thickeners. MF-NPs@F127/ 

Figure 2 Analysis of the crystal structures of MF in MF-MPs and MF-NPs. 
Notes: The Compositions of MF formulations are listed in Table 1. (A) X-ray diffraction (XRD) patterns of commercially available MF powders without additives or bead 
mill treatment. (B) XRD patterns of additives, MF-MPs, and MF-NPs. (C) Thermogravimetric differential thermal analysis (TG-DTA) curves of commercially available MF 
powders without additives or bead mill treatments. (D) DTA curves of the MF-MPs and MF-NPs.
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MC, MF-NPs@F127/F68, MF-NPs@F127/Car were nanosized with their mean particle size being 153.1 ± 3.1, 150.9 ± 
2.8, and 153.5 ± 3.3 nm, respectively (Table 2). Figure 6F shows the changes in viscosity of MF-NPs with thickener at 
20–40°C. The addition of a thickener enhanced viscosity, and the viscosities of MF-NPs@F127/MC and MF-NPs@F127/ 
F68 were similar. The viscosity of MF-NPs@F127/Car was higher than those of MF-NPs@F127/MC and MF-NPs 
@F127/F68. Gelation was observed at approximately 32°C for all thickeners, indicating an increase in the viscosity. In 
addition, we measured the solubility, zeta potential, and membrane permeability of the MF formulation with the 
thickener, as shown in Table 2. The addition of a thickener to MF-NPs did not significantly change their solubility, 
and the zeta potentials of MF-NPs@F127/MC and MF-NPs@F127/F68 were similar to those of the MF-NPs without 

Figure 3 Evaluation of the solubilities (A), membrane permeabilities (B), and dispersibilities (C and D) of CA-MF, MF-MPs, and MF-NPs. 
Notes: The Compositions of MF formulations are listed in Table 1. (C) and (D) Photographs (C) and dispersibilities (MF concentration in surface/total MF) (D) of CA-MF, 
MF-MPs, and MF-NPs 2 weeks after preparation. n = 7. *P<0.05 vs CA-MF. #P<0.05 vs MF-MPs.

Figure 4 Changes in the viscosities (A) and zeta potentials (B) of CA-MF, MF-MPs, and MF-NPs. 
Notes: The Compositions of MF formulations are listed in Table 1. The viscosity was measured at 20–40 °C. n = 5–7 (viscosity: n=5; zeta potential: n=7). *P<0.05 vs CA-MF. 
#P<0.05 vs MF-MPs.
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a thickener. However, the addition of carbopol enhanced negative charge, and the zeta potential of MF-NPs@F127/Car 
was –83.3 mV. Moreover, the membrane permeability experiment showed that the diffusivity of MF in the MF-NPs 
decreased with the addition of a thickener (Table 2). Figure 7 shows the changes in nasal absorption of MF-NPs with the 
addition of thickeners. Contrary to expectations, nasal absorption and duration were reduced by the addition of 
thickeners, as the MF content in mice treated with MF-NPs@F127/MC, MF-NPs@F127/F68, and MF-NPs@F127/Car 
was significantly lower than in mice treated with MF-NPs. In particular, the addition of F127/Car strongly attenuated MF 
delivery to the nasal mucosa compared with MF-NPs@F127/MC and MF-NPs@F127/F68. In this study, we also tried to 
measure the MF levels in the brain and blood, and no drugs were detected in either group (MF-NPs, MF-NPs@F127/MC, 
MF-NPs@F127/F68 and MF-NPs@F127/Car).

Discussion
Nasal MF formulation has been shown to significantly reduce both nasal symptoms and improve activity levels and social 
functioning.29 In a previous study, administration of nasal MF formulations prior to the pollen season significantly 
prevented symptoms, and was not associated with serious adverse events.30 Thus, nasal MF formulation is well tolerated 
in both children31 and adults.30 In this study, we attempted to prepare nanocrystalline MF, and found that the application 
of nanocrystalline MF in nasal MF formulations would enhance local absorption in comparison with traditional nasal MF 
formulations. Moreover, we showed that the application of the in situ gelling system attenuated the local absorption of 
MF-NPs owing to a decrease in drug diffusion in dispersions.

First, dispersions containing nanocrystalline MF were prepared. The bead-milling technique, called the breakdown 
method, was used to produce nanocrystals in a general study,19 and highly hydrophobic drugs became meringue-like 

Figure 5 Changes in MF content in nasal mucosa of mice treated with CA-MF, MF-MPs and MF-NPs. 
Notes: The Compositions of MF formulations are listed in Table 1. MF content (A) and area under the drug concentration–time curve (AUC0-5h) (B) in the nasal mucosa 
after treatment with MF formulations. (C) MF content in the nasal mucosa of mice treated with endocytosis inhibitors 30 min after application of MF-NPs. Control: mice 
treated with dimethyl sulfoxide (DMSO) and MF-NPs. Nystatin: Nystatin-treated mice treated with MF-NPs. Dynasore: Dynasore-treated mice treated with MF-NPs. 
Rottlerin: rottlerin-treated mice treated with MF-NPs. Cytochalasin D: cytochalasin D-treated mice treated with MF-NPs. n = 5–10 (CA-MF, n=7; MF-MPs, n=8; MF-NPs, 
n=10; control, n=5; nystatin, n=5; dynasore, n=5; rottlerin, n=5; and cytochalasin D, n=5). *P<0.05 vs CA-MF. #P<0.05 vs MF-MPs.
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when subjected to the bead-milling method without MC. Moreover, adsorption to the surface of cyclodextrin decreases 
the cohesion of nanoparticulate solids.19 From these previous findings, we used these MC and HPβCD as additives to 
design MF-NPs. In this study, the MF size in the dispersions was 80–200 nm after bead milling (Figure 1). Second, 

Figure 6 Changes in the particle size and viscosity of MF-NPs by the addition of a thickener. 
Notes: The Compositions of MF formulations are listed in Table 1. (A)–(D) Digital images (A) and particle size frequencies of MF-NPs@F127/MC (B), MF-NPs@F127/F68 
(C) and MF-NPs@F127/Car (D). (E) and (F) Scanning probe microscopy (SPM) images (E) and viscosities (F) of MF-NPs, MF-NPs@F127/MC, MF-NPs@F127/F68, and MF- 
NPs@F127/Car. Bar in the image (E) indicate 100 nm. n = 5.

Table 2 Particle Sizes, Solubilities, Zeta Potentials, and Membrane Permeabilities of MF Formulations

Formulation Physical Properties

Mean Particle Size (nm) Solubility (µM) Zeta Potential (mV) Membrane Permeability (µM)

MF-MPs 32.6 ± 3.2, ×103 21 ± 2.1# -56.9 ± 3.7 0.32 ± 0.10#

MF-NPs 148.9 ± 2.4* 328 ± 17.4* -58.8 ± 3.6 2.47 ± 0.29*

MF-NPs@F127/MC 153.1 ± 3.1* 316 ± 18.4* -53.7 ± 3.6 1.52 ± 0.20*,#

MF-NPs@F127/F68 150.9 ± 2.8* 314 ± 18.6* -58.6 ± 4.2 1.33 ± 0.14*,#

MF-NPs@F127/Car 153.5 ± 3.3* 324 ± 21.1* -83.3 ± 5.1*,# 1.16 ± 0.07*,#

Notes: Compositions of MF formulations are listed in Table 1. n=7. *P<0.05 vs MF-MPs for each category. #P<0.05 vs MF-NPs for each category.
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thermogravimetry-differential thermal analysis (TG-DTA) and XRD were used to investigate whether the bead-milled 
MF maintained its crystalline form. The DSC thermogram of raw MF confirmed that endothermic peak between 225– 
240°C is correlated with the study of Chen et al.25 The TG-DTA and XRD pattern was not changed in MF with or 
without bead-milling treatment (Figure 2). These results show that the MF nanoparticles provided in the dispersions with 
bead milling treatment were nanocrystalline. Subsequently, the characteristics of the MF-NPs were evaluated. If the size 
of the crystalline drug can be reduced to the nanoscale, as expected from the Ostwald-Freundlich equation, the drug 
solubility may also improve. The solubility of MF was enhanced by bead milling (Figure 3A). However, excessive 
miniaturization leads to an increase in the surface energy, which is disadvantageous from the standpoint of the storage 
stability of the formulation. Therefore, we evaluated the dispersibility of MF-NPs and showed that no aggregation or 
degradation was observed in the MF-NPs (Figure 3C and D), and the size of the MF particles in the MF-NPs remained 
nanoscale for 14 days (mean particle size: 158.3 ± 7.3 nm). Otherwise, the dispersibility of CA-MF microparticles 
(particle size: 0.2–90 µm) was similar to that of MF-NPs (Figure 3). It was known that the viscosity and zeta potential 
were related to aggregation of dispersions, and the viscosity and negative charge of CA-MF was significantly higher than 
those of MF-MPs and MF-NPs (Figure 4). These results suggest that these factors contributed to the stable dispersibility 
of the CA-MF. In addition, it was suggested that the stable dispersibility of MF-NPs may be due to the combination of 
nanoparticle size and HPβCD, as the dispersibility of MF-NPs without HPβCD was lower than MF-NPs with CD 
(dispersibility 2 weeks after preparation, 43.3 ± 5.9%, n=3).

Furthermore, it has been reported that the optimal size of nanoparticles (approximately 100 nm) allows for cellular 
uptake and permeation of the tissue membrane.18,32–35 Therefore, we demonstrated the drug absorption of MF formula-
tions through the nasal mucosa (Figure 5). The local absorption of MF in mice nasally administered CA-MF and MF-NPs 
was enhanced in comparison with MF-MPs, and the MF levels in the nasal mucosa of the mice treated with MF-NPs 
were significantly higher than those in CA-MF 30 min after nasal administration. Moreover, an accumulating evidence 
demonstrates that drugs deposited in the nasal cavity escape the usual rapid clearance by enzymatic degradation and the 
mucociliary system, undergo uptake into cells of the olfactory and trigeminal pathways, or are absorbed into the systemic 
circulation.36–39 This pathway via the trigeminal pathway can be an important direct pathway for drug delivery to the 
brain,38 and this pathway transports only particles of small size (< 200 nm) via a direct passage from the nasal cavity to 
the brain (passive diffusion).40 We also measured whether the nasal administration of MF microcrystal dispersions, which 
is smaller size particles (< 200 nm), delivered to blood and brain in this study. In contrast to the nasal mucosa, the MF is 
not delivered systemically or to the brain. Previous reports indicate that MF is a drug with relatively low risk of systemic 
absorption due to its high lipophilicity and low water solubility (20 µM), and that the MF is poorly absorbed into the 
systemic circulation due to its lipophilicity and extensive first-pass metabolism in the liver,41 with a reported 

Figure 7 Changes in MF contents (A) and AUC0-5h (B) in the nasal mucosa of mice treated with MF-NPs@F127/MC, MF-NPs@F127/F68, and MF-NPs@F127/Car. 
Notes: The Compositions of MF formulations are listed in Table 1. n = 6–10 (MF-NPs n=10, MF-NPs@F127/MC n=6, MF-NPs@F127/F68 n=6, MF-NPs@F127/Car n=6). 
*P<0.05 vs MF-NPs for each category.
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bioavailability of <1%.42 Otherwise, it was reported that the energy-dependent endocytosis is involved in high absorption 
of drug nanoparticles in the cornea and intestine.15,17,19 However, the absorption of MF-NFs via energy-dependent 
endocytosis was also not observed in the nasal mucosa in this study (Figure 5C). These results suggest that energy- 
dependent endocytosis in the nasal mucosa treated with dispersions containing nanocrystalline MF may be lower than in 
the corneal and intestinal mucosa. Taken together, we hypothesized that poor aqueous solubility, extensive first-pass 
metabolism, high lipophilicity, and inactivation of energy-dependent endocytosis are related to low drug delivery to the 
systemic and brain regions in MF-NPs. In addition, size-derived tissue penetration without energy-dependent endocytosis 
may be related to the higher absorption of MF-NPs, as local absorption was higher in MF-NPs than in MF-MPs, more so 
than the difference in solubility. Further studies are required to elucidate the underlying mechanisms.

The absorption and bioavailability of MFs have been extensively studied using various novel strategies including 
nanocarrier systems, adhesives, and hydrogel- and gel-based systems. Among these, in situ gelation is considered 
a promising approach for increasing drug residence time in the nasal cavity, reducing efflux through mucociliary 
clearance of the administered drug, prolonging drug release, and increasing drug absorption.27,28 Therefore, we 
investigated the effect of an in situ gel system incorporating MF nanocrystals. Thermo-reversible in situ gels refer to 
systems that respond to temperature changes and change from solution to gel form in a specific temperature range; 
polymers that exhibit sol-gel transition in the 28–37°C temperature range prevent transition at room temperature during 
storage and transport and facilitate rapid sol-gel transition after nasal administration, making nasal gel Pluronic F-127 
and Pluronic F-68 are poloxamer forms commonly used in the preparation of nasal formulation.43 In addition to 
thermoreversible in situ gel, the pH stimulated gelation was also used as the in situ gel system; carbopol (carbopol 
934) is a major pH-responsive agent exhibiting a sol-gel transition at widely varying ambient pH gelation that occurs 
when the pH is higher than the pKa value of 5.5.44,45 Upon contact with nasal fluid, such formulations containing 
carbopol undergo a conformational change, forming a three-dimensional network, leading to sol-gel conversion.44,45 

Because of its excellent adhesive properties, carbopol is widely used in the preparation of gel-based drug carrier systems 
for nasal, transdermal, buccal, rectal and ocular administration.46,47 In recent years, polymer combinations have been 
used in drug delivery systems to reduce the total in situ gel content and improve gelation properties, and several ocular 
formulations combining Pluronic F-127 with MC (MC/F127), Pluronic F-68 (F68/F127), carbopol (Car/F127) have been 
reported.48–54 In this study, we selected the Pluronic F-127, Pluronic F-68 and carbopol as the base of in situ gel, and 
attempted to prepare the in situ gel system incorporating MF-NPs (MF-NPs@F127/MC, MF-NPs@F127/F68 and MF- 
NPs@F127/Car are listed in Table 1). The particle sizes of MF-NPs@F127/MC, MF-NPs@F127/F68, and MF-NPs 
@F127/Car were at the nanoscale, and their solubilities and zeta potentials were similar to those of the MF-NPs (Table 2; 
Figure 6). In addition, these viscosities were enhanced in comparison with those of the MF-NPs at 20–40°C (Figure 6F). 
It was expected that the in situ gel system incorporating nanocrystalline MF would enhance local, systemic, and brain 
delivery through the nose; however, absorption decreased in the three in situ gel formulations (Figure 7). Our previous 
studies have shown that drug absorption by drug nanocrystal dispersions was prevented as the diffusivity of the 
nanocrystal phase decreased in the solvent.20,21,55 Therefore, we measured the diffusivity of nanocrystalline MF in 
dispersions, and the in situ gel formulations incorporating MF nanocrystals were lower than those of MF-NPs (Table 2; 
Figure 3B). The decreased diffusivity of the nanocrystal layer may have prevented nasal absorption. The drug particle 
size of the CA-MF was similar to that of the MF-MPs, the viscosity was higher, and the diffusion was lower than the 
in situ gel system incorporating nanocrystalline MF, although the drug absorption was higher than of the MF-MPs and 
in situ gelation incorporating MF nanocrystals (Figures 3, 5, and 7). CA-MF contained benzalkonium chloride, 
polysorbate 80, crystalline cellulose, sodium carmellose, glycerin, and a pH adjuster (benzalkonium chloride, polysorbate 
80, crystalline cellulose, sodium carmellose, CA-MF may pH adjuster) as additives. However, further studies are required 
to confirm these findings.

Further studies are needed to clarify the detailed mechanism of the transnasal penetration of MF nanocrystals with or 
without in-situ gelling system. Moreover, it is important to elucidate the effects of the nasal administration of MF-NPs. 
Therefore, we evaluated the therapeutic effects of MF-NPs on allergic rhinitis using animal models. In addition, we plan 
to measure in vitro MF penetration using fresh nasal mucosa to mimic in vivo conditions.
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Conclusion
In this study, we successfully prepared MF-NPs with and without an in situ gelling system. We found that nanoparticulation 
increased the local absorption of MF; (local absorption of MF-NPs was higher than those of CA-MF and MF-MPs) (Figure 8). In 
addition, this study suggests that, unlike the results observed in the small intestine and corneal tissue, the high absorption of 
nanocrystalline MF in the nasal mucosa may be related to a pathway that is not derived from energy-dependent endocytosis. 
Moreover, the application of the in situ gelling system attenuated the local absorption of MF-NPs owing to the decrease in drug 
diffusion in the dispersions (Figure 8). In contrast to local absorption, MF cannot be delivered systemically or to the brain via nasal 
administration of MF-NPs. Thus, we found that the nanoparticulation of MF enhances local intranasal bioavailability and that the 
regulation of viscosity is an important factor in the design of nasal formulations based on MF nanocrystals. These findings provide 
insights for the design of novel nanomedicines with enhanced nasal bioavailability.
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