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A B S T R A C T

Antidepressant mirtazapine (MRZ) has been drawing attention in the management of delirium. However, oral use
of MRZ could have drawbacks in onset of actions and ease of administration by caregivers. This study was the first
attempt to develop nasal powder formulation (NP), an easily-administered formulation, of MRZ containing a
microenvironmental pH-modifier for rapid dissolution and absorption. Ten mixtures of MRZ and counterions were
tested in terms of the supersaturation level and stability to select a favorable pH-modifier. NP of MRZ (NP/MRZ)
with the selected counterion was prepared by jet milling and characterized regarding physicochemical properties
and pharmacokinetic (PK) behaviors after intranasal administration to rabbits. In phosphate buffer solution (PBS,
pH5.6), glutamic acid (Glu) showed 10.7-fold supersaturation of MRZ, with the value being the highest among the
ten counterions tested. The addition of Glu led to no significant change in the photostability or chemical stability
of MRZ compared with crystalline MRZ. NP/MRZ with Glu (NP/MRZ-E) consisted of microcrystals of MRZ and
Glu attached to lactose carriers, and over 93% of MRZ was emitted from a capsule in Jetlizer™. Both NP/MRZ-E
and NP/MRZ exhibited enhanced dissolution in PBS compared with crystalline MRZ, and more rapid dissolution
was observed for NP/MRZ-E. In rabbits, a crushed MRZ tablet (3 mg-MRZ/kg, p.o.) exhibited a time to maximum
plasma concentration (Tmax) and bioavailability (BA) of 72 min and 10%, respectively. NP/MRZ-E (0.3 mg-MRZ/
kg, i.n.) showed Tmax of <5 min with BA of 93%, and this result might be due to rapid dissolution/permeation in
nasal mucosa and avoidance of the hepatic first-pass effect. In conclusion, NP employing a microenvironmental
pH-modifier would be a promising dosage form of MRZ to offer rapid nasal absorption.
1. Introduction

Mirtazapine (MRZ) is a noradrenergic and specific serotonergic an-
tidepressant used as an oral tablet for the treatment of depression [1],
and its clinical use for the prevention/management of delirium and
phantom limb pain has been proposed [2–4]. Rapid onset of actions is
required in the prevention/management of delirium and phantom limb
pain; however, oral MRZ tablets do not meet the clinical needs due to
slow oral absorption [5]. Furthermore, patients with delirium have
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difficulty taking oral tablets in many cases [6], and it could be a burden
for caregivers to administer suppositories of MRZ prepared as a hospital
preparation. Thus, there has been a clinical need for a new dosage form of
MRZ that can be easily administered to patients by caregivers. In general,
small molecule hydrophobic drugs dissolved in nasal fluid rapidly enter
systemic circulation [7], and a nasal powder formulation (NP) can be
easily administered to patients in a state of excited delirium compared
with other dosage forms, such as intravenous injection, inhalation, and
suppositories. NP could be one of the reasonable dosage forms for the
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treatment of delirium and phantom limb pain.
Absorption of the drugs in nasal route depends on their residence time

in nasal mucosa, which is highly subjected to mucociliary clearance
(MCC). MCC is an innate defense system of nasal mucosa against mi-
crobes and irritants, and drugs deposited on the nasal mucosa are also
rapidly eliminated from the nasal cavity to nasopharynx by MCC [8–10].
To develop a NP of poorly water-soluble MRZ with potent therapeutic
effects, its dissolution behavior needs to be improved. A number of sol-
ubility improving techniques have been established [11], and micron-
ization is a simple and commonly used technique to prepare the
formulations of poorly water-soluble drugs [12,13]. An increase in the
dissolution rate due to micronization leads to accelerated and enhanced
absorption of such drugs; however, when rapid onset of actions is
required, there might still be an issue regarding the absorption speed.
Another technique also needs to be combined with micronization to
realize further improvement in the dissolution rate of poorly
water-soluble drugs. While the addition of acids or bases sometimes
causes degradation of basic or acidic poorly water-soluble drugs [14],
their apparent solubility and dissolution rates are improved markedly in
the presence of an optimal counterion [15–17]. As long as the impact of
the counterion on drug stability is tolerable, the combined use of
micronization and microenvironmental pH-modification could provide a
new NP of MRZ with enhanced nasal absorption for the treatment of
delirium and phantom limb pain. This is the first attempt at applying this
combination approach to MRZ for verification of the feasibility.

In the present study, a favorable microenvironmental pH-modifier of
MRZ was selected with focuses on supersaturation level, dissolution rate,
and stability. NP of MRZ with the selected counterion was characterized
in terms of physicochemical properties and pharmacokinetic (PK) be-
haviors after intranasal administration to rabbits.

2. Materials and methods

2.1. Materials

MRZ, adipic acid (AA), L-aspartic acid (Asp), fumaric acid (FA), ma-
leic acid (MAL), succinic acid (SA), and p-toluensulfonic acid (TS) were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Citric
acid (CA), L-glutamic acid (Glu), malic acid (MLI), and tartaric acid (TA)
were bought from FUJIFILM Wako Pure Chemical Corporation (Osaka,
Japan). Inhalation grade lactose (Respitose® SV010 and Respitose®
SV003) was a kind gift from DFE Pharma GmbH & Co. KG (Goch, Ger-
many). All other chemicals and solvents were purchased from commer-
cially available sources. All solvents used were of high-performance
liquid chromatography (HPLC) grade.

2.2. Determination of mirtazapine

2.2.1. High-performance liquid chromatography equipped with UV detector
Determination of MRZ in samples were carried out using an HPLC

system equipped with a UV detector (Shimadzu Scientific Instruments,
Kyoto, Japan). The HPLC system consisted of an SPD-M10A diode array
detector, LC-20AD pump, SIL-20AC autosampler, and CTO-20A column
oven controlled by LC Solution software ver. 5.101 (Shimadzu Scientific
Instruments). For the separation of impurities in samples, an InertSustain
AQ-C18 HP column (3 μm, 4.6�100 mm; GL Sciences Inc., Tokyo, Japan)
was used, and the column temperature was set at 40�C during analysis.
The isocratic mobile phases were Milli-Q water containing 0.1% formic
acid (A) and methanol (B) at an A:B ratio of 45:55. The flow rate of the
mobile phase was 1 mL/min. MRZ was detected at a wavelength of 270
nm with retention time of 2.7 min.

2.2.2. High-performance liquid chromatography equipped with fluorescence
detector

MRZ concentrations in plasma samples were measured using an HPLC
system equipped with a fluorescence detector (Shimadzu Scientific
2

Instruments). MRZ and melatonin (MLT) were separated from impurities
in the plasma samples by the gradient method with use of an InertSustain
AQ-C18 HP column (3 μm, 4.6�100 mm) with a column temperature of
40�C during analysis. The gradient mobile phases were Milli-Q water
containing 0.1% formic acid (A) and methanol (B) at a flow rate of 1 mL/
min, and the gradient condition was 0–2 min, 35% B; 2–8 min, 35–95%
B; and 8–9.5 min, 35% B. The retention times of MRZ and MLT were 4.8
and 7.3 min, and the excitation and emission wavelengths were 270 and
390 nm. The limit of quantification was calculated based on the signal-to-
noise ratio (S/N¼10), and the value of MRZ was ca. 5 ng/mL.

2.3. Supersaturation level

Eight acids and two zwitterions with various pKa values were selected
as candidates of a microenvironmental pH-modifier of MRZ due to their
clinical uses not necessarily limited to nasal administration. MRZ was
ground with a mortar and pestle with each counterion: AA, Asp, CA, Glu,
FA, MAL,MLI, SA, TA, and TS, to prepare physical mixtures (PMs) of MRZ
and counterions at different mass ratios. PM samples were added into
phosphate buffer solution (PBS, pH5.6) mimicking nasal mucus, followed
by vortexing for 5 s. After centrifugation at 15,000�g for 5 min, the
amount of dissolved MRZ was measured by HPLC analysis, as described
in Section 2.2.1. The supersaturation level was defined as the ratio of
MRZ solubility in the presence of counterion to equilibrium solubility of
MRZ.

2.4. Dissolution rate

Dissolution testing on PMs of MRZ and each counterion was carried
out using a NTR 6100 A (Toyama Sangyo, Osaka, Japan). The PM sam-
ples and crystallineMRZ (11.5mg-MRZ) were put into dissolution vessels
with PBS (50 mL). The rotation speed and temperature were set as 50
rpm and 37�C, respectively. At determined periods (1, 5, 10, 15, 30, and
60 min), aliquots (100 μL) were taken and centrifuged at 15,000�g for 5
min. MRZ concentrations were determined as described in Section 2.2.1.

2.5. Photostability

Photostability testing of PM samples, crystalline MRZ, and MRZ so-
lution was performed using an Atlas Suntest CPSþ solar simulator (Atlas
Material Technology LLC, Chicago, IL, USA) equipped with a xenon arc
lamp (1,500 W) and the cooling unit SR-P20FLE (Hitachi, Tokyo, Japan).
The samples were irradiated at 25�C with an irradiance of 250 W/m2 for
45 min. After light exposure, the remaining MRZ in the samples was
determined by HPLC, as described in Section 2.2.1.

2.6. Chemical stability

Chemical stability of MRZ in the presence of each counterion was
evaluated under storage conditions of 40�C/75% RH. Crystalline MRZ
and PM of MRZ and selected counterions were stored for 2 weeks, and the
remaining MRZ was measured by HPLC according to the procedure
described in Section 2.2.1.

2.7. Nasal powder formulation of MRZ

MRZ and the selected counterion were mixed at a ratio of 5:1, and the
mixture was co-milled with lactose at a mass ratio of 3:1 using A-O Jet
Mill (Seishin Enterprise, Tokyo, Japan) at a pusher nozzle pressure and
grinding nozzle pressure of 6.5 and 6.0 kg/cm2G, respectively. Collected
microparticles were blended with a 5-fold amount of lactose carrier
(Respitose® SV-003) for prevention of aggregation. NP of MRZ with no
counterions was also prepared with A-O Jet Mill as a control formulation.
Drug-loading was calculated as the ratio of the amount of MRZ to total
mass of NP samples.
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2.8. X-ray powder diffraction (XRPD) pattern

XRPD analysis was conducted of crystalline MRZ, lactose, the selected
counterion, and NP samples using MiniFlex II (Rigaku Corp., Tokyo,
Japan) with CuKα radiation generated at 15 mA and 30 kV. XRPD pat-
terns of each sample were obtained from 5 to 30� at intervals of 0.02�

with a scanning speed of 2�/min.

2.9. Differential scanning calorimetry (DSC) thermogram

DSC analysis was carried out of test samples, including crystalline
MRZ, lactose, the selected counterion, and NP samples, using DSC7020
(Hitachi High-Tech Science Corporation, Tokyo, Japan). Three milli-
grams of each sample were put into an aluminum pan. The pans were
heated at a rate of 10�C increase/min, and DSC thermograms were
collected with a temperature range from 50 to 200�C.

2.10. Morphology

Morphologies were observed of NP samples containing MRZ with or
without the selected counterion using Miniscope® TM3030 (Hitachi
High-Tech Science Corporation). Each sample was placed on an
aluminum sample holder using double-sided carbon tape and coated with
platinum using a magnetron sputter (MSP-1S, Vacuum Device Co., Ltd.,
Ibaraki, Japan) to obtain high-contrast images.

2.11. Emitted dose from a capsule

NP of MRZ with or without the selected counterion was precisely
weighed into hydroxypropyl methylcellulose capsule size #2 (Qualicaps
Co., Ltd., Nara, Japan), and the capsule was placed on Jetlizer™ (Tokico
System Solutions, Ltd., Kanagawa, Japan). After making holes at the top
and bottom of the capsule, NP samples were atomized pressing air pump
5 times by hand. The remaining MRZ in the capsule was determined by
HPLC, as described in Section 2.2. This experiment was conducted for NP
samples before and after storage at 40�C/75% RH for 2 weeks.

2.12. Dissolution behavior

Dissolution testing was performed of crystalline MRZ and NP of MRZ
with or without the selected counterion using μDISS Profiler (Pion Inc.,
Billerica, MA, USA) equipped with in situ fiber optic UV probes whose
pathlength was 2 mm. UV absorption of MRZ was measured at 233 nm.
Prior to dissolution testing, a standard curve was constructed from 6
standard solutions of MRZ, and the concentrations of the solutions
ranged from 10 to 300 μg/mL. MRZ samples (4.6 mg-MRZ) were added
into 20 mL of PBS (pH5.6) with an agitation speed of 50 rpm. Dissolution
media were maintained at 37�C during the experiment. MRZ concen-
trations were measured every 5 s.

2.13. Pharmacokinetic behavior in rabbits

2.13.1. Animals
Male Japanese White rabbits (13 weeks of age) were purchased from

Japan SLC (Shizuoka, Japan) and housed individually at room temper-
ature of 24�1�C and humidity of 55�5% RHwith a controlled light/dark
cycle of 12/12 h. All procedures in the present study were conducted
according to the guidelines approved by the Institutional Animal Care
and Ethical Committee of the University of Shizuoka (Approval number:
216500).

2.13.2. Administration
NP of MRZ with the selected pH-modifier (0.3 mg-MRZ/kg) was

intranasally administered to rabbits anesthetized with isoflurane using
DP-4 insufflator (PennCentury Inc., Wyndmoor, PA, USA). MRZ solution
(0.3 mg-MRZ/kg) was intranasally dosed with a self-made apparatus
3

with some modifications [18,19]. A commercially available 15 mg MRZ
tablet (Nichi-iko Pharmaceutical Co., Ltd., Toyama, Japan) was crushed
into powder. The crushed MRZ tablet was dispersed in water and orally
administered at 3 mg-MRZ/kg to anesthetized rabbits using a cannula.
Intravenous administration of MRZ solution to rabbits was also per-
formed with a 27-G needle via the auricular vein for calculation of ab-
solute bioavailability (BA).

2.13.3. Blood sampling
After dosing of MRZ samples, blood samples (300 μL) were taken at

determined periods (0.083, 0.5, 1, 1.5, 2, 4, and 6 h) from the auricular
vein and centrifuged at 6,000�g for 10 min at 4�C to obtain plasma
samples, which were stored at �78�C until measurement. Plasma sam-
ples (150 μL) were mixed with 1 N sodium hydroxide solution (50 μL),
hexane:ethyl acetate (90:10) solution (1.5mL), and methanol (50 μL)
containing MLT (5 μg/mL) as an internal standard in a stoppered test
tube, followed by vertical shaking for 15 min. After centrifugation at
2,000�g for 10 min, supernatants (1.4 mL) were transferred to a test tube
and evaporated to dryness under a gentle stream of dry nitrogen gas. The
residue was re-dissolved in methanol, and the solution was filtered with a
0.2-μm filter. MRZ concentrations in the samples were determined by
HPLC analysis, as described in Section 2.2.2.

2.14. Statistical analysis

For statistical comparison of the means among three or more groups,
data were subjected to one-way analysis of variance with Tukey's mul-
tiple comparison test. Student's t-test was used to compare the means
between two groups. A p-value of less than 0.05 was considered signifi-
cant. The PK parameters, including Cmax, Tmax, and BA, were calculated
using GraphPad Prism software ver. 10 (GraphPad Software, La Jolla, CA,
USA) and Microsoft Excel for Windows.

3. Results and discussion

3.1. Selection of microenvironmental pH-modifier

PMs of MRZ and each counterion were tested regarding supersatu-
ration level and dissolution rate to select a favorable microenvironmental
pH-modifier of MRZ for NP development. In preliminary studies, addi-
tion of a counterion led to increasing the supersaturation levels of MRZ in
a dose-dependent manner; however, there was no significant difference
in supersaturation level between the MRZ:conterion ratio of 5:1 and 3:1
(data not shown). Therefore, screening of microenvironmental pH-
modifier to MRZ was performed at the MRZ:counterion ratio of 5:1.
Addition of Glu, MAL, and TA resulted in 10.7-, 8.7-, and 10.2-fold su-
persaturation of MRZ in PBS, respectively, and the values were higher
than for the other seven counterions (Fig. 1A). In the presence of Glu,
MAL, or TA, the dissolution rate of MRZ was much higher than the
sample with no counterions (Fig. 1B). The pH values of PBS were 5.51,
5.48, and 5.50, respectively, at the end of dissolution test. Based on these
findings, further experiments were conducted involving the three
counterions.

As MRZ is a photodegradable compound [20], photostability test was
performed for PM of MRZ and three counterions. After irradiation, the
remainingMRZwas 65% of the initial level in crystallineMRZ, whereas it
was 31% in MRZ solution (Fig. 1C). The PM of MRZ and MAL or TA also
showed a significant decrease in the remaining MRZ compared with
crystalline MRZ, as evidenced by values of 33 and 42%, respectively.
Interestingly, the remainingMRZ for PMwith Glu was found to be 59% of
the initial level, and the value was almost identical to that of crystalline
MRZ. Glu was selected as a candidate microenvironmental pH-modifier
of MRZ, and its impact on storage stability of MRZ was tested. Even
after storage, the remaining MRZ in PM with Glu was almost 100% of the
initial level, and there was no significant difference in chemical stability
compared to crystalline MRZ (Fig. 1D).



Fig. 1. Physicochemical properties of physical mixtures (PM) containing mirtazapine (MRZ) and each counterion. (A) Supersaturation levels in phosphate buffer
solution (PBS, pH5.6). (B) Dissolution profiles in PBS. MRZ with△, glutamic acid; ⋄, maleic acid;□, tartaric acid; and〇, no counterion. (C) Photostability. *, P<0.05
v.s. Crystalline MRZ. (D) Chemical stability. Data represent mean�S.D. of 3 experiments.
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Ionizable poorly water-soluble drugs show pH-dependent solubility,
and the solubility of basic drugs such as MRZ is higher under acidic
conditions than neutral and basic conditions. Thus, the supersaturation
level of MRZ in PBS was likely to be the highest in PM with TS classified
as a strong acid; however, in the present study, the value was much
higher in the presence of Glu. Negligible pH change of the dissolution
media indicated a rapid pH shift after microenvironmental pH-
modification with acids or zwitterions due to buffering effects of PBS
simulating nasal fluid. Therefore, the strength of an acid is not neces-
sarily a key factor of solubility improvement with the microenviron-
mental pH-modification approach. In order to explain the highest
supersaturation level of MRZ in the presence of Glu, hydrotropic effects
may need to be considered. Hydrotropes are a solubilizing agent with
hydrophilic and hydrophobic fractions like surfactants, and they increase
the solubility of hydrophobic chemicals above their minimum hydro-
tropic concentrations [21,22]. Even after the supersaturated acidic so-
lution with an optimal hydrotrope is buffered to neutral pH value, its
presence could contribute to preventing precipitation of basic poorly
water-soluble drugs, thereby maintaining a high supersaturation level.
Fig. 2. Crystallinity of nasal powder formulations of mirtazapine (MRZ). (A) XRPD pa
acid (Glu), (iv) NP/MRZ, and (v) NP/MRZ-E.
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Glumight work as not only a microenvironmental pH-modifier, but also a
hydrotrope to improve dissolution behavior like other amino acids [23],
although further structural and stoichiometric analyses would be
required to demonstrate the rationale behind its hydrotropic effects on
MRZ. The major purpose of the present study was to develop NP of MRZ
with improved dissolution and nasal absorption, so Glu was selected as a
favorable microenvironmental pH-modifier of MRZ with negligible
impact on photostability and chemical stability.

3.2. Physicochemical characterization

NP of MRZ with no counterion (NP/MRZ) and that with Glu (NP/
MRZ-E) were prepared by jet milling, and their drug-loadings were 8.3
and 8.1%, respectively. Crystallinity was assessed to clarify whether MRZ
formed a salt or co-crystal with Glu. In XRPD analysis (Fig. 2A), crys-
talline MRZ showed a characteristic peak at 9.3�, and both NP/MRZ and
NP/MRZ-E also exhibited identical diffraction peaks of crystalline MRZ.
DSC thermograms of NP/MRZ and NP/MRZ-E displayed endothermic
peaks identical to crystalline MRZ (Fig. 2B), and the melting point
tterns and (B) DSC thermograms of (i) crystalline MRZ, (ii) lactose, (iii) glutamic



Fig. 4. Dissolution behaviors of mirtazapine (MRZ) samples in phosphate buffer
solution (pH5.6). ▴, NP/MRZ-E; □, NP/MRZ; and ○, crystalline MRZ. Data
represent mean�S.E. of 3 experiments.
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observed for MRZ samples corresponded to that of crystalline MRZ re-
ported previously [24]. Based on XRPD patterns and DSC thermograms of
NP/MRZ-E, no salt or co-crystal was formed during preparation.

NP/MRZ and NP/MRZ-E were observed by scanning electron micro-
scope (SEM, Fig. 3A and Fig. S1), and the obtained images indicated that
jet milled particles had a Feret's diameter of ca. 5 μm and were attached
on the surface of a lactose carrier. The particle size distribution of
aerosolized NP/MRZ-E was in good agreement with SEM image (Fig. S2).
After storage at 40�C/75% RH for 2 weeks, aggregation could not be
observed in SEM images of NP/MRZ or NP/MRZ-E (data not shown).
When freshly-prepared NP/MRZ and NP/MRZ-E were atomized by Jetl-
izer™, their emitted doses from capsules were 92 and 93% of the filling
amount, respectively, with little variation (Fig. 3B). NP/MRZ and NP/
MRZ-E stored for 2 weeks were also tested, and their values were 89
and 93% of the filling amount, respectively. Based on findings, both NP
samples could be stored without strict humidity control for reproducible
nasal dosing.

In dissolution tests in PBS (Fig. 4), dissolved MRZ was negligible in
crystalline MRZ because of its poor water solubility. Dissolved MRZ for
NP/MRZ reached a maximum of 175–180 μg/mL within 60 s, and its
faster dissolution than crystalline MRZ would be due to an increase in the
effective surface area upon micronization. NP/MRZ-E exhibited the
fastest dissolution of the three samples, as evidenced by reaching the
maximum dissolved MRZ within 30 s. These dissolution data indicated a
marked impact of Glu, a microenvironmental pH-modifier, on the
dissolution velocity of micronized MRZ.

In the development of solid formulations employing a microenvi-
ronmental pH-modifier, one of the challenges is to ensure storage sta-
bility because some acids exhibit hygroscopic properties and affect the
morphology and chemical stability. Regarding NP, the presence of hy-
groscopic materials also leads to the concern that NP aggregates to
reduce the dose emitted from a capsule. Despite these concerns, NP/
MRZ-E exhibited high storage stability regarding emitted dose and
chemical stability (Fig. S3), possibly due to the non-hygroscopic nature of
Glu and Glu content as low as 2% in the sample [25]. Although further
optimization would be required on the size of milled particles and
amount of each component including some additional excipients to
Fig. 3. Particle properties of mirtazapine (MRZ) samples. (A) Scanning electron micr
bars represent 40 μm. (B) Emitted doses from a capsule in Jetlizer™. –, Before; and
experiments.
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develop a novel NP of MRZ for clinical use, the rapid dissolution of
NP/MRZ-E prompted us to assess the validity of combined use of
micronization and microenvironmental pH-modification approaches for
rapid and high nasal absorption.
3.3. Pharmacokinetic study in rabbits

PK studies in rabbits were performed using commercially available
MRZ tablets, and intranasally-administered NP/MRZ-E andMRZ solution
(Fig. 5 and Table 1). Since the MRZ tablet was too large to be orally
administered to rabbits, it was crushed into powder for gavage with
water. Plasma MRZ levels were negligible in the group treated with
orally-administered MRZ (0.3 mg-MRZ/kg, data not shown). After oral
oscopic images of (I) crystalline MRZ, (II) NP/MRZ, and (III) NP/MRZ-E. White
þ, after storage under accelerated conditions. Data represent mean�S.D. of 3



Fig. 5. Pharmacokinetic behaviors of mirtazapine (MRZ) samples after dosing
to rabbits. ▴, NP/MRZ-E (0.3 mg-MRZ/kg, i.n.);△, MRZ solution (0.3 mg-MRZ/
kg, i.n.); and ○, crushed MRZ tablet (3 mg-MRZ/kg, p.o.). Data represent
mean�S.E. of 3–4 experiments.

Table 1
Pharmacokinetic parameters of mirtazapine (MRZ) samples after administration
to rabbits.

Samples Cmax (ng/mL) Tmax (min) BA (%)

NP/MRZ-E, 0.3 mg-MRZ/kg, i.n. – <5 93
MRZ solution, 0.3 mg-MRZ/kg, i.n. – <5 95
Crushed MRZ tablet, 3 mg-MRZ/kg, p.o. 18�10 72�30 10

NP/MRZ-E, nasal powder formulation of MRZ with glutamic acid; Cmax,
maximum plasma concentration; Tmax, time to maximum plasma concentration;
and BA, bioavailability after intranasal or oral administration. Data represent
mean�S.E. of 3–4 experiments.
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administration of the powder (3mg-MRZ/kg), Cmax and BAwere found to
be 18 ng/mL and 10%, respectively, with Tmax of 72 min. The water
solubility of MRZ is 0.14 mg/mL, so dissolution in gastrointestinal fluid
would be a rate-limiting step of absorption. Furthermore, MRZ is known
to undergo extensive first-pass metabolism by cytochrome P450 in the
gastrointestinal epithelium and liver [26]. This slow and limited ab-
sorption of the MRZ tablet would be explained by these factors.
Considering its use for patients with delirium, more rapid absorption and
higher BA would be desirable to offer rapid onset of actions and
enhanced efficacy. In contrast to oral MRZ, nasal solution of MRZ, a
positive control, exhibited initial plasma concentration (Cinitial) and BA of
89 ng/mL and 95%, respectively. The Cinitial and BA of intranasal
NP/MRZ-E (0.3 mg-MRZ/kg) were found to be 84 ng/mL and 93%. The
plasma concentration of MRZ reached a maximum value within the
initial 5 min in groups treated with intranasal MRZ solution and
NP/MRZ-E.

In the present study, NP/MRZ was not tested in PK studies because of
its slow dissolution in PBS compared with NP/MRZ-E. Outer materials
deposited on nasal mucosa are rapidly transported towards the naso-
pharynx by MCC [9], so intranasally-dosed NP/MRZ might be cleared
from the nasal cavity before it completely dissolves. A major purpose of
this study was to develop a new NP of MRZ with rapid onset of actions for
the management of excited delirium and phantom limb pain, so
NP/MRZ-E with faster dissolution was selected as a test sample and
compared with the oral MRZ tablet and nasal MRZ solution regarding PK
behaviors. In the group treated with nasal MRZ solution, the plasma
concentration-time profile was almost identical to that of intravenous
injection due to rapid permeation across the nasal mucosa and avoidance
6

of the liver first-pass effect. Despite its attractive PK profile, photo-
stability issues of MRZ in solution can make it challenging to ensure
product quality. This may have been overcome by developing NP of MRZ
with immediate dissolution in nasal fluid, and so NP/MRZ-E could be
effective based on the results from photostability and dissolution tests. In
rabbits, intranasally-administered NP/MRZ-E also exhibited PK behavior
similar to intravenous administration. Based on these PK studies, the
dissolution velocity of MRZ was improved sufficiently to provide rapid
and high nasal absorption upon micronization and the addition of Glu, a
microenvironmental pH-modifier. Although further pharmacodynamic
and clinical studies are necessary, NP/MRZ-Emay be a novel dosage form
that offers rapid onset of actions for the effective management of
delirium.

4. Limitation

In the present study, NP/MRZ-E with rapid dissolution and absorption
was newly developed upon combination use of micronization and
microenvironmental pH-modification approaches; however, long-term
storage stability still remains to be elucidated. Although freshly-
prepared and aged NP/MRZ-E exhibited no significant changes in MRZ
content, morphology, and emitted dose from a capsule in preliminary
storage stability tests under accelerated conditions, further evaluation
should be conducted to ensure its quality or, if necessary, to find out
desirable storage conditions. In the development of NP formulations, not
only particle properties, but also characteristics of devices should be
carefully considered to offer reasonable clinical outcomes and usability.
Multi-dose device could be a candidate in the case of NP/MRZ-E for the
treatment of delirium and phantom limb pain by caregivers. In rabbits,
intranasal NP/MRZ-E offered intravenous-like PK behaviors; however,
there are differences in metabolism, excretion, surface areas of nasal
cavity and nasal fluid volumes between rabbits and humans. Therefore,
species differencesmight occur in the PK behavior of intranasal NP/MRZ-
E. PK studies in humans are necessary to clarify whether NP/MRZ-E offer
rapid and high nasal absorption prior to clinical trials. Also, it is still
unclear whether Glu, a microenvironmental pH-modifier, induced irri-
tation on nasal mucosa or not. Careful safety assessment should be per-
formed after repeated intranasal administration of NP/MRZ-E.

5. Conclusion

A novel NP of MRZ was developed by micronizing MRZ with Glu, a
microenvironmental pH-modifier, to offer rapid absorption with ease of
administration. NP/MRZ-E was almost completely emitted from capsules
with fine reproducibility. Rapid dissolution of NP/MRZ-E led to
intravenous-like PK behavior in rabbits after intranasal administration.
Combined use of micronization and microenvironmental pH-
modification could be a promising approach to formulate a novel NP of
MRZ taking the place of oral tablets for the effective prevention/man-
agement of delirium.
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