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Abstract: It has been previously reported that active vitamin D3 (VD3) is a candidate drug that can
repair alveolar damage in chronic obstructive pulmonary disease at a very low dose. We herein
report the optimization of a very low-dose formulation of VD3 for dry powder inhalation by a
simple method based on time-of-flight (TOF) theory. As the preparation content of VD3 is very
low, aerodynamic particle size distribution cannot be measured by pharmacopeial methods that
require quantification of the main drug. Thus, a simple method based on TOF theory, which can
measure aerodynamic particle size distribution without quantification, was used. The optimized
formulation for an inhalation system using a lyophilized cake contained phenylalanine as the excipi-
ent (VD3 1 µg/vial + phenylalanine 0.3 mg/vial) and showed high performance with fine particle
fraction ≤ 3 µm = 47.2 ± 4.4%. The difference between the results of pharmacopeial methods and
simple method was examined using the formulation containing 10 µg/vial of VD3 and was within
5.0%. The preparation is expected to efficiently deliver VD3 to the lungs. Our simple method can
optimize dry powder inhalation formulations more easily and rapidly even when the content of the
main drug in a preparation is very low.

Keywords: vitamin D3; dry powder inhalation; pulmonary administration; time-of-flight measurement

1. Introduction

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death
worldwide and is estimated to affect approximately 200 million patients [1,2]. However, no
therapeutic drug is currently available to completely cure COPD. We previously showed
that active vitamin D3 (VD3) is a candidate drug for alveolar repair that can be used to treat
the pathological changes of COPD associated with alveolar destruction [3,4]. Surprisingly,
the pulmonary administration of 0.1 µg/kg of VD3 repaired alveoli and improved the
respiratory function of COPD model mice.

On the basis of these prior studies, we then aimed to develop VD3 formulations as a
treatment for COPD. Dry powder inhalers (DPIs) are commonly used in the treatment of
COPD as drugs can be directly delivered deep into the lung with these devices [5,6]. Drugs
must be converted into fine particles for delivery using DPIs [7–9]. Jet milling or spray
drying is widely used in the formulation of drugs for DPIs, but fine particles prepared
by these methods have poor flowability [10]. Thus, to improve flowability, fine particles
are attached to a lactose carrier or are granulated [8]. For VD3 inhalation formulations, it
is difficult to ensure content uniformity with the conventional methods described above
because the drug content is very low [11]. We therefore focused on the dry powder
inhalation system developed by Yamashita et al., termed lyophilizate for dry powder
inhalation (LDPI) [12–14]. In the LDPI system, a freeze-dried cake with a porous matrix
structure is broken into particles suitable for pulmonary administration by the impact of air
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introduced in synchronization with the patient’s inspiration (Figure S1). LDPI formulations
are prepared by a very simple method of lyophilization, in which a glass vial is filled with
the preparation solution, which is then freeze-dried. Thus, the LDPI formulation shows a
high degree of content uniformity, even if the drug content is low.

The aerodynamic particle size distribution needs to be measured for optimization
of formulations for DPIs since it links to the lung deposition [11,15]. In pharmacopeia,
inhalation characteristic tests using impactors (e.g., cascade impactor and multi-stage liquid
impinger [MSLI]) which require quantification of the main drug by high-performance liquid
chromatography (HPLC) or other modalities are listed as measurement methods of the aero-
dynamic particle size distribution. However, considering the limits of quantitation [16–18],
we could not measure the aerodynamic particle size distribution by these methods, as
the VD3 content of the formulation we aimed to develop is very low. In fact, at least 100
vials of low-dose LDPI formulations of VD3 would be needed to perform the inhalation
characteristic test by pharmacopeial methods, and this is not realistic. As just described,
to optimize the very low-dose formulation of VD3, a method must be devised to measure
the aerodynamic particle size distribution. Thus, we decided to measure this distribution
by a method that does not require quantification of the main drug. Time-of-flight (TOF)
measurement is one method that can measure the aerodynamic particle size distribution
without requiring quantification of the main drug [19,20]. We have already developed a
measurement method based on TOF theory [21]. Our method has following two features:
(1) the dispersion condition is same as for MSLI measurement, that is formulations are
aerosolized under the condition which reflects human inhalation. (2) Measurement of the
aerodynamic size distribution of particles generated under the condition described just
above can be performed in short time by TOF. In this simple method based on TOF theory,
a result from which the results of MSLI measurement can be estimated is obtained; that is,
our method can be used as a surrogate method for MSLI.

From this background, we aimed to develop a very low-dose dry powder formulation
of VD3, a candidate drug for alveolar repair in COPD, according to the following strategy.
We prepare VD3 formulations with the LDPI system to ensure content uniformity. LDPI
formulations of VD3 are optimized by a simple method based on TOF theory to measure
the aerodynamic particle size distribution without quantification of VD3.

2. Materials and Methods
2.1. Materials

Materials used in this study were purchased from the following commercial vendors:
VD3 from Cayman Chemical (Ann Arbor, MI, USA). Excipients (special grade)—L-alanine
(Ala), L-methionine (Met), L-phenylalanine (Phe), L-leucine (Leu), L-valine (Val) and
L-isoleucine (Ile)—and reagents—ethanol (99.5%) (reagent grade), acetonitrile (HPLC
grade) and polyoxyethylene (20) sorbitan monolaurate (biochemistry grade)—from Fujifilm
Wako Pure Chemical Industries (Osaka, Japan). 2 mL VIST glass vials obtained from Daiwa
Special Glass (Osaka, Japan) and rubber stoppers (F5-43) obtained from Sumitomo Rubber
Industries (Hyogo, Japan) were used as the packing materials.

2.2. Preparation of Freeze-Dried Cake for Dry Powder Inhalation of VD3

For the formulation of VD3, the human equivalent dose was calculated in the manner
determined by FDA guidance [22], i.e., as 0.1 × 0.08 = 0.008 µg/kg from the dosage in mice
of 0.1 µg/kg. The clinical dose when the human body weight is set to 60 kg is 0.5 µg/day.
Assuming that the efficiency of delivery to the lung is 50%, we set the VD3 content of the
formulation developed in this study to 1 µg.

Stock solutions of amino acids were prepared by dissolving them in purified water
(2–16 mg/mL). VD3 was dissolved in ethanol (0.2 or 2 mg/mL) and then suspended in
diluted stock solutions of amino acids to obtain the target concentration (VD3 2 µg/mL
with amino acid 0.2–1.6 mg/mL or VD3 20 µg/mL with Phe 0.6 mg/mL). Each vial was
filled with 500 µL of the suspension and frozen using liquid nitrogen. Then, lyophiliza-
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tion was carried out in a benchtop freeze dryer (FreeZone Triad 7400030, LABCONCO,
Kansas City, MO, USA). Shelf was precooled at −50 ◦C, and shelf temperature was in-
creased to −30 ◦C at pressure of 1.0 Pa for primary drying. After primary drying for
11 h, secondary drying was performed at shelf temperature of 35 ◦C (shelf was ramped
at 0.17 ◦C/min) for 5 h. Finally, shelf temperature was decreased to 25 ◦C at ramp rate of
−0.34 ◦C/min and held at 25 ◦C for 1 h.

2.3. Visual Evaluation of the Cake Appearance

In lyophilized formulations, the lyophilized cake is often required to have a good
appearance without cracks or chips [23]. The LDPI system also requires a freeze-dried
cake with good appearance to ensure stable performance. Thus, the cake appearance was
evaluated by configuration score.

The freeze-dried cake was classified into three types according to appearance with a
configuration score. A configuration score of 0 indicates that no cake was formed, a score
of 1 indicates that the appearance of the cake was not suitable because cracks or chips were
observed and a score of 2 indicates that a cake without cracks or chips was formed and
that its appearance was suitable for the LDPI formulation.

2.4. Measurement of Aerodynamic Particle Size Distribution

When measuring aerodynamic particle size distribution, it would be ideal to perform
an inhalation characteristic test by pharmacopeial methods. However, as the preparation
content of VD3 is very low, it is difficult to test the inhalation characteristics, which is
necessary to quantify the main drug by HPLC or other modalities [16,17]. TOF measure-
ment is one method that can directly measure the aerodynamic particle size distribution
without requiring quantification of the main drug, and thus, TOF measurement was mainly
performed for optimization.

To evaluate the aerosolization performance of formulations, the fine particle fraction
(FPF) ≤ 3 µm calculated from the aerodynamic particle size distribution was used. The
aim of the VD3 formulation is treatment of COPD by alveolar repair. As the target of VD3
is the alveolar region, VD3 should be delivered to alveoli deep within the lungs. In the
DPI formulations, aerosols must have aerodynamic diameters of ≤3 µm to ensure drug
delivery to the alveoli [24].

2.4.1. TOF Measurement

TOF measurement was performed with an Aerodynamic Particle Sizer (APS; Model 3321,
TSI, Shoreview, MN, USA). We have developed a measurement method using the APS in
which the APS results can be used to estimate the results of MSLI [21], and APS measure-
ment was performed by this method (Figure S2). Briefly, a custom-made glass throat and a
linear vacuum pump (VP0940, Nitto Kohki, Tokyo, Japan) were added to APS system to
disperse formulations under the condition of flow rate at 30 L/min with two-way needle
device given a pressure drop of 4 kPa, the same as for MSLI measurement. Particles gener-
ated under the above condition were diluted with aerosol diluter of the APS (Model 3302A,
TSI) and introduced into a model 3321 APS spectrometer (TSI) at flow rate of 5 L/min, the
standard condition for APS measurement. TOF measurements were done every 1 s for 8 s
and the particle size distribution was calculated. The percentage of particles of ≤3 µm in
cumulative mass-weighted distribution was defined as APS FPF ≤ 3 µm. Each sample was
measured in triplicate.

2.4.2. In Vitro Inhalation Characteristic Test by MSLI

Inhalation performance was characterized using MSLI. Test condition was maintained
flow rate of 30 ± 0.3 L/min and pressure drop of 4 kPa with two-way needle device
(Otsuka, Tokyo, Japan) using a vacuum pump (HCP5), critical flow controller (TPK2000)
and flow meter (DFM2000; all from Copley Scientific Limited, Nottingham, UK). Effective
cut-off diameters for stages 2–4 were 9.6, 4.4 and 2.4 µm, respectively, under the above test
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condition. A filter having a retention diameter of 0.65 µm (hydrophilic poly (vinylidene
fluoride) membrane; Merck Millipore, Burlington, MA, USA) was placed at stage 5. In
this case, 10 vials of formulations containing 10 µg/vial of VD3 were used per experiment
and each vial of formulations was aerosolized for 8 s under the above test condition. Each
deposition experiment was repeated in triplicate.

VD3 was extracted into the diluent (20% acetonitrile solution containing 0.1% poly-
oxyethylene (20) sorbitan monolaurate) from each of stages 1–5 of the MSLI, the vial, device
and induction port. Extracted VD3 was quantified by HPLC (Prominence series, Shimadzu,
Kyoto, Japan). Measurements were performed at flow rate of 1.0 mL/min and a column
temperature of 40 ◦C. A YMC-Pack ODS-AQ column (150 × 4.6 mm; YMC, Kyoto, Japan)
was used and 100 µL of the sample solution was applied. Water and acetonitrile were used
as the mobile phase and their concentration gradient was controlled as follows: 0 min, 20%
acetonitrile; 30 min, 100% acetonitrile. VD3 was detected by a UV absorption photometer
(wavelength 265 nm).

From the VD3 mass of each of stages 1–5 of the MSLI, the vial, device and induction
port, the emission and MSLI FPF ≤ 3 µm were calculated. The emission was the ratio of
the sum of the VD3 mass of each stages of 1–5 of the MSLI and induction port (the emitted
dose) to VD3 content of the formulation. MSLI FPF ≤ 3 µm was the ratio of the cumulative
mass proportion of VD3 of ≤3 µm to the emission.

2.5. Scanning Electron Microscopy

The microstructure of the lyophilized cake was observed by scanning electron mi-
croscopy (SEM, JSM-6060LA, JEOL, Tokyo, Japan) at 15 kV. The samples were sputtered
with platinum under vacuum using sputtering equipment (JFC-1600, JEOL).

2.6. X-ray Diffractometry (XRD)

The lyophilized cakes were investigated with an RINT-2000 X-ray diffractometer
(Rigaku, Tokyo, Japan) equipped with a copper anode (40 kV, 40 mA). The samples were
measured from 5 to 40◦ at a step rate of 2θ = 0.02◦ with 0.12 s measurement time per step.

3. Results
3.1. Selection of Excipients for LDPI Formulations

Excipients play an important role in the generation of particles suitable for inhalation
in the LDPI system. In comparison to saccharides, which are widely used as excipients for
freeze-dried preparations, amino acids (especially hydrophobic amino acids) showed high
aerosolization performance as excipients for LDPI formulations [25–27]. Therefore, we per-
formed the screening study focusing on hydrophobic amino acids rather than saccharides.

In lyophilized formulations, the lyophilized cake is often required to have a good
appearance without cracks or chipping [23]. In the LDPI system, a lyophilized cake
is aerosolized just upon inhalation by air impact. When the cake appearance is poor,
aerosolization performance on inhalation may fluctuate due to static generation among
fragmented pieces of the cake [28]. Thus, good cake appearance is necessary to guarantee
stable aerosolization performance of LDPI formulations.

For the above reasons, measurement of APS FPF ≤ 3 µm and visual evaluation of the
cake appearance were performed using formulations containing 1 µg/vial of VD3 and 0.1,
0.2 or 0.4 mg/vial of hydrophobic amino acid, for which the hydropathy index is a positive
value (Ile: 4.5, Val: 4.2, Leu: 3.8, Phe: 2.8, Met: 1.9, Ala: 1.8; [29]), to select the optimum
amino acid for the excipient.

In the case that 0.1 mg/vial of amino acid was added (Figure 1), the generation of
fine particles of ≤3 µm was observed only in the Phe-added formulation, and the APS
FPF ≤ 3 µm was 13.8 ± 4.6%. In addition, only the cake from the Phe-added formulation
had a configuration score of 2. The cakes of the other formulations in which Ala, Met, Leu,
Val or Ile was added had a configuration score of 1.
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Figure 1. Evaluation of configuration and aerosolization performance of VD3 formulations added
0.1 mg/vial of hydrophobic amino acids using with the LDPI system. Representative photographs
of formulations, detailed description of cake appearance and configuration score are shown in (A).
Values of APS FPF ≤ 3 µm (mean ± SD, n = 3) are shown in (B). VD3 content of formulations
was 1 µg/vial. Any of the following hydrophobic amino acids: alanine (Ala), methionine (Met),
phenylalanine (Phe), leucine (Leu), valine (Val) or isoleucine (Ile) was added. APS, aerodynamic
particle sizer; FPF, fine particle fraction.

Among the amino acid-added formulations of 0.2 mg/vial (Figure 2), the formulation
in which Phe or Ile was added showed the generation of fine particles of ≤3 µm. The APS
FPF ≤ 3 µm was 36.4 ± 1.3% for the Phe-added formulation and 31.3 ± 1.3% for the Ile-
added formulation. Regarding the appearance of the freeze-dried cake, the configuration
score was 2 in the Phe-added formulation, whereas that for the Ile-added formulation
was 1. Apart from Phe, the cake of the formulation in which Ala was added also had a
configuration score of 2, but the generation of fine particles of ≤3 µm was not observed.



Pharmaceutics 2021, 13, 632 6 of 14Pharmaceutics 2021, 13, x  6 of 14 
 

 

 
Figure 2. Evaluation of configuration and aerosolization performance of VD3 formulations added 
0.2 mg/vial of hydrophobic amino acids using with the LDPI system. Representative photographs 
of formulations, detailed description of cake appearance and configuration score are shown in (A). 
Values of APS FPF ≤ 3 μm (mean ± SD, n = 3) are shown in (B). VD3 content of formulations was 1 
μg/vial. Any of the following hydrophobic amino acids: alanine (Ala), methionine (Met), phenylal-
anine (Phe), leucine (Leu), valine (Val) or isoleucine (Ile) was added. APS, aerodynamic particle 
sizer; FPF, fine particle fraction. 

In the case that the added amount was 0.4 mg/vial (Figure 3), fine particles of ≤3 μm 
were generated by adding any of these 4 types of amino acids (Ala, Met, Phe or Ile). 
Among these 4 amino acids, APS FPF ≤ 3 μm of the Phe-added formulation was particu-
larly high, at 43.7 ± 2.3%. The configuration score was 2 in the cake of the formulation to 
which Ala or Phe was added. However, the formulation to which Met or Ile was added 
had a configuration score of 1. 

Figure 2. Evaluation of configuration and aerosolization performance of VD3 formulations added
0.2 mg/vial of hydrophobic amino acids using with the LDPI system. Representative photographs
of formulations, detailed description of cake appearance and configuration score are shown in (A).
Values of APS FPF ≤ 3 µm (mean ± SD, n = 3) are shown in (B). VD3 content of formulations
was 1 µg/vial. Any of the following hydrophobic amino acids: alanine (Ala), methionine (Met),
phenylalanine (Phe), leucine (Leu), valine (Val) or isoleucine (Ile) was added. APS, aerodynamic
particle sizer; FPF, fine particle fraction.

In the case that the added amount was 0.4 mg/vial (Figure 3), fine particles of ≤3 µm
were generated by adding any of these 4 types of amino acids (Ala, Met, Phe or Ile). Among
these 4 amino acids, APS FPF ≤ 3 µm of the Phe-added formulation was particularly high,
at 43.7 ± 2.3%. The configuration score was 2 in the cake of the formulation to which
Ala or Phe was added. However, the formulation to which Met or Ile was added had a
configuration score of 1.
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Figure 3. Evaluation of configuration and aerosolization performance of VD3 formulations added
0.4 mg/vial of hydrophobic amino acids used with the LDPI system. Representative photographs
of formulations, detailed description of cake appearance and configuration score are shown in (A).
Values of APS FPF ≤ 3 µm (mean ± SD, n = 3) are shown in (B). VD3 content of formulations
was 1 µg/vial. Any of the following hydrophobic amino acids: alanine (Ala), methionine (Met),
phenylalanine (Phe), leucine (Leu), valine (Val) or isoleucine (Ile) was added. APS, aerodynamic
particle sizer; FPF, fine particle fraction.

Next, the effect of the added amount of amino acids (Ala, Met, Phe and Ile) that
showed the generation of fine particles of ≤3 µm on APS FPF ≤ 3 µm and the con-
figuration score was examined (Figure 4). Only the Phe-added formulation showed
the generation of fine particles of ≤3 µm in every case with the added amount of 0.1,
0.2 or 0.4 mg/vial (Figure 4C). Moreover, the Phe-added formulation showed higher
APS FPF ≤ 3 µm than formulations to which Ala, Met or Ile was added, and the APS
FPF ≤ 3 µm was highest when 0.4 mg/vial of Phe was added. The Ile-added formula-
tion showed high APS FPF ≤ 3 µm at the added amount of 0.2 mg/vial, but it showed a
substantial decrease of APS FPF ≤ 3 µm as the added amount was increased (Figure 4D).
Formulations to which Ala or Met was added showed the generation of fine particle
of ≤3 µm only when the added amount was 0.4 mg/vial, and the APS FPF ≤ 3 µm was
low (approximately 3%; Figure 4A,B). Regarding cake appearance, the configuration score
of the Phe-added formulation was 2 regardless of the amount added (Figure 4C). The
configuration score of the formulation to which Met or Ile was added was also unchanged
when the added amount increased, but the score was 1 (Figure 4B,D). In contrast, the
formulation with Ala added showed an increase in the configuration score as the added
amount was increased (Figure 4A).
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Figure 4. Effect of the added amount of hydrophobic amino acids on the configuration score and FPF
in the LDPI system. Configuration scores are shown as symbols, and values of APS FPF% ≤ 3 µm
(mean ± SD, n = 3) are shown as black bars. Graphs show the configuration score and values of
APS FPF ≤3 µm of the (A) Ala-added formulation, (B) Met-added formulation, (C) Phe-added
formulation and (D) Ile-added formulation. Formulations were prepared to contain 1 µg/vial of VD3
with 0.1, 0.2 or 0.4 mg/vial of amino acid. APS, aerodynamic particle sizer; FPF, fine particle fraction;
Ala, alanine; Met, methionine; Phe, phenylalanine; Ile, isoleucine.

From the above results, Phe was selected as the optimum excipient, and its optimum
amount was examined.

3.2. Optimization of Phe Amount in LDPI Formulation

Phe, which showed both high aerosolization performance and good cake appearance,
was selected as the optimum excipient. To optimize the added amount of Phe, measurement
of APS FPF ≤ 3 µm and visual evaluation of the cake appearance were performed using
formulations containing 1 µg/vial of VD3 with 0.1, 0.2, 0.3, 0.4, 0.6 or 0.8 mg/vial of Phe.
A lyophilized cake with configuration score 2 was formed regardless of the amount of Phe
added (Figure 5A). The APS FPF ≤ 3 µm of the formulation to which 0.3 mg/vial of Phe
was added was the highest (47.2 ± 4.4%, Figure 5B). Additionally, the microstructure of the
lyophilized cake was observed by SEM. The cake showed a porous matrix with fiber-like
network structure (Figure 5C).
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Figure 5. Optimization of the added amount of Phe in very low-dose formulations of VD3 using
with the LDPI system. Representative photographs of formulations, detailed description of cake
appearance and configuration score are shown in (A). Values of APS FPF ≤ 3 µm (mean ± SD, n = 3)
are shown in (B). VD3 content of formulations was 1 µg/vial. The added amount of Phe was 0.1, 0.2,
0.3, 0.4, 0.5, 0.6 or 0.8 mg/vial. The microstructure of the formulation with 0.3 mg/vial of Phe added
as observed by scanning electron microscope is shown in (C). APS, aerodynamic particle sizer; FPF,
fine particle fraction; Phe, phenylalanine.
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3.3. In Vitro Inhalation Characteristics of VD3 Formulations with LDPI System by MSLI

The formulation we aimed to developed has a very low VD3 content of 1 µg/vial. Con-
sidering the limits of quantitation, we were unable to measure the inhalation characteristics
of the formulation containing VD3 1 µg/vial by MSLI. Therefore, a formulation containing
10 times the amount of VD3 (VD3 10 µg/vial + Phe 0.3 mg/vial) was prepared, and the
FPF was measured by APS and MSLI. As a result of comparing FPF ≤ 3 µm between APS
and MSLI, no significant difference was observed (Figure 6).
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Figure 6. Comparison of results by MSLI versus APS using formulations containing 10 times the
clinical estimated dosage of VD3. Values of FPF ≤ 3 µm measured by APS or MSLI are shown
(mean ± SD, n = 3). Formulations were prepared to contain 10 µg/vial of VD3 with 0.3 mg/vial
of phenylalanine. MSLI, multi-stage liquid impinger; APS, aerodynamic particle sizer; FPF, fine
particle fraction.

3.4. Crystallinity of Excipients in LDPI Formulations by XRD

To understand the impact of the physical state of lyophilized cake on aerosolization
performance, the crystallinity of different placebo formulations was inspected with XRD.
The placebo formulations were single-excipient formulations containing 0.5 mg/vial of
Phe or Met. The results of both Phe and Met before freeze-drying showed a crystalline
pattern (sharp peaks with strong intensity, Figure 7A). There was no difference in the
XRD pattern of Met before and after freeze-drying. However, the XRD pattern of Phe
after freeze-drying was different than that before freeze-drying. The lyophilized cake of
Phe showed a few broadened peaks with very weak intensity (Figure 7B). The placebo
formulations showed the same tendency as the VD3 formulation. Phe showed both good
cake appearance (configuration score 2) and high APS FPF ≤ 3 µm (approximately 40%) in
contrast to Met (configuration score 1, APS FPF ≤ 3 µm approximately 5%).
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Figure 7. X-ray diffractometry (XRD) patterns before and after freeze-drying of excipients for LDPI
formulations. XRD pattern before (A) and after (B) freeze-drying of Phe or Met. The lyophilizates
were prepared to contain 0.5 mg/vial of Phe or Met. Phe, phenylalanine; Met, methionine.

4. Discussion

In this study, TOF measurement by APS was mainly performed for optimization
because the VD3 content of the formulations was very low (1 µg/vial), and the inhalation
characteristic test requiring quantification of the main drug could not be performed. While
we previously reported that the result of MSLI can be estimated from the result of our
method using APS [21], we confirmed that same applies to VD3 using the formulation
containing 10 µg/vial of VD3, i.e., 10 times the clinical estimated dosage of 1 µg/vial. The
difference between MSLI FPF ≤ 3 µm and APS FPF ≤ 3 µm was within 5.0% (Figure 6).
Thus, MSLI FPF ≤ 3 µm of the optimized formulation containing VD3 1 µg/vial and Phe
0.3 mg/vial is expected to be approximately 50% from APS FPF ≤ 3 µm.

In the inhalation characteristic test by MSLI, 10 vials of formulations containing
10 µg/vial of VD3 were used per experiment. If we try to measure the aerodynamic
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particle size distribution of the formulation containing 1 µg/vial of VD3 by MSLI, at
least 100 vials would be needed per experiment, which is not realistic. Additionally, this
does not meet various pharmacopeia’s requirement (e.g., European pharmacopeia and
Japanese pharmacopeia). The number of discharges is typically required to be ≤10 in
such pharmacopeias. However, APS measurement can be performed using one vial per
experiment. Furthermore, APS can measure the aerodynamic particle size distribution of
many samples in a short time whereas MSLI measurement requires much time even for
only a few samples. Our simple method using APS (Figure S2) was shown to be useful as a
surrogate method for MSLI to optimize a formulation more easily and rapidly even when
the content of the main drug in preparation is so low as to be difficult to quantify.

FPF ≤ 3 µm is an index of the efficiency at which a formulation can reach the alveoli.
The FPF ≤ 3 µm of formulations containing VD3 1 µg/vial and Phe 0.3 mg/vial was
nearly 50% (Figure 5B) and the FPF ≤ 5 µm, an index of delivery efficiency to the lung,
was approximately 80% (data is not shown), indicating that the goal of developing a
formulation that facilitates the delivery of 50% of VD3 1 µg by DPI was achieved. The
emitted dose of formulations containing 10 µg/vial of VD3 was 8.7 µg/vial in the MSLI
measurement. Assuming that nearly 90% of VD3 is emitted (emitted dose 0.9 µg/vial),
optimized formulations is expected to deriver approximately 45% of VD3 to alveoli deep
within the lungs and 70% to the lungs from FPF. In addition, the FPF ≤ 5 µm of conventional
DPIs is 40% or less [30]. We succeeded in developing a formulation that showed higher
performance than conventional DPIs.

The formulation of VD3 was optimized by the addition of Phe, which showed both
good cake appearance and high aerosolization performance. An aromatic side chain of
Phe is thought to be one of the reasons for the good cake appearance. The side chain
with aromatic ring was reported to show higher glass transition temperature due to the
stacking interaction [31]. High glass transition temperature is one of the important factors
that contributes to good cake appearance [23]. Therefore, Phe may show good cake
appearance due to its aromatic side chain. Regarding the microstructure of the cakes, the
cake formed by Phe showed a porous matrix, but the structure was different from porous
lyophilizates formed by saccharides. The cake formed by Phe has a fiber-like network
structure (Figure 5C and Figure S3) and is therefore considered to show high aerosolization
ability [12,25–27,32].

To inspect the aerosolization mechanism of the formulation containing Phe by air
impact, its physical properties were investigated. It is clear that aerosolization perfor-
mance depends on excipients (Figures 1–3). Thus, placebo formulations were used for
investigation. The excipient Met showed low aerosolization performance (FPF ≤ 3 µm
of <10%) and maintained crystallinity after freeze-drying. However, the crystallinity of
the excipient Phe, which showed high aerosolization performance (FPF ≤ 3 µm of ap-
proximately 40%), dropped notably after freeze-drying (Figure 7A,B). In the previous
study by Claus et al. [26], FPF and crystallinity of LDPI formulations containing 6 mg/vial
of lysozyme with 1–4 mg/vial of Phe were evaluated. Formulations used in that study
contained higher masses of the main drug and Phe than did the formulations used in the
present study. While the formulations cannot be compared simply as the formulations
used in the present study differed drastically from those in the previous study in terms
of content, Phe showed high aerosolization performance in both low-dose and high-dose
formulations. Partial crystallization of Phe was observed in the study by Claus et al. The
crystallinity of Phe increased as the added amount increased, but a significant decrease in
FPF was not detected. Thus, it is thought that not crystallinity but the surface roughness
of particles due to partial crystallization of Phe decreased adhesiveness, which led to FPF
improvement. From the above, it cannot be concluded that low crystallinity contributes to
high aerosolization performance.

Next, considering the cause of the high aerosolization performance of Phe from the
viewpoint of the surface activity of amino acids, because Phe has surface activity [33], it
is coordinated at the ice/water and air/water interfaces during freezing, thus forming a
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hydrophobic coating film that is presumed to surround the periphery of the VD3. A similar
phenomenon was also reported by Claus et al. [25]. This film may have caused the high
aerosolization performance. However, in the case of Met, which has almost no surface
activity [34], the aerosolization of Met is lower than that of Phe because a hydrophobic
coating film such as that formed with Phe is not formed on the interface during freezing.

5. Conclusions

VD3 is a candidate drug that can repair alveolar damage at a very low dose. We
optimized a very low-dose formulation of VD3 for the LDPI system by a method using
an APS that can measure the aerodynamic particle size distribution without requiring
quantification of the main drug. The VD3 formulation was optimized by the addition of
Phe. The FPF ≤ 3 µm of the optimum formulation (VD3 1 µg/vial + Phe 0.3 mg/vial) was
47.2 ± 4.4%. The result was high enough to achieve the goal of 50% delivery efficiency to
the lung.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pharmaceutics13050632/s1, Figure S1: Lyophilizate for dry powder inhalation (LDPI) system,
Figure S2: Measuring methods for the aerodynamic particle size distribution of LDPI formulations:
multi-stage liquid impinger (MSLI) and our simple method based on time-of-flight (TOF) theory,
Figure S3: Microstructure of the placebo formulation containing 0.5 mg/vial of phenylalanine or
methionine observed by scanning electron microscope (SEM).
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