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Abbreviations

ASD
ASD/CsA
AUC
BA

Cmax
CsA

CVv
CYP3A4
DLS
DMSO
DSC

ESI
FDA
FDD
FNP

Gl

HPC
LSD
MIVM
MS
nCsA
nCsA/MAN
P-gp
PLM

RH

SEM
SIR
SPAN

Amorphous solid dispersion

Amorphous solid dispersion of cyclosporine A
Area under the curve of plasma concentration versus time
Bioavailability

Maximum concentration

Cyclosporine A

Coefficient of variation

Cytochrome P450 3A4

Dynamic light scattering

Dimethyl sulfoxide

Differential scanning calorimetry
Electrospray ionization

U.S. Food and Drug Administration

Fine Droplet Drying

Flash nanoprecipitation

Gastrointestinal

Hydroxypropyl cellulose

Least significant difference

Multi-inlet vortex mixer

Mass spectrometry

Nanoprecipitated cyclosporine A powder
Nano-matrix formulation of cyclosporine A using mannitol
P-glycoprotein

Polarized light microscopy

Relative humidity

Scanning electron microscopy

Selected ion recording

Span factor



T2 Half-life time

Tmax Time to reach maximum concentration
UPLC Ultra performance liquid chromatography
XRPD X-ray powder diffraction
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Introduction

Over the past few decades, cyclosporine A (CsA), a lipophilic cyclic undecapeptide
(Fig. 1), has crucial roles in preventing transplant rejection and treating autoimmune diseases
because of its potent immunosuppressive actions [1-3]. CsA was firstly isolated from the
fungus Tolypocladium inflatum [4], and it can also be obtained via biosynthesis [5] or
chemical total synthesis [6] at present. Immunosuppressive activity of CsA was discovered
in 1976, the mechanism of which is based on the suppression of T-cell-dependent immune
reaction via calcineurin inhibition [7, 8]. In 1983, CsA was approved as a pharmaceutical
agent for prevention of allograft rejection by U.S. Food and Drug Administration (FDA).
Currently, CsA has obtained FDA approval for the treatment of various diseases, including
rheumatoid arthritis, psoriasis, nephrotic syndrome, and atopic dermatitis [9]. In addition,
animal studies and clinical trials have revealed the potential of CsA to treat T-cell large

granular lymphocyte leukemia [10], traumatic brain injury [11], ischemic heart disease [12],

Fig. 1 Chemical structure of cyclosporine A.



and chronic steroid-dependent asthma [13]. However, oral administration of CsA often
results in limited absorption with high variability, possibly contributing to insufficient and
inconsistent clinical outcomes [14].

Solubility of CsA is as low as ca. 20 ug/mL in water at 25°C [15], and the poor
solubility is a causative factor for the undesirable biopharmaceutical properties. Moreover,
CsA is a substrate for cytochrome P450 3A4 (CYP3A4) [16] and P-glycoprotein (P-gp) [17],
and the systemic exposure of CsA can be reduced by functions of CYP3A4 and P-gp. These
factors associated with CsA pharmacokinetics vary depending on diets [18, 19], patient
conditions [20-22], and concomitant drugs [23-25] (Table 1). Therefore, large variation in
pharmacokinetics of CsA is often observed among individual patients. Immunosuppressive
activity of CsA is strongly correlated with the blood concentration [26]. The low
concentration of CsA can cause insufficient immunosuppressive actions, leading to organ
rejection in transplantation. In clinical practice, the CsA dose is adjusted by monitoring of
the blood concentration [26]. However, the dose adjustment has been reported to be
sometimes deficient since the limited dissolution rate of CsA arising from low solubility
results in an erratic relationship between the administered dose and the systemic exposure
[27]. These problems have stimulated efforts to produce improved and predictable
pharmacokinetic behavior of CsA [28, 29]. Dissolution process of CsA in gastrointestinal
(GI) tract can impact the pharmacokinetic profile after the oral administration [30], and so
improvement in CsA dissolution is thought to be essential for the pharmacokinetic control.

To improve the dissolution behavior of CsA, both industrial and academic
formulators have extensively investigated and developed many promising CsA formulations
employing lipid particles [31-33], polymeric carriers [34-36], and other systems [30, 37, 38]
(Table 2). Lipid- and polymer-based formulations can increase apparent solubility of CsA,

improving the oral absorption [31-36]. Nevertheless, there are several disadvantages and



Table 1 Factors influencing pharmacokinetics of CsA in human

Mechanisms for the pharmacokinetic change Effects on the pharmacokinetic behavior References
Diets
0,
High-fat meals Solubilization of CsA Inqrease of AUC by 376% [18]
in healthy volunteers
0, 0,
Flavonoids Inhibition of CYP3A4 Increase of Cmac and AUC by 150% and 186%, 4,
respectively, in healthy volunteers
Patient conditions
Adin Increase in lipoprotein concentration Decrease of CL by 37% in marrow transplant [20]
ging Impairment of liver function patients (below 10 yeas vs. above 40 years)
Induction of CYP3A4 0 0
Diabetes Delay of gastric emptying rate Decreas_e of C.max a_nd AUC_by 86% an_d 81%, [21]
. . respectively, in children with type | diabetes
Glycation of albumin
0, 0,
Gl inflammation Inhibition of P-gp Increase qf Cma>_( and AUC by 164% and_l?l Y, [22]
e Tespectively, in marrow transplant patients "¢
Concomitant drugs
0, 0,
Metoclopramide Acceleration of gastric emptying rate Increase of Crax and AUC by 124% and 122%, [23]
respectively, in kidney transplant patients
0,
Telaprevir Inhibition of CYP3A4 Inqrease of AUC by 460% [24]
in healthy volunteers
0,
Rifampicin Induction of CYP3A4 Decrease of AUC by 27% [25]

in healthy volunteers

AUC, area under the curve of plasma concentration versus time; CL, clearance; Cmax, maximum concentration; CsA, cyclosporine A; CYP3A4,
cytochrome P450 3A4; Gl, gastrointestinal; and P-gp, P-glycoprotein.



limitations in the use of these solubilization technologies [39]. These formulations normally
show low physicochemical stability, restricted incorporation capacity of a drug, complexity of
manufacture, and high production cost. According to the Noyes-Whitney equation and
Prandtl equation, the dissolution rate of poorly-soluble drugs can be increased by reducing
particle size [40, 41]. Particle size reduction is a simple and cost-effective approach [42] and
may be effective to improve dissolution behavior of CsA.

The approaches for production of fine particles can be divided into top-down and
bottom-up processes [43, 44]. Top-down methods are essentially high energy processes, and
drug particles are broken down to lower size. Top-down is an easy and feasible approach for
particle size reduction, whereas it has some limitations, including inefficiency of particle size
reduction and broad particle size distribution of prepared particles [45]. In contrast,
bottom-up methods are low energy processes and has the potential to produce particles with
narrow size distribution [42]. However, the particle size of drug particles obtained by
conventional bottom-up is relatively larger than that of particles prepared by top-down [46].
Flash nanoprecipitation (FNP) technology using a multi-inlet vortex mixer (MIVM) and Fine
Droplet Drying (FDD) process employing inkjet head have been proposed as novel bottom-up
methods for preparation of fine particles with narrow size distribution [47, 48]. These novel
technologies have the high potential to generate fine particles of CsA with modified
physicochemical properties. However, far less is known about these feasibilities to provide
desirable oral absorption of CsA.

The present study aimed to control pharmacokinetic behavior of CsA by modification
of the physicochemical properties. In chapter 1, nano-matrix formulation of CsA was
prepared with a combined use of FNP using MIVM and spray-drying to produce the rapid oral
absorption. The physicochemical properties of CsA formulations were evaluated in terms of

appearance, crystallinity, re-dispersibility, and dissolution behavior. Pharmacokinetic study



in rats was also conducted after oral administration of the CsA formulations. In chapter 2,
amorphous solid dispersion (ASD) of CsA was prepared by FDD process employing inkjet
head to obtain improved pharmacokinetic property of CsA. The physicochemical properties
were characterized with a focus on appearance, particle size distribution, bulk density,
flowability, crystallinity, dissolution behavior, and stability under accelerated conditions.
Pharmacokinetic behavior of CsA in rats was also clarified after oral administration of CsA

samples.



Table 2 Literature-based oral formulations of CsA

Formulation systems Main features Pharmacokinetic parameters References

Lipid particles

Encapsulation of drug into emulsion - 1.1- . - 1.1-
DHA-microemulsion b - Crmax: 1.1-fold 1 e L fold 1 [31]
Inhibition of CYP3A activity by DHA (vs. Neoral™) in rats
Encapsulation of drug into liposome -3 8- . - 3.9-
OACS-coated liposome p _ g P Crmax: 3.8-fold T ,A%C_. 3.2-fold T [32]
Cell-penetrating property of OACS (vs. pure CsA”) in rats
Cell-penetrating property of bilosome - 1.3- . - 1.7-
Bilosome containing gelatin P ) g p berty ) Crrax: 1.3-fold T ’AU.C' 1.7-fold T [33]
Protection of bilosome by gelatin (vs. Neoral®) in dogs
Polymeric particles
® . . .
Soluplu_s -b_ased Encapsulation of drug into micelle Crrax: 1.3-fold T ’A(;;U.C' 1.3-fold T [34]
polymeric micelle (vs. Neoral™) in rats
Eudragit® S100-based  Incorporation of drug into polymeric particles  Cy: 1.7-fold T ; AUC: 1.3-fold | (35]
nanoparticles pH-Sensitive drug release by Eudragit® $100 (vs. Neoral®) in rats
High self-micellizing potency of
Poly[MPC-co-BMA]-based poly[MPC-co-BMA] Cmax: 11-fold T ; AUC: 45-fold 1 [36]
self-micellizing solid dispersion High stability of the solid dispersion focusing (vs. amorphous CsA) in rats

on dissolution property




Table 2 (Continued)

Formulation systems Main features Pharmacokinetic parameters References
Other systems
N ) . . Cmax. 2.8-fold T ; AUC: 4.7-fold T
DM-4-CyD complex Inclusion of drug into cyclodextrin complex (vs. pure CSA®) in rats [37]
. Increase in water solubility of drug by Cmax. 1.6-fold T ; AUC: 1.5-fold T
MPEG conjugate mPEG conjugation (vs. amorphous CsA) in rats [38]
HPC-SSL-based Supersaturation by amorphization of drug Crmax: 5.1-fold 1 ; AUC: 5.2-fold 1 [30]
amorphous solid dispersion Increase in wettability by HPC-SSL (vs. amorphous CsA) in rats

AUC, area under the curve of plasma concentration versus time; BMA, butyl methacrylate; Cna, maximum concentration; DM-S-CyD,
dimethyl--cyclodextrin; DHA, docosahexaenoic acid; HPC-SSL, hydroxypropyl cellulose-SSL; MPC, 2-methacryloyloxyethyl
phosphorylcholine; MPEG, monomethoxy polyethylene glycol; and OACS, N-octyl-N-arginine-chitosan.



Chapter 1. Nano-matrix oral formulation of cyclosporine A prepared with flash

nanoprecipitation technology using multi-inlet vortex mixer

1-1. Background

Particle size reduction leads to increase of effective surface area and decrease of
diffusion layer thickness of drug particles, accelerating the dissolution rate [49, 50].
Therefore, an application of nanotechnology to poorly-soluble drugs has attracted much
attention to improve their dissolution behavior. FNP technology has been developed for
preparation of nanoparticles with narrow size distribution [51, 52]. FNP can control kinetic
processes including micromixing and stabilizer adsorption. Rapid micromixing of solvent
and anti-solvent results in supersaturation of drugs, inducing high nucleation rate for rapid
precipitation of nanoparticles. The rapid and diffusion-limited aggregation is arrested by
stabilizer adsorption on the surface of particles, contributing to control of particle size and
stable generation of nanoparticles [47]. Four-stream MIVM can produce rapid and
homogeneous mixing by infusion of separate solvent or anti-solvent from four inlets, rapidly
precipitating nanoparticles with narrow size distribution [53, 54]. These findings prompted
us to develop CsA nanoparticles by FNP process using MIVM for improvement in the oral
absorption.

In this chapter, for enhancement in oral absorption of CsA, two types of CsA
powders were prepared by combination of FNP and spray-drying; nanoprecipitated CsA
powder (nCsA) and nano-matrix formulation of nanoprecipitated CsA using mannitol
(nCsA/MAN) as a matrix former. The physicochemical properties of both CsA spray-dried
particles were characterized, and pharmacokinetic study in rats was also carried out to clarify

the oral absorption of CsA after oral administration of CsA samples.



1-2. Materials and methods

1-2-1. Chemicals

Amorphous CsA was purchased from Changzhou An-Yuan Import and Export
Corporation (Changzhou, China). Crystalline CsA was obtained by preparing a saturated
solution of CsA in acetone and storing at —20°C, and the crystals were collected by filtration
from the cold acetone solution. Soy bean lecithin and a-lactose monohydrate were bought
from Cargill Texturizing Solutions (Wayzata, USA) and Friesland Campina Domo
(Amersfoort, Netherlands), respectively. Mannitol was kindly supplied by Pharmaxis

(Frenchs Forest, Australia).  All other chemicals were purchased from commercial sources.

1-2-2. Preparation of nCsA and nCsA/MAN

A nanosuspension of CsA was produced by FNP approach using MIVM (Fig. 2A),
followed by spray-drying to obtain nCsA and nCsA/MAN (Fig. 2B). Briefly, CsA was
dissolved in ethanol at a concentration of 50 mg/mL (Solution 1). Lecithin and lactose as
stabilizers were dissolved in water at 0.125 mg/mL and 5 mg/mL, respectively (Solution II).
Solution | was loaded into two syringes, and solution Il was also loaded into two other
syringes at the same volume. All four syringes were connected to the MIVM with each
dispensing 20 mL at 30 mL/min. Micromixing and nanoparticle precipitation occurred
inside the mixing chamber. The products were collected from the MIVM into a beaker with
400 mL of deionized water stirred with a magnetic stirrer at 650 rpm.  The suspension was
divided into two equal portions by volume, and mannitol was added into one suspension with
a mass loading equal to the CsA. Each suspension was refrigerated for at least 2 h and then
spray-dried using a Biichi Mini Spray-Dryer B-290 (Buichi Labortechnik, Flawil, Switzerland)

connected to a Buchi Dehumidifier B-296 (in open loop, blowing mode) under the following



(A)

(B)

Solution 1
Ethanol solution (20 mL)
Solution 2 CsA 50 mg/mL

Solution 1

Solution 2

Water solution (20 mL)
Lecithin 0.125 mg/mL
Lactose 5 mg/mL

Solution 2
Solution 1

l Dilution of nanoparticles with water

CsA particles '
Spray-drying

Magnetic stirrer

‘ Addition of mannitol

CsA particles

== | =

Magnetic stirrer

Spray-drying

nCsA/MAN

Fig. 2 Schematic illustrations.  (A) Structural configuration of MIVM.  Bar represents 5 cm.
(B) Preparation procedure of nCsA and nCsA/MAN.
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conditions: inlet temperature of 120°C, outlet temperature of 70-89°C, aspiration rate of
100%, atomizing air flow at 880 L/h, and liquid feed rate of 3.5 mL/min. The powders from
the collector were transferred to separate sealed containers and stored with silica gel desiccant
at 22°C until further analysis and processing.

The amount of CsA in the spray-dried powders was determined using a Waters
Acquity ultra performance liquid chromatography equipped with electrospray ionization mass
spectrometry (UPLC/ESI-MS) system (Waters, Milford, Massachusetts), including a binary
solvent manager, column compartment, sample manager, column compartment, and SQD
connected with the MassLynx software. Acquity UPLC BEH C18 column (particle size: 1.7
um, column size: 2.1 mm x 50 mm; Waters) was used at 65°C. Acetonitrile (A) and 5 mM
ammonium acetate (B) were selected as a mobile phase for the separation of CsA. The flow
rate of mobile phase was 0.25 mL/min, and the gradient condition was set as follows: 0-1.0
min, 50% A; 1.0-3.0 min, 50-95% A, 3.0-3.5 min, 95% A; and 3.5-4.0 min, 50% A.
Analysis was carried out using selected ion recording (SIR) for specific m/z 1203 for CsA

[M+H]".

1-2-3. Dynamic light scattering (DLS)

The particle size of nCsA and nCsA/MAN re-suspended in distilled water was
measured with DLS using Malvern Zetasizer Nano ZS (Malvern, Worcestershire, UK). Span
factor (SPAN) was calculated as SPAN = (dgo — d10)/dso, and the dig, dso, and dgg are the

particle diameters at 10%, 50%, and 90% of cumulative volume, respectively.

1-2-4. Scanning electron microscopy (SEM)
The morphology of CsA samples was visualized with SEM, Miniscope® TM3030

(Hitachi, Tokyo, Japan). CsA samples were fixed on an aluminum sample holder with

11



double-sided carbon tape, and platinum was coated over the CsA samples using a magnetron

sputtering device, MSP-1S (Vacuum Device, Ibaraki, Japan).

1-2-5. X-ray powder diffraction (XRPD)
XRPD patterns were collected using a Mini Flex Il (Rigaku, Tokyo, Japan) with Cu
K« radiation generated at 40 mA and 35 kV. The determination of CsA samples was carried

out within an angular range of 3—40° (260) at a step size of 0.2° and scanning speed of 2°/min.

1-2-6. Differential scanning calorimetry (DSC)

A DSC Q 1000 (TA Instruments, New Castle, DE, USA) was used for DSC analysis,
and the DSC thermograms were collected in an aluminum close-pan system. The operation
conditions were set as follows: sample weight of ca. 3 mg, heating rate of 5°C, and nitrogen
purge at 70 mL/min. The calibration of temperature axis was carried out with indium (ca. 5

mg, 99.999% pure, onset at 156.6°C).

1-2-7. Dissolution test

Dissolution testing on CsA samples was performed in 100 mL of distilled water.
The dissolution medium was stirred at 50 rpm using a magnetic stirrer SST-66 (Shimadzu,
Kyoto, Japan) at 37°C. CsA samples (ca. 2 mg-CsA) were weighed and added into the glass
beaker with 100 mL of water. Samples (400 uL) were collected and centrifuged at 10,000
rpm for 5 min. To determine CsA concentration, the supernatants diluted with acetonitrile

were subjected to UPLC analysis as described in section 1-2-2.

1-2-8. Pharmacokinetic study

Male sprague-dawley rats, weighing 200-300 g (6-8 weeks of age; Japan SLC,

12



Shizuoka, Japan), were housed three per cage with free access to food and water, and the
room was maintained on a 12-h dark/light cycle with controlled temperature (24+1°C) and
humidity (55+5%). Rats were fasted for at least 12 h before oral administration of CsA
samples. The pharmacokinetic study was conducted in accordance with guidelines approved
by the Institutional Animal Care and Ethical Committee of the University of Shizuoka.

Each CsA sample was suspended in 1 mL of distilled water, and it was orally
administered at a dose of 10 mg-CsA/kg in rats. CsA was dissolved in dimethyl sulfoxide
(DMSO), and the CsA solution at a dose of 0.5 mg/kg was intravenously administered in rats
to calculate oral bioavailability (BA) of CsA samples. After administration of CsA samples,
400 pL of blood samples was collected from the tail veins of rats at various periods. The
collected blood samples were centrifuged at 10,000xg for 10 min, and the supernatants were
stored below —20°C until analysis. The plasma concentration of CsA was monitored by
UPLC analysis as described in section 1-2-2 with some modifications. Briefly, 150 pL of
acetonitrile solution including tamoxifen, an internal standard material, was added to 50 uL of
plasma sample for removal of protein in plasma samples, and its sample was centrifuged at
2,000xg for 5 min. The supernatant was filtrated through a 0.2-um filter and was analyzed
by an internal standard method using the UPLC system. Peaks for tamoxifen and CsA were
detected at the retention times of 2.25 and 3.02 min, respectively. Analysis was carried out
using SIR for specific m/z 372 for tamoxifen [M+H]" and 1203 for CsA [M+H]". The
UPLC method for determination of CsA was validated in terms of linearity, accuracy,
precision, and assay recovery according to International Conference on Harmonization of
Technical Requirements for Registration of Pharmaceuticals for Human Use guidelines "Q2B
Validation of Analytical Procedures: Methodology"”. At the concentrations of 10 and 1,000
ng/mL, the observed recovery of CsA was 97.3-100.9%. The pharmacokinetic parameters

for CsA were calculated by means of non-compartment methods using the WinNonlin
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program (Ver. 4.1, Pharsight Corporation, Mountain View, CA). Oral BA was calculated as
BA = DiyxAUC,,/Dy0xAUC;,. Diy, and Dy, are dose of intravenous and oral
administration, respectively. AUC;, and AUC,, are AUCq. iy after intravenous and oral
administration, respectively. To estimate the variation of CsA absorption after oral
administration of CsA samples, coefficient of variation (CV) in AUC js. was defined as CV =

standard deviation/mean and calculated.

1-2-9. Statistical analysis
For statistical comparisons, one-way analysis of variance with pairwise comparison
by Fisher's least significant difference (LSD) procedure was used (Statcel3, The Publisher

OSM Ltd., Saitama, Japan). AP value of <0.05 was considered significant for all analyses.
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1-3. Results and discussion

1-3-1. Size of CsA particles in suspension

In the present study, CsA nanoparticles were obtained by FNP with MIVM, and the
particle size was measured by DLS analysis (Table 3). The median size of CsA particles was
found to be ca. 170 nm. FNP using MIVM could produce CsA nanoparticles with narrow
size distribution as evidenced by 1.0 of SPAN. Although slight increase in the median size
was observed at 5 h after preparation of CsA nanoparticles, they kept nanoscale particle size.
In general, Ostwald ripening occurs for nanosuspensions [55]. Smaller particles with
enhanced dissolution rate shrink by their dissolution, and subsequently the dissolved drugs
precipitate on the surface of larger particles. The rate of this process is dependent on the
uniformity of the particle size. The narrow size distribution of CsA nanoparticles could
contribute to the limited increase in median size of CsA nanoparticles in suspension.
Lecithin has been reported to inhibit particle aggregation by the electronic and steric
stabilization [56], and so the action of lecithin could also result in high colloidal stability of
CsA nanoparticles. On the basis of the result from DLS analysis, the MIVM successfully

generated CsA nanoparticles.

Table 3 Size distribution of CsA nanoparticles in suspension

Time after FNP process d1o (NM) dso (hm) dgo (M) SPAN
T=0h 146 169 319 1.0
T=5h 180 221 496 14

The dyo, dso, and dgp are the particle diameters at 10%, 50%, and 90% of cumulative volume,
respectively. SPAN = (dgo — d10)/dsg. CSA suspension was stored at room temperature, and
DLS analysis on CsA suspension was conducted at 0 h or 5 h after FNP process.

15



(A)

(B)

Fig. 3 SEM images of CsA samples, including (A) amorphous CsA, (B) nCsA, and (C)
nCsA/MAN. The inserts highlight the surface of each CsA powder. White and black bars
represent 5 and 0.5 um, respectively.
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1-3-2. Morphology of spray-dried CsA particles

CsA nanosuspension with or without mannitol was spray-dried for preparation of
nCsA/MAN or nCsA, respectively.  Their morphologies were visualized by SEM
observation (Fig. 3). On the basis of the SEM image, amorphous CsA was irregular-shaped
powders with average particle size of ca. 60 um (Fig 3A). On the other hand, the nCsA
existed as micron-sized aggregates of CsA nanoparticles (Fig. 3B). The size of primary
particles in nCsA appeared to be ca. 200 nm and is almost consistent with the result from DLS
analysis. nCsA/MAN existed as micron-sized aggregates of CsA nanoparticles embedded in
mannitol-based matrix (Fig. 3C). As the droplets shrunk during spray-drying, the CsA
nanoparticles clustered together to form the micron-sized aggregates. Simultaneously,

mannitol came out of solution and could form a matrix phase among CsA nanoparticles.

1-3-3. Crystallinity of CsA in spray-dried CsA particles

XRPD and DSC analyses were conducted to clarify the crystallinity of CsA in nCsA
and nCsA/MAN (Fig. 4). In the XRPD pattern of crystalline CsA, several intense peaks
were observed (Fig. 4A), and their peaks indicated a tetragonal crystal form [57]. In contrast,
there were no peaks attributable to crystalline CsA for amorphous CsA, nCsA, and
nCsA/MAN, suggesting that CsA in both spray-dried particles existed in an amorphous state.
Mannitol was the crystalline B-form as evidenced by the XRPD pattern, whereas the XRPD
pattern of nCsA/MAN appeared to be partially different from that of mannitol. There is
crystal polymorph of mannitol including a-, B-, and é-form [58], and so nCsA/MAN would
contain different crystal form of mannitol. The DSC thermograms of these samples were
also analyzed to further characterize the physical state of spray-dried particles (Fig. 4B).
The endothermic peak of crystalline CsA was observed at 105°C. No thermal event

occurred at 105°C for amorphous CsA, and the endothermic peak was shifted to 125°C. It
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(A)

(i) Crystalline CsA

(ii) Amorphous CsA

=
‘©»
S (iii) nCsA
£
%
| ! T ' | J T ' | ' |
10 15 20 25 30 35
26 (degrees)
(B)
(i) Crystalline CsA
(ii) Amorphous CsA
Q ﬁ
% (iif) nCsA
s T~
O
-g (iv) nCsA/MAN
L
\\ﬁ
l (v) Mannitol
| T | T | ' | | |
100 120 140 160 180

Temperature (°C)

Fig. 4 Crystallinity of CsA in spray-dried particles. (A) XRPD patterns and (B) DSC
thermograms of (i) crystalline CsA, (ii) amorphous CsA, (iii) nCsA, (iv) nCsA/MAN, and (v)

mannitol.
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has been reported that CsA forms thermotropic liquid crystals at over 120°C [59], and so the
peak shift could be explained by the phase transition of CsA. The phase transition appeared
to occur for nCsA because the nCsA showed the endothermic peak at 125°C. However,
these peaks were absent for nCSA/MAN. Mannitol phase might prevent molecular mobility
by interactions of mannitol and CsA, possibly resulting in inhibition of the phase transition of
CsA during thermal analysis. Mannitol produced a melting endotherm at 165°C. On the
other hand, nCsA/MAN exhibited two endothermic peaks, and the peaks were observed at
160°C and 165°C. Spray-drying of mannitol alone results in B-form of mannitol, whereas
co-spray-drying of mannitol and compounds produces a-form of mannitol [60]. In the
present study, mannitol was spray-dried with CsA nanoparticles, and so mannitol could exist

in crystalline a- and p-forms.

1-3-4. Size distribution of re-dispersed CsA particles

Particle size of nCsA and nCsA/MAN re-suspended in distilled water was measured
by DLS analysis (Fig. 5). In distilled water, both nCsA and nCsA/MAN could reconstitute
nanoparticles with 317 and 298 nm of median size, respectively. Particle size distribution of
NnCsA/MAN was narrower than that of nCsA, and SPAN of nCsA and nCsA/MAN was
calculated to be 1.3 and 1.2, respectively. The median size and SPAN of nCsA/MAN were
subtly lower than those of nCsA, demonstrating the slightly high re-dispersibility of
nCsA/MAN. Mannitol phase inhibits the particle contacts during drying process and
furthermore improves the wettability of drug particles [46]. Therefore, use of mannitol as a
matrix former could lead to the high re-dispersibility of nCsA/MAN. The better

dispersibility of nCsA/MAN could contribute to improved dissolution behavior of CsA.
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Fig. 5 Size distribution of (A) nCsA and (B) nCsA/MAN re-suspended in distilled water.
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1-3-5. Dissolution behavior of spray-dried CsA particles

The dissolution property of CsA samples in water was evaluated up to 60 min to
verify improvement in the dissolution behavior of CsA upon FNP approach (Fig. 6). For
amorphous CsA, limited dissolution behavior of CsA was observed. In contrast, both nCsA
and nCsA/MAN improved dissolution behavior of CsA in distilled water. In comparison
with amorphous CsA, nCsA and nCsA/MAN provided 31- and 41-fold increased drug release
at 60 min, respectively. The SEM experiment demonstrated the difference in particle size of
amorphous CsA and both spray-dried CsA particles, and furthermore DLS data indicated that
both spray-dried CsA particles could reconstitute nanoparticles in water. From these
outcomes, particle size reduction approach could lead to better dissolution profile of CsA due
to increased surface area and decreased diffusion layer of drug particles. The significantly

improved drug release was observed for nCsA/MAN compared with nCsA (P<<0.05). The

enhanced drug release could be attributed to increased wettability and dispersibility of
NCsA/MAN. Drugs with solubility lower than 100 pug/mL often show dissolution-limited
absorption after their oral administration [61, 62]. Oral absorption of CsA is thought to be
highly limited due to poor dissolution rate arising from the low solubility. The accelerated
dissolution of CsA from nCsA and nCsA/MAN might contribute to rapid oral absorption of

CsA.

1-3-6. Pharmacokinetic behavior of spray-dried CsA particles

Pharmacokinetic behavior of CsA in rats was evaluated after oral administration of
CsA samples at a dose of 10 mg-CsA/kg (Fig. 7 and Table 4). Oral administration of
amorphous CsA resulted in poor systemic exposure as evidenced by 0.4 ug/mL and 4.1
ug-h/mL of Cpax and of AUCy ins values, respectively. In contrast, enhanced systemic

exposure was observed for both nCsA and nCsA/MAN as compared to amorphous CsA, and
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Fig. 6 Dissolution behavior of CsA samples, including amorphous CsA (H), nCsA (O), and
nCsA/MAN (A), in distilled water. Data represent mean+S.E. of 3 experiments.

the AUC, ins. values of nCsA and nCsA/MAN were 12.1 and 12.2 ug-h/mL, respectively.
Oral BA of amorphous CsA, nCsA, and nCsA/MAN was calculated to be 4.6, 13.5, and
13.7%, respectively. Thus, the improvement in dissolution behavior of CsA by FNP resulted
in ca. 3-fold enhancement in BA of CsA. Interestingly, nCsA/MAN showed faster oral
absorption than nCsA, as evidenced by Tmax values of ca. 3 and 7 h, respectively.
Inter-individual variability in systemic exposure of CsA was much lower for nCsA/MAN (CV
in AUCq inr.: 11.5%) than nCsA (CV in AUCq ins: 55.0%). The nCsA mainly consisted of
CsA, and low solubility of CsA might result in re-precipitation of dissolved drug in GI tract.
In contrast, the mannitol in nCsA/MAN might inhibit the re-precipitation by interactions of

mannitol and CsA, possibly contribute to stable dissolution of CsA in Gl tract. The narrow
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Fig. 7 Plasma concentration-time profiles of CsA after oral administration of CsA samples

(10 mg-CsA/kg) in rats. W, amorphous CsA; O, nCsA; and A, nCsA/MAN. Data
represents meanzS.E. of 4-5 experiments.

size distribution of nCsA/MAN might lead to the less aggregability compared with nCsA.
Therefore, combined use of FNP process using MIVM and mannitol-based matrix approach

could lead to enhanced oral absorption of CsA with low variability.

Table 4 Pharmacokinetic parameters of CsA after administration of CsA samples

CmaX AUCO—inf. 0

Amorphous CsA 0.4+0.1 48+1.1 4.1+1.0 4.6
nCsA 0.9+0.2* 7.0+£0.5 12.1+3.3* 13.5
nCsA/MAN 1.0+0.1* 3.8+0.4% 12.2+0.1* 13.7

Cmax, maximum concentration; Tma, time to reach maximum concentration; AUCq i, area
under the curve of plasma concentration versus time from t=0 to t=infinity; and BA,
bioavailability. Data represents mean+S.E. of 4-5 experiments. *, P<0.05 and *, P<0.05
with respect to amorphous CsA and nCsA, respectively.
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1-4. Conclusion

FNP process using MIVM successfully produced CsA nanoparticles with narrow size
distribution. Re-suspended nCsA and nCsA/MAN could reconstitute CsA nanoparticles in
distilled water, leading to rapid dissolution of CsA. In comparison with nCsA, nCsA/MAN
improved dissolution behavior of CsA. Orally-dosed nCsA and nCsA/MAN provided high
systemic exposure of CsA in rats compared with amorphous CsA.  Although nCsA enhanced
oral absorption of CsA, there was slow absorption of CsA with large variability for nCsA. In
contrast, oral administration of nCsA/MAN resulted in rapid elevation of plasma CsA
concentration and the consistent systemic exposure. From these findings, NnCsA/MAN might

improve CsA pharmacological actions because of its rapid and stable oral absorption.
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Chapter 2. Amorphous solid dispersion of cyclosporine A prepared by Fine Droplet

Drying process

2-1. Background

Particle size and the size distribution are critical factors influencing absorption
property of poorly-soluble drugs [63, 64]. A new powderization technology employing
inkjet head, define as FDD process, has been proposed for preparation of powder
formulations with uniform shape and size [65]. FDD process includes steps of droplet
formation and drying. For the droplet formation, the inkjet head enables continuous
generation of fine droplets with narrow size distribution because of the capacity to supply
high frequency, contributing to preparation of powder formulations with desirable particle
size. ASD technology has been widely applied to poorly-soluble drugs since it is an
efficacious approach for improvement their dissolution behavior [66, 67]. Therefore, a
strategic application of FDD process to preparation method of ASD formulation may lead to
desirable pharmacokinetics of CsA.

In this chapter, ASD formulation of CsA (ASD/CsA) was prepared by FDD process
for improvement in oral absorption of CsA. The physicochemical properties were
characterized in terms of morphology, particle size distribution, flowability, crystallinity,
dissolution behavior in distilled water, and physicochemical stability under accelerated
conditions.  Pharmacokinetic behavior of CsA in rats was also investigated after oral
administration of ASD/CsA to clarify the possible enhancement absorption by the ASD

approach.
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2-2. Materials and methods

2-2-1. Chemicals

Amorphous CsA was kindly supplied by ILS Inc. (Ibaraki, Japan). Crystalline CsA
was obtained by preparing a saturated solution of CsA in acetone and storing at —20°C, and
the crystals were collected by filtration from the cold acetone solution. Hydroxypropyl
cellulose (HPC)-SSL, 1,4-dioxane, and ammonium acetate were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Acetonitrile (HPLC grade) was bought from Kanto

Chemical (Tokyo, Japan). All other reagents were purchased from commercial sources.

2-2-2. Preparation of ASD/CsA

In the present study, HPC-SSL was used for an ASD/CsA, and the FDD process
using RICOH MH2420, an inkjet head, was conducted for preparation of the ASD/CsA (Fig.
8). Briefly, CsA (100 mg) and HPC-SSL (1,900 mg) were dissolved in 1,4-dioxane. The
1,4-dioxane is a volatile solvent and can completely dissolve both CsA and HPC-SSL, and
therefore it was employed as a solvent in the present study. The solute concentration was
2% (w/v) to stably generate uniform droplets by atomization, and the solution was mixed for
1 h under constant stirring of 1,000 rpm using a magnetic stirrer (AS ONE, Osaka, Japan),
followed by filtration through a 1-um filter. The filtered solution was fed at feed rate of 3
g/min into drying chamber using RICOH MH2420 with nozzle hole diameter of 8 um. The
atomized solution was dried with dry air. The dried particles were collected by cyclone
separator into collection device. For the FDD process, the typical process parameters were
frequency of piezo element, air flow temperature, and air flow rate, and these parameters were

310 kHz, 24°C, and 50 m®/h, respectively.
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Fig. 8 Schematic illustrations. (A) Structural configuration of RICOH MH2420 and (B)
scheme of FDD process.

Spray-dried ASD formulation of CsA was also prepared as a reference formulation.
Spray-drying was performed using 2-fluid nozzle as an atomizer and Pulvis Mini Spray
GS310 (Yamato Scientific Co., Ltd, Tokyo, Japan) under the following conditions: spray
pressure of 0.09 MPa, feeding rate of 3 mL/min, air flow temperature of 45°C, and air flow
rate of 40 m%h. The amount of CsA in the obtained formulation was determined by UPLC

analysis as described in section 1-2-2.
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2-2-3. SEM
The morphology of amorphous CsA and ASD/CsA was visualized with SEM as

described in section 1-2-4.

2-2-4. Laser diffraction
The particle size of ASD formulations was measured by laser diffraction analysis

with Microtrac MT300011 (MicrotracBel, Osaka, Japan).

2-2-5. Bulk density

Graduated cylinder was employed to measure the bulk density of ASD formulations.
Sample powders (ca. 1.5 g) were gently introduced into 10 mL of cylinder.  After 10 min, the
graduated unit of cylinder (V) was read, and the bulk density was calculated using the formula

weight of powder samples (g)/V (mL).

2-2-6. Powder flowability

Powder flowability of ASD formulations was determined using flowability tester
(DIT Co. Ltd., Osaka, Japan). The sample powders were moved in the tester by vertical
vibration and were collected from the outlet. The amount of collected samples was recorded

with time, and the transfer rate (mg/s) was measured and treated as the powder flowability.

2-2-7. XRPD

XRPD pattern was collected using a Mini Flex Il (Rigaku, Tokyo, Japan) as

described in section 1-2-5.
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2-2-8. DSC
A DSC Q 1000 (TA Instruments, New Castle, DE, USA) was used for DSC analysis

as described in section 1-2-6.

2-2-9. Polarized light microscopy (PLM)
CsA samples were dispersed in silicone oil, and then their PLM images were taken

with a CX41 microscope (Olympus, Tokyo, Japan).

2-2-10. Dissolution test

Dissolution testing on CsA samples was performed in 100 mL of distilled water.
The dissolution medium was stirred at 100 rpm using a magnetic stirrer SST-66 (Shimadzu,
Kyoto, Japan) at 37°C. Amorphous CsA and ASD/CsA powders (ca. 3 mg-CsA) were
weighed and added into the glass beaker with 100 mL of water. Samples (400 uL) were
collected and centrifuged at 10,000 rpm for 5 min. For the determination of CsA
concentration, the supernatants diluted with acetonitrile were subjected to UPLC analysis as

described in section 1-2-2.

2-2-11. Pharmacokinetic study

Male sprague-dawley rats, weighing 200-350 g (7-9 weeks of age; Japan SLC,
Shizuoka, Japan), were housed as described in section 1-2-8.

Each CsA sample was suspended in 1 mL of distilled water, and it was orally
administered at a dose of 10 mg-CsA/kg in rats. CsA was dissolved in DMSO, and the CsA
solution at a dose of 0.5 mg/kg was intravenously administered in rats. After administration
of CsA samples, 400 uL of blood samples was collected from the tail veins of rats at various

periods. The collected blood samples were centrifuged at 10,000xg for 10 min, and the
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supernatants were stored below —20°C until analysis. The plasma concentration of CsA and

the pharmacokinetic parameters were determined as described in section 1-2-8.

2-2-12. Physicochemical stability

The stability study on the ASD/CsA was conducted at 40°C/75% relative humidity
(RH) in open condition up to 4 weeks. The saturated salt solution method with sodium
chloride was employed to obtain appropriate RH conditions, and aged samples were subjected

to the UPLC analysis and dissolution testing.

2-2-13. Statistical analysis
For statistical comparisons, one-way analysis of variance with pairwise comparison
by Fisher's LSD procedure was used (Statcel3, The Publisher OSM Ltd., Saitama, Japan). A

P value of <0.05 was considered significant for all analyses.
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2-3 Results and discussion

2-3-1. Appearance of ASD formulations

In the present study, the FDD process was employed to produce the ASD/CsA with
HPC-SSL, and the overall yield was over 80%. The obtained ASD/CsA was visualized by a
SEM observation to clarify its morphology (Fig. 9). Amorphous CsA and spray-dried ASD
formulation were also observed for comparison. The SEM image on amorphous CsA
exhibited irregularly shaped powders with various particle sizes (Fig. 9A). On the other
hand, spray-drying or FDD process resulted in clear change in morphology of CsA.
Interestingly, the morphology of spray-dried ASD particles was also different from that of
ASD/CsA prepared with the FDD process. The spray-dried ASD formulation existed as
irregularly shaped particles with a rough surface (Fig. 9B). Non-uniform surface of
spray-dried ASD formulation might be partly due to aggregation of particles during spray
drying process. However, the FDD process produced uniform spherical ASD particles with

smooth surface according to the result from the SEM observation (Fig. 9C).

2-3-2. Particle properties of ASD formulations

The particle properties of ASD formulations were characterized with a focus on
particle size, bulk density, and flowability. Laser diffraction analysis demonstrated that the
particle size distribution of ASD/CsA was much narrower than that of spray-dried ASD
formulation (Fig. 10). The median size and SPAN of spray-dried ASD formulation were
found to be 2.6 um and 3.0, respectively (Table 5). The median size of ASD/CsA was 3.6
um, and the SPAN was calculated to be 0.4. Thus, the FDD process could generate ASD
formulation with uniform particle size compared with spray-drying technology under at least

the present conditions.
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Fig. 9 SEM images of CsA samples, including (A) amorphous CsA, (B) spray-dried
ASD/CsA, and (C) ASD/CsA prepared with FDD process. The inserts highlight the surface
of ASD formulations. White and black bars represent 10 and 5 um, respectively.

32



(A)

Py
‘»
C
L
=
I T IIIIIlII T IIIIIlII 1 IIIIIIII
0.1 1 10 100
Particle size (um)
(B)
£
‘»
C
Q
£
IIIII|I| T IIIII|I| 1 IIIIIII|

I I
0.1 1 10 100

Particle size (um)

Fig. 10 Particle size distribution of (A) spray-dried ASD/CsA and (B) ASD/CsA prepared
with FDD process.
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The bulk density and flowability were also compared for both ASD formulations
(Table 5). These parameters of spray-dried ASD formulation were calculated to be 0.2 g/mL
and 11.3 mg/s, respectively. ASD/CsA showed better particle properties than spray-dried
ASD formulation as evidenced by 0.3 g/mL of bulk density and 16.2 mg/s of flowability.
Spherical shape, smooth surface, and narrow size distribution of powders can lead to the fine
flow property because of the small contact area in the powder bed [68, 69]. The 2-fluid
nozzle uses strong energy for generation of fine droplets, and so it may be challenging to strict
control the droplet size [70]. In contrast, the inkjet head employed for the FDD process can
continuously create uniform droplets by stable vibration energy, partly contributing to
preparation of uniform particles. Therefore, the spherical form and uniform particle size of
ASD/CsA prepared by FDD process could result in better fluidity than spray-dried particles.
On the basis of these results, FDD process could provide ASD/CsA with desirable powder
characteristics, and the fine and uniform ASD formulation might show improved dissolution

behavior of CsA.

Table 5 Particle properties of ASD formulations

Preparation dio dso doo SPAN Bulk density  Flowability
process (wm)  (um)  (um) (g/mL) (mg/s)

Spray-drying 0.8 2.6 8.4 3.0 0.2 11.3

FDD process 2.9 3.6 4.5 0.4 0.3 16.2

The dig, dso, and dgo are the particle diameters at 10%, 50%, and 90% of cumulative volume,
respectively. SPAN = (dgo — d10)/dsp.
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2-3-3. Crystallinity of ASD/CsA

XRPD and DSC analyses were conducted to evaluate the crystallinity of CsA within
the formulation (Fig. 11). The XRPD patterns of crystalline CsA show several intense peaks,
whereas the typical peaks for the crystalline form were found to be negligible in the
amorphous CsA and ASD/CsA (Fig. 11A). The thermal behavior of CsA samples was
evaluated to further characterize the physical state of CsA in ASD/CsA (Fig. 11B). In the
DSC thermogram, crystalline CsA and amorphous CsA produced large endothermic peaks at
105°C and 125°C, respectively. The change in endothermic peak was attributable to phase
transition of CsA [59]. In contrast, no endothermic peak was observed for the ASD/CsA in
the examined temperature range. The ASD technology can provide stable amorphous drug
formulations via interaction of drug and polymer [71]. According to the result from DSC
analysis, interaction of CsA and HPC-SSL in the ASD formulation could contribute to
prevention of molecular mobility during thermal analysis, inhibiting the phase transition of
CsA. In addition to XRPD and DSC analyses, PLM observation was conducted because of
its high detection sensitivity for crystallinity evaluation (Fig. 12). The PLM image on
crystalline CsA reveals intense birefringence, whereas no birefringence in the PLM images of
amorphous CsA and ASD/CsA was observed, suggesting an amorphous state of CsA in
ASD/CsA. The result from PLM experiment was almost identical to that from XRPD and

DSC analyses, and so ASD/CsA would contain amorphous CsA.
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Fig. 11 Crystallinity of CsA in ASD/CsA by (A) XRPD and (B) DSC analyses. (i)
Crystalline CsA, (ii) amorphous CsA, (iii) ASD/CsA.
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Fig. 12 PLM images of (A) crystalline CsA, (B) amorphous CsA, and (C) ASD/CsA. The
insert is an enlarged PLM image of ASD/CsA. White and black bars represent 50 and 5 pum,
respectively.
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2-3-4. Dissolution behavior of ASD/CsA

To clarify the dissolution behavior of ASD/CsA, dissolution testing was performed in
water for up to 60 min (Fig. 13). For amorphous CsA, the dissolved CsA concentration was
ca. 60 ng/mL even after 60 min, and the highly limited dissolution behavior of CsA was
observed in distilled water. However, the concentration of dissolved CsA was elevated up to
12 pg/mL for ASD/CsA, demonstrating significant improvement in the dissolution behavior
of CsA upon ASD approach employing FDD process. Interestingly, the ASD/CsA appeared
to offer constant drug release with pseudo-zero-order release kinetics. Dissolution behavior
of drug particles is influenced by particle properties, such as the density, shape, and particle
size. The extended drug release has been seen for drug particles with smooth surface and a
regular spherical shape [72]. On the other hand, irregularity in the shape accelerates the
dissolution rate of drugs by an increase in the surface areas. According to the mechanism of
FDD process for preparing powder formulations, resultant formulations could be rigid
particles. On the basis of the results from particle analyses, taken together with the principle
of the FDD process, the constant drug release of the ASD/CsA could be potentially explained
by particle properties, such as high density and uniform spherical particles. From the strong
correlation with dissolution and absorption of CsA, drug release from ASD/CsA with

pseudo-zero-order kinetics might contribute to the prolonged systemic exposure of CsA.

2-3-5. Pharmacokinetic behavior of ASD/CsA

The pharmacokinetic study in rats was conducted for orally-dosed amorphous CsA
and ASD/CsA (10 mg-CsA/kg) to clarify the possible enhancement in oral BA of CsA by the
ASD approach with the FDD process (Fig. 14 and Table 6). Oral administration of
amorphous CsA in rats resulted in slow elevation of plasma CsA concentration and the limited

systemic exposure. The Cpnax and AUCq_ins. Were 0.1 pg/mL and 0.6 pg-h/mL, respectively.
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Fig. 13 Dissolution behavior of CsA samples, including amorphous CsA () and ASD/CsA
(<), in distilled water. Data represent meanzS.E. of 3 experiments.

On the other hand, orally-dosed ASD/CsA provided high systemic exposure of CsA compared
with amorphous CsA, and each Cpax and AUC ins. value was 1.1 ug/mL and 11.4 pg-h/mL,
respectively. There was ca. 18-fold enhancement in the oral BA of CsA for ASD/CsA with
BA of 12.8% compared with amorphous CsA with BA of 0.7%. The Ty, was different
between ASD/CsA and amorphous CsA, and the extended plasma concentration of CsA was
observed after oral administration of the ASD/CsA. The prolongation of plasma CsA level
was attributable to the controlled drug release from the ASD/CsA. The controlled drug
delivery system can provide prolonged duration of action, offering reduced frequency of
dosing and improved patient compliance [73]. The CV in AUCq i, for orally-dosed
amorphous CsA and ASD/CsA was calculated to be ca. 50% and 20%, respectively.
Therefore, the variation in oral absorption of CsA was suppressed for ASD/CsA. The

uniformly-shaped ASD/CsA with fairly narrow size distribution could provide reproducible
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release of CsA in Gl tract, possibly resulting in the consistent oral absorption. Consistent
absorption of CsA is needed for stable therapeutic effects since the unpredictable absorption
often causes treatment failure due to the insufficient blood level with below therapeutic
concentration of CsA. Application of FDD process to development of ASD/CsA could be a
promising strategy to offer favorable oral absorption of CsA with prolonged systemic

exposure and low variability.
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Fig. 14 Plasma concentration-time profiles of CsA after oral administration of CsA samples
(10 mg-CsA/kg) in rats. I, amorphous CsA and <>, ASD/CsA. Data represents meanzS.E.
of 4-5 experiments.
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Table 6 Pharmacokinetic parameters of CsA after administration of CsA samples
Crax T AUCO—inf.

0,

(ng/mL) (h) (ng- h/mL) BA (%)
Amorphous CsA 0.1+0.1 2.4+0.2 0.6+0.3 0.7
ASD/CsA 1.1+0.1*%* 4.7+1.0* 11.442.3** 12.8

Cmax,» maximum concentration; Ty, half-life time; AUCq ins, area under the curve of plasma
concentration versus time from t=0 to t=infinity; and BA, bioavailability. Data represents
meanzxS.E. of 5-6 experiments. *, P<<0.05 and **, P<<0.01 with respect to amorphous CsA.

2-3-6. Physicochemical stability of ASD/CsA

Physicochemical stability testing on the ASD/CsA was carried out with a focus on
the purity and dissolution of CsA. The ASD/CsA was stored at 40°C/75% RH for up to 4
weeks. In UPLC analysis, no significant degradation of CsA in ASD/CsA was seen even
after storage under accelerated conditions (Fig. 15). However, ca. 60% reduction in the
dissolution of CsA was observed after storage of the ASD/CsA under accelerated conditions
for 2 weeks. No significant difference in the reduction of CsA dissolution was observed
between 2 and 4 weeks of storage. The ASD formulation can be classified into a one-phase
or two-phase system depending on the molecular arrangement. The one-phase ASD system
has been reported to be changed into the two-phase ASD system during storage at 40°C/75%
RH, leading to reduction of the dissolution behavior [74]. Since the ASD/CsA would be
identified as a one-phase ASD system according to the principle of the FDD process, the
impaired drug release from aged ASD/CsA could be partly explained by the aggregation of
CsA molecules in the ASD/CsA particles.  Surrounding high humidity causes decrease in the
glass transition temperature of the ASD, facilitating the particle aggregation and the phase
transition [75]. Therefore, use of protection packages, such as press through package and

strip package, is needed for maintain the dissolution property of the ASD/CsA.
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Fig. 15 Stability data on ASD/CsA. The ASD/CsA was stored at 40°C/75% RH for the
indicated period. Solid line, the purity (% of remaining) of CsA was determined by UPLC
analysis; and dashed line, the release CsA (% of initial) from the ASD/CsA at 60 min was
plotted over the storage periods. Data represents meantS.E. of 4-5 experiments. N.S., not

statistically significant. *, P<0.05 with respect to freshly prepared ASD/CsA (0 week).
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2-4 Conclusion

FDD process successfully provided spherical ASD/CsA particles with narrow size
distribution. In comparison with spray-dried ASD particles, ASD/CsA had better particle
properties. ASD/CsA significantly improved dissolution behavior of CsA compared with
amorphous CsA, and the dissolution pattern was pseudo-zero order release. Orally-dosed
ASD/CsA provided higher systemic exposure of CsA in rats than that of amorphous CsA.
Oral administration of ASD/CsA resulted in prolongation of the Ty, compared with that of
amorphous CsA, and the extended systemic exposure was attributable to the dissolution
behavior of ASD/CsA with pseudo-zero order Kkinetics. From these findings, ASD/CsA
prepared with FDD process employing inkjet head could be a beneficial dosage form for CsA
with sustained systemic exposure, contributing to the prolonged duration of the

pharmacological actions.
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Summary and conclusion

CsA exerts potent immunosuppressive effects by inhibition of calcineurin, and the
efficacy is strongly correlated with the blood concentration. However, oral absorption of
CsA is often poor and variable due to the limited dissolution in Gl tract. Improvement in
pharmacokinetic behavior of CsA after the oral administration is required to obtain the better
therapeutic effects. The present study aimed to control pharmacokinetic behavior of CsA by
modification of the physicochemical properties.

In chapter 1, nCsA and nCsA/MAN was prepared by FNP using MIVM and
spray-drying to obtain rapid oral absorption of CsA. Both nCsA and nCsA/MAN was
micron-sized aggregates and reconstituted nanoparticles of CsA in distilled water.
Dissolution behavior of nCsSA/MAN was better than that of nCsA, demonstrating the
efficiency of mannitol as a matrix former. Oral administration of nCsA/MAN resulted in
high and consistent absorption of CsA in rats. From these results, combined approach of
FNP and spray-drying could be efficacious to improve systemic exposure of CsSA. In
particular, nCsA/MAN could be a beneficial dosage form of CsA to offer the rapid oral
absorption with low variability.

In chapter 2, ASD/CsA was obtained by FDD process for enhancement in the oral
absorption. FDD process provided spherical ASD particles with uniform shape and narrow
size distribution. ASD/CsA showed fine dissolution behavior with pseudo-zero-order
release kinetics. Orally-dosed ASD/CsA offered higher systemic exposure of CsA in rats
than amorphous CsA, and there appeared to prolong the systemic exposure for ASD/CsA due
to the constant drug release behavior. The present study demonstrated that the applicability
of FDD process for preparation method of ASD formulation, and ASD/CsA might be an

effective dosage form of CsA with constant drug release and sustained systemic exposure.
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Each CsA formulation had a different absorption property, such as rapid oral
absorption and prolonged systemic exposure. From the correlation of CsA action and the
blood concentration, faster oral absorption of CsA could contribute to the potent
pharmacological actions. ASD/CsA with sustained systemic exposure could offer the
prolonged duration of the action. The dosing amount of CsA depends on types of transplant
and the patient's conditions, and the blood concentration must be maintained within the
recommended target range. Therefore, an appropriate choice of CsA formulations should be
conducted to obtain desirable clinical outcomes.

From these findings, pharmacokinetic control of CsA was achieved by FNP
technology with MIVM and FDD process. In conclusion, both nCsA/MAN and ASD/CsA

might be suitable dosage forms of CsA to provide the improved therapeutic effects.
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