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1

Introduction and objectives of the thesis

1.1 I ntroduction

According to the recent approach shift for drug discovery from the phenotypic to
target-based approach, only the efficacy of candidate is focused and the candidate
proceeding to the next devel opment phase is selected in the discussion without any in-
formation on the physicochemical properties, such as solubility, polymorphism, etc.
In addition, the chemical structure of candidate has become complicated by the tech-
nological evolution of chemical synthesis and many newly synthesized compounds
have the undesirable physicochemica properties, such as poor solubility, high lipo-
philicity, and high molecular weight [1, 2]. Although the solubility of drug compound
is known to be one of the limiting factors for oral bioavailability, the number of drug
candidates that shows insoluble or poorly-soluble characteristics in water has been in-
creasing markedly in the development stage of the pharmaceutical industry. The result

of publication search in Scopus (https://www.scopus.com/) indicated an increased

number of publications on “poorly-water soluble drug”, and its characteristics and
counter measures further denoted that studies related to this topic has become one of
the academic curiosities (Fig. 1). In addition, the categorization for the launched drug
product in USA and new chemical entities developed in the pharmaceutical company
based on Biopharmaceutics Classification System (BCS), which categorize the solid
oral drug product into four classes based on the solubility and permeability of the
compounds [3], has reported that the percentage of BCS class Il and IV which show

low solubility has increased markedly [4] (Fig. 2). On the other hand, the verification


https://www.scopus.com/)

of proof of concept is required as early as possible in the early stage of drug develop-
ment. The current mainstream for development strategy has shortened the time frame
to develop the appropriate formulation for the poorly water-soluble candidate. Hence,
poor solubility has become an industry-wide concern.

Severa approaches have been investigated and developed to overcome the con-
cerned solubility issue of candidates [5, 6]. One of the viable approaches is the struc-
tural modification of compounds, such as pro-drug, sat formation, and co-crystal.
This approach improves the solubility of target poor water soluble compounds by
simple chemical modification of drug molecules. However, the pro-drug approach has
the possibility to reduce the pharmacological efficacy caused by the chemical modifi-
cation, and the polymorph control with marked efforts for salt and co-crystal for-
mation is needed.

Another approach of modification is the physical modification of compound that in-
cludes particle size reduction, solid dispersion, amorphization, pH modification, lipid
based systems, and so on. This approach aims at the enhancement of solubility of
poorly-water soluble compounds by the combination of excipient and designated
manufacturing process. However, the optimization for the amount of excipient and
process parameter is a meticulous challenge for the formulation scientists. Further-
more, the usage of excipients for the approach is commonly limited due to the safety
concerns. It has been reported that cyclodextrin may reduce drug absorption as op-
posed to solubility enhancement as a result of the decrease in the drug’s free fraction
available for absorption [7-9]. In addition, the potential instability of active pharma-
ceutical ingredient (API) is a common outcome for both the approaches [10, 11]. The
current available technologies need the careful verification on many factors to obtain

the solubility improvement of the target compounds.



400+

an =

S L

= 3004

= |

3

o 2004 il

‘S i

o [L

Ke! 1004 -

£

=

0 Y T T
1970 1980 1990 2000 2010
Year
Figure 1 Number of publications including term “poorly-water soluble drugs” in
Scopus
Top200 marketed product (US) New chemical entities
mm RCS
mm BCS
m RCS
mm BCS VI
Figure 2 BCS distribution for Wyeth NCEs and marketed products [4].

1.1.1  Lipocalin-type prostaglandin D synthase (L-PGDYS)

L-PGDS (Fig, 3) isamulti-functional protein that plays the role of a catalyzer in the
isomerization of prostaglandin H,, a scavenger for reactive oxygen species, and an ex-
tracellular transporter for small lipophilic molecules as a member of the lipocalin su-
perfamily [12-14]. Recently, it was demonstrated that L-PGDS acted as a scavenger

of biliverdin, a metabolite of hemoglobin that accumulates in the cerebrospinal fluid



of patients with aneurysmal subarachnoid hemorrhage [15].

The structure of L-PGDS exhibits the typical lipocalin fold, consisting of an eight-
stranded, antiparallel B-barrel and a long a-helix associated with the outer surface of
the barrel. The interior of the barrel forms a hydrophobic cavity opening into the up-
per end of the barrel, the size of which islarger than those of other lipocalins [16-18].
Based on the structure of L-PGDS, it has been demonstrated that L-PGDS could bind
to a large variety of lipophilic molecules, such as heme metabolites, retinoids, thy-
roids, steroids, flavonoids, and saturated fatty acids in the hydrophobic cavity [19, 20].
The mechanism for complex formation between L-PGDS and the guest compounds
consisted of both hydrophilic and hydrophobic interactions adjusted by enthalpy-

entropy compensation [21].

Figure 3 Three-dimensional  structure of human L-PGDS (molecular mass:
18777.7, PDB code: 302Y).

1.1.2 Drugdé€ivery system using L-PGDS

The feasibility of L-PGDS as a novel drug-delivery carrier to improve the solubility
of the poorly water-soluble molecules has aready been evaluated as one of its major

functionality as per the previous study [22]. In addition, the following profiles are



considered in the development of L-PGDS as drug delivery carrier. A previous study
reported L-PGDS to be highly biocompatible due to its bimolecular nature and was al-
so demonstrated with low immunogenicity.[22]

According to the mechanism of complexation with the guest compounds, the initia
drug burst and drug leakage was potentially concerned like poly (lactic-co-glycolic
acid) (PLGA) nanoparticles [23, 24]. The targeting ability was unknown, but the pas-
sive targeting by the enhanced permeability and retention (EPR) effect was considered
due to the carrier size. The targeting improvement was expected by the design of fu-
sion protein and pegylation like albumin [25]. Although the solubilizing capacity of
L-PGDS may be limited by the size of guest compounds to that of L-PGDS cavity
size, the capability for the current development of low-molecular-weight drug candi-
dates could be sufficient. Indeed, L-PGDS can bind and solubilize the hydrophobic
guest compounds approximately up to My= 850. These profiles, taken together, the
potential application of L-PGDS for the drug delivery carrier is considered to show
the passive targeting ability and improvement of drug absorption as a solubilizer. The
profile of L-PGDS from the aspect of drug delivery carrier is summarized and com-

pared with the other drug delivery carriers presented in Table 1.



Table 1l Summary for the application of L-PGDS as drug delivery carrier and the comparison with the devel oped technol ogies [23-
36]
L-PGDS Nanoparticle Liposome ! mmuno- Cyclodextrin Albumin
cohjugate
- Good biodegrada- | - Good biodegrada- | - Good biodegrada- | .GOOd b|OQegrad& - Good biodegrada- .
e . o ; . . bility and biocom- . . - Good biodegrada-
bility and biocom- bility and biocom- bility and biocom- L bility and biocom- e .
2 T P patibility S bility and biocom-
patibility patibility patibility . patibility 7
Safety - . . - Low immunogen- . patibility
- Low immunogen- - Low immunogen- - Low immunogen- . - Low immunogen- -
. - - icity .- - Low immunogen-
Icity Icity Icity - Concerned stability lcity icity
- Potential API burst | - Potential API burst | - Potential API burst of linker - Potential API burst
Stability Unclear Stable Stable Stable Stable Stable

Manufactur ability

- Complex process

- Complex process

- Complex process

- Complex process

- Simple process

- Complex process

- High cost - High cost - High cost - High cost - Low cost - High cost
e e Three basic structure | Polymerization
Flexibility Not investigated (S:rfa;e mgtj;zr(;')anon (S:rfa;e mgtj;zr(;')anon Type of antibody and multiple chemi- | (Linker binding, Fu-
0. ey 0. ey cal modification sion protein)
Tumor-targeting | - EPR effect - EPR effect - EPR effect - EPR effect _ EPR effect _ EPR effect

- Immunotargeting

- Immunotargeting

- Immunotargeting

Guest molecule

- Low molecular

- Low molecular
weight compounds

- Low molecular
weight compounds

- Low molecular

- Low molecular

- Low molecular
weight compounds

weight compounds - Protein/peptide - Protein/peptide weight compounds weight compounds - Protein/peptide
- Nucleic acid - Nucleic acid - Nucleic acid
. High High
Lfr:cd l.JS' on (dependent on guest | Low Low Low (dependent on guest | Low
iaency molecule) molecule)
- Intravenous - Intravenous - Intravenous
Dosage form - Ordl - Intravenous - Oral - Intravenous - Oral - Intravenous
- Pulmonary - Eyedrop

L-PGDS, lipocalin-type prostaglandin D synthase; API, active pharmaceutical ingredient; EPR, enhanced permeability and retention




1.1.3  Stability of protein formulations

Based on the manufacturing process, the recombinant protein is produced in solution
state after several isolation and purification processes. However, proteins in liquid for-
mulation are generally at a greater risk of chemical and physical instability [37]. In ad-
dition, the basic shelf-life of liquid state protein formulation is considered as shorter for
the conventional usage as the pharmaceutical excipient, and several factors, such as
storage condition and sterilization need to be controlled carefully for the storage of pro-
tein solution [38-40]. Therefore, the proteins need to be prepared in dry form in order to

increase the stability and its application as multiple dosage forms (Table 2).

Table2 Characteristic comparison in the different state of protein products
Characteristic Solution Dried powder
Storage condition 5°C 'Z?ZS:)?I Iy;tgom tempera-
Typical shelf-life 1 month 2-3 years

Requirement of sterile conditions
or Yes No
Addition of antibacterial agent

Applicability for multiple dosage | Low '&'gget capsule. inhaler
forms as conventional excipients | (Injection, capsule) injectio’n aeF;c) ’ ’




1.1.4 Dryingtechnology for proteins

1.1.4.1 Lyophilization

Lyophilization process consists of two major processes, freezing of protein solution
and drying of the frozen solid under vacuum. In addition, the drying step is further di-
vided into two phases: primary and secondary drying [37] (Fig. 4). The primary drying
removes the frozen water and the secondary drying removes the non-frozen ‘bound’
water. Lyophilization is a simple process that exhibits least thermal influence on the
protein. However, the lyophilization process is considered to be energy-intensive, and
its freezing or drying processes may have the potential influence to destabilize or un-
fold/denature the target protein. Furthermore, the process involves time-consuming
steps, such as freezing, followed by drying under low pressure, with involvement of
high production costs [38]. In addition, the lyophilized particles are coarse and the size
reduction of the produced particles needs to be applied to the usage for multiple dosage

forms, such as tablets and inha ation formul ation.

Sublimation
i of ice
Fréezing F'nn‘.narn.;r 5 Secuqdarv
drying drying
Tanap !
product temp. Evaporation of water
10-50°C

Product solution
Drying temp. (-15—-25 °C) Dried product
+ low pressure (50-100 mTorr)
Residence time : hours to days

Figure 4 Unit operationsinvolved in lyophilization [37]



1.1.4.2 Spraydrying

The spray-drying process utilizes heat to evaporate micro-dispersed droplets created

by atomization of a continuous liquid feed. The process involves three steps of opera-

tion: atomization, dehydration, and powder collection. As shown in Fig. 5, the protein

solution feed is sprayed by an atomizer into adrying chamber. Aided by the large spe-

cific surface area of the droplets and hot air, dehydration takes place in seconds in the

|aboratory-scale drying chamber. The one-step drying process leads to a significantly

shorter operation time and cost-effective dehydration [41]. In addition, the spray-dried

powder commonly shows spherical fine powder, and the obtained powder from spray

drying process is considered to be suitable for the multiple dosage forms. However, the

various stresses during spray drying, such as shearing stress, liquid/air interfacial ex-

pansion, and heat transfer may affect the stability and aggregation of protein [42].

Droplet

formation

Atomizer

T

Product solution

Figure5

Drying
chamber

Solvent

Cyclone

evaporation
>

TcnutZEft :
product tem

Hot air (90 - 150 °C}
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1.2 Objectives of thesis

The present study focuses on the one of the L-PGDS functions that deals with improv-
ing the solubility of poorly-water soluble compounds by forming complex. The study
aims at evaluation of the feasibility of L-PGDS as the pharmaceutically functional ex-

cipient.

The specific objectives of the present study are as follows:

To develop the preparation method of spray-dried drug substance/L-PGDS com-
plex.

- Toevaluate of the physicochemical characteristics of the prepared particles.

- Toevauatein vivo utility of drug substance/L-PGDS complex.

- To assess the potential stability profile of spray-dried drug substance/L-PGDS

complex.

Telmisartan has been used as the model compound in Chapter 2, and the devel opment
of the preparation method for telmisartan/L-PGDS complex, and the optimization of
process parameters for the spray drying process for complex solution has been described.
In addition, physicochemical characteristics, the in vitro and in vivo performance of the
developed formulation are evaluated in Chapter 2.

Chapter 3 describes the development of pH-independent drug release formulation for
basic compound using L-PGDS. Dipyridamole has been used as the model basic com-
pound that shows pH-dependent solubility profile.

Finally, chapter 4 describes the potential stability profile of spray-dried dipyridamo-

le/L-PGDS complex formulation.
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2

Investigation of L-PGDS as a novel solubil-
1zer for poorly soluble compounds

2.1. Introduction

Telmisartan (Fig. 6) is an antagonist of the angiotensin Il type-1 receptor that is indi-
cated for the treatment of hypertension [43]. Telmisartan is categorized as a BCS class
Il compound, and its solubility is quite low within the physiological gastrointestina pH
range [44]. According to the chemical structure of telmisartan, the compound is readily
ionizable with pH-dependent solubility (Fig. 6 and Fig. 7).

The inherent solubility profile applies to the solubilization, and the microenvironmen-
tal pH modification has been investigated as the solubilization approach [45]. Although
the solubilization approach with pH modification is an effective method, this method
can be applied to ionizable API as a prerequisite. In addition, the formulation including
pH modifier has a high risk of chemical instability and poor manufacturability caused
by the acidifier or akalizer [46, 47]. Therefore, careful qualitative and quantitative se-
lections of pH modifiers are required. Furthermore, the solubility improvement by the
formation of a solid dispersion using a pH modifier incorporating a common pharma-
ceutical solubilizer, such as an organic solvent, cyclodextrin, and surfactant has also
been demonstrated.

However, a series of solubilizing approaches requires the combination of severa sol-
bilizers to achieve adequate solubility of telmisartan. The marketed formulations of

telmisartan are mainly formulated with solid dispersion technique using proportionally
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high concentration of strong alkalizer, such as sodium hydroxide and meglumine or
combinations thereof [48-50].

In this chapter, | showed the application of L-PGDS as a novel drug-solubilizing carri-
er for an oral solid formulation using telmisartan as a model compound. The solid state
of the telmisartan and L-PGDS complex formulation was produced using the spray-
drying technique, and the physicochemical properties of the produced particles were
further characterized. Finally, the in vitro and in vivo performance of the developed

formulation was assessed.
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Figure 6 Chemical structure of telmisartan [relative molecular mass: 514.6].
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Figure 7 pH-solubility profile of telmisartan
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2.2. Materials and methods

2.2.1. Materials

Telmisartan and the commercia products (Micardis®) were supplied by Boehringer
Ingelheim GmbH & Co. KG (Ingelheim, Germany). Jet-milling of telmisartan was car-
ried out by A-O jet mill (Seishin Enterprise Co., Ltd, Osaka, Japan). The injector and
grinding air pressures were 7.5 bar, and powder feed rate was set to 3 g/min at room

temperature. All other chemicals were of analytical grade.

2.2.2. Purification of recombinant human L-PGDS

In the present study, in case of the recombinant human C65A/C167A (g0 =25,900
Mt cm )-substituted L-PGDS mutant, a catalytic residue of cysteine was substituted to
alanine to get rid of an enzymatic activity of L-PGDS. The 22 N-termina amino acid
residues corresponding to the putative secretion signal peptide of L-PGDS were truncat-
ed. C65A/C167A-substituted L-PGDS was expressed in Escherichia coli BL21 (DE3)
(TOYOBO, Osaka, Japan) [20]. The site-directed mutagenesis was performed using the
QuikChange™ site-directed mutagenesis kit (Stratagene Cdlifornia, La Jolla, California,
USA). The mutated L-PGDS was expressed as a glutathione S-transferase fusion protein.
The fusion protein was bound to a glutathione-Sepharose 4B column (GE Healthcare
Bio-Sciences) and incubated overnight with thrombin (16.5 units/mL column bed vol-
ume) to release L-PGDS at room temperature. The protein was further purified by gel
filtration chromatography with HiLoad 26/600 Superdex 75 (GE Headthcare Bio-

Sciences) in 5 mM Tris-HCI (pH 8.0). The purified L-PGDS of 100-200 mg was rou-
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tinely obtained from 1L of culture.

2.2.3. Solubility study

An excess amount of telmisartan was weighed in a 2 mL microtube with 1 mL of
aqueous solution containing several kinds of buffer medium in the presence of L-PGDS
or without L-PGDS. The sealed microtubes were shaken with a Rotator RT-50
(TAITEC, Saitama, Japan) at 37°C, followed by filtration through a 0.45 pum filter
(EMD Millipore, Billerica, Massachusetts, USA). After incubation, the sample solution
was diluted with methanol and centrifuged at 3,000 rpm for 10 min. Then, 20 pL of fil-
tered supernatant (0.45 um filter) was injected into a high-performance liquid chroma-
tography (HPLC, Waters Corporation, Milford, Massachusetts, USA) equipped with a
YMC Pack ODS-AM column (150 x 4.6 mm I.D., 5 um, YMC Cao., Ltd., Kyoto, Japan)
to analyze the amount of telmisartan. The mobile phase consisted of a mixture of meth-
anol and 2% (w/v) ammonium phosphate (pH 3.0) (70:30, v/v), and was eluted at a flow

rate of 1 mL/min. The chromatogram was monitored at 297 nm.

2.2.4. Spray drying of telmisartan/L-PGDS complex solution

Based on the solubility study, the complex of L-PGDS and telmisartan was prepared in
the molar ratio of 1:1. The complex solution was filtered with a 0.45 um filter (EMD
Millipore) before the spray-drying process. The dried L-PGDS or telmisartan/L-PGDS
complex was prepared with Mini Spray Dryer B-290 (BUCHI Labortechnik AG, Flawil,

Switzerland). The solution was delivered to the water-cooled nozzle (0.7 mm liquid ori-
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fice internal diameter) at a flow rate of 3 mL/min, sprayed at an inlet air temperature
(Tinier) Of 90 or 120°C and an outlet air temperature of 40-43°C or 60-62°C. The drying
air volumetric flow rate was set at 35 m/h, and the atomizing air volumetric flow rate at
600 L/h. The produced powders were collected through a high-efficiency cyclone in a

glass container, and stored at -20°C.

2.2.5. Morphological analysis

The powder samples were mounted on the brass stub using double-sided adhesive tape
and were made electrically conductive by gold coating (18 nm/min) in vacuum (4 kPa)
using the MSP-mini Magnetron Sputter (Vacuum Device Co., Ltd., Ibaraki, Japan) for
45 s at 26 mA. The scanning electron microscope (SEM) images were analyzed at 15
kV accelerating voltage with an image analysis system (Miniscope® TM3000, Hitachi
High-Technologies Corporation, Tokyo, Japan). Micrographs were presented at 6000x

magnification.

2.2.6. Particle size measurement

The particle size measurements were examined with a Sympatec HELOS/RODOS
(Sympatec GmbH, Clausthal-Zellerfeld, Germany) equipped with a vibratory feeder and
R1 lens (0.1-35 um). The primary pressure was set manually using the adjustment valve
in the range of 0.2-4.5 bar, and three measurements were recorded using freshly loaded
powder. The particle size distribution (x10, x50 and x90) was calculated using the

Fraunhofer theory.
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2.2.7. Size excluson high-performance liquid chromatography (SE-

HPLC)

The size exclusion chromatography was used to evaluate the amount of soluble protein
aggregates in the spray-dried powders after dissolution. The analysis was performed on
aWaters HPLC system with a TSK3000SWXL column (300 x 7.8 mm, Tosoh, Tokyo,
Japan), and UV detection was done at 280 nm. The mobile phase consisted of 0.1 M
disodium hydrogen phosphate dehydrate and 0.1 M sodium sulfate, and was adjusted
with phosphoric acid to pH 6.8. The flow rate was 1 mL/min and the injection volume
was 50 pL with a protein concentration of approximately 5 mg/mL. The samples were

analyzed in duplicates.

2.2.8. Circular dichroism (CD) measurement

CD measurements were performed with a J-820 spectropolarimeter (Jasco, Tokyo, Ja-
pan). The temperature of the sample solution in the cuvette was controlled at 25.0°C by
a Peltier PTC-423 L thermo-unit (Jasco). The path length of the optical quartz cuvette
was 1.0 mm for far-UV range CD measurements conducted at 200 to 260 nm, and 10
mm for near-UV range CD measurements conducted at 250 to 350 nm. The sample
concentration for the far-UV and near-UV range was 5 and 40 uM in 5 mM Tris-HCI

(pH 8.0), respectively. The data were expressed as the molar residue elipticity (6).

2.2.9. Dissolution testing

Dissolution testing of the spray-dried telmisartan/L-PGDS complex in several media
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[ssimulated gastric fluid (SGF) including pepsin, Mcllvaine buffer pH 5.0, and 0.05 M
phosphate buffer pH 6.8] was implemented for 60 min at 37°C with a miniaturized dis-
solution apparatus (uDiss Profiler™, plON, Billerica, Massachusetts, USA) due to the
lack of sample availability. The applied amount of telmisartan was 0.67 mg in 15 mL of
test medium, which is equivalent in concentration to 40 mg of telmisartan in 900 mL of
test medium. The commercial product was milled by mortar and pestle before the test-
ing. An appropriate amount of the produced powder was added to the test medium di-
rectly on stirring with a magnetic stirrer at 300 rpm. The sample solution was with-
drawn at sampling points, and the amount of telmisartan assayed with the HPLC meth-

od as described previoudly in 2.2.3.

2.2.10. I n vitro digestion study

2.210.1.  Preparation of biorelevant media

The fasted state-simulated gastric fluid (FaSSGF) and fasted state simulated intestinal
fluid (FaSSIF) were prepared from the simulated intestina fluid (SIF) powder (Bio-

relevant.com, Croydon, Surrey, UK) [51, 52].

2.2.10.2.  Digestion study in FaSSGF

Aliquots (180 pL) of FaSSGF including 3.2 mg/mL pepsin were placed in 1.5 mL mi-
crocentrifuge tubes and incubated in a water bath at 37°C for 180 min. L-PGDS of 20
pL (3.8 mg/mL) was added to each of the FaSSGF vials to start the digestion reaction.

NaOH (3.75 N) of 20 pL was added to each vial to stop the reaction. The samples were
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then mixed with loading dye containing B-mercaptoethanol and resolved on sodium do-
decyl sulfate-polyacrylamide gel (SDS-PAGE). Proteins were visualized by Coomassie

Brilliant Blue staining.

2.2.10.3.  Sequential digestion study (FaSSGF followed by FaSSI F)

L-PGDS of 20 L (3.8 mg/mL) was added to each of the 180 pL of FaSSGF including
3.2 mg/mL pepsin vials, and the digestion reaction was performed at 37°C for 60 min.
The digested solution of 100 uL was added to each of the 900 pL of FaSSIF with 10
mg/mL pancreatin. Each sample was incubated at 37°C for 240 min, and the digestion
reaction was stopped by placing the tube in a boiling water bath for 5 min. The samples
were then mixed with loading dye with B-mercaptoethanol. The proteins were separated

by SDS-PAGE and visualized by Coomassie Brilliant Blue staining.

2.2.11. Pharmacokinetic study

The spontaneously hypertensive rats (SHR, nine weeks of age, male, Japan SLC Inc.,
Shizuoka, Japan) were housed under a 12-h light-dark schedule with free access to food
and water for one week to recover from the stress of transportation. All procedures used
in this study were complied with policies of the Osaka Prefecture University Animal

Care and Use Committee (Approva No. 25-80).

22111,  Sample administration and blood sampling

Eighteen rats were randomly divided into three groups (n = 6, per group). Jet-milled
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telmisartan was administered oraly along with PBS (phosphate buffer saline, pH 7.4)
suspension at a dose of 4 mg/kg telmisartan (5 mL/kg). The commercial product and
telmisartan/L-PGDS complex were administered orally as a phosphate buffer solution
(PBS) (pH 7.4) solution just after the preparation at a dose of 4 mg/kg telmisartan (5
mL/kg). The dose of telmisartan used in this study was a 40 mg dose per 60 kg of hu-
man body weight, which was based on calculation with body surface area as a factor to
convert adose for trandation from rats to humans [53].

The blood samples (300 uL) were collected from the tail vein of rats at pre-dose (0 h),
0.25,0.5, 1, 2, 4, 8, 12, 24, and 48 h after the oral administration. The collected samples
were centrifuged at 10,000 rpm for 5 min to harvest serum, and stored at -20°C until

further analysis.

2.2.11.2. Liquid chromatography-mass spectrometry (LC-MS)/MS analysis

of serum concentration of telmisartan

Thawed 50 pL of serum and 50 pL of Probenecid solution as internal standards were
mixed, and 200 pL of acetonitrile/methanol/water (50/45/5, v/v) was added for protein
precipitation. After the centrifugation at 4,000 rpm for 5 min, 200 puL of supernatant
was mixed with 200 pL of 10 mM ammonium acetate/acetonitrile (50/50,v/v), and ana-
lyzed with LC-MS/MS. In the HPLC part, using an Agilent 1100 series HPLC (Agilent,
Santa Clara, California, USA) equipped Xbridge BEH 300 C18 (2.1 mm |.D. x 50 mm
length, 3.5 um, Waters Corp.), the sample was separated under a gradient condition that
consisted of 10 mM ammonium acetate (Solvent A) and acetonitrile (Solvent B) at a

flow rate of 0.4 mL/min. The gradient condition was configured as 0-1.0 min; 50% Sol-
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vent A, 1.0-2.0 min; 50-10% Solvent A, 2.0-3.0 min; 10-50% Solvent A, and 3.0-5.0
min; 50% Solvent A.

The separated sample was placed into the MS/IMS part API4000™ (AB SCIEX, Fram-
ingham, Massachusetts, USA) equipped with TurbolonSpray as an ion source.
Telmisartan and Probenecid were monitored by multiple reactions monitoring of the

transitions of m/z 516.1 — 276.3 and m/z 286.2 — 243.8, respectively.

2.2.12. Pharmacodynamic study

Male SHR (nine weeks of age, Japan SLC Inc.) were housed under a 12-h light-dark
schedule with free access to food and water for one week to recover from the stress of
transportation. All procedures used in this study complied with the institutional policies
for the care and use of laboratory animals (Approval No. 140328A).

Twenty-four rats were randomly assigned to four groups (n = 6, per group) based on
the systolic blood pressure (SBP). The same samples, as in the pharmacokinetic study,
were orally administered and PBS (pH 7.4) was administered as a control. The SBP and
heart rate were measured by the noninvasive tail-cuff method using MK-2000
(Muromachi Kikai Co., Ltd., Tokyo, Japan) at pre-dose (0 h), 0.5, 1, 2, 4, 8, 12, 24, and

48 h after the oral administration.

2.2.13. Statistical analysis

The data were statistically evaluated using one-way ANOVA followed by Dunnett’s

test. The results were considered significant at 5% significance level (p < 0.05).
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2.3. Resaults

2.3.1. Solubility study

2.3.1.1.Evaluation of solubility enhancement by L-PGDS

Firstly, | evaluated the solubility enhancement of telmisartan by the addition of L-
PGDS in the severa kinds of buffer medium (Table 2). The solubility of telmisartan
(0.26-3.12 pg/mL) was significantly enhanced approximately by 260-fold (816-834
png/mL) with 25 mg of L-PGDS in the all evaluated mediums, and there was no effect of

buffer species and ion strength on the solubility enhancement.

Table3 Solubility of telmisartan at 37°C in different pH buffers in the presence
of L-PGDS.

Medium 25 mg L-PGDS pg/mL
SGF (pH 1.2) - 257
. - 0.26
Mcllvaine buffer (pH 5.0) + 806
- 0.22
50 mM phosphate buffer (pH 6.8) + 834
5mM Tris-HCI buffer (pH 8.0) ) 3.12
prS. + 816
Sorenson's Buffer (pH 9.0) - 44.1

SGF, stimulated gastric fluid; L-PGDS, lipocalin-type prostaglandin D synthase

2.3.1.2.Determination of complexation rate

| checked the solubility profiles of telmisartan in 5 mM Tris-HCI buffer solution (pH
8.0) with the various amounts of L-PGDS at 37°C (Table 3). The solubility of telmisar-
tan increased with the rise in the levels of L-PGDS, and a linear increase was observed
after incubation for 120 min (r? = 0.987). From the solubility profile, the apparent stabil-

ity constant was calculated as 1.73x10°> M™, and the complexation rate was approxi-
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mately 1:1 molar ratio. On the other hand, in the case of the preparation of the telmisar-
tan and L-PGDS complex carried out at room temperature, the same enhanced concen-
tration of telmisartan was observed after 24 hours (Fig. 8). With change in the volume
of L-PGDS solution from 1 to 100 mL that included the same amount of L-PGDS, no
significant difference was observed in the solubility enhancement of telmisartan as
compared with the case at 37°C (Fig. 9). Based on this result, | decided to prepare the
telmisartan/L-PGDS at 37°C for further studies, and 10-25 mg/mL of L-PGDS was em-

ployed for the spray-drying process.

Table4 Solubility profile of telmisartan with several concentrations of L-PGDS
in5mM Tris-HCI buffer (pH 8.0).
Solubility (UM)
L-PGDS 0 270 800 1330
Telmisartan 45 474 1120 1590

L-PGDS, lipocalin-type prostaglandin D synthase
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Figure 8 The influence of temperature on the solubility enhancement of telmisar-
tan by the addition of L-PGDS. 1: 37°C and n: room temperature.
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Figure9 The influence of preparation scale on the solubility enhancement of

telmisartan by the addition of 25 mg of L-PGDS.

2.3.2. Physical characterization of spray-dried telmisartan/L-PGDS com-

plex

2.3.2.1.Spray-drying process of L-PGDS solution

All spray-drying runs showed a high yield of 50-90%. Only a small amount of pow-
dery deposit was observed, and the inside wall of the drying chamber was found to be
clean. Therefore, the marked particle loss was mainly caused by fine particles passing
through the cyclone into the exhausted air. The dried particles were obtained from the

cyclone and collecting vessel.
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2.3.2.2.Morphological and particle size analyses

The surface morphology of the spray-dried L-PGDS powder and spray-dried telmisar-
tan/L-PGDS complex powder was observed with SEM (Fig. 10). Jet-milled telmisartan
was the agglutinate mixture of flattened fine particles with awide size distribution (x10
= 0.18 um, x50 = 1.30 pum, x90 = 5.05 um, Fig. 10A). The spray-dried L-PGDS and
telmisartan/L-PGDS complex at 90°C of Tiy had a smooth surface and typical spheri-
cal shape, with a narrow size distribution (x10 = 0.26 um, x50 = 2.60 um, x90 = 6.16
pm, Fig. 10B and C). However, in the case of the powder spray-dried L-PGDS at 120°C

of Tine, dimple-type particles were observed (Fig. 10D).

Figure 10 SEM images of (A) jet-milled telmisartan, (B) spray-dried L-PGDS
powder (Tine = 90°C), (C) spray-dried telmisartan/L-PGDS complex
powder (Tine = 90°C), and (D) spray-dried L-PGDS powder (Tine =
120°C). Each bar represents 10 um.
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2.3.2.3.Reconstitution of spray-dried L-PGDS

The spray-dried L-PGDS powder was reconstituted with 5 mM Tris-HCI (pH 8.0), and
the reconstituted solution was applied to SE-HPLC to verify the soluble aggregate of L-
PGDS. The chromatogram indicated only a single peak of L-PGDS, and the soluble ag-
gregation was not observed in the reconstituted L-PGDS solution (Fig.11). The structure
of reconstituted L-PGDS was monitored with CD measurement. The reconstituted solu-
tions of spray-dried L-PGDS was produced at 90 and 120°C of T that had the same
spectrum as the control in the far- and near-UV regions, respectively (Fig. 12A and B).
These results showed that the secondary and tertiary structures of L-PGDS were not al-

tered by the spray drying.
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Figure 11 Size exclusion chromatogram of reconstituted L-PDGS dried at Tine =
90°C (red) and reconstituted L-PGDS dried at Tine= 120°C (blue).
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2.3.2.4. In vitro dissolution behavior

The small-scale dissolution testing was performed to evaluate the in vitro dissolution
behavior of the spray-dried telmisartan/L-PGDS complex (Fig. 13). The jet-milled
telmisartan and commercial product were measured as control for the telmisartan/L-
PGDS complex. The dissolution level of jet-milled telmisartan in SGF with pepsin (pH
1.2) was 90% of the applied total amount of the drug (Fig. 13A), while the solubility at
pH 5.0 and 6.8 was 4-5% at 60 min, respectively (Fig. 13B and C). The commercial
product improved the dissolution of telmisartan, and a 100% dissolution level was
achieved at both the pH 1.2 and 6.8 (Fig. 13A and C). However, the maximum drug re-
lease from the commercia product was only 16% at pH 5.0 at 60 min (Fig. 13B). In
contrast, the complex formulation significantly enhanced the release of telmisartan, and
achieved 100% dissolution within 10 min in all the evaluated test media. Furthermore,
the L-PGDS formulation maintained the enhanced dissolution of telmisartan in the pres-
ence of pepsinfor upto 2 h (Fig. 13A).
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Figure 13 Dissolution profiles of telmisartan formulations in (A) SGF with pepsin
(pH 1.2), (B) Mcllvaine buffer (pH 5.0), and (C) 0.05 M phosphate buff-
er (pH 6.8). o: telmisartan, o: commercia product, and ¢,: spray-dried
telmisartan/L-PGDS complex. The concentration of telmisartan: 0.044
mg/mL. Each bar represents the mean + SD of three independent experi-
ments.
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2.3.2.5. In vitro digestibility of L-PGDS under simulated gastrointestinal
conditions

Anin vitro digestion study was implemented with the simulated gastrointestinal medi-
um to verify the stability of L-PGDS in the gastrointestinal environment (Fig. 14). Alt-
hough the minor and time-dependent digestion of L-PGDS under the simulated gastric
condition was observed, the major structure of L-PGDS was stable in the environment
for 180 min (Fig. 14A). The structure of L-PGDS was completely changed to the di-
gested form at 30 min after exposure under the gastric conditions. On the other hand,
the digested L-PGDS in FaSSGF was rapidly degraded in the ssimulated intestinal envi-
ronment, and there was no corresponding band for L-PGDS at 1 min after the digestion

in FaSSIF (Fig. 14B).
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Figure 14 SDS-PAGE anaysis of the (A) in vitro digestion study in FaSSGF and
(B) sequential digestion study in FaSSGF followed by FaSSIF. M: mo-
lecular weight marker. Digestion reaction was performed at 37°C.

2.3.3. In vivo evaluation of solubilized formulation of telmisartan with L-

PGDS complex

2.3.3.1.Pharmacokinetic study

The concentration of telmisartan in serum was quantified to evaluate the in vivo behav-
ior of the orally administered telmisartan/L-PGDS complex with SHR (Fig. 15). The
calculated pharmacokinetic parameters are listed in Table 3. The jet-milled telmisartan
showed the lowest values for al parameters, and telmisartan was not detected at 48 h af -
ter the oral administration. The telmisartan/L-PDGS complex significantly improved the
in vivo behavior of telmisartan in the area under the serum concentration-time curve

from 0 to 48 h (AUCg.4gn), maximum concentration (Cnax), and time to maximum con-
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centration (Tmax). Especialy, AUCq.4gn Of the complex formulation was 5.9-fold in that
of the jet-milled telmisartan, and Tmax Of the complex formulation was significantly
shorter than in jet-milled telmisartan and the commercial product. The significant dif-
ference for an elimination of half-life (Ty2) in these three formulations remained unob-

served.

Serum concentration {ng ml")

Time {h)

Figure 15 The time-profile of the serum concentration of telmisartan in SHR after
oral administration (4 mg/kg telmisartan). o: jet-milled telmisartan, o:
commercial product, and ¢, : telmisartan/L-PGDS complex. Each bar rep-
resents the mean + SD of six independent experiments.

Table5 Pharmacokinetic parameters for telmisartan formulations after ora ad-
ministration.
AUC (ng h/ml) Crax (ng/ml) Timax ()
Jet-milled telmisartan 947 £ 435 66.0 + 27.4 4.0
Commercia product 4,820 £ 836* 296 + 70.5* 4.0
Telmisartan/L-PGDS complex 5,610 + 548* 348 + 100* 1.3

L-PGDS, lipocalin-type prostaglandin D synthase
*: Significant difference from jet-milled telmisartan (P < 0.05)
Values (AUC, C,.,) are expressed as the mean + SD of six experiments.
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2.3.3.2.Pharmacodynamic study

Next, | investigated the antihypertensive effect of the complex formulation of telmisar-
tan/L-PGDS, and the effect was compared with jet-milled telmisartan and the commer-
cia product by monitoring the change in the systolic blood pressure (ASBP) after asin-
gle oral administration (Fig. 16). An increase in SBP at 0.5 h after the oral administra-
tion was observed in each sample group, and the sample group data were analyzed in
five subjects. All three formulations showed a comparable reduction of SBP (Fig. 16A).
However, based on the calculated area under the curve of ASBP, the commercial prod-
uct and telmisartan/L-PGDS complex formulation had a tendency to reduce SBP more
than the jet-milled telmisartan as compared with the control (Fig. 16B). In addition, the
commercia product and telmisartan/L-PGDS complex caused an immediate decrease in
SBP (jet-milled telmisartan: - 11.4 £ 55 mmHg, commercial product: - 17.4 + 4.7
mmHg and telmisartan/L-PGDS complex: - 18.2 + 6.7 mmHg at 0.5 h after administra
tion). Although the effect of jet-milled telmisartan returned to the basal level at 48 h af-
ter the administration, the commercia product and complex formulation retained the ef-
fect (jet-milled telmisartan: 5.6 £ 6.3 mmHg, commercia product: - 4.6 £ 7.9 mmHg
and telmisartan/L-PGDS complex: - 84 + 6.3 mmHg at 48 h after administration).
Moreover, there was no significant change in the heart rate as compared to the control
along with al formulations (Fig. 17). These results demonstrated that the telmisartan/L-

PGDS complex possessed drug potency almost equal to the commercial product.
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telmisartan, o: commercia product, and ¢,: telmisartan/L-PGDS com-
plex. The bar of the control is expressed as mean + SE of six independent
experiments, and bars of the others represent the mean + SE of five inde-
pendent experiments. (B) Comparison of the area under the curve of
ASBP (mmHg h).
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Figure 17 Change of heart rate for sample administered rats. e: control, o: jet-
milled telmisartan, o: commercia product, and ¢, : telmisartan/L-PGDS
complex. The bar of the control is expressed as mean + SE of six inde-
pendent experiments, and bars of the others represent the mean £ SE of
five independent experiments.

2.4. Discussion

In this chapter, | showed that the solubility of telmisartan is enhanced in the presence
of L-PGDS and that the complex formulation is the first order increase with respect to
the amount of L-PGDS with the simple preparation method (Table 4). In addition, thein
vitro dissolution study revealed that the telmisartan/L-PGDS complex showed a signifi-
cantly faster dissolution rate than the jet-milled telmisartan, and reached 100% in the
physiological pH range. Interestingly, the complex formulation improved the extent of
dissolution for telmisartan, and the improved solubility was maintained in SGF (Fig.
13A). Moreover, the main structure of L-PGDS should be stable under the simulated

gastric conditions, but low-level digestion of L-PGDS with pepsin was observed (Fig.
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14A). The digested fragment might be the flexible fragment in both the N- and C-
terminal regions [16], and the central antiparallel B-barrel and long a-helix region that
form the hydrophobic cavity would be maintained. These results suggest that the com-
plex formulation is maintained in alow pH environment in the presence of pepsin. The
pH environment of the gastrointestinal tract varies due to severa factors, such as aging,
food, and the influence of administered drugs [54-56]. The variation in pH resulted in
variable bioavailability and unexpected drug absorption. Hence, this consistent dissolu-
tion behavior under physiological pH conditions is considered to be beneficial.

The spray-drying process robustly produced the stable dried protein powder that main-
tained the secondary and tertiary structures with the standard process parameters, such
as Tine, the atomizing air volumetric flow rate, and liquid concentration (Fig. 12). In
addition, the narrow particle size distribution of the produced powder demonstrated that
the spray-drying process of L-PGDS formulation achieved the atomizing of well-
dispersed droplet without the additives, such as surfactants, to prevent the generation of
aggregates. There was a morphologic difference in the dried particles due to the increase
of Tine (Fig. 10D). The rate of droplet evaporation may affect the morphological prop-
erties of the particles [57]. A fast drying rate would promote the formation of a more
viscous film in the initia phase of drying. The film tends to burst because of the rapid
increase in the water pressure inside the droplet. Therefore, the fast drying conditions
result in a large fraction of the particles containing dimples or holes. In generd, the
spray-drying process may alter the secondary structure of protein because of the remov-
al of water molecules that are required to form hydrogen bonds to stabilize the structure.
This can be prevented by adding excipients, e.g., carbohydrates, which are capable of

forming hydrogen bonds with the protein [58-60]. In this study, the produced powder
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was stored at -20°C until each analysis, for the precise evauation of the characteristics
without the potential degradation, derived from the temperature and humidity.

In the pharmacokinetic study, the telmisartan/L-PDGS complex significantly enhanced
the in vivo behavior of jet-milled telmisartan, and, in particular, AUCg.4gn and Cax Were
enhanced 5.9- and 5.3-fold, respectively (Table 5). Trax Of the complex formulation was
significantly shorter than jet-milled telmisartan and the commercial product. The disso-
lution profile of the commercia product in Mcllvaine buffer pH 5.0 showed the incom-
plete dissolution and moderate precipitation behavior after supersaturation (Fig. 13B).
On the other hand, the in vitro sequential digestion experiments revealed the rapid re-
lease of telmisartan from the telmisartan/L-PGDS complex by the digestion of L-PGDS
in the simulated intestinal environment (Fig. 14B). Therefore, the significant shorter
Tmax Of the complex formulation was considered as the release of telmisartan from the
complex formulation that was faster than the commercia product. These results sug-
gested that the spray-dried complex formulation enhanced the oral exposure and absorp-
tion rate.

The pharmacodynamic study showed no significant difference in the reduction of SBP
between al the formulations (Fig. 16A). The administered dose may achieve the dose
range for a saturated reduction effect. Therefore, a comparison study with lower dose
strength could reveal the difference between formulations for the reduction of SBP.
However, the complex formulation led to the improvement of the antihypertensive ef-
fect of comparing the total ASBP area with jet-milled telmisartan (Fig. 16B). One of the
clinical advantages of telmisartan isits long-acting effect due to the delayed dissociation
from angiotensin 11 type-1 receptor [43]. The complex formulation prolonged the reduc-

tion effect of API as well as the commercial product that was observed at 48 h after the
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oral administration. This prolonged effect corresponded to the results obtained from the
pharmacokinetic study that detected telmisartan in the serum at 48 h after the admin-
istration of telmisartan/L-PGDS formulation. In addition, the prolonged effect of
telmisartan can achieve a significant antihypertensive effect without induction of any
rebound phenomenon due to the repeated dosing [61].

The results of animal studies suggested that L-PGDS delivers telmisartan to the ab-
sorption site while maintaining the complex formed from protein in an adverse envi-

ronment (i.e., low pH and presence of protease).

2.5. Conclusions

The solubilization of telmisartan was achieved by a simple complex formulation meth-
od involving L-PGDS. The dried powder of the solubilizing formulation was success-
fully produced by spray-drying technique. The solubilizing effect of L-PGDS demon-
strated a consistent in vitro dissolution profile in the physiological pH range and in vivo
behavior comparable to that of the commercia product. This study demonstrated that L-
PGDS is a potent drug-delivery carrier for the oral solid formulation. The drug-delivery
system using biodegradable material can be an alternative approach for the current in-

vestigation of solubilizing techniques, such as supersaturated formulations.
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3

Development of pH-independent drug
release formulation using L-PGDS

3.1. Introduction

In the case of oral administration of ionizable compounds, there is a significant change
in the solubility of weak basic compounds due to the pH shift in the transition from the
stomach to the small intestine. Although the weak bases are soluble in the acidic envi-
ronment of the stomach, the solubility is markedly decreased in the higher pH environ-
ment of the small intestinal fluids. The drug has to be present in the dissolved form in
the small intestine for absorption. Hence, solubilization at alow pH environment of the
stomach is a key process for the absorption of weak basic drugs [62]. However, the pH
environment in the gastrointestinal tract varies on the low-level secretion of gastric acid
due to severd factors, for e.g., aging, infection with Helicobacter pylori, and influence
of administered drugs, such as histamine H, receptor antagonists and proton pump in-
hibitors [55, 63, 64]. Hence, the variable bioavailability and unexpected drug absorption
of weak basic drugs occur due to the pH variation of gastrointestinal compartments.

Dipyridamole (Fig. 18) is a phosphodiesterase inhibitor that has been suggested to in-
crease the intracellular levels of cyclic adenosine monophosphate (CAMP) and cyclic
guanine monophosphate (cGMP), and dipyridamole has been clinicaly used for an-
tiplatelet therapy and platelet-mediated thrombotic disease [65]. Dipyridamole is a weak
basic compound with a reported pK, of 6.4 and shows markedly pH-dependent solubili-

ty (Fig.19) [66]. The previous study showed that the patients with an elevated gastric pH
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induced by pretreatment with lansoprazole, a widely used proton pump inhibitor, exhib-
ited decreased absorption of dipyridamole [67]. Several approaches, such as inclusion
with cyclodextrin, a self-microemulsifying drug delivery system (SMEDDYS), solid dis-
persion, and microenvironmental pH-modulation with a pH modifier, have been investi-
gated to improve the absorption behavior of dipyridamole [68-71]. It has been reported
that cyclodextrin may reduce drug absorption as opposed to solubility enhancement as a
result of the decrease in the drug’ s free fraction available for absorption [12-14]. For the
application of dipyridamole in a clinical stage, however, marked efforts are necessary
for optimization of the formulation and manufacturing process and alleviation of con-
cerns over the inadequate stability of the product. In chapter 1, the produced solid-state
telmisartan/L-PGDS complex formulation showed consistent dissolution profiles over
the entire physiological pH rangein vitro.

In this chapter, | developed a novel dipyridamole formulation using L-PGDS to im-
prove the solubility and oral absorption behavior in the elevated gastric pH environment.
The solid-state dipyridamole/L-PGDS complex formulation was produced by spray dry-
ing technique, and the physicochemical properties were characterized from the aspects
of morphology, hygroscopicity, and dissolution profiles under fasted-state simulated
gastric and neutral pH conditions. Finally, the pharmacokinetic behavior subsequent to
oral administration of the developed formulation in rats with an elevated gastric pH fol-
lowing the pre-treatment with omeprazole was evaluated, and compared with the intact

API.
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Figure 18 Chemical structure of dipyridamole [relative molecular mass: 504.6].
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Figure 19 pH-solubility profile of dipyridamole.

3.2. Materials and methods

3.2.1. Materials

Dipyridamole was supplied by Boehringer Ingelheim GmbH & Co., KG (Ingelheim,
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Germany). All other chemicals were of analytical grades.

3.2.2. Molecular docking study

The docking of dipyridamole into the crystal structure of L-PGDS was performed with
AutoDock Vina program [25]. AutoDock Vina gridboxes covered the barrel of L-PGDS

with approximate dimensions 18 x 18 x 18 with grid points separated by 1 A.

3.2.3. Purification of recombinant human L-PGDS

The isolation and purification process of recombinant human C65A/C167A (e2s0
=25,900 M~ cm™)-substituted L-PGDS mutant was same as described in 2.2.2 section

of chapter 2.

3.2.4. Fluorescence Quenching Assays

Various concentrations of dipyridamole were successively added to L-PGDS (final
concentration: 2 uM) in PBS containing 5% dimethyl sulfoxide (DM SO). After incuba
tion at 25°C for 30 min, the intrinsic tryptophan fluorescence was measured by HITA-
CHI F-7000 (Hitachi, Ltd., Tokyo, Japan) with an excitation wavelength of 290 nm and
an emission wavelength at 340 nm. The fluorescence resonance energy transfer between
tryptophan residues of L-PGDS and bound dipyridamole was monitored by the fluores-
cence emission between 300 and 450 nm. The dissociation constant (Ky) value for bind-
ing between dipyridamole and L-PGDS was calculated by the previously described

method [26].
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3.2.5. Solubility study

An excess amount of dipyridamole was weighed in a 2 mL microtube with 1 mL of
aqueous solution containing several kinds of buffer medium in the presence or absence
of L-PGDS. FaSSGF and FaSSIF were prepared as per the description in section 2.2.10
of chapter 2. The sealed microtubes were shaken with a Rotator RT-50 (TAITEC,
Saitama, Japan) for 2 h at 37°C, followed by filtration through a 0.45 pm filter (EMD
Millipore, Billerica, Massachusetts, USA). After incubation, the sample solution was di-
luted with methanol and centrifuged at 3,000 rpm for 10 min. Then, 5 pL of filtered su-
pernatant (0.45 um filter) was injected into a high-performance liquid chromatograph
(HPLC, Waters Corporation, Milford, Massachusetts, USA) equipped with an Inertosil
ODS-2 column (60 x 3.0 mm I.D., 5 um, GL Sciences Inc., Tokyo, Japan) to analyze
the amount of dipyridamole. A mixture of formate buffer (pH 6.5), methanol, and ace-
tonitrile (58:24:18, v/v) congtituted the mobile phase and was eluted at a flow rate of 1

mL/min. The chromatogram was monitored at 290 nm.

3.2.6. Spray drying of dipyridamole/L-PGDS complex solution

Based on the solubility study, the complex of L-PGDS and dipyridamole was prepared
a 1:1 molar ratioin 5 mM Tris-HCI (pH 8.0). Tris-HCI buffer solution including the di-
pyridamole/L-PGDS complex was directly spray-dried to avoid the potentia instability
of L-PGDS caused by the long-term buffer substitution by dialysis. The complex solu-
tion was filtered through a 0.45 um filter (EMD Millipore) before the spray-drying pro-
cess. The dried L-PGDS or the dipyridamole/L-PGDS complex was prepared with Mini

Spray Dryer B-290 (BUCHI Labortechnik AG, Flawil, Switzerland). The solution was
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delivered to the water-cooled nozzle (0.7 mm liquid orifice internal diameter) at a flow
rate of 3 mL/min, being sprayed at a T« of 90°C and an outlet air temperature of 40-
43°C. The drying air volumetric flow rate was set at 35 m*/h, and the atomizing air vol-
umetric flow rate at 600 L/h. The produced powders were collected through a high-

efficiency cyclonein a glass container, and stored at —20°C.

3.2.7. Morphological analysis

SEM images were obtained according to the procedure described in the section 2.2.5

of chapter 2.

3.2.8. Dynamic vapor sorption (DVS) measurements

Approximately, 10 mg of powder was weighed into a sample cup placed in the dynam-
ic vapor sorption apparatus (DVS Intrinsic, Surface Measurement Systems Ltd., UK),
and exposed to a continuous flow (200 mL/min) of carrier gas (nitrogen gas). For iso-
therm experiments, the sample was dried at 0% relative humidity (RH) to establish its

dry mass, and the humidity was increased from 0 to 90% RH in 10% increments at 40°C.

3.2.9. Assay for dipyridamole content in complex formulation

The produced spray-dried powder of 2 mg was reconstituted in 100 pL of water, with a
further addition of 900 puL of methanol for protein precipitation. After centrifugation at
15,000 rpm for 5 min, the supernatant was injected into the HPLC and analyzed accord-

ing to the HPLC conditions as described in section 3.2.5.
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3.2.10. CD measurement

The measurement condition was same as the section 2.2.8 of chapter 2.

3.2.11. SE-HPLC

The analytical condition of SE-HPLC was same as the description of section 2.2.7 of

chapter 2.

3.2.12. Small scale dissolution testing

Dissolution testing of the spray-dried dipyridamole/L-PGDS complex in several media,
such as FaSSGF (pH 1.6) and 0.05 M phosphate buffer at pH 6.8, was implemented for
60 min a 37°C with a miniaturized dissolution apparatus (uDiss Profiler™, plON,
Billerica, Massachusetts, USA) due to the lack of sample availability. The applied
amount of dipyridamole was 0.2 mg in 4 mL of the test medium. An appropriate amount
of the produced powder was directly added to the test medium on stirring with a mag-
netic stirrer at 300 rpm. The real-time absorbance of the drug in media was evaluated by
UV fiber optic probes (range of wavelengths. 390-420 nm, path length of probe: 10
mm), and the second derivative of the UV spectra was used to prevent signa interfer-

ence from the undissolved material.

3.2.13. Pharmacokinetic study

The male SD rats (six weeks of age, Japan SLC Inc., Shizuoka, Japan) were housed



under a 12-h light-dark schedule with free access to food and water for one week to re-
cover from the transportation stress. All procedures used in this study complied with
policies of the Osaka Prefecture University Animal Care and Use Committee (Approval

No. 27-111).

3.213.1. Sample administration and blood sampling

Sixteen rats were randomly divided into four groups (n = 4 per group). Two groups
were pretreated with 30 mg/kg of omeprazole suspension (1 mL/kg by oral administra-
tion) to elevate the gastric pH [72]. Dipyridamole was administered orally as a phos-
phate buffer solution (PBS, pH 6.8) suspension at a dose of 7.5 mg/kg dipyridamole (5
mL/kg). The dipyridamole/L-PGDS complex was administered orally as a PBS just af-
ter the preparation at a dose of 7.5 mg/kg dipyridamole (5 mL/kg). In this study, 75 mg
of dipyridamole dose was used for a 60 kg human, based on a calculation using the
body surface area as a factor to convert the dose from rats to humans [53]. Blood sam-
ples (200 pL) were collected from the tail vein at 0.25, 0.5, 1, 1.5, 2, 4, 8, 12, and 24 h
after oral administration. The collected samples were centrifuged at 10,000 rpm for 5

min to harvest plasma and stored at —20°C until further analysis.

3.2132. LC-MSMS analysis of plasma concentration of
dipyridamole

Fifty microliters of thawed plasma and 25 pL of ketoconazole solution as internal

standards, and 50 pL of methanol/water (90:10, v/v) were mixed, and 500 pL of ace-
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tonitrile was added for protein precipitation. After centrifugation at 15,000 rpm for 5
min, 200 pL of supernatant was transferred to an evaporation tube. The supernatant was
evaporated to dryness in SPD2010 (Thermo Fisher Scientific Inc., Waltham, Massachu-
setts, USA) at 45°C for 90 min. After being dried, the residue was reconstituted in
methanol/0.1% formic acid (30:70, v/v) and analyzed by LC-MS/MS. In the HPLC part,
using an Ultimate 3000 series HPLC (Thermo Fisher Scientific Inc.) equipped with
Symmetryshield RP8 (2.1 mm 1.D. x 50 mm length, 3.5 um, Waters Corp.), the sample
was separated under a gradient condition consisting of 0.1% formic acid in water (Sol-
vent A) and 0.1% formic acid in methanol (Solvent B), at a flow rate of 0.5 mL/min.
The gradient condition was configured as 0-0.5 min; 60% Solvent A, 0.5-2.0 min; 60-
10% Solvent A and 2.0-2.5 min; and 10% Solvent A. The separated sample was placed
into the MS/MS part APIS000™ (AB SCIEX, Framingham, Massachusetts, USA)
equipped with Turbo lon Spray as an ion source. Dipyridamole and ketoconazole were
monitored by multiple reaction monitoring of the transitions of m/z 429.3 — 506.3 and

m/z 531.4 — 82.1, respectively.

3.2.14. Statistical analysis

The data were statistically evaluated using the t-test. The results were considered sig-

nificant at the 5% significance level (p < 0.05).

3.3. Results

3.3.1. Docking and binding affinity of L-PGDS for dipyridamole

The binding of dipyridamole molecule with the hydrophobic cavity of L-PGDS was
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virtually observed by docking simulation program (Fig. 20A). The fluorescence quench-
ing of the intrinsic tryptophan residue of L-PGDS was measured with the various con-
centration of dipyridamole to check the binding affinity of L-PGDS for dipyridamole.
The concentration-dependent fluorescence quenching by the addition of dipyridamole

was observed (Fig. 20B and C), and the calculated K4 value was 550 nM.
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Figure 20 The binding affinity of L-PGDS for dipyridamole. (A) Structural model
of dipyridamole/L-PGDS complex obtained by AutoDock Vina; (B) The
emission spectrum of L-PGDS recorded at different concentrations of di-
pyridamole with excitation at 340 nm; and (C) The relative fluorescence
intensity of L-PGDS.
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3.3.2. Evaluation of solubility enhancement by L-PGDS

The solubility enhancement of dipyridamole was evaluated by the addition of L-PGDS
in several kinds of buffer medium (Table 6). The preparation of the complex at 37°C for
2 h was sufficient to achieve equilibrium solubility in the preliminary evaluation. The
solubility of dipyridamole (4.9-9.1 pg/mL) was significantly enhanced, approximately
by 50-90 folds (425-440 pug/mL) with 25 mg of L-PGDS in all the evaluated mediums.
There was no influence of buffer species, ion strength or physiological surface-active
ingredients (taurocholate and lecithin) on the solubility enhancement of L-PGDS. In ad-
dition, a linear increase in dipyridamole solubility was observed by increasing the

amount of L-PGDSin 5 mM Tris-HCI buffer of pH 8.0 (Table 7).

Table 6 Solubility of dipyridamole in the presence or absence of L-PGDS at 37°C
in different pH buffers.

Medium 25 mg L-PGDS pg/mL

FaSSGF (pH 1.6) - >100
FaSSIF (pH 6.5) . i&)
- 6.3
50 mM Phosphate buffer (pH 6.8) + 431
. - 4.9
5 mM Tris-HCI buffer (pH 8.0) + 425

FaSSGF, fasted state-simulated gastric fluid; FaSSF, fasted state-simulated intestinal fluid
L-PGDS, lipocalin-type prostaglandin D synthase

Table7 Solubility profile of dipyridamole with several concentrations of L-
PGDSin5mM Tris-HCI buffer (pH 8.0).
Solubility (UM)
L-PGDS 0 270 1,330
Dipyridamole 10 202 842

L-PGDS, lipocalin-type prostaglandin D synthase
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3.3.3. Physical characterization of spray-dried dipyridamole/L-PGDS

complex

3.3.3.1. Spray-drying process of dipyridamole/L-PGDS complex solution
All spray-drying runs showed a high yield of 80-90% without any process issues. Only
a small amount of powdery deposit was observed, and the inside wall of the drying

chamber was cleaned.

3.3.3.2. Morphological analyses

The surface morphology of the spray-dried dipyridamole/L-PGDS complex powder
was observed with SEM (Fig. 21). Dipyridamole was an agglutinate mixture of rectan-
gular particles (Fig. 21A). The spray-dried dipyridamole/L-PGDS complex had typical

spherical particles produced by spray drying (Fig. 21B).

B y _' : r
Figure 21 SEM images of (A) dipyridamole and (B) spray-dried dipyridamole/L-
PGDS complex powder.

3.3.3.3. Hygroscopic profile

The hygroscopicity of the spray-dried powders was evauated by water sorp-

tion/desorption isotherm measurement at 40°C (Fig. 22). There was no hysteresis gap
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between the sorption and desorption phases, and it showed a reversible moisture uptake
property. The produced powder absorbed about 20% water by increasing of the RH to

75%.

Change in mass (%)
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Figure 22 Water vapor isotherm plot of the spray-dried dipyridamole/L-PGDS
complex at 40°C. Sorption (blue) and desorption (red).

3.3.3.4. Dissolution behavior

Small-scale dissolution testing was performed to evaluate the in vitro dissolution behav-
ior of the spray-dried dipyridamole/L-PGDS complex in FaSSGF and phosphate buffer,
pH 6.8 (Fig. 23). Dipyridamole was measured as a control of the dipyridamole/L-PGDS
complex formulation. The dissolution level of dipyridamole in FaSSGF (pH 1.6) was
100% of the applied total amount of the drug (Fig. 23A), while the solubility in phos-
phate buffer at pH 6.8 was approximately 20% at 60 min (Fig. 23B). In contrast, the

complex formulation of dipyridamole/L-PGDS significantly enhanced the solubility of

50



dipyridamole, and achieved approximately 100% dissolution within 5 min in both

FaSSGF and phosphate buffer at pH 6.8 (Fig. 23A and 23B).
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Figure 23 Dissolution profiles of dipyridamole formulations in (A) FaSSGF with
pepsin (pH 1.6), and (B) phosphate buffer (pH 6.8). o: dipyridamole and
¢.. Spray-dried dipyridamole/L-PGDS complex. Target concentration of
dipyridamole: 0.05 mg/mL. Each bar represents the mean + SD of three
independent experiments.
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3.3.4. Pharmacokinetic evaluation of solubilized formulation of dipyr-
idamole with L-PGDS complex

The concentration of dipyridamole in plasma was measured to compare the in vivo be-
havior of the orally administered dipyridamole/L-PGDS complex in the normal rats and
omeprazole pre-treated hypochlorhydria model rats (Fig. 24). The calculated pharmaco-
Kinetic parameters are summarized in Table 8. In normal rats, the dipyridamole and
complex formulation showed comparable pharmacokinetic profiles. However, in the
hypochlorhydria mode rats, the AUCq.24n and Cax Of dipyridamole formulation were
markedly reduced in comparison with the normal rats (Fig. 24A and Table 8). In con-
trast, the pharmacokinetic behavior of the complex formulation was similar to that of
the dipyridamole in the case of hypochlorhydria model rats (Fig. 24B). There was no
significant difference in the Tax and Ty in any of the evaluated formulations in the

normal and hypochlorhydria model rats.

Table 8 Pharmacokinetic parameters of dipyridamole formulations after oral
administration.
Dipyridamole Dipyridamole/L-PGDS complex
Normal rats Hypochlorhydria Normal rats Hypochlorhydria
model rats model rats
AUCo 241 360.5 + 40.6* 1649+ 164 363.6 + 38.7* 386.5 + 28.5*
(ng h/mL)
Crmax (ng/mL)  106.0+ 32.4 65.1+7.3 112.1+29.8 119.6 + 38.1
T (D) 0.4 0.3 0.3 0.3
Tyz () 25+0.7 1.8+0.7 20+0.2 1.7+04

L-PGDS, lipocalin-type prostaglandin D synthase
*: Significant difference from dipyridamole administered in hypochlorhydria model rats (P < 0.05)
Values (AUCq 240, Cinax) are expressed as the mean + S.E. of four experiments.
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Figure 24
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The time-profile of the plasma concentration of dipyridamole after oral
administration in (A) normal rats and (B) omeprazole pre-treated hypo-
chlorhydria model rats (7.5 mg/kg dipyridamole). o: dipyridamole, n:

dipyridamole/L-PGDS complex. Each bar represents the mean £ S.E. of
four independent experiments.
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3.4. Discussion

In this study, L-PGDS achieved the solubilization of dipyridamole, a weak basic com-
pound, by forming a complex in the simple preparation process in the physiological pH
range (Tables 6 and 7). Furthermore, the binding of dipyridamole into the hydrophobic
cavity of L-PGDS was demonstrated virtually by the docking simulation (Fig. 20A),
and the binding between dipyridamole and L-PGDS was considered to have higher af-
finity (Kq = 550 nM). Although L-PGDS has a limited ability to form a complex with a
guest compound due to the size of the L-PGDS cavity, the capability of the currently
devel oping low-molecul ar-weight drug candidates may be sufficient.

Dipyridamole is categorized as BCS class || compound. BCS, and the basic compound
with pKj of 6.4 showed poor solubility in buffer medium at or above a neutral pH (4.9-
6.3 ug/mL, Table 6), whereas the compound is readily soluble in buffer medium at an
acidic pH. Therefore, sufficient gastric acidity is a prerequisite for adequate dissolution
and absorption. In the pharmacokinetic study using normal rats, there was no significant
difference in pharmacokinetic behavior between dipyridamole and dipyridamole/L-
PGDS complex formulation (Table 8). The high solubility of dipyridamole in the gastric
juice a low pH is directly involved in the similar pharmacokinetic behaviors between
dipyridamole and its complex formulation in the case of normal rats. This result was
consistent with the high solubility of dipyridamole and its complex formulation in
FaSSGF (pH 1.6) in vitro (Fig. 23A). In contrast, the absorption of dipyridamole in the
omeprazole pre-treated hypochlorhydria model rats was markedly suppressed to ca.
45% of AUCq.24n and 60% of Crax compared to the results obtained in case of normal
rats (Table 8). The pH of the gastric compartment was elevated up to 7.0 by pre-

treatment with omeprazole, and an intragastric pH of more than 6.0 was maintained for
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6 h [72]. Hence, the dissolved amount of dipyridamole in the gastric compartment of
hypochlorhydria model rats would be lower than that of the normal rats, and the reduc-
tion in the amount of dissolved dipyridamole could suppress the absorption of dipyr-
idamole in the hypochlorhydria moddl rats. On the other hand, the pharmacokinetic be-
havior of the complex formulation was similar to that of dipyridamole in the hypochlor-
hydriamodel rats (Table 8).

The driving force responsible for complex formulation between the L-PGDS and guest
compound was found to be both hydrophilic and hydrophobic interactions adjusted by
enthal py-entropy compensation [21]. In addition, | have suggested that the drug release
from the complex formulation is due to the degradation of L-PGDS with digestive en-
zymes, such as trypsin and chymotrypsin in the intestina compartment, and not with
pepsin in the stomach, which is based on the result obtained in chapter 2. Therefore, the
change of the gastric pH would have no influence on drug release from the complex
formulation.

The spray-drying process of the dipyridamole/L-PGDS complex solution was success-
fully performed and a high-yield process was achieved. The produced spray-dried dipyr-
idamole/L-PGDS complex powder showed typical morphological properties (Fig. 21).
No solid agglomerate was observed in the obtained powder. Hence, it was considered
that the dipyridamole/L-PGDS complex solution was well dispersed without additives,
such as surfactants and carbohydrates, to prevent agglomeration [73].

The small-scale dissolution test showed that the spray-dried dipyridamole/L-PGDS
powder was dissolved immediately in both FaSSGF (pH 1.6) and phosphate buffer (pH
6.8) (Fig. 23). According to the Noyes—-Whitney equation, the increase in the surface ar-

ea due to the reduction in the particle size increased the dissolution rate [74]. Although

55



the particle size of dipyridamole was coarser than that of dipyridamole/L-PGDS powder
judging from SEM images (Fig. 21), the dissolution profile in FaSSGF (pH 1.6) was
comparable (Fig. 23A). It was considered that similar dissolution rate of dipyridamole
and the complex formulation in FaSSGF could be caused by the fast intrinsic dissolu-
tionrateat alow pH [75].

The present study demonstrated that L-PGDS improved the absorption behavior of di-
pyridamole by the formation of a complex. This novel approach to developing a pH-
independent formulation using L-PGDS is considered to overcome the clinical disad-

vantage of the weak basic drug in the elevated gastric pH environment.

3.5. Conclusions

The solubilization of dipyridamole was achieved by a simple complex formulation
method involving L-PGDS. The complex formulation could overcome the problematic
pH-dependent solubility profile of dipyridamole and solid state of the complex formula-
tion was produced successfully by the spray-drying process. Furthermore, the dipyr-
idamole/L-PGDS complex formulation improved the pharmacokinetic behavior of di-
pyridamole as observed in the hypochlorhydria model rats. This study demonstrated that
L-PGDS is a well-designed carrier that effectively delivers the drug to the absorption

site.
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A

Assessment of the stability profile of spray-
dried L-PGDS complex formulation

4.1. Introduction

The prepared L-PGDS/drug complex formulation was spray-dried in this work and the
process produced drug/L-PGDS complex formulation without any issue, such as low
yield, aggregation, and denaturation of L-PGDS. However, the spray-dried protein for-
mulation has the possibility to observe the unfolding, aggregation and inactivation of
protein during the storage [37, 42]. The inherent stability profile in the solid state of L-
PGDS is still unknown. Furthermore, the change of interaction between L-PGDS and
guest compounds in the solid state storage needs to be assessed. In this chapter, the sta-
bility study of spray-dried L-PGDS complex was performed to assess the potential sta-
bility profile of spray-dried L-PGDS complex formulation. This complex formulation
was evaluated as the complex model formulation. The sample was stored in the several
storage conditions up to three months, and the content of dipyridamole, secondary and
tertiary structure of L-PGDS, aggregation, and dissolution profile of stored sample were

evauated.
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4.2. Materials and methods

4.2.1. Purification of recombinant human L-PGDS

The isolation and purification process of recombinant human C65A/C167A (e2s0
=25,900 M cm%)-substituted L-PGDS mutant was same as described in section 2.2.2

in chapter 2.

4.2.2. Spray drying of dipyridamole/L-PGDS complex solution

The preparation method for dipyridamole/L-PGDS complex formulation and process
parameters for spray drying were same as described in section 3.2.6 in chapter 3. The
produced powders were collected through a high-efficiency cyclone in a glass container,

and stored at —20°C until the initiation of stability study.

4.2.3. Assay for dipyridamole content in complex formulation

The produced spray-dried powder of 2 mg was reconstituted in 100 pL of water, fol-
lowed by addition of 900 uL of methanol for protein precipitation. After centrifugation
at 15,000 rpm for 5 min, the supernatant was injected into the HPLC and analyzed ac-

cording to the HPLC conditions as described in section 3.2.5.

4.2.4. CD measurement

The measurement condition was same as described in section 2.2.8 of chapter 2.
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4.2.5. SE-HPLC

The analytical condition of SE-HPLC was same as described in section 2.2.7 in chap-

ter 2.

4.2.6. Small-scale dissolution testing

The dissolution testing of the spray-dried dipyridamole/L-PGDS complex in 0.05 M
phosphate buffer at pH 6.8 was implemented for 60 min at 37°C according to the test

condition as described in section 3.2.12 of chapter 3.

4.2.7. Stability study

The samples were used to fill glass bottles, and were sealed with plastic caps and
stored at 5°C in a temperature-controlled refrigerator, or 25°C/60% RH in a stability
chamber SRH-32VEV J2 (Nagano Science Co. Ltd., Osaka, Japan), or 40°C/75% RH in
SRH-15VEVJ2 (Nagano Science Co. Ltd.) for closed storage. For open storage at
40°C/75% RH, the glass sample bottles without caps were stored in a stability chamber
SRH-15VEVJ2 (Nagano Science Co. Ltd.). After one month (except for 5°C storage)
and three months of storage, content of dipyridamole in the powder, the CD spectrum,
content of soluble aggregates, and dissolution profile in phosphate buffer at pH 6.8 of
the stored samples were evaluated according to the method as described in sections

4.2.3,4.2.4,4.2.5, and 4.2.6, respectively.
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4.3. Results

4.3.1. Structure change evaluation of spray-dried dipyridamole/L-PGDS

formulation

The structural change of the produced dipyridamole/L-PGDS complex formulation for
temperature and humidity were assessed. The stored samples were reconstituted with 5
mM Tris-HCI (pH 8.0), and the CD spectrum of reconstituted samples was monitored to
evaluate the changes of secondary and tertiary structures of the dissolved dipyridamo-
le/L-PGDS complex. The samples stored under all storage conditions had the same CD

spectrum as the initial ones in the far- and near-UV regions, respectively (Fig. 25 and

26).
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Figure 25 CD gpectrain far-UV region of reconstituted initial complex formulation
(red), reconstituted one month storage sample stored (blue) and reconsti-
tuted three months storage sample (green). (A): 5°C, (B): 25°C/60% RH,
(C): 40°C/75% RH, and (D): 40°C/75% RH (open).
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Figure 26 CD spectra in near-UV region of reconstituted initial complex formula-
tion (red), reconstituted one month storage sample stored (blue) and re-
constituted three months storage sample (green). (A): 5°C, (B):
25°C/60% RH, (C): 40°C/75% RH, and (D): 40°C/75% RH (open).

4.3.2. Evaluation of dipyridamole contents and soluble aggregation of L-

PGDS

In addition, the dipyridamole content and soluble aggregation of the stored complex
powder was analyzed and compared with the initial sample (Table 9). The samples that
were stored at 5°C and 25°C/60% RH maintained the content of dipyridamole while a
slight decrease of dipyridamole was observed in the sample stored at 40°C/75% RH and
40°C/75% RH (open). At one month storage, there was no soluble aggregation in the
sample at 25°C/65% RH, but the samples at 40°C/75% RH and 40°C/75% RH (open)

generated 1.4 and 5.2% soluble aggregates, respectively (Table 9). In addition, sample
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at 25°C/60% RH generated 0.6% soluble aggregates. The amount of soluble aggregates
in the samples at 40°C/75% RH and 40°C/75% RH (open) was found to increase at

three months storage (Table 9).

Table9 Dipyridamole content of the stored samples under each storage condition.
. Storage Comparison with initial 0
Storage condition period sample (%) Soluble aggregate (%)
Initial — — not detected
5°C Three months 97.1 + 8.58 not detected
One month 100.1 + 3.83 not detected
o 0
25°C/60% RH Three months 98.4+ 1.62 0.58 + 0.01
One month 96.4+1.64 141 +0.01
o 0
A40°C/75% RH Three months 94.1+3.91 4.14 + 0.06
40°C/75% RH One month 934+ 217 5.21 +0.02
(open) Three months 95.2 + 2.47 10.46 £ 0.24

Values are presented as the mean + SD of three experiments.

4.3.3. Dissolution profiles of stored dipyridamole/L-PGDS complex

Furthermore, the dissolution behavior of stored samples at pH 6.8 was checked (Fig.
27), and the powder stored at 5°C and 25°C/60% RH showed dissolution profiles com-
parable with the initial ones up to three months storage. On the other hand, the samples
stored at 40°C/75% RH and 40°C/75% RH (open) dlightly reduced the plateau level of
dipyridamole dissolution. The reduced degree in the samples at 40°C/75% RH and
40°C/75% RH (open) had similarity with the result of changes in the dipyridamole con-
tent in the complex formulation (Table 6 and Fig. 24). In addition, an insoluble aggrega-
tion was observed in the reconstituted sample stored at 40°C/75% RH (open) for one
and three months by visual inspection, and insoluble aggregation was shown by the

sample at 40°C/75% RH for three-month storage.
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4.4. Discussion

The potential stability assessment for the spray-dried dipyridamole/L-PGDS was ex-
plored under the variable storage conditions. CD measurement showed no significant
difference in the secondary or tertiary structures of the stored complex formulation (Fig.
25 and 26). Also, 4.1 and 10.5% of the soluble aggregates were detected under
40°C/75% RH and 40°C/75% RH (open) three months storage, respectively, but it was
not detected at 5°C for three months. The samples at 25°C/60% RH for three months in-
cluded 0.6% soluble aggregates. In addition, the insoluble aggregation was observed in
the sample at 40°C/75% RH for three months and 40°C/75% RH (open) storage samples.

The produced dipyridamole/L-PGDS complex powder was composed of fine particles
with a large specific surface area (Fig. 21B), and approximately 20% moisture gain at
40°C/75% RH was observed on DV S measurement (Fig. 22). Therefore, it was consid-
ered that the simple formulation of the dipyridamole/L-PGDS complex without any ex-
cipients might be sensitive to temperature and humidity. It has been demonstrated that
the excipients like sugars and polyols improve the stability of dried-protein and formu-
lations, such as antibody by the dilution of protein in the surface of solid particles and
reduction of inter-molecular interactions during long-term storage [59, 76]. A further
exploratory stability study of the complex should be conducted to evaluate the effect of
suggested stabilizers of dried-protein formulations, such as sucrose and trehal ose, on the
quality of spray-dried L-PGDS for bulk storage.

Furthermore, the content of dipyridamole in the complex formulation was found to de-
crease slightly under 40°C/75% RH and 40°C/75% RH (open) storage (Table 9). Due to
the weak susceptibility of dipyridamole to hydrolysis and oxidation [77], the reduction

of the dipyridamole content and lower plateau level on dissolution testing of the com-
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plex formulation with L-PGDS could be caused by the enhanced hydrolysis or oxidation
of free dipyridamole (Table 9 and Fig. 27). The dissolution study of the stored samples
revedled that the conformation of the dipyridamole/L-PGDS complex was maintained
after storage under the conditions set in this study, but the increased insoluble aggre-
gates including dipyridamole decreased the plateau level in the samples at 40°C/75%
RH and 40°C/75% (open). The dissolution rate of all stored samples was comparable to

that of theinitial sample (Fig. 27).

4.5. Conclusion

In this chapter, the stability profiles of spray-dried dipyridamole/L-PGDS complex
formulation were assessed. The spray-dried L-PGDS maintained the secondary and ter-
tiary structures and kept the conformation of the complex at evaluated storage condi-
tions. However, the humidity conditions led to the increase in the soluble and insoluble
aggregates. The compatibility assessment with several excipients that are known as sta-

bilizers for protein formulation should be evaluated for further investigation.
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5

Summary

The mgjority of the developing low molecular weight drug substances have poor solu-
bility. The current employed target-based approach using combinatorial chemistry and
high throughput screening is considered to be the main approach for drug discovery
process in the future. Therefore, the improvement of solubility for poorly-water soluble
drug substance aso seems to be a continued challenge for the formulation scientists, and
the breakthrough of its concern increases the development accuracy and wipes out the
unexpected clinical disorder, such as highly variable efficacy.

In the present work, the feasibility of L-PGDS as the pharmaceutical novel solubilizer
for oral formulation was closely evaluated. In chapter 2, L-PGDS improved the solubili-
ty of telmisartan that showed poor solubility in physiological pH condition by the com-
plexation. The complexation was prepared with the smple and easy process. The im-
proved solubility of telmisartan showed alinear increase with the increase in the amount
of L-PGDS. The dried particle of the highly soluble complex that consists of telmisartan
and L-PGDS was manufactured with a spray dryer. The obtained particle had superior
properties (spherical shape, fine particle size, and narrow size distribution, fast in vitro
dissolution behavior a pH 1.6, 5, and 6.8) and high yield (80-86%).

Furthermore, the pharmacokinetic study with SHR rats was implemented to evaluate
the in vivo behavior of telmisartan/L-PGDS complex. The complex showed improved in
vivo behavior than APl and improved AUC and Tnax Of the marketed product that in-

cludes pH-modifier in the formulation. In addition, the pharmacodynamics study exhib-
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ited that the orally administered telmisartan/L-PGDS complex led to arapid decrease in
the mean systolic blood pressure, and the antihypertensive effect was held for more than
48 hours.

In chapter 3, the poorly-water soluble basic compound dipyridamole possessing the
pH-dependent solubility profile was used as the model drug, and pH-independent drug
release formulation using L-PGDS was developed. The improvement of solubility was
observed in the whole of the physiological pH range, and the spray-dried dipyridamo-
le/L-PGDS particle showed fast and compl ete dissolution at pH 1.6 and 6.8.

In addition, a pharmacokinetic study using hypochlorhydria model rats was performed
to verify the improvement of the intestinal absorption behavior, and eventually the
complex formulation overcame the problematic absorption profile of dipyridamole in
the elevated gastric pH conditions.

In Chapter 4, the potentia stability profile of spray-dried drug substance/L-PGDS
complex formulation was evaluated using spray-dried dipyridamole/L-PGDS as model
formulation. In three month storage a several conditions (5°C, 25°C/60%RH,
40°C/75% RH, and 40°C/75%RH (open)), the secondary and tertiary structures of L-
PGDS and complex conformation with dipyridamole was maintained. However, the
soluble and insoluble aggregates that are commonly generated in the storage of solid
state protein formulation were observed. The further stability assessment to evaluate the
effect of stabilizers, such as polyols and surfactants, should be performed. The degrada-
tion of dipyridamole was aso detected in the stability study. The degradation could be
considered as self-degradation of free dipyridamole. However, along with the com-
plexation efficiency, the compatibility profile of guest compounds with L-PGDS needs

to be evaluated.
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These results demonstrated the feasibility of L-PGDS as a solubilizer for a solid oral
formulation. This novel potent solubilizer improved the solubility of poorly-water solu-
ble compounds with the simple and easy process, with the well-designed mechanism of
drug release by the biodegradation of L-PGDS. It is considered that L-PGDS can enter

one of the solutions for the solubility improvement of a poorly-soluble drug candidate.
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