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ABBREVIATIONS

Pal-GH N-palmitoyl-glycyl-histidine
IVM ivermectin

MTZ metronidazole

PBS phosphate buffered saline
m.w. molecular weight

PG propylene glycol

DMSO dimethyl sulphoxide

IPM isopropyl myristate

GS gel spray

CPE chemical penetration enhancer
ETOH ethanol

F2.5 Pal-GH 2.5%

F2.5;5¢L Pal-GH 2.5%, glycerin 2.5%
F2.5106L Pal-GH 2.5%, glycerin 10%
F2.54pc Pal-GH 2.5%, propylene glycol 4%
F2.5;vm Pal-GH 2.5%, ivermectin 0.1%

F2.5,5611vm | Pal-GH 2.5%, glycerin 2.5%, ivermectin 0.1%

F2.5106Lavm | Pal-GH 2.5%, glycerin 10%, ivermectin 0.1%

F2.54pG0vm Pal-GH 2.5%, propylene glycol 4%, ivermectin 0.1%

F5 Pal-GH 5%

F5:561L Pal-GH 5%, glycerin 2.5%
F51061L Pal-GH 5%, glycerin 10%

FSypc Pal-GH 5%, propylene glycol 4%
FS5ivm Pal-GH 5%, ivermectin 0.1%

F5;5¢L1vM Pal-GH 5%, glycerin 2.5%, ivermectin 0.1%

F506L-1vm Pal-GH 5%, glycerin 10%, ivermectin 0.1%

FS4pcivm Pal-GH 5%, propylene glycol 4%, ivermectin 0.1%

F2.5m17 Pal-GH 2.5%, metronidazole 1%

FSmrz Pal-GH 5%, metronidazole 1%

FSwpm-mrz Pal-GH 5%, isopropyl myristate 10%, metronidazole 1%
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FSI’G-MTZ

Pal-GH 5%, propylene glycol 4%, metronidazole 1%

FSpmso-mTz

Pal-GH 5%, dimethyl sulphoxide 5%, metronidazole 1%

FSgion-mrz

Pal-GH 5%, ethanol 20%, metronidazole 1%

F5t1rAnNs-MTZ

Pal-GH 5%, diethylene glycol monoethyl ether 10%, metronidazole 1%

F10pmrz Pal-GH 10%, metronidazole 1%

IPMyrz isopropyl myristate 10%, metronidazole 1% (in aqueous solution)
PGz propylene glycol 4%, metronidazole 1% (in aqueous solution)
DMSOwmaz dimethy] sulphoxide 5%, metronidazole 1% (in aqueous solution)
EtOHMT1z, ethanol 20%, metronidazole 1% (in aqueous solution)
TRANSMrz transcutol 10%, metronidazole 1% (in aqueous solution)




Abstract

Development of new pharmaceutical additives is very important to widen and increase
good pharmaceutical products. N-palmitoyl-glycyl-histidine (Pal-GH) can be a new low
molecular weight gelling agent. Only a few low molecular gelling agents were reported,
although many natural and synthetic high molecular gelling agents have already been in the
market. Pal-GH exhibited thixotropic behavior, low viscosity, and high dissolving properties
for a wide range of hydrophilic to lipophilic drugs similar to those in high molecular gelling
agents. Ivermectin (IVM) and metronidazole (MTZ) were selected as hydrophilic and
lipophilic model drugs in this study.

Orally administered IVM has been used to treat the scabies. However, this treatment is
associated with well-known side effects, thus this study is anticipated to search for alternative
routes of administration. Although a topical formulation of IVM could be a candidate, it
requires whole body application except the head and face for several hours on a daily basis.
Thixotropic is an essential property for applying, spreading, and expanding the material while
retaining its appearance and form. It is an important consideration in preparing a gel spray
formulation. Then, the author prepared Pal-GH gel spray formulations from its aqueous
solution by a heating and cooling method in order to be supplied to the scabies treatment in the

first part of the present study.



Rheological behavior and physical appearance (spraying, spreading ability, volume of
spraying, and homogeneity) of the prepared formulations were evaluated. Pal-GH gel with
propylene glycol (PG) demonstrated impressive rheological properties (typical thixotropic
behavior) with high hysteresis area and high spreading ability among all the tested Pal-GH gels.
The obtained IVM concentration in skin after topical application of 0.1% IVM in Pal-GH
formulation onto the hairless rat skin was extremely higher than the reported therapeutic
concentration obtained from oral administration in humans. These results suggested that topical
application of IVM using a Pal-GH gel spray formulation could be an alternative to the
conventional oral forms for the scabies treatment.

The author tried to increase the skin permeation of metronidazole (MTZ), a hydrophilic
drug unlike a typical lipophilic compound, IVM, after the topical application of Pal-GH gel,
since the skin permeation rate of water-soluble drugs is low in general in the second part of this
study. A combined effect of chemical penetration-enhancers (CPEs), such as isopropyl
myristate (IPM), PG, ethanol (EtOH), diethylene glycol monoethyl ether (tl‘anscutol®, TRANS),
and dimethyl sulfoxide (DMSO), was evaluated on the skin permeation of MTZ. Three-
dimensional network structure of Pal-GH gel and its combination with several CPEs was also
evaluated, to find out a relation between the rheological properties and skin penetration-
enhancing effects. As results, 5% Pal-GH gel containing 1% MTZ (F5utz) exhibited a 2.7-fold

higher MTZ permeation through excised hairless rat skin than its solution. Furthermore, Pal-



GH 5% with PG 4% (F5pgmtz) and Pal-GH 5% with IPM 10% (F5ipm-mrz) further increased
the skin permeation of MTZ when compared to FSyyz Interestingly, FSpgmrtz markedly
increased the skin penetration of MTZ, although no enhancement effect was observed by MTZ
PG solution (PGyrz). Thus, Pal-GH formulations containing PG or IPM enhanced the skin
permeation of MTZ, suggesting usefulness of Pal-GH gel to improve the skin permeation of
hydrophilic drugs.

The microstructure of the Pal-GH formulations were observed by light microscopy and
TEM. F5pgmrz, Pal-GH 5% with DMSO 5% (F5pmso.mtz) and Pal-GH 5% with EtOH 20%
(F5gion-mrz) showed a highly dense and thick fibrous structure compared with those in Fomtz
and FSyrz containing the other CPEs. FSurz, FSpiop-mrz and F3transamrz showed
homogeneous and straight fibrous structures. Fragmented fibrous structures were also
observed in F5gopmrz and F5transmrz. On the other hand, F5ipmmrtz, FSpe-mrz and FSpuso-
vtz showed straight, but twisted fibrous structures. These results suggest that structural
differences such as higher amount of fibers and disconnected fibers may be related to the skin
penetration enhancement effect of the entrapped drug in the Pal-GH gel formulation. Thus,
highly dense and twisted fibrous structures were correlated with thixotropic behavior of Pal-

GH gel formulations.



General Introduction

Gel spray (GS) formulation is a semi-solid formulation containing a gelling agent with
thixotropic behavior and can be sprayed with a mechanical pump. It has many advantages
compared to conventional topical preparation, such as an approach for application to large skin
areas with a single spray application without further contact with the applied formulation.
Compared to inconveniences of a bath formulation, GS still has many merits. It has long
duration of exposure to the skin and uses smaller amount of drug, hence cost effective. Gelling
agent having thixotropic behavior is an important consideration in preparing a gel spray
formulation. It exhibits an isothermal system in which apparent viscosity decreases under shear
stress, followed by a gradual recovery when the stress is removed. It is an essential property in
applying, spreading, and expanding the material while retaining its appearance and form.
Thixotropic gels can also be applied on a wider range of skin for a long period.

Gelators are materials that are capable of turning a liquid solvent into a “solid-like”
substances by entrapping and immobilizing the solvent molecules at macroscopic level, and
they are used to obtain gels via the process of gelation. Based on their source, gels can be
classified into natural gels and artiﬁci;ﬂ (synthetic) gels. Based on constitution, artificial gels
can be further classified into macromolecular (polymeric) gels (this is major) and low

molecular gels (this is minor). Finally, based on the interaction within the 3D network,



macromolecular gels can be subdivided into chemically cross-linked gels and physically
crosslinked gels, whereas the low molecular gels are normally physically cross-linked. Gels
formed by chemical cross-linking (strong covalent bond) cannot be re-dissolved and are not
thermo-reversible, whereas gels formed by physical interaction (weak non covalent
interactions) can be re-dissolved and are thermo-reversible.

N-palmitoyl-glycyl-histidine (Pal-GH) is a novel low molecular weight gelling agent.
Therefore, it can be redissolved and thermoreversible. It has valuable properties like.thixotropic
behavior, lower viscosity and high dissolving properties for a wide range of hydrophilic to
lipophilic drugs. Pal-GH cannot only be used as a base for GS formulation due to its thixotropic
properties, but also expected as a good enhancer [1, 2]. Since the percutaneous absorption rates
of water-soluble drugs are generally low, an enhancing system is needed when using the skin
as an administration site for the drugs.

Skin is utilized as an application site for many topical and transdermal drug delivery
systems. The stratum corneum (SC), barrier property layer, poses a formidable challenge to
formulators of transdermal drug delivery system which need the modification for enhancing
the skin permeation of poorly penetrating drugs like water soluble drug [3, 4]. In order to
overcome the high barrier function in the stratum corneum in delivering these drugs, several
chemical enhancers had already evaluated to promote their skin permeation. The contribution

of Pal-GH on the skin permeation of metronidazole (MTZ), and synergistic effect of its



combination with some enhancers like propylene glycol (PG), ethanol (EtOH), isopropyl
myristate (IPM), diethylene glycol monoethyl ether (Transcutol™) and dimethyl sulfoxide
(DMSO) has not been studied.

General concepts of this research are to design a GS formulation showing thixotropic
properties, and to observe the effects of Pal-GH gel formulation and its combination with
several CPEs on the skin permeation and skin concentration of topically applied hydrophilic
and lipophilic model drugs. Thus, the design to use Pal-GH as a gelling agent for topically
applied GS formulation containing ivermectin (IVM) as a lipophilic model drug to treat scabies
and also as enhancer for MTZ (hydrophilic model drug) for scabies and rosacea/acne treatment,
respectively. Then, the understanding of the microstructures of Pal-GH in influencing
thixotropic properties, enhancing skin permeation and skin concentration of the model drugs
will be essential in developing superior topical formulations.

This study is divided in two chapters as follows: In chapter 1, designing of a topically
applied GS formulation with IVM using Pal-GH was determined. GS formulation containing
IVM was an ideal formulation to treat scabies, since it has fewer side effects compared to oral
IVM and easier for whole body application. Hence, several physical and rheological properties,
release, skin permeation and skin concentration of IVM have been studied to produce an

impressive topical GS formulation.



In chapter 2, Pal-GH and its combination with several enhancers was investigated for
its ability to enhance skin permeation and concentration of MTZ. MTZ is one of a nitro
imidazole derivative and was expected to skin enrichment for therapeutics of the acne and
rosacea. Studies of topical administration of MTZ were promising, since only a minimal
amount of the active agent reached the skin. Also, considerable side effects were observed
following oral administration. For topical drugs, the emphasis on its skin concentration is
greater compared to its skin permeation since it has a direct correlation on its efficacy and
safety of active compound. Therefore, skin permeation and skin concentration of MTZ from
Pal-GH gel formulation and its combination with several enhancers were evaluated. In addition,
microstructural observation of Pal-GH gel formulation showing thixotropic properties, and
enhanced skin permeation and concentration of drugs were also evaluated. The microstructural
properties of the supramolecular gel affects to its rheological properties, skin permeation and
concentration enhancement of lipophilic and hydrophilic drugs. Fibrous structures were
evaluated for Pal-GH and its combination with several enhancers. Microscopic, and TEM

observation were conducted to explain this microstructural changes in the GS formation.



Chapter 1
Design of topically applied gel-spray formulation of ivermectin using a novel low
molecular gelling agent, N-palmitoyl-glyeyl-histidine (Pal-GH) to treat

Scabies

1.1. Introduction

Gelling agents are capable of turning liquids into “solid-like” substances by entrapping
and immobilizing solvent molecules at a macroscopic level [5]. They can be classified into
polymeric macromolecular (>10 kDa) or low molecular weight (<10 kDa) gelling agents.
Several kinds of low molecular weight building blocks can self-assemble to form one-
dimensional nanofibers, and then three-dimensional entanglement of the nanofibers causes
gelation of the solvents. Such hydrophilic supramolecular gelling agents can be designed at the
molecular level depending on their proposed use, because of their relatively simple molecular
structure [6,7]. The biocompatibility and biodegradability of these gels make them ideal for
drug delivery systems [8]. In contrast to conventional polymeric gels, such supramolecular gels
are characterized by the reversible transition between sol and gel states.

N-palmitoyl-glycyl-histidine (Pal-GH) is a unique molecule with hydrophilic and
hydrophobic moieties consisting of glycine and histidine, and palmitic acid, respectively (Fig.
1) [2]. In spite of its weak strength compared with conventional and marketed polymer gels,

.10.



the high controllability of the molecular structure and function has led to a new gel substrate.
Pal-GH can be gelled at a broad range of concentrations and even at a low level. Pal-GH has
valuable properties such as thixotropic behavior, lower viscosity, and high dissolving properties
for a wide range of hydrophilic to lipophilic drugs. Thixotropic behavior is an important
consideration in preparing a gel spray formulation.

Oral administration of ivermectin (22,23-dihydroavermectin Bla; IVM) is presently
used world-widely in scabies therapy. Scabies (a parasitic roundworm infection) is a major
worldwide public health problem in many developing countries [9], and it has become a major
problem even in Japan and other developed countries due to highly aged societies. Curing the
parasitic infection helps to improve quality of life (QOL) for patients. In people with weakened
immune systems, curing the roundworm infection can reduce the risk of developing a severe
or life-threatening infection. [IVM belongs to a class of drugs known as anthelmintics, and it
works by its paralyzing and killing the parasites. IVM is considered to be absorbed into the
systemic circulation and distributed to the skin tissues through sebaceous glands after oral
administration. Hass ef al. (2002) reported that IVM concentration in the stratum corneum
ranged from 40 to 80 ng/g in scabies patients who took 12 mg oral IVM, which is regarded as
an effective dose [10]. However, this treatment for scabies is potentially hazardous and

associated with moderate to severe side effects for caregivers as well as patients [11, 12].

-.11..



Furthermore, the safety and efficacy of oral IVM have not been well-established, especially in
older patients with impaired liver function, in children, and in pregnant women [—12, 13]:

Such side effects related to oral IVM prompted medical and pharmaceutical researchers
to investigate alternative routes of administration and novel formulations, such topically
applied cream, gel, or foam for whole body bathing as a safe and simplified therapy [14]. These
topical preparations probably function through IVM absorption through the skin barrier to the
diseased sites with fewer systemic adverse effects than oral formulations. Thus, such topical
formulations of IVM are candidate treatments. However, they still require whole-body
application for several hours on a daily basis to maintain effective IVM concentrations in the
skin of scabies patients.

The author was surprised to observe in preliminary experiment that topical skin
application of 0.1% IVM solution provided much higher concentrations in the stratum corneum
at the application site compared with the effective concentration reported by Hass er al. (2002).
However, scabies spreads easily by infestation both by direct skin-to-skin contact and by
contamination through clothing, bedding, and furniture [15-17]. Therefore, I decided to study
gel spray (GS) formulations that could cover a large skin area in a single application Without
further contact with the applied formulation. Pal-GH and IVM were selected as a gelling agent
for a GS formulation and lipophilic model drug respectively, to be available for scabies

treatment.

.12.
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Fig. 1. Chemical structures of Pal-GH, PGA, IVM and PG, respectively. clog P value of

ivermectin is 5.83.

Thixotropic behavior is necessary to prepare a GS formulation, because it exhibits an
isothermal system, in which apparent viscosity decreases under shear stress, followed by a
gradual recovery when the stress is removed [18]. Thus, the main objective of this work was
to design a topically applied Pal-GH formulation containing IVM. The formulation was
prepared by a heating-and-cooling method. The rheological properties and physicochemical

evaluation of the prepared Pal-GH GS formulations were determined. The skin concentration

and IVM-release properties were also determined.
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Hairless rat skin has been used as a good alternative membrane for human skin to

evaluate skin permeation profiles and the permeability coefficients of drugs [19-22]. Moreover,

as the availability of sufficient human skin for skin permeation studies is usually unavailable

due to ethical issues, hairless rat skin was used in the present study

1.2. Materials and methods

1.2.1. Materials

Pal-GH premix (composed of 6% Pal-GH, 30% 1,2-octanediol, 20% 1,3-butanediol,

2% polyoxyethylene lauryl ether, 1% stearic acid, and 41% purified water) and propylene

glycol alginate (PGA) were obtained from Nissan Chemical Industries, Ltd. (Tokyo, Japan).

IVM was purchased from Tocris Bioscience (Bristol, U.K.), and glycerin (GL) and propylene

glycol (PG) were from Kanto Chemical Co., Inc. (Tokyo, Japan). Sucrose was purchased from

Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Other chemicals and reagents were of

special grade or HPLC grade (purchased from Wako Pure Chemical Industries, Ltd.) and used

without further purification.

1.2.2. Animal

Male hairless rats (200-250 g) were purchased either from Life Science Research

Center, Josai University (Sakado, Saitama, Japan) or Ishikawa Expetiment Animal

.14_



Laboratories (Fukaya, Saitama, Japan). The animals were housed in temperature-controlled
rooms (25 + 2°C) with a 12 h light-dark cycle (7:00-19:00 h), and were allowed free access to
food (Oriental Yeast Co., Tokyo, Japan) and tap water. All breeding procedures and the
experiments on animals were performed in accordance with the guidelines of the Animal

Experiment Committee of Josai University.

1.2.3. Preparation of Pal-GH formulations

| The Pal-GH formulations were prepared by a heating-and-cooling method as follows
(Fig. 2): Pal-GH premix was dissolved in purified water at 85°C. Then, 0.1% IVM was
completely dissolved into the Pal-GH solution at 75°C, followed by adding PG or GL at

different concentrations.

Purified water

W

Hot stirrer

Pal-GH

VM

Hot stirrer

Fig. 2. Scheme of Pal-GH gel preparation
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Furthermore, PGA aqueous solution was obtained by stirring in purified water at 85°C

for 1 h as stabilizer and thickener. The obtained PGA solution was mixed with the Pal-GH

solution containing IVM at 1,000 rpm at 75°C for 1 h (until homogeny). After mixing, the

formulation was kept at room temperature before use. Pal-GH gel formulations without [IVM

were also prepared by mixing the Pal-GH solution containing GL or PG and the PGA solution

at 1,000 rpm at 75-85°C for 1 h. Fig. 2 and Table 1 shows the scheme Pal-GH gel preparation

and the compositions of the Pal-GH formulations.

Table 1. Composition and codes of the prepared Pal-GH gel formulations

Formulation

Pal—GI.-I CONC. ) 4 itioec code  without Formplgtion cgde
(premix) VM containing 0.1% IVM
2.5% No additive (base) F2.5 F2.51vm
Glycerin 2.5% FZ-SZ.SGL F2-52.SGL-IVM
Glycerin 10% F2.5 10GL F2.5106L-1vM
Propylene glycol 4.0%  F2.54pG F2.54pG0vM
5.0% No additive (base) F5 FSivm
Glycerin 2.5% FSz,SGL FSZ.SGL~IVM
Glycel'in 10% F5 10GL F5 10GL-IVM
Propylene glycol 4.0%  FS4pg F54pgavm

1.2.4. Physical characterization of Pal-GH formulations

Physical characterization of the Pal-GH formulations was performed, including solid-
like behavior, spraying ability, spread area, weight, and homogeneity of a single spray
application. The solid-like behavior of these formulations before and after shaking was

evaluated visually. Spraying ability of Pal-GH formulation was evaluated using a general

.16.



spraying nebulizer (Toki Mini Spray PET vol. 20 mL, 0.35 mm i.d. nozzle, Sansho, Tokyo,
Japan), and the sprayed area on a glass plate from a vertical distance of 15 cm from the nozzle
to the plate was measured using imaging software (cellSens, Olympus Corp., Tokyo, Japan)
and using a stercoscopic microscope (SZ61, Olympus Corp.). The weight of a single
application of each sprayed formulation was measured by weighing the sample on the glass
plate. Aggregation of the sprayed formulations after drying was observed to evaluate
homogeneity. Moreover, a flow-ability test was conducted by spraying each Pal-GH
formulation from a distance of 15 cm from the nozzle to a vertical glass plate (Fig. 3).

Movement of the sprayed formulation was observed using the naked eye for Iminute.

20 em

i =
1

1
@ -t Glasz plute

N 15em

Fig. 3. Evaluation of spraying area of prepared formulations.

1.2.5. Evaluation of the rheological properties of Pal-GH formulations
The rheological properties (thixotropic properties and viscosity) of Pal-GH
formulations were evaluated using a rotational viscometer (Toki Sangyo Co., Ltd., Tokyo,

.17.



Japan). The measurement conditions were as follows (Table 2): the temperature was
maintained at 25°C and 32°C, corn rotor was 3° x R14, sample volume was 0.4 mL, rotation
speed was increased from 0 to 100 rpm over 20 min (1200 s) and decreased from 100 to 0 rpm
over the same period (Fig. 4), and a flow analysis method was used. The viscosities of the Pal-
GH gel formulations and sucrose solutions were evaluated. Moreover, the shear thinning of
Pal-GH gel bases was evaluated by measuring their viscosity at different shear rates (0-200 s’

1. Hysteresis area was calculated by using VA 2000 software (Toki Sangyo Co., Ltd).

100 A
920 -
80 -
70
60
50 -
40
30 1
20 1
10 -

Rotation speed (rpm)

1 366 731 1096 1461 1827 2192
- Time (s)

Fig. 4. Program step of rotating viscometer.

Table 2. Rotating viscometer condition.

Apparatus Viscometer RE-215H
Temperature 25°C

Corn rotor 3° x R14

Sample volume 0.4 mL

Measurement mode Program step

Analysis method Flow analysis

.18.



1.2.6. FTIR measurement of Pal-GH formulation

FT-IR spectra were measured for selected Pal-GH formulations. Samples were
analyzed to confirm the interaction between IVM and Pal-GH. All spectra were recorded by
FT-IR with single-reflection ATR using a diamond prism (IRT Tracer-100, Shimadzu

Corporation, Kyoto, Japan) in the range of 400-4,000 em™! with 4 cm™ steps and 40 scans.

1.2.7. IVM release from Pal-GH formulations

IVM release from the formulations was evaluated for selected Pal-GH formulations.
This experiment was performed using a side-by-side diffusion cell (effective diffusion area:
0.95 cm®) with a sheet of dialysis membrane (molecular weight cut-off; 2,000-14,000 Da)
(Sanko Junyaku Co., Tokyo, Japan) over 24 h. The sample (0.30 g) was spread evenly in a
glass cell compartment with a 0.3 mL volume and set on the membrane, and the receptor
compartment was filled with 3.0 mL of soybean oil because of the high lipophilicity of I[VM.
The receptor cell was agitated using a magnetic stirrer throughout the experiment. The
temperature in the receiver compartment was kept at 32°C using a thermostatic water bath
circulating through the double glass walls of the diffusion cell. Aliquots (0.50 mL) were
withdrawn from the receptor compartment at predetermined times, and the same volume of
fresh medium was replaced to maintain the receiver volume. The extraction ratio of IVM from

soybean oil was obtained to calculate its exact concentration.

.19..



1.2.8. Skin permeation and concentration of ivermectin
Full thickness hairless rat skin was excised from the abdomen under anesthesia by i.p.
injection of the three types of anesthesia (medetomidine, 0.375 mg/kg; butorphanol, 2.5 mg/kg;
and midazolam, 2 mg/kg). Excess fat was trimmed off, and the excised skin was set in a I'ranz
diffusion cell (effective diffusion area: 1.77 cm?) with the epidermis side facing the donor
compartment. Phosphate buffered saline (PBS), pH 7.4, was added to the receiver
compartments. The experiments using the skin were conducted after hydration with PBS for
60 min. The Pal-GH formulation containing 0.1% IVM (1.0 mL) was loaded into the donor
compartment (epidermal side). The receiver solution was agitated using a stirrer bar and a
magnetic stirrer throughout the experiments. The diffusion cells were kept at 32°C with a water
jacket connected to a water bath. In addition, at the end of the experiment (24 h) the amount of
IVM that permeated through the skin was also determined, an aliquot (0.50 mL) was withdrawn
from the receiver chamber. Then, the applied formulation was gently removed using a cotton
swab and the skin sample was washed 20 times with 1.0 mL PBS. The permeation area of the
skin was then cut into small pieces after gentle removal of excess water on the skin using
Kimwipes® paper.
IVM concentrations in full-thickness skin and viable epidermis and dermis (VED) were
determined, and the amount of IVM in the stratum corneum was calculated by subtraction of
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its amount in the VED from that in full-thickness skin. Then, the IVM concentration in the
stratum corneum was estimated under the assumption that the density of the stratum corneum
would be 1.2 g/em’® [23]. The IVM concentration in VED was obtained by 20 repetitions of
stripping of the stratum comneum layers from the full-thickness skin using adhesive tape

(Cellotape®, Nichiban, Tokyo, Japan) just after finishing the washing process.

1.2.9. Determination of IVM

IVM concentration in soybean oil: methanol (200 pL) was added to each soybean oil
solution (200 pL), and the obtained mixture was vortexed for 10 min and centrifuged twice for
5 min to obtain the supernatant. The supernatant (100 pL) was used for high-performance liquid
chromatography (HPLC) assays.

Skin concentration: the obtained skin piece (0.05 g) was minced using scissors and
homogenized (4°C, 5 min) with 0.45 mL of methanol for 2.5 min using a homogenizer
(Polytron PT-MR 3000; Kinematica Inc., Littau, Switzerland). Methanol (0.5 mL) was added
and homogenized again for 2.5 min, then agitated for 15 min. After centrifugation (5,000 rpm,
4°C, 5 min), the supernatant (100 pL) was mixed with the same volume of methanol then
agitated and centrifuged again using the same conditions. The obtained supernatant (100 pL)
was injected into the HPLC system, and the measurement was obtained using the same

conditions as described below.
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The HPLC system (Shimadzu Corporation) consisted of a system controller (CBM-
20A), pump (LC-20AD), auto-sampler (SIL-20AC), column oven (CTO-20A), UV detector
(SPD-M20A), and analysis software (LC Solution). The column was an Inertsil® ODS-3 (5 um,
4.6 x 250 mm) (Nihon Waters K.K.; Tokyo, Japan), which was maintained at 40°C. The mobile
phase was acetonitrile : methanol : water =6 : 3 : 1 (0—12 min). The flow rate was adjusted to

1.0 mL/min. IVM was detected at 245 nm.

1.2.10. Statistical analysis
Statistical analysis for the amount of skin concentration of IVM and in vifro release of
IVM were performed using Student’s #-test, and P value less than 0.05 were considered to be

significant.

1.3. Results
1.3.1. Physical properties of Pal-GH gel formulation.

Fig. 5 shows photographs of the Pal-GH gel formulation before (Fig. 5a) and after
(Fig. 5b) shaking the bottles to evaluate the ability to form a tight gel. Only the results of

F2.54pcavm are displayed as examples.
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Fig. 5. Photographs of solid-like behavior of Pal-GH gel formulation before (a) and after
shaking (b). The Pal-GH gel shows a tight gel (solid like) before shaking, and then a sol

just after shaking

Table 3 summarizes the results of the physical characterizations (gel-forming property
after shaking, spraying ability, sprayed area, weight of sprayed formulation, and homogeneity)
of 18 Pal-GH formulations with 2.5% and 5% Pal-GH premix in different additives and with
and without IVM. When spraying these formulations, almost the same weight (0.15-0.22 g)
could be sprayed using a general spraying nebulizer (Toki Mini Spray PET, details in the
experimental section) independent of the formulations. Most of the formulations showed a sol-
gel transition behavior before and after shaking (see Fig. 5). In addition, the sprayed areas were
dependent on the formulation, although all formulations could be sprayed using the nebulizer.
Larger sprayed areas were observed in most F5 formulations, except for F5 and F5iym. On the
other hand, the sprayed areas obtained from the F2.5 formulations were smaller than those
obtained from the F5 formulations. Furthermore, the homogeneity of the sprayed formulations

was also evaluated. All formulations showed good homogeneity, and almost the same weight
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of formulation was sprayed from the nebulizer. No aggregation spots were observed in the

sprayed area after drying (data not shown).

Table 3. Physical properties of Pal-GH gel formulations

Gel form — —— Weight of sprayed
Sample code after praying Bl i formulation (g) Homogeneity
. ability (em”) i
shaking (n=3)
F2.5 o o] 50.5 0.150 £0.02 o
F2.5; 56 o o] 153.86 0.186 +0.01 o
F2.5106L o o 176.625 0.190 £0.017 o
F2.54pG o o 113.04 0.190 £ 0.01 o
F2.51vm o o 38.46 0.215+0.05 o
F2.5; 56L-1vm o o 54.4 0.193 = 0.006 o
FZ-SIOGL-]VM o &} 63.58 0.197 £0.006 e}
F2.54pG1vMm o} ®) 91.2 0.190 + 0.005 0
F5 o o 38.46 0.156 +0.01 o
F5a5061 o o] 145.19 0.186 +0.01 o
FS]OGL o e} 171.9 0.180+£0.02 (o]
F54p(} o O 132.6 0.187 £0.02 o}
FS51vm o o 38.46 0.190 £ 0.037 o
F5; 56L1vm o] o} 132.6 0.186 £0.02 (o}
FS]OGL-IVM o] o 153.86 0.186 +£0.015 e}
F54PG-]VM o o 132.6 0.170 £0.05 o}

Symbols; o: confirmed gel forming, spraying ability, or homogeneity. x: not confirmed
The sprayed area on a glass plate was measured using imaging software after spraying at a
vertical distance of 15 cm from the plate. Weight of sprayed formulation was measured to
evaluate the amount of one spray.

Moreover, suitable viscosity for easy of spraying and flow-ability of the sprayed
formulation on skin were determined qualitatively using different concentrations of sucrose, to
facilitate the determination of viscosity, because sucrose solutions show a typical Newtonian
flow. Table 4 summarizes the spraying ability, spread-ability, and flow-ability of the Pal-GH -
formulations on skin as a function of viscosity. As a result, viscosity ranging between 51 and
250 mPa-s was considered to be suitable for topical application using spray formulations. In

addition, the highest viscosity that was easily sprayed using a general spraying nebulizer was
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determined to be 250 mPa-s, and the lowest viscosity in which the vehicle maintained the

sprayed area on the skin was 51 mPa-s.

Table 4. Evaluation of spraying ability, spread-ability, and flow-ability measured by

sucrose solutions

Viscosity range  Spraying ability Spread-ability Flow-ability on skin
(mPa-s)
1-10 Spraying possible >400 cm® Spcead oyer Hib qprayed mealiy

flowing down of the formulation
11-50 Spraying possible 100-400 cm® Flowing down of the formulation
Maintained across the sprayed

51-250 Spraying possible <100 cm® area over fhe fime
-~ Maintained across the sprayed
251-400 Leakage only No spread-ability ;
area over the time
=400 Impossible to spray No spread-ability Maintained actoss the sprayed

area over the time

All observations were done using sucrose viscous solutions

1.3.2. Thixotropic properties and viscosity of Pal-GH gel formulations

The thixotropic properties of the Pal-GH gel formulations were further investigated.
Fig. 6 shows rheograms of several Pal-GH gel formulations at Pal-GH concentrations of 2.5%
(Fig. 6a) and 5% (Fig. 6b). Closed and open symbols indicate increasing shear rate and
decreasing shear rate, respectively. Thixotropic behavior was clearly observed in all
formulations containing IVM (Fig. 6). The hysteresis area of these F2.5 and F5 changed with
the Pal-GH premix concentration as well as with the addition of IVM and PG or GL to the
formulation. Among the formulations, higher hysteresis areas were observed in F2.54pg.1vm and
F54pG-tvm, and the hysteresis areas obtained from F2.54pg1vm and FS4pg.ivm were 725 and 2611

Pa-s'l, respectively. On the other hand, F51g1.-ivm and F5; 56L.1vm also showed higher sprayed
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Fig. 6. Rheograms of several gel formulations at Pal-GH concentration of 2.5% (a) and

5% (b). Closed and open symbols indicate increasing and decreasing shear rate,

respectively. Thixotropic behavior was clearly observed in all formulations. Symbols; O

and @: F2.5 (in Fig. 5a) or F5.0 (in Fig. 5b), A and A: F2.5;yvy (in Fig. 5a) or F5.0 yym (in

Fig. Sb), Vand V: F2-54PG—IVM (ill Flg Sﬂ) or FsdPG-lVM (ill Fig. 5'3), 0 and €: 2.5, 5¢1.-

IvM (i]l Fig- Sa) or FSZ.SGL-IVM (ill Fig. Sb), O and M: FZ-S]OGL-IVM (in Fig. Sa) or FS][)(;L.“/M

(in Fig. 5b).

1.3.3. In vitro release of IVM from Pal-GH formulations

Because IVM is a highly lipophilic compound, soybean oil was used as a receiver

medium in the in vitro release studies of IVM from formulations. The cumulative percentage
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of IVM released from F2.54pgavm and FSspgavm was about 4.9% and 5.7% over 24 h,
respectively (no significant differences were observed among all the tested Pal-GH

formulations), whereas a released value of 13.6% was observed from the PG solution (Fig. 7).

20 1
O 0.1% IVMin I'G
16 ~ A F2S5panm
O FSypcavm
E: |
E 12 - G)
- |
=
[
‘ae d
o
. e
0 4 8 12 16 20 24

Time (h)

Fig. 7. IVM release profile from Pal-GH formulations. Significant differences were not
observed between Pal-GH formulations but were observed with between control and Pal-

GH formulations (*: p<0.05). Symbols; O: 0.1% IVM in PG (control), A: F2.5pc1vm, [1:

FS4pcavme

1.3.4. Skin disposition of IVM after topical application of Pal-GH formulations

Fig. 8 shows the skin concentration of IVM 24 h after topical application of F2.54pG-1vm
and F5,pG.;vm onto hairless rat skin. PG solution containing 0.1% I'VM was used for comparison.
The IVM concentration in the VED and stratum corneum was also investigated. A markedly
higher IVM concentration in the stratum corneum was observed in all topically applied
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formulations compared with the effective concentration reported by Haas et al. (2002) (40-80
ng/g). The IVM concentration in the stratum corneum that obtained from 0.1% IVM in PG was
much higher than those with F2.54pg.1vm and F54pcavm. However, the IVM concentrations in
VED after topical application of F2.5spgavm and FS4pgavm were significantly increased
compared with that after topical application of 0.1% IVM in PG. Despite the IVM skin

“concentration observed with all formulations, no skin permeation of IVM was observed.

280 A
240 1 ® 1% IVMinPG
0 F2.54pG1vm
T O FSpenm
= 200 -
£
g
b= 160 -
b
=1
& 120 -
-1
[=]
L¥)
§ 80 - 2
N =3
40 |
, | g
Whole skin VED Stratum corneum

Fig. 8. IVM concentration in whole skin, VED and stratum corneum after topical
application of Pal-GH gel formulations on hairless rat skin. The IVM concentration of
the stratum corneum was estimated by dividing the IVM amount difference between the
IVM amounts in the VED and whole skin by the weight of the stratum corneum.
Significant differences were observed between Pal-GH formulations and 0.1% PG
solution in the stratum corneum and VED (*: p<0.05). Closed columns: 0.1% IVM in PG,

Open columns: F2.54g1.-1vm, hatched columns: FSypgvm.
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1.3.5. FT-IR measurement of F2.54pc.1vm and pure IVM

FT-IR studies were carried out to investigate the interaction between IVM and Pal-GH
(Fig. 9). The FT-IR spectra of IVM showed sharp peaks at: 3458.4 em” due to axial
deformation of free O-H; 2964.6 cm™ characteristic of methyl groups; 2937.6 indicating axial
deformation of C-H; 1730.1 cm’' characteristic of saturated aliphatic ketone C=O stretching;
1676.1 em™ relating to unsaturated lactones with a double bond adjacent to the -O- group,
owing to the C=C group; 1599.0 and 1454.3 cm’' relating to moderate absorption of ketones;
and 1200-1000 cm™ showing the aliphatic ethers due to the asymmetric axial deformation of
C-O-C. On the other hand, spectral peaks derived from IVM were not detected in F2.5 and
F2.54pG, only a peak derived from the OH group and vibration of the C=O moiety in the

carboxylates (1600 cm’") were observed.

% tramsmittance {arbitrary unit)

4000 ooe 3200 2600 2400 2000 1onn 200 Hoo 400
Wavelength (em™)

Fig. 9. FT-IR spectra of pure IVM (a), PG (b), and Pal-GH formulations (¢).
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1.4.Discussion

Pal-GH is a recently developed low molecular weight gelling agent. Matsumoto ef al.
reported its rheological properties, molecular assembled states, and the morphology of its
network structure [24]. In the present study, we tried to develop a topically applicable GS
formulation prototype using Pal-GH as a promising approach to increase IVM concentration
in the skin of patients with scabies.

Topical drug application has many advantages, such as ease of administration and the
ability to obtain high concentrations in the skin underneath the site of application, and reduced
systemic side effects compared with oral administration or injection. Several reports have
already revealed that topical application of IVM as a solution, lotion, or cream provided
marketed improvement of scabies without serious side effects, although IVM concentration in
the skin was not evaluated in these studies [25,26]. On the other hand, an IVM concentration
of more than 400 ng/g skin tissue was observed after application of a bath formulation to rat
skin. Haas ef al. [10] reported that the IVM concentration in the stratum corneum ranged from
40 to 80 ng/g in patients with scabies, who responded to oral administration of IVM at a dose
of 12 mg, and this is regarded as an effective dose.

In the present study, IVM application with a GS formulation (F2.54pc.rvm and FSspg.
1vm) showed much higher skin tissue _concentration, more than 40 pg/g in the stratum corneum
and VED, respectively (Fig. 8), although no skin permeation was observed due to its high
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lipophilicity. Thus, a sufficient concentration was obtained for scabies treatment by application
of Pal-GH formulations containing IVM. Because the skin concentration of drugs is generally
related to their applied concentration (dose), adequate therapeutic skin concentration of IVM
could be obtained by decreasing the applied concentration or dose in the formulation. The IVM
concentration in VED obtained from the topical application of Pal-GH formulations was
significantly (»<0.05) higher than that obtained from the topical application of 0.1% IVM in
PG, although 0.1% IVM in PG showed a significantly (p<0.05) higher concentration in the
stratum corneum compared with Pal-GH formulations. Because the complete removal of
topically applied formulations from the skin surface is difficult, the IVM concentration in the
stratum corneum might be overestimated, especially for the PG alone formulation, even after
performing 20 washes to remove the formulation.

In addition, a GS formulation is useful to prevent scabies infection by direct skin contact,
and it can be maintained at the site of application on skin by its thixotropic properties derived
from the molecular interactions of Pal-GH via non-covalent bonding [27]. The obtained
hysteresis loop showed that structural change was obtained using externally applied force on
the formulations. The drawn rheograms differed according to the additives in the formulation
(Fig. 6), because the thixotropic properties were influenced by several factors, and one of them
was by mixing with additives [28]. Furthermore, the flow-ability of sprayed F2.54pg.rvm and
FS4pgavm Was investigated to confirm the usefulness of the presently prepared gel spray
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formulation. No flowing-down of sprayed F2.5spgavm and FSpgivm was observed on the
vertical glass plate (data not shown). This finding showed that our formulations were suitable
to maintain the sprayed area with easy spraying.

A marked interaction between IVM and Pal-GH could not be found using the FT-IR
determination (Fig. 9) because of the low concentration of IVM in this fonnﬁlation. In addition,
IVM release from the prepared Pal-GH formulation was not changed by an increase in Pal-GH
concentration. However, thixotropic behavior was changed by increasing Pal-GH
concentration as well as the addition of additives in the formulation. This result suggested that
microstructural changes in the Pal-GH formulation might be obtained by the additives in the
formulation.

The mechanism of the enhancement effect on the skin concentration of IVM from Pal-
GH formulations is not fully understood. The drug release rate and its subsequent skin
permeation are linearly related to the thermodynamic activity in the formulation [29-31]. Thus,
differences in the thermodynamic activity of the formulation might be a reason fo;‘ the higher
IVM concentration after application of the Pal-GH formulations. Since Pal GH has hydrophilic
and lipophilic site, it can solubilize IVM, thereby affecting the thermodynamic activity of IVM.
Increase in drug solubility in the formulation will lower its thermodynamic activity. Hence,
decreases drug permeation through the skin. The partition and diffusion properties are affected
by the thermodynamic activity and the physical state (solution/suspension) of IVM, as well as
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the barrier function of the skin. Moreover, freely existing Pal-GH molecules might work as a
penetration enhancer for IVM penetration into the skin.

Further efforts are needed to develop Pal-GH formulations and assess the therapeutic
efficiency of our formulations. The present findings strongly suggested that the Pal-GH gel
spray formulation (i.e., F2.54pc1vM, Fiapc.1vm) developed here can be utilized as a promising

new topical formulation for the treatment of scabies.

1.5. Chapter conclusion

The present data clearly indicated that application of Pal-GH gel formulations
(F2.54pcavm and FSupgavm) is a promising topical spray formulation. This approach may
contribute to develop a new pharmaceutical additives, as a good formulation base for
transdermal drug delivery and to enhance the skin concentration of mal-absorptive drugs from
topical formulations. Further studies should be performed to clarify the mechanism of skin-

penetration enhancement of drugs using Pal-GH formulations.
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Chapter 2.

Combined use of N-palmitoyl-glycyl-histidine gel and several penetration enhancers on

the skin permeation and concentration of metronidazole

2.1. Introduction

Low molecular weight gelators have been considered attractive novel soft materials
over the past two decades. One such material, N-palmitoyl-glycyl-histidine (Pal-GH) was
developed by Nissan Chemical Industries (Tokyo, Japan) and exhibits thixotropic behavior and
high dissolving properties for a wide range of hydrophilic to lipophilic drugs. We reported on
the usefulness of Pal-GH gel as a spray gel topical formulation base for the application of
ivermectin (IVM) as lipophilic model drug [2]. An effective IVM concentration in the skin
(more than 40 to 80 ng/g) was observed following the topical application. In addition, the Pal-
GH GS formulations showed high spread-ability and low flow-ability on the applied skin site,
suggesting that they may be a good formulation base for transdermal drug delivery.

Although skin is broadly utilized as an application site for many drugs with expected
topical and systemic pharmacological effects, the uppermost skin layer, the stratum corneum,
has a high barrier property against skin permeation by drugs. Thus, it is a formidable challenge
to enhance the skin permeation of poorly skin-penetrating drugs such as water-soluble drugs
[3,32]
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The use of chemical penetration enhancers (CPEs) has been extensively studied in the
last three to four decades [12] to achieve suitable skin permeation and/or local concentration
of topically applied drugs. Many types of CPEs, such as alcohols, fatty acid esters, ether
alcohols, and sulfoxides, have been evaluated mainly by in vitro skin permeation experiments.
However, the skin permeation of Pal-GH gel and the combination of several CPEs has not been
studied. In the present study, metronidazole (Fig. 10), (MTZ, molecular weight; 171.15 g/mol,
logKo/w; —0.15), a hydrophilic drug with low skin permeability, was selected as the model
drug, and propylene glycol (PG) [33-36], ethanol (EtOH) [37], isopropyl myristate (IPM) [38],
diethylene glycol monoethyl ether (Transcutol®, TRANS) [39], and dimethyl sulfoxide
(DMSO0) [40] were selected as CPEs to represent alcohols, fatty acid esters, ether alcohols, and
sulfoxides, respectively. DMSO can increase the lipid fluidity and promote drug partition [40—
45]. PG [46-48] is known to solubilize o-keratin in the corneocytes, which is related to the
intercellular penetration of drugs [49,50]. IPM directly acts on the stratum corneum, permeates
into the lipid bilayer, and increases the fluidity of membranes [38,51]. Transcutol® is a
powerful solubilizing agent and an attractive penetration enhancer due to its nontoxicity. EtOH
extracts lipids to increase the lipid fluidity, enhances drug solubility in stratum corneum lipids,
causes changes in skin hydration and alterations in keratinized proteins, and has a drug solvent
effect. The skin concentration of MTZ was also evaluated, as it is closely related to the
pharmacological and/or toxicological effects of MTZ.
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Further studies would be needed to fully understand the detailed mechanism for the
correlation between change in network structures of molecules with physical properties
(thixotropic behavior), enhancement of skin permeation and concentration of hydrophilic and
lipophilic drugs by Pal-GH gels. Finally, the author studied on a microscopic level of the
fibrous structures and morphologies of Pal-GH gels, to confirm the changes of microstructural
in the Pal-GH assembly upon addition of some enhancers. Morphological properties and
microstructural of Pal-GH gels were also observed by light microscopy and TEM in this

chapter.

OH

| %

N

Fig. 10. Chemical structure of metronidazole

2.2. Materials and methods
2.2.1. Materials

Pal-GH premix (composed of 6% Pal-GH, 30% 1,2-octanediol, 20% 1,3-butanediol,
2% polyoxyethylene lauryl ether, 1% stearic acid, and 41% purified water) and propylene
glycol alginate (PGA) were obtained from Nissan Chemical Industries, Ltd. (Tokyo, Japan).
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MTZ was purchased from Tokyo Chemical Industry (Tokyo, Japan). PG was purchased from
Kanto Chemical Co. Inc. (Tokyo, Japan). EtOH, TRANS, DMSO, and IPM were purchased
from Wako Pure Chemicals Industries, Ltd. (Osaka, Japan). Other chemicals and reagents were
of special grade or HPLC grade, purchased from Wako Pure Chemical Industries, Ltd. (Osaka,

Japan), and were used without further purification.

2.2.2. Animal

Male hairless rats (WBM/ILA-HLt, 8 weeks of age, body weight of 200-250 g) were
obtained from the Life Science Research Center, Josai University (Sakado, Saitama, Japan) or
Ishikawa Experiment Animal Laboratories (Fukaya, Saitama, Japan). The animals were housed
in temperature-controlled rooms (25 + 2°C) with a 12 h light-dark cycle (7:00-19:00 h). The
rats were allowed free access to food (Oriental Yeast Co., Tokyo, Japan) and tap water. All
animal feeding and breeding procedures, and the experiments themselves were approved by
the Institutional Animal Care and Use Commitiee of Josai University (April 6, 2017) with

approval number H29003.

2.2.3. Preparation of applied formulations
Table 5 shows the compositions of the Pal-GH formulations and MTZ solution with or
without a chemical enhancer. The Pal-GH formulations were prepared by a heating-and-
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cooling method as follows: Pal-GH premix was stirred with a stirrer bar on a magnetic stirrer
(RSH-IDN, AS ONE Corporation, Osaka, Japan) in purified water and maintained at 85 °C
until completely dissolved. Then, MTZ (100 mg) was dissolved in the Pal-GH solution at 75

°C, followed by the addition of several CPEs (IPM, PG, DMSO, EtOH, and Transcutol®).

Table 5. Composition of the N-Palmitoyl-Glycine-Histidine (Pal-GH) gel formulations and
metronidazole (MTZ) solution with or without a chemical enhancer prepared in this
experiment. IPM = isopropyl myristate; PG = propylene glycol; ethanol; DMSO =
dimethyl sulfoxide; and TRANS = Transcutol”.

Formulation Code Pal-GH Conc. (Premix) Chemical Penetration Enhancer

F2.5utz 2.5% No enhancer
Fimrz No enhancer
F3ipmmrz IPM 10%
FSpgmtz 5% Propylene glycol 4%
FS5pmso-mtz DMSO 5%
F3gon-m12 Ethanol 20%
FStrANS-MTZ isopropyl myristate 10%

F10mrz 10% No enhancer
Aqueous solution No enhancer
IPMmrz IPM 10%
PGurz Propylene glycol 4%
DMSOwmrz DMSO 5%
EtOHmrz Ethanol 20%
TRANSwMTZ Transcutol 10%

Furthermore, a PGA aqueous solution was prepared by stirring in purified water at 85

°C for 1 h. The obtained Pal-GH solution was mixed with the PGA solution at 1000 rpm and

75 °C for 1 h (until homogenous). The Pal-GH gel formulation was kept at room temperature

prior to use. Pal-GH gel formulations without CPE were also prepared. In addition to the Pal-
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GH formulation, 1% MTZ solutions with and without CPE were also prepared to investigate
the skin penetration enhancement effects from an aqueous solution. MTZ was completely
dissolved in purified water and then CPE was added to the solution. The concentration of CPE

in the MTZ solution was the same as that in the Pal-GH formulation.

2.2.4. In vitro skin permeation experiment

Full thickness hairless rat skin was excised from previously-shaved abdomens under
intraperitoneally-administered anesthesia (medetomidine, 0.375 mg/kg; butorphanol, 2.5
mg/kg; and midazolam, 2 mg/kg). The excess fat was trimmed off and the skin was set in a
Franz diffusion cell (effective diffusion area: 1.77 cm?) with the epidermis side facing the donor
cell (Fig. 11). The receiver cell was filled with 6.0 mL of phosphate buffered saline (PBS, pH
7.4), and 1 mL of PBS was applied to the epidermis side to reach an equilibration state for
about 1 h. After an hour, the PBS of the epidermis side was replaced with the same volume of
donor (1.0 mL of 1% MTZ solution or Pal-GH formula,tionj to commence the permeation
experiment. The temperature was maintained at 32 °C for 24 h. At predetermined times, an
aliquot (0.5 mL) was withdrawn from the receiver chamber, and the same volume of fresh PBS
was added to keep the volume constant. The obtained sample was used to measure the MTZ

concentration by HPLC.
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Fig. 11. Set-up of vertical type diffusion cell for in vitro permeation experiment

A side-by-side two-chamber diffusion cell with an effective permeation area of 0.95
cm? was used for the application of the MTZ solution containing IPM due to the low solubility
of IPM in the aqueous solution. The MTZ solution containing the IPM suspension (3.0 mL)
was applied to the epidermal side, and the same volume of PBS was applied to the dermal side.
Each solution was constantly stirred throughout the experiment to maintain the homogeneity
of the donor solution (IPM in water) with a stirrer bar and kept at 32 °C by water circulation in
a qllamber jacket. At predetermined times, an aliquot (0.5 mL) was withdrawn from the dermal
side, and the same volume of fresh PBS was added to keep the volume constant. In vitro skin
permeation parameter (flux, permeability coefficient, and lag time) were calculated from the

slope of the steady state portion of the amount of permeated drug.

2.2.5. Invitro release experiment
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The MTZ release over 6 h was evaluated from the Pal-GH gel formulations (F2.5ytz,
FSmrz, F10pmrz) and Pal-GH formulations containing CPEs. A dialysis membrane (molecular
weight cut-off; 2000-14,000 Da, Sanko Junyaku Co., Tokyo, Japan) was soaked in PBS before
being set in a vertical-type diffusion cell (effective diffusion area 0.95 cm?), and the receiver
chamber was maintained at 32 °C. The receiver cell was filled with 6 mL of PBS, and 1.0 mL
of Pal-GH formulation was applied to the donor cell while the receiver solution was agitated
at 500 rpm using a magnetic stirrer. An aliquot (0.5 mL) was withdrawn from the receiver
chamber, and the same volume of PBS was added to the chamber to keep the volume constant.
The amount of MTZ released was determined. The release rate was calculated with the Higuchi

equation.

2.2.6. Evaluation of Rheological Properties for N-Palmitoyl-Glycine-Histidine (Pal-GH)
Formulations

The rheological properties of the Pal-GH formulations were evaluated using a rotational
viscometer (RE-215H, Toki Sangyo Co., Ltd., Tokyo, Japan). The rotation speed was increased
from 0 to 100 rpm over 7.5 min and decreased from 100 to 0 rpm over an equal time period,
and the temperature was maintained at 32 °C. The corn rotor was 3° x R14, sample volume
was 0.4 mL, and a flow analysis method was'used. The hysteresis loop, thixotropic index, and
yield value of the Pal-GH gel formulations were evaluated. The hysteresis area and yield value
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were calculated using VA 2000 software (Toki Sangyo Co., Ltd., Tokyo, Japan), whereas the
thixotropic index was calculated by dividing the viscosity at 10 rpm by the viscosity at 100

rpm from the upward curve.

2.2.7. Skin concentration of MTZ

The skin concentrations of MTZ were evaluated after the application of selected Pal-
GH formulations. At the end of the skin permeation experiment, the donor solution was
removed using a cotton swab, and the skin sample was washed 10 times on the epidermis side
and three times on the dermis side with 1 mL of PBS. The skin was blotted dry with Kimwipes®
paper. The compound-applied area was cut out and divided into parts for full thickness and
viable epidermis and dermis (VED). For the measurement of the MTZ concentration in VED,
the stratum corneum was removed by tape-siripping 20 times from the full-thickness skin using
an adhesive tape (Cellotape®, Nichiban, Tokyo, Japan).

The MTZ concentrations in the full-thickness skin as well as VED were determined,
and the amount of MTZ in the stratum corneum was calculated by subtracting the amount in
the VED from that in the full-thickness skin. Then, the MTZ concentration in the stratum
corneum was estimated under the assumption that the density and the thickness of the stratum
corneum would be 1.2 g/em® [23] and 15.4 um, respectively. The obtained skin piece (0.05 g)
was reduced in size using scissors and homogenized at 12,000 rpm (4 °C, 5 min) with 0.45 mL
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of methanol for 2.5 min using a homogenizer (Polytron PT-MR 3000; Kinematica Inc., Littaue-
Lucerne, Switzerland). Methanol (0.5 mL) was added and homogenized again for 2.5 min,
followed by agitation at 32 °C for 15 min. Then, the mixture was centrifuged at 5000 rpm (4
°C, 5 min). The supernatant (100 pL) was mixed with the same volume of methanol and then
agitated and centrifuged again under the same conditions. Finally, the obtained sample was

used to detect the MTZ concentration by HPLC.

2.2.8. Determination of MTZ

The obtained supernatant (20 uL) was injected into an HPLC system and measured
under the following conditions.

The HPLC system (Shimadzu, Kyoto, Japan) consisted of a system controller (CBM-
20A), pump (LC-20AD), degasser (DGU-20A3), auto-injector (SIL-20AC), a column oven
(CTO-20A), UV detector (SPD-M20A), and analysis software (I.C Solution). The column was
a Superi01'ex® ODS (5 pm, 4.6 x 250 mm) (Shiseido, Fine Chemicals; Tokyo, Japan), which
was maintained at 40 °C. The mobile phase was methanol : water = 4 : 6 v/v (07 min). The
flow rate was adjusted to 1.0 mL/min. The MTZ was detected at UV 254 nm. Briefly, the
receiving solutions were mixed with the same volume of methanol and vortexed. After
centrifugation at 21,500x g at 4 °C for 5 min, the resulting supernatant (20 uL) was injected
directly into the HPLC system.
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2.2.9. Small angle X-ray analysis

X-ray diffraction analyses were performed with a small-angle X-ray diffraction system
(Nano-Viewer, Rigaku Corporation, Tokyo, Japan), which was equipped with an X-ray
generator (CuKa radiation, A = 1.5418 A), at a scanning rate of 5°. Diffraction analyses were
performed using a vacuum-resistant glass capillary cell at 25 °C for 1 h. The scattering intensity

was normalized by the decayed direct beam intensity.

2.2.10. Digital microscopy
Table 6 shows the measurement conditions using the electron microscope.

Table 6. Observation condition of electron microscopy

Apparatus VHX-5000
) Shutter speed Auto 70
Brightness :
Gain Auto 50
) o On 255
L Epi-illumination —
Lighting Ring lighting
Transmitted lighting On 255
Adjust brightness 21
) Texture enhancement 30
Image quality UP HDR
Contrast 18
Color adjustment 58

Pal-GH gel formulation was pre-warmed at 75 °C, then 10 pL of each prepared

formulation was dropped in a glass bottom dish and sealed with a glass cover, then a wight of

930 g was placed on it to confirm the same pressure to each sample. The sample was left
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undisturbed for 1 min to equilibrate at room temperature prior to observation using an electron

digital microscopy (VHX-5000, KEYENCE, Osaka, Japan).

2.2.11. Transmission electron microscopy (TEM)

A hydrogel sample was diluted 20 times with purified water and placed on a carbon-
coated copper grid (400-Cu grids). Then, the samples were stained with 2% uranyl acetate.
TEM images were recorded by a JEM-1200 (JEOL, Tokyo, Japan). The observations were
carried out at an acceleration voltage of 80 kV. The observations were performed at Hanaichi

Ultrastructure Research Institute (Okazaki, Aichi, Japan).

2.2.12. Statistical analysis
Statistical analyses of the in vifro skin permeation, release, and skin concentration of
MTZ were performed using one-way ANOVA and Tukey’s Honestly Significant Different

(HSD) post hoc analyses, and p-values less than 0.05 were considered to be significant.

2.3. Results
2.3.1. Physical properties of Pal-GH gel formulation
Fig. 12 shows the state of the Pal-GH gel formulation in the bottles. The bottles were

put in an inverse direction immediately (Fig. 12a) and after 5 min (Fig. 12b) of being shaken
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at room temperature were tapped 10 times. F2.5u1z, FSyrz, and F10yrz are shown from left to

right in both Fig. 12 a, b. These formulations showed a sol-gel transition within 5 min.

(b)

Fig. 12. Photographs of the state of the N-Palmitoyl-Glycine-Histidine (Pal-GH) gel
formulation in the bottles. The bottles were placed in an inverse position immediately (a)
and 5 min after (b) shaking. The Pal-GH concentrations are, from left to right in both

photos, 2.5, 5, and 10%.

2.3.2. Invitro skin permeation of MTZ from aqueous solution
Fig. 13 shows the permeation profiles of MTZ through excised hairless rat skin from
the aqueous solution with or without CPE. The MTZ solution without CPE was used as a

control. Only IPMyrz was associated with a skin penefration enhancement effect when
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compared with the control, and no skin penetration enhancement effects were observed in the
other CPEs. PGz exhibited a similar MTZ permeation profile to the control, whereas
TRANSyrz and EtOHyrz showed dramatically decreased permeation profiles when compared

with the control.

£
1

Cumulative amount of MTZ
permeated (pmol/em?)
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Time ()
Fig. 13. Permeation profiles of metronidazole (MTZ) through the excised hairless rat skin
from its aqueous solution with or without a chemical enhancer. MTZ permeation was
significantly (* p < 0.05) improved by IPM when compared with the aqueous solution
without an enhancer (control) and other chemical penetration enhancers (CPEs).
Symbols: A: aqueous solution, ®: IPMyiyz, M: propylene glycol (PGmrz), @: dimethyl

sulfoxide (DMSOprz), <: ethanol (EtOHwrz), O: TRANS1z.
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2.3.3. In Vitro release and skin permeation of MTZ from Pal-GH gels
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Fig. 14. In vitro release (a) and skin permeation (b) of MTZ from different concenfrations

of Pal-GH gels. Symbols: @: F2.5yrz, A: FSyrz, @ : F10p1z (mean £ S.E., n =4).

Fig. 14a shows the MTZ release profiles following exposure to different concentrations
of Pal-GH gel formulation. The levels of MTZ release from F2.5mr1z and FSyrz were similar,
whereas that from F10ytz was lower

Fig. 14b shows the effect of the Pal-GH concentration on the time course of the
cumulative amount of MTZ permeation through hairless rat skin after application of Pal-GH
gel formulations. The cumulative levels of MTZ permeation over 24 h from F2.5ytz (Qaan; 4.2

umol/cmz) and F5yrz (Qaan; 3.8 pmol/cm?) were higher than that from F10umrz (Qaa; 2.4
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umol/cm2). F2.5u1z showed a large coefficient of variation (CV) (>0.7) for all sampling points,
whereas FSyrz and F10yrzhad CVs < 0.3 for all sampling points. Thus, the FSymrz formulation
was used to evaluate the effect of CPEs on the skin permeation of MTZ.

Furthermore, when the amounts of the MTZ releases were plotted against the squared
root of time, straight lines were observed regardless of the Pal-GH concentration (Fig. 14c).
MTZ release from F2.5u1z, FSwmrz, and F10yrz can be explained by the Higuchi equation,

suggesting that the drug was homogenously distributed in the gel

18 1
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Square root of time (h")

Fig. 14c. Higuchi plot analysis of the in vifro release of MTZ from different
concentrations of Pal-GH gels. Symbols: @: F2.5y1z, A: FSyrz, €: F10m1z (Mean &
S.E., n=4).
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F5mrz, FSipmamrz, and FSpgavrz showed higher release rates than those from other
formulations (Table 7). Significant differences in release rates were observed between all

formulations except between F5yrz and F5ipmmrz (p < 0.05) (Table 6).
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Fig. 15. The effect of CPEs in Pal-GH gel formulations on the MTZ release profiles.
Symbols: M: F5pc.v1z, ®: FSpmomrz, A FSnrz, € FSpmsomrz, Ot FSponmrz, O:
F51rrans-mrz (Mean =+ S.E., n =3-4).

Significant differences in MTZ release were observed among all formulations except between FSy1z

and F5;ppovrz (% p <0.05),

Table 6. Release rates of Pal-GH gel formulations.

Formulation Code Release R:;te o(f)
(umol/em*“/h™)

FSmrz 4.99 + 0.99
FSipm-mrz 5.07 +0.09
F5pg-mtz 4.43 +0.07
F5pmso-mtz 3.53+0.05
FSgon-m1z 1.11+0.09
F5trANs-MTZ 3.06+0.11

Significant differences in the release rates were observed between all formulations except between
FSMTZ and FSEPM-MTZ (I) < 0.05).
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Fig. 15 shows the effects of the CPEs in the Pal-GH gel formulations on the MTZ
release profile. Compared with FS5yrz, FSipmamrz and FSpamrz had similar profiles, whereas
F5pmso-mtzs Foeonmr, and FStrans-mrz had significantly (p < 0.05) lower release profiles.

Fig. 16 shows the effect of the CPEs in the Pal-GH gel formulations on the time course
of cumulative skin permeation of MTZ. MTZ permeation from F5ipm-mrz and F5pg.mTz Was
improved compared to that of F5y1z and commercial products. In contrast, the levels of MTZ
permeation from FSpysomrz, FSeonmt, and FStrans.mrz were lower than that from FS5urz.
However, F5pmso-mtz and F5gonmrtz showed higher levels, and FStrans-mrz exhibited a lower
level of permeation compared to the aqueous solution (1% MTZ solution). Pal-GH gels
showing higher levels of MTZ release (F2.5m1z = FSmrz > F10mtz) exhibited higher levels of
skin permeation (F2.5ymrz = FSurz > F10Mmtz), as shown in Fig. 14a, but the release order from

the Pal-GH gels containing CPEs did not match that obtained from the permeation results.
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Fig. 16. The effect of CPEs in Pal-GH gel formulations on the skin permeation
profiles. Significant differences in MTZ permeation between FSpg.m1z and FSgon.
M1z, F51RANS-MTZ, commercial product or solution MTZ; and between F5pm-mrz and
F5pon-m1zs FS1RANS-MTZ, €0mmercial product or solution MTZ (* p <0.05). Symbols:
H: F5pcm1z, ®: FS5pnmmrz, A: FSyrz, € FSpmsomrz, < FSponmrz, O FSrans-
sz, At Aqueous solution, : commercial product (Mean = S.E., n = 3-4).



Table 8. Fluxes, permeability coefficients, and lag times of the Pal-GH gel

formulations.
Permeability
Formulation Flux
3 Coefficient Lag Time (h)
Code (ng/em”/h) 5
(x107" em/s)
FSumrz 17.7+1.3 5.02+0.37 1.59 £ 0.09
e L 29.44+£7.5 8.43+2.14 1.61 +£023
FSpoaiz * 26.8 +4.79 7.69+137 1.47 +£0.21
FSpmsomz 17.08 +4.73 4.82+1.33 1.60 £0.44
F5gonmMTz 5.68 + 1.01 1.59+£0.28 2.1+0.23
F5TRANS-MTZ 3.54 +£0.79 0.99 +£0.22 1.86 £0.2

Significant difference (p < 0.05) between FSpyyrz and FSrans-mrz OF FSpion-mtzs Fopg-mrzs and
F5irans-mrz OF Fogommrz for flux ™ and permeability coefficients ),

Table 8 summarizes the skin permeation fluxes, permeability coefficients, and lag times
that were calculated from the skin permeation profiles of MTZ. FSipyvmrz and FSpgmrz showed
higher fluxes and permeability coefficients compared with the other formulations. Significant
differences in the fluxes and permeability coefficients were also observed between FS5ippmtz

and FSTRANS-MTZ or FSEEOH-MTZ as well as between FSPG-MTZ with FSTRANS—MTZ or FSEtOH-MTZ-

2.3.4. Skin disposition of MTZ after topical application of Pal-GH formulations

Figure 17 shows the skin concentration of MTZ after the in vifro skin permeation
experiment had been completed (24 h). A topical application of 1% MTZ solution was tested
for comparison (control). MTZ concentrations were increased throughout the skin samples in
the following order: control, FSmtz, FSpcmrz, and then FSipmmrz. This order was also observed
in MTZ concentrations in both the stratum corneum and the VED. In addition, the enhancement
ratios of the MTZ concentration in the skin as a whole after the application of F5mtz, FSpc-m1z,
and F5,pmvrz were 7.2, 9.1, and 9.5-fold, respectively, versus that obtained from the control.
F5pgtz and F5ipmavrz had 1.2 and 1.3-fold higher concentrations, respectively, compared to

FSyrz. In contrast, 30, 50, and 55-fold higher concentrations were obtained in the stratum
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corneum after the application of F5yrz, FSpg.mtz, and FSpmmtz, respectively, compared to the
control. F5pg.mrz and FSpmavrz had 1.6 and 1.8-fold higher concentrations, respectively,
compared to F5yrz. Meanwhile, 1.8, 2.6, and 3.1-fold higher concentrations were achieved in
the VED after the application of F5pmrz, FSpcmrz, and FSipmmrz, respectively, and 1.5and 1.7-
fold higher concentrations were obtained for FSpa.mrz and FSipy.mrz, respectively, compared

to FSmrz.
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Fig. 17. MTZ concentrations in the skin as a whole, the viable epidermis and dermis
(VED), and the stratum corneum after the topical application of Pal-GH gel
formulations on hairless rat skin.

Significant differences were observed between F5u1z: Fopemrzs FSipmamrze and 1% solution of MTZ
in the whole skin, and stratum corneum (* p < 0.05). Additionally, significant differences were
observed between F5pg.arz and FSpaarz with a 1% solution of MTZ and between FSpymrz with
F5yz in the VED (* p < 0.05). The MTZ concentration in the stratum corneum was estimated by
dividing the MTZ difference (between the VED and whole skin) by the weight of the stratum corneum.
Closed columns: 1% MTZ solution, open columns: FS5yrz, horizontal striped columns: F5pc-mTzs

striped columns: FSpym1z.

2.3.5. Thixotropic properties of Pal-GH gel formulations
The thixotropic properties of Pal-GH gel formulations were investigated. Table 9 and

Figure 18 show the time-dependent viscosity changes of FSyrz, FSpc.mrz, FSpmmrz, F51rANS-
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w1z, FSgiommrz, and FSpmsomrz. The thixotropic behaviors changed by the addition of CPE to
the formulation. In particular, the area of hysteresis loops of F5pgmtz (945 Pa/s), FSipm-mtz
(1805 Pa/s), FStransmrz (2102 Pa/s), F5pommrz (2777 Pals), and FSpmso-mrz (1241 Pals)
increased compared to that of FSyrz (775 Pa/s). Thixotropic may also be expressed as the
thixotropic index, which is the ratio of viscosities measured at speeds that have a ratio 1:10
rpm. The obtained thixotropic index values of FSpg-m1z (5.57), F5ipmmrz (5.83), and FStrans.
wmrz (5.35) were similar to that of FSMTZ (5.71), whereas the thixotropic index values of
F5gonmrz (8.29) and FSpumsomrz (7.1) were higher than that of F5umrz. In addition, the yield
values of these formulations also changed, and the values for F5pg-mrz, FSipm-mrz, FStRANS-MTZ,
F5eonm1z, and FSpmsomrz increased to 11, 13, 13, 14, and 14 Pa, respectively, from the FSu1z

value of 8.0 Pa.

00 | = F5y,
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= FS vtz
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Fig. 18. Thixotropic properties of the Pal-GH gel formulations.
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Table 9. Viscosities of the Pal-GH gel formulations.

Viscosity (mPa.s)

rpm FSmrz FSipamrz FSpenrz FSpnsomrz ISeionmrz FSrrans.M17

upward downward upward  downward upward downward  upward downward  upward downward upward  downward

001 3.75x10° 8.75x10°  6.12x10° 1.68x10°  5.75x10° 1.75x10°  7.19x10° 1.81x10°  G.81x10° 150x10°  7.50x10° 1.62x10°
5 1.02x10°  862x10°  1.67x10°  125x10°  122x10°  1.04x10°  1.62x10° 121x10°  1.63x10° 1.02x10°  1.55x10° 1.07x10’
10 625x10° 531x10°  1.03x10° 7.62x10°  7.87x10° 6.75x10°  9.50x10* 7.31x10*  8.50x10° 6.00x10*  8.01x10° 6.44x10°
20 37x10° 3.12x10°  647x107  4.75x10°  S.0Ix10°  4.18x10°  544x10°  422x10°  5.19x10°  3.34x10°  5.53x10"  3.75x10°
50 186x10°  1.65x10°  321x10° 2.63x10°  250x10° 2.18x10°  2.50x10° 2.11x10°  227x10* 157x10°  2.95x10°  2.07x10°
100 1.09x10°  1.09x10°  L76x10° 1.76x10°  141x10° 141x10°  133x10° 133x10°  1.02x10° 1.02x10°  149x10° 1.49x10°

2.3.7. Small angle X-ray analysis
Fig. 19 shows X-ray diffraction analysis. A broad scattering pattern of SAXS result was

confirmed in the observation that micelle-like assemblies was formed.
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Fig. 19. SAXS profiles of Pal-GH containing MTZ (a) and Pal-GH (b).

Each curve is normalized and is horizontally shifted for clarity.

2.3.8. Microscopic observation of Pal-GH gels

Fig. 20 shows results by the light microscopic observation of Pal-GH gel formulations
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to confirm the structure assembled by Pal-GH molecules. This experiment was conducted with

Pal-GH formulations containing MTZ. A network structures were confirmed in all the

formulations, except for IPM containing formulation. FSipy showed lipid droplet-like

structures in the formulation. The different mechanistic properties by the addition of [IPM were

not clearly understood. Then, Pal-GH gels were observed by TEM.

—

100.0pm

Fig. 20. Light microscopic observation of 5% Pal-GH gel formulation at magnification
x1000 without (a) and with IPM, PG, DMSO, EtOH and Transcutol® in the formulations

(b-1), respectively (red marks indicating fiber).

2.3.9. TEM Observation
The TEM observations were carried out to confirm the change in the Pal-GH assembly

upon addition of several enhancers. TEM images of Pal-GH gel formulations; F5mrz, FSron-
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mrz and FStrans-mrz, showed homogeneous and straight fibrous structures, whereas
fragmented fibrous structures were also observed in F5gion-mrz and F5trans-mrz (Fig. 21).
On the other hand, F5ipm-m1z, FSpgmrz and F5pmso.vtz had straight, but twisted fibrous.

Table 10 is explanation of the TEM observation results.

Fig. 21. TEM observation results of the Pal-GII gel formulations at different
magniﬁcations (X2500 and X10,000). FSMTZ (Al, AZ), FS]]JM-MTZ (Bl,BZ), FSPG-MTZ (Cl,

C2), F5pmso-mrz (D1, D2), F5p0nmrz (E1, E2), and FStrans-mrz (F1, F2).

Table 10. Description of TEM observation result

Straight Twisted Fragmented Highly

CPEs fiber fiber shape dense fiber
F5 MTZ @) 0
F5ipmmrz o o o
F5pa.mtz o o o
F5pmso-mrz o o 0o
FSeonm12 o ©

F5trans-Mm17Z o
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2.4. Discussion

The skin permeation of MTZ was improved by the Pal-GH gel formulation.
Supramolecular hydrogels with three-dimensional network structures can be formed through
physical enlargement of nanofiber assemblies composed of amphiphilic molecules. Many
published reports have shown that three-dimensional structures, such as micelles, lamella, and
non-lamella, are useful drug carriers that can increase the skin permeation of entrapped drugs.
A bréad scattering SAXS pattern was confirmed for FSyrz (Fig. 19). Generally, micelle-like
assemblies that are formed by amphiphilic molecules show a broadening peak [24]. Thus, the
micelle-like assemblies in Pal-GH gels may act as drug carriers and enhance the skin
permeation of MTZ.

Interestingly, the skin permeation of MTZ from F10y1z was lower than those from
F2.5u1z and FSyrz (Fig. 14b). The drug release profile from F10yrz was lower than those of
F2.5urz and F5yrz (Fig. 14a) because of the higher viscosity of F10mrz. Since the skin
permeation of MTZ must be related to its release profile, the lower MTZ release may be a
reason for lower MTZ permeation from F10yrz. MTZ release from F2.5yrz, FSmrz, and
F10w1z can be explained by the Higuchi equation, suggesting that the drug was homogenously

distributed in the gel (Fig. 14c).
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When compared to F5yrz, similar MTZ release profiles were observed in FSipm-mrz and
F5pg.mrz (Fig. 15). On the other hand, FSeonmrz, FStRANS-MTZS and F5pumso-mtz showed lower
levels of MTZ release (Table 7). It would be reasonable to conclude that skin permeation profile
and release of MTZ are related, each other as shown in Fig. 14. However, the MTZ release
order from Pal-GH containing CPE did not correspond to its skin permeation order, suggesting
that the effects of CPE on the skin barrier function might be associated with higher skin
permeation of MTZ.

Among the CPEs, the IPM containing formulation, F5ipmavrz, and the PG containing
one, F5pg.mrz, Showed higher levels of skin permeation of MTZ than F5urz (Fig. 16). These
results support our finding that the permeability coefficients of F5ipm-mrz and FSpgavrz were
the highest (Table 8). Therefore, F5ipmmrz and F5pg.m7z could increase the skin permeation of
MTZ by increasing the drug partition into the stratum corneum from gel. On the other hand,
no skin permeation enhancement was observed in the other CPEs containing Pal-GH
formulations (F5gtom-m1z, FITrRANS-MTZ, a0d FSpMmsomtz) when compared to FSyrz. Since the
penetration enhancement effect from aqueous solution of MTZ with several enhancers (without
Pal-GH) was only observed in 1% MTZ solution with IPM (IPMwmrz) in the present study
(Figure 13), it may be reasonable to conclude that F5pgmtz has a penetration enhancement
effect. 1% MTZ solution with PG (PGurz), 1% MTZ solution with DMSO (DMSOpmrz), and

1% MTZ solution with ethanol (EtOHwrz) did not display this effect; however, the levels of
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MTZ permeation from F5pc.m1z, F5pmso-mtz, and FSgonmrz were 3.6, 2.3, and 1 3-fold higher
than that of the control solution.

The Pal-GH gel had a fibrous structure in all formulations. Thus, the construction of
fibrous micelle-like Pal-GH assemblies may be a reason for the increase in MTZ permeation
from the gel. Due to the forms of self-assembled structures, like micelles, they can fuse with
the lipid bilayers of the stratum corneum, thereby enhancing the partitioning of the entrapped
drug as well as the disruption of the ordered bilayer structure [52]. The levels of MTZ release
from F5pmso-mrz, FSeonmrz, and F5trans.mrz were lower than that from FSyrz. Since the skin
permeation of a drug is related to its release from formulations, a lower MTZ release should be
related to lower skin permeation. Chemical compositions of the formulations alsb could
influence the drug diffusivity and the release rate of the e11t;‘apped MTZ in its formulations.
These results are supported by the flux and release rate calculated as shown in Tables 7 and 8.
Further experiment would be needed to clarify the reason for the enhancement effect by CPEs
incorporated Pal-GH gel formulations.

The treatment of many dermatological disorders relies on the penetration ability of
active agents into the stratum corneum from applied formulations and their concentration in
the viable epidermis and dermis layer [19]. The skin concentrations of MTZ were determined
in the epidermis and dermis layer. The skin concentration of a topically applied drug has a very
close relationship to its skin permeation [31], and in the steady-state, it can be expressed with
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the product of the partition coefficient and the drug concentration. Thus, the increased MTZ
concentration in VED in F5pgrz and F5ipv-mtz was derived from increased drug partitioning
from the formulation into the stratum corneum. The enhancement ratios of MTZ concentration
in the whole skin and in the stratum corneum were much higher than those in VED. This may
be related to the difficulty in completely removing the topically applied formulation from the
applied site. Thus, the MTZ concentration in skin as a whole and in the stratum corneum may
be overestimated by the remaining drug formulation on the skin surface.

Fibrous structure in the Pal-GH gel was observed in F5pgmtz, FSpmso-mrz and FSgon.
m1z. Although F51rans-mrz displayed fibrous structure, these three formulations seem to have
distinct and large fibrous aggregates in their formulations compared with that in F5rransmtz.
Thus, PG, DMSO and EtOH in the gel formulations might be involved in the construction of
micelle-like Pal-GH assemblies. Even though miscibility and the distribution of CPE in the
inside and outside of the micelles would be related to the skin-penetration enhancement, the
distribution of fibrous structures and their states in the Pal-GH gel might be a reason for the
increased MTZ permeation through skin from the gel.

TEM observations were conducted to confirm the changes in the structures of the Pal-
GH assemblies following the addition of several enhancers. The TEM results showed that the
addition of PG, IPM, and DMSO to the Pal-GH formulation induced the morphological
changes of fiber from the straight to twisted structures (Fig. 21b—d). These results suggest that

-61_



the structural differences of fibers may be related to the skin penetration-enhancement effect
of the entrapped drug in the Pal-GH gel formulation. Furthermore, the thixotropic behavior of
the Pal-GH gel was changed by the addition of CPEs. This behavior could be related to the
microstructure of Pal-GH assemblies in the formulation. The increase in formulation velocity
is likely to be related to the network structures of micelle-like Pal-GH assembly, because
molecular-molecular interaction affects the gel structure stabilization [53]. Highly dense and
twisted fibrous structures were probably correlated with the thixotropic behavior of Pal-GH gel
formulations. Further experiments are required to clarify the exact reasons for the changing
rheological behavior and enhancement effect by CPEs incorporated in Pal-GH gel formulations

The present study shed light on the possibility of Pal-GH gel formulations enhancing
the skin permeation and concentration. However, detailed reasons for the enhancement
mechanism in skin permeation following the application of Pal-GH gel formulations compared
to those containing CPEs were not clearly revealed. Further studies are needed to understand

the skin permeation enhancement effect in hydrophilic drugs by Pal-GH gels.

2.5. Chapter conclusion

In the present study, the skin permeation and concentration of MTZ improved following
the application of Pal-GH as a formulation base. The addition of enhancers changed the
molecular assembly of fibrous micelle-like of Pal-GH gel. These results illustrate that the
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addition of additives/enhancers to the assembly amplified to induce the microscopic network
structures, thereby alter the skin penetration-enhancement effect of the Pal-GH. Thus, the
present findings are novel and should provide useful concepts in the development of
supramolecular hydrogels having skin penetration-enhancement effects of drug. These results
suggest that Pal-GH may have the potential to be used in dermatological formulations to
improve their therapeutic efficacy, although elucidation of the enhancement mechanisms of

Pal-GH gel and its constituent CPEs is necessary.
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General Discussion

Pal-GH is a recently developed low molecular gelling agent, it is easy to synthesize and
prepare because of its well-defined structure. Therefore, it is thermo-reversible and it can be
re-dissolved. Tt has valuable properties like thixotropic behavior, lower viscosity and high
dissolving properties for a wide range of hydrophilic to lipophilic drugs since it has hydrophilic
and lipophilic sites (ambiphilic). No previous studies have utilized it in pharmaceutical
application. Gelling agent having thixotropic behavior is an important consideration in
preparing a gel spray formulation. Thixotropic gels can also be applied on a wider area of the
skin for a long period. Pal-GH cannot only be used as a base for GS formulation due to its
thixotropic properties, but also expected as a good enhancer [1, 2].

In the present study, we emphasized on designing a novel Pal-GH GS formulation
containing TVM as a lipophilic model drug, and to observe the effects of Pal-GH gel
formulation and its combination with several CPEs on the skin permeation and skin
concentration of topically applied MTZ as a hydrophilic model drug. Thus, the design to use
Pal-GH as a gelling agent for topically applied GS formulation containing IVM and also as
enhancer for MTZ. Then, the understanding of the microstructures of Pal-GH in influencing
thixotropic properties, enhancing skin permeation and skin concentration of the model drugs

will be essential in developing superior topical formulations.
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In this study, the strategy of the first chapter was focused on screening the physical
characterizations and thixotropic properties of the prepared formulations in order to select and
develop the best Pal-GH GS formulation. The author conducted the screening which was based
on physical evaluation of Pal-GH gel formulations as follows: gel forming property after
shaking, spraying ability, sprayed area, weight of sprayed formulation, and homogeneity. All
formulations showed gel form after shaking, good homogeneity and spraying ability. Higher
hysteresis areas (good thixotropic) were observed in Pal-GH containing PG. The thixotropic
properties are influenced by several factors, one of them is by mixing with additives [28]. In
general, the thixotropic property and physical characterization are very important factors that
should be considered in designing GS formulation. Based on the screening, Pal-GH
formulations with PG is the best candidate for the development of GS formulations containing
[VM. Thus further experiments were conducted with these formulations (F2.54pgvm and
FS4pGavm)-

The in vitro release results of IVM from F2.54pcavm and FSspgavm showed that no
significant differences were observed among all the tested Pal-GH formulations. Amount of
[VM released from the PG solution was higher than that from the F2.54pg.1vm and FSapgavm
(Fig. 7). The release of the entrapped molecules is dependent on the interaction with the gelling
agent. These observations indicate that IVM is preferentially retained in the gel, presumably as
a result of stronger interactions with the Pal-GH molecules. This phenomenon can be attributed
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to van der Waals and hydrogen bonding interactions, which can also interact electrostatically
with the Pal-GH. Moreover, the size of the pores between the fibers also play important role in
the release of IVM. A significant improvement in skin concentration of IVM was observed
with the application of F2.5spcavm and F5pgavm compared with IVM in PG (Fig. 8). These
results suggest that the state of IVM, as well as its thermodynamic activity in the vehicle, affect
the skin concentration of IVM. These results indicate that our developed Pal-GH GS
formulation is a promising approach for enhancing the skin concentration of IVM (lipophilic
model drug) after topical application.

In chapter 2, since the skin permeation rate of water soluble drugs is low in general, the
author tried to use Pal-GH and its combination with several enhancers to increase the skin
permeation and concentration of MTZ as a hydrophilic model drug after the topical application
of Pal-GH gel. Microstructural observation was also conducted to observe the correlation
between network structure of Pal-GH with skin-penetration enhancement effect and thixotropic
properties. Based on the screening of the in vifro release and skin permeation of MTZ from
different concentration of Pal-GH gels (Fig. 14a and b), the Pal-GH 5% was used to evaluate
the effect of CPEs on the skin permeation and concentration of MTZ. Pal-GH itself (F5urz)
showed the skin-penetration enhancement effect (Fig. 16), and among the enhancers used in
this chapter only IPMyz showed the penetration enhancement effect (F ig. 13). The levels of
MTZ permeation from combination of Pal-GH with PG, DMSO, and EtOH were higher than
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that of the control solution. However, combination of Pal-GH with DMSO, EtOH and TRANS
have decreased the skin-penetration enhancement effect of Pal-GH itself (Fig. 16). Contrarily,
the combination of Pal-GH with PG and IPM showed a synergistic effect wherein they showed
a significant increase in the skin penetration enhancement effect of Pal-GH itself. Thus, the
skin concentration of Pal-GH and its combination with PG and IPM were evaluated. The
increased MTZ concentration in VED was derived from increased drug partitioning from the
formulation into the stratum corneum.

Since the Pal-GH gel had a fibrous structure in all formulations (Fig. 20 and 21) and
MTZ in Pal-GH gel resulted in a change in the assembly from lamellar-like to micelle-like
assemblies from the broad scattering SAXS pattern (Fig. 19), it was confirmed that micelle-
like assemblies were formed by Pal-GH as an ambiphilic molecule [24]. Then, the construction
of fibrous micelle-like Pal-GH assemblies may be a reason for the increase in MTZ permeation
from the gel. Micelle-like assemblies in the Pal-GH gel might act as a drug carrier to have a
high skin permeation of MTZ. However, miscibility and distribution of CPE in the inside or
outside of the micelles also would affect the skin penetration-enhancement of MTZ, Due to the
forms of self-assembled structures, like micelles, they can fuse with the lipid bilayers of the
stratum corneum, thereby enhancing the partitioning of the entrapped drug as well as the
distuption of the ordered bilayer structure [52]. Based on these result, we can conclude that
assembly of Pal-GH in water as follows (Fig. 22):
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Fig. 22. Assembly of Pal-GH in water via non-covalent force (hydrogen-bonding,
electrostatics, m-stacking etc) leads to the formation of fibrous structures. Entanglement

of these fibers leads to a three dimensional network which immobilized the water.

Matsumoto et al. (2015) reported that Pal-GH combination with sodium palmitate
results in a change in the assembly from lamellar-like to fibrous micelle-like. Consequently,
sheet-shaped aggregates turn into flexible fibrils, forming bundles and resulting in a network
structure. This phenomenon will affect the morphology and alter the bulk viscoelastic
properties of hydrogel [24].

The TEM results showed that the addition of PG, IPM, and DMSO to the Pal-GH
formulation induced the morphological changes of fiber from straight to twisted structures and
higher amount of fiber (Fig. 21B-D). Microscopic data also showed distinct and large fibrous
aggregates for these three formulation compared to the addition of TRANS. These results
suggest that the higher amount and twisted structural fibers may be related to increasing the
skin penetration-enhancement effect of the entrapped drug in the Pal-GH gel formulation.
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Highly dense, fragmented shape and twisted fibrous structures were probably correlated with
the thixotropic behavior of Pal-GH gel formulations. However, detailed reasons for the
correlation between thixotropic behavior and skin-penetration enhancement effect were not
clearly revealed. Further experiments are required to clarify the exact reasons for the changing

rheological behavior and enhancement effect by CPEs incorporated in Pal-GH gel formulations.
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Conclusion

From these results obtained above, the following conclusions were obtained:

. The Pal-GH has valuable properties as a base of topical applied gel formulation
especially for gel spray formulation.

. Pal-GH and a combination of Pal-GH with PG and IPM are potential candidates to
enhance skin permeation and skin concentration of lipophilic and hydrophilic drugs.

. The changing in the assembly of Pal-GH hydrogel from lamellar-like to fibrous
micelle-like consequently, structural differences, higher amount of fibers and twisted
fiber structure may be related to the skin penetration-enhancement effect of the
entrapped drug in the Pal-GH gel formulation.

. Highly dense, fragmented shape and twisted fibrous structures were found to be
correlated with thixotropic behavior of Pal-GH gel formulations.

. Further studies should be performed to clarify the detail correlation between gel
thixotropic properties and skin penetration enhancement effect of Pal-GH assembly.

. This approach may enhance skin permeation of mal-absorptive drugs and provide

insight in formulating superior topical formulations.
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