Pressure-Induced Molecular Assembly
of Hydrogen-Bonded Polymers
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ABSTRACT: Controlling the noncovalent bondings such as electrostatic interaction,
van der Waals force and hydrogen bond, is the key factor to generate molecular as-
sembly. We show that pressure is one of the most intensive variables for controlling
these intermolecular forces and producing assembled structure. Macrogel! and nano-
particles of hydrogen-bonded polymers were simply obtained through an ultrahigh-
pressure process. The morphology of the obtained assembly depends on concentration
and various conditions of the pressurization. These results indicate that the ultra-
high-pressure induces inter/intra-hydrogen bond, which is strong enough to maintain
microassemblies such as gels and particles. This methodology leads to the molecular
design of pressure-induced molecular assembly, and nonharmful processes for molecu-
lar separation and drug development. © 2008 Wiley Periodicals, Inc. J Polym Sci Part B:

Polym Phys 46: 743-750, 2008
Keywords:

INTRODUCTION

Molecular assembly technology has been gather-
ing interest in the material processing field,
especially nanotechnology. Molecular assembly
is achieved by noncovalent bonding between ad-
jacent molecules. The development of carbon
nanotubes as circuit wires® and the incorpora-

Correspondence to: A. Kishida (E-mail: kishida.fm@tmd.
ac.jp)
Journal of Polymer Science: Part B: Polymer Physics, Vol. 46, 743750 (2008)
© 2008 Wiley Perindicals, Inc.

T SWILEY .
S« InterSciencer

Lomit

- DIiCOvESY FHHE w

57

cules to generate elegant assembles,

crosslinking; hydrogels; nanoparticles; water-soluble polymers

tion of anticancer drugs and amphiphilic poly-
mers into nanomicelles™* are examples of molec-
ular assembly in which noncovalent bonding,
such as electrostatic interaction, van der Waals
interactions and hydrogen bonds, are well com-
bined.>® Controlling these intermolecular forces
is the key factor to create or collapse the
assembled structure. Supramolecular chemistry
has expanded to allow various elemental mole-
%12 whereas
the operative factors which regulate molecular
assembly are mostly limited by the concentra-
tion and/or temperature. Here, we show that
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pressure, which is one of the most intensive var-
iables in thermodynamics as well as the concen-
tration and temperature,'® % can also be used
for controlling the intermolecular forces to gen-
erate assembled molecules. We found that a poly
(vinyl alcohol) (PVA) solution turned into a mac-
rogel or nanoparticle -through a simple ultra-
high-pressure process (10,000 atmosphere,
10 min). The morphology of the obtained assem-
bly depended on the PVA concentration, indicat-
ing significant inter/intra-molecular hydrogen
bonding. Our results demonstrated that ultra-
high-pressure induces hydrogen bonding in
water, which is strong enough to maintain
microassemblies such as gels and particles.!”*®
Since the interactive potential of molecules is
brought out under ultrahigh-pressure, this tech-
"nology would be applicable to realize the concept
for designing assembly molecules proposed by
Whitesides and coworkers.'"?! Furthermore,
this methodology leads to the molecular design
© of pressure-induced molecular assembly, and
facilitates nonharmful processes for molecular
separation and drug development.

EXPERIMENTAL

‘Materials

The degree of polymerization of the used PVA
(Kuraray, Japan) was 1750. The degree of sa-
ponification was 99.8%. '

Ultrahigh-Hydrostatic Pressurization

An aqueous PVA solution of predetermined con-
centration was poured into a plastic bag and
was sealed. The bag solution was pressurized
using an ultrahigh-pressure machine (hydro-
static pressure). The pressure was set to 1000-
10,000 atmospheric pressures, and was pro-
cessed over the predetermined time period.

Hydrogel Preparation by The Freeze-Thawing
Method

An aqueous PVA solution was subjected to five
cycles of freeze-thawing, in which the sample
was frozen for 12 h at —20 “C, and then thawed
for 12 h at 4 "C as one cycle. The mass change
of the freeze-thawed sample and the high-pres-
sure processed sample before and after soaking
was measured, and the structures of the two
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gels, both of which had gel ratios over 90%,.
were compared. .

Dynamic Light Scattering Measurement

A 0.5 wiv % PVA solution was high-pressure
processed for 10 min at 10,000 atm, and the
sample was diluted to an appropriate concentra-
tion with ultrapure water, and was subsequently
filtered with a 5-um pore mesh. The particle size
was then measured with DLS-7000 (Otsuka
Electronics, Japan) using an Ar laser (~ = 488
nm, 75 mW).

Swelling Ratio Measurement

The PVA hydrogel prepared by pressurization
was immersed in pure water at room tempera-
ture for 10 days and then freeze-dried. The swel-
ling ratio of the PVA hydrogel was calculated as
follows:

Wy — Wy

X
Wa 100

Swelling ratio =

where W, is the weight of hydrated gel after the
dialysis and Wy is the weight of dried gel.

Scanning Electron Microscopy

Observation of PVA assembly was carried out
using a scanning electron microscope, S-4700
(Hitachi High Technologies). Specimen for SEM
observation was prepared as follows: After a
hydrogel was freeze-dried, it was coated with a
thin layer of Pt-Pd by the vacuum evaporation
technique.

Differential Scanning Calorimetry

DSC measurement was carried out to reveal the
melting temperature of PVA assembly. It was
carried out at heating rate of 5 “C/min under a
constant flow of nitrogen gas.

'H NMR Measurement

The nongelled portion of the pressurized PVA
was obtained by the dialysis of the PVA hydro-
gel. The 'H NMR spectra was obtained by the
measurement of the PVA sample dissolved in di-
methyl sulfoxide (DMSO-dg).
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Figure 1. Pressure-induced PVA assembly. (a) Pho-
tographs of a 10 w/v% PVA solution pressurized under
various conditions: (A) nonpressurized, (B) 7000 atm,
1 min, (C) 9000 atm, 1 min, (D) 7000 atm, 10 min,
and (E) 10000 atm, 10 min. (b) Phase (constitutional)
diagram of a 5 w/v % PVA solution pressurized under
various conditions. The state was dccided by visual
observation according to the photographs. [Color fig-
ure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.}

RESULTS AND DISCUSSION

PVA Assembly Formedbby Pressurization

Aqueous solutions of PVA at 1-20 w/v % concen-
trations were pressurized hydrostatically under
various conditions. Figure 1(a) shows photo-
graphs of typical samples of 10 w/v % PVA solu-
tions pressurized at different atmosphere pres-
sure (atm) for 10 min. A translucent solution, the
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precipitate and hydrogel of PVA was obtained by
increasing the pressure, indicating that the as-
sembly of PVA molecules was induced by pres-
sure treatment. The hydrogel was stable in pure
water, and the yield -(gelation ratio) was 90% or
more. It is well-known that PVA solutions trans-
form into hydrogels when the solution was frozen
and thawed sequentially several times; this pro-
cedure is called the freeze-thawing method.
Approximately 10 days is required to form a
hydrogel with similar strength as a hydrogel
obtained by pressurization for only 10 min. Thus,
this simple pressurizing method can be expected
to be an energy saving process. The influence of
the pressure conditions on the formation of a

"PVA assembly was examined using a PVA solu-

tion of 5 w/v % in detail. Figure 1(b) shows the
state diagram of the PVA assembly in a pres-
sure—time plot determined by visual observation
according to the photographs shown in Figure
1(a). The translucent solution and hydrogel were
acquired by pressure treatment at more than
8000 atm over a very short time (one min). The
tendency for gelation of PVA with increasing
pressure was observed for each step of pressur-
ization. In addition, at constant pressure, a long
period of pressure treatment induced assembly of
the PVA, even in the case of only 6000 atm, and
the hydrogel was obtained by pressurization for
30 min. Furthermore, DLS measurements of a
10 w/v % solution pressurized under conditions
in which a hydrogel was not obtained revealed
the formation of PVA nanocassembly and the
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Figure 2. DLS measurements of a 10 w/v % PVA so-
lution pressurized under various conditions.
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Figure 3. Illustration of the mechanism of hydrogen-bonding polymer assembly induced by ultrahigh-pressur-
ization. (a) Effect of conditional paramecters on the morphology of PVA assembly. (b) Effect of secondary structure

of PVA on the formation of molecular assembly.

growth of the PVA nanocassembly under pro-
longed periods of pressure (Fig. 2). From these
results, it is clear that the assembly of PVA at
nanometer size was promoted under pressure
conditions of higher pressure and a longer incu-
bation period, and could be controlled by altering
the pressurizing strength and time [Fig. 3(a)].

Characteristics of PVA Assembly Formed By
Pressurization

"The gelation of a PVA solution at 5, 10, 15, and
20 w/v % concentrations was also achieved by
pressurization at 10,000 atm. The swelling ratio
of the obtained hydrogel was determined by the
starting concentration of the PVA solution, and
showed a constant value for all concentrations
when they were treated at 10,000 atm for more
than 10 min (Fig. 4). On the other hand, the
swelling ratio of the obtained hydrogel at 5 min
of pressurizing time was inversely proportional
to the concentration of the PVA solution (Fig. 5).
This result indicates that a tight interaction
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Figure 4. Effect of PVA concentration on swelling
ratio of PVA hydrogel formed by pressurization at
10,000 atm for various minutes.
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Figure 5. Swelling ratio of PVA hydrogels formed
by pressurization at 10,000 atm for 5 min.

between the PVA molecules was formed with
increasing the concentration of PVA solution.
The interior structure of the PVA hydrogel pres-

PRESSURE-INDUCED MOLECULAR ASSEMBLY 747

surized at 10,000 atm for 10 min was observed
with a SEM (Fig. 6). A mesh-like structure with
pores of about 300 nm was observed for the
hydrogel obtained by the pressure treatment of
a 5 w/v % PVA solution. The mesh-like struc-
tures with smaller pores were formed upon
increasing the PVA concentration. As the pres-
sure treatment was carried out at 40 °C, no ice
crystal was formed.?? That is, ice crystals did
not affect the mesh-like structures formed by
the high-pressure process. In contrast, in the
case of the freeze-thawing method, the mesh-
like structures were formed by the formation of
ice crystals. Therefore, a different process of for-
mation between the two methods was suggested.

DSC . analysis of the PVA hydrogels let us
know the melting temperature of the associated
PVA molecules. The relaxation, which occurs at
a temperature between 200 and 260 °C, is
caused by the melting of the crystalline domains
of PVA.*** The increase of intermolecular
hydrogen bonding in PVA raises the melting
temperature, leading to a high heat resistance.?®
The melting temperature of the PVA hydrogel

= 1 pm (X 10,000)

Figure 6. SEM images of PVA hydrogels of 5, 10, and 20 w/v % formed by pressurization at 10,000 atm for 10
min and 5 w/v % PVA hydrogels formed by the freeze-thawing method. :
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Figure 7. DSC mcasurements of PVA hydrogels
formed by pressure trecatment or the freeze-thawing
method.

obtained by high-pressure process was higher
than that of the hydrogel prepared by the
freeze-thawing method (Fig. 7). This result indi-
cates that high-pressure process could form
stronger intermolecular interactions in PVA
than the freeze-thawing method. Although we
need to go into additional details about the ther-
modynamic stability of the PVA hydrogel
obtained by high-pressure process, we have only
limited information about it. '

Many researchers have examined the self-
organization of molecules in an aqueous envi-
ronment, because the hydrogen bonds and
hydrophobic interactions were able to act as a
driving force for structure formation.?52° The
formation- and deformation of the hydrogen
bonds in an aqueous environment can be con-
trolled by changing the temperature and ionic
concentration. The effect of the salt concentra-
tion on the high-pressure process of the PVA so-
lution was then examined. When the NaCl con-
centration was increased, the PVA hydrogel was
obtained even at low  pressure (around 6000
atm). At over 9000 atm, stable PVA hydrogels
were obtained at any salt concentration, and the
swelling ratio was almost constant (Fig. 8).°
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Figure 8. Swelling ratio of 10 w/v% PVA hydrogels
formed by pressurization at 10,000 atm for 5 min
with various salt concentrations.

When PVA solutions of less than 1 w/v % con-
centration were treated with pressurization at
10,000 atm, clear and turbid solutions were
obtained, as well as in the case of a 10 w/v % PVA
solution pressurized under low atmospheric pres-
sure for a short time. The formation of small par-
ticles with a diameter of about 200400 nm was
confirmed from SEM observation and DLS meas-
urements (Fig. 9). As a result, it was believed
that the formation of intra/inter-molecular hydro-
gen bonds is the first step in the initial structural
formation of PVA, and afterward the size and
morphology of the structure is determined in pro-
portion to the concentration of the solution.

The effect of the secondary (atactic, syndiotac-
tic, and isotactic) structure of PVA molecule was
observed by the 'H NMR spectra analysis for the
nongelled portion of the pressurized PVA solution
(Table 1). Short-time pressurizing treatment at

Table 1. NMR Analysis of the Nongelled Portion of
the Pressurized PVA Solution

Tacticity
mm mr Ir
PVA117HC 22.6 47.6 29.8
S-PVA 11.9 499 38.2
PVA117HC (20%, 6000 atm, 5 min) 21.4 48.0 29.6
PVA117HC (20%, 6000 atm, 10 min) 33.8 37.7 28.5
PVA117HC (10%, 7000 atm, 5 min) 20.9 48.0 31.1
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Figure 9. Small aggregates formation of PVA by
pressurization. (a and b) SEM images and DLS meca-
surements, respectively, of PVA particles formed by
pressurizing a 0.5 w/v % PVA solution at 10,000 atm
for 10 min.

6000 atm had no effect on the content of the sec-
ondary structure of PVA molecule, whereas after
the longer treatment (10 min), the decrease of
the atactic portion (mr) of PVA molecule was
~ observed. There was no free PVA after more than
20-min treatment. These results indicated that
the atactic PVA was gelled prior to other kinds of
the stereostructured PVA, and after prolonged
treatment all kinds of stereostructured PVA
gelled. These differences of aggregation ability of

PRESSURE-INDUCED MOLECULAR ASSEMBLY 749

hydration shell of the PVA molecules was dis-
rupted, and then hydrogen bonding interactions
between the hydroxyl groups of the PVA were
formed. Thus, the gelation of PVA was promoted
by increasing the pressure. It seems that the
reaction could proceed with a long duration of
pressurization even at moderate pressures. With
regard to the concentration-assembly relation-
ship, monodispersed and nanometer-scale struc-
tures were formed by intramolecular interac-
tions under dilute conditions, whereas the mac-
rostructure (larger than mm) was formed by the
intermolecular interactions between nanometer-
scaled structures which contained molecular
entanglements under concentrated conditions.

‘To construct a well-defined molecular assembly,

it is necessary to optimize the primary chemical
structure of the polymer molecules, and to fabri-
cate molecules with a ‘specific structure by
exploiting various interactions. The intermolecu-
lar force maintaining the structure of the supra-
molecular assembly includes van der Waals
force, electrostatic interactions, hydrophobic
interactions, and hydrogen bonds, etc. The indi-
vidual interaction energy of a hydrogen bond is
small, while if it interacts along the chain direc-
tion, hydrogen bond is able to maintain a huge
PVA hydrogel by assembling high-molecular
weight PVA moieties. The most important factor
that influences the structure formation induced
by high pressure is the chain length and the sec-
ondary structure of the PVA molecule, as well as
the temperature, concentration, and ionic con-
centration. Controlling the factors, it is expected

" that the ordered structures of molecular assem-

each stereostructured PVA could - be applicable to

form the ordered structure by changing treat-
ment time, pressure, and the content of each sec-
ondary structures of PVA [Fig. 3(b)].

The High-Ordered Structure of PVA Assembly

The assembly of PVA depended on the strength
and period of pressurization and the PVA con-
centration. It should be noted that molecular as-
sembly is formed through two processes induced
by pressurization, which are dehydration and
the subsequent formation of hydrogen bonds
among inter/intra-molecules. Indeed, it is
believed that under pressurized conditions, the

Journal of Polymer Science: Part B: Polymer Physics
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bly can be generated. In a conventional tech-
nique, changing the concentration of the solu-
tion or a substitution of the solvent makes it dif-
ficult to change the molecular-assembly
situation gradually. On the other hand, the pres-
suring conditions can be reversibly controlled
and highly controlled operation for molecular as-
sembly by building the interactive part, which
works at a different pressure in the molecules.
In the case where two or more hydrogen bond-
ing functional groups are present, the control of
a higher-order structure can be achieved by
pressurizing in a stepwise fashion. We assumed
that the secondary structure of PVA is one of
the most possible candidates for the factors for
obtaining the ordered. molecular assembling
structure. It is expected that such technology
can be applied to build a structure by the
manipulating molecular interactions to develop
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novel structure in aqueous solution, leading to
new science and technology.

CONCLUSIONS

The PVA assembly was simply obtained through
an ultrahigh-pressure process. The morphology
of PVA assembly depended on the strength and
period of pressurization, the PVA concentration,
the PVA chain length, and the PVA secondary
structure. Under the ultrahigh-pressure, molec-
ular assembly is formed through two processes,
which are dehydration and the subsequent for-
mation of hydrogen bonds among inter/intra-
molecules. Thus, the ultrahigh-pressure process
can manipulate molecular interactions. There-
fore, it is expected that the novel high-ordered
structures based on molecular assembly can be
generated by controlling various factors in an
ultrahigh-pressure process.

This work was partly supported by Kuraray Co., for
their supply of the poly(vinyl alcohol).
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Reduction of Lipophilicity at the Lipophilic Domain of RXR
Agonists Enables Production of Subtype Preference: RXRa-
Preferential Agonist Possessing a Sulfonamide Moiety

Kayo Takamatsu,® Atsushi Takano,””’ Nobumasa Yakushiji,”! Ken-ichi Morishita,™
Nobuyasu Matsuura,” Makoto Makishima,") Hamed Ismail Ali,'¥! Eiichi Akaho,'? Akihiro Tai,”

Kenji Sasaki,”! and Hiroki Kakuta*®!

" Retinoid X receptor agonists (RXR agonists, rexinoids) are interest-
ing candidates for the treatment of cancers such as tamoxifen-re-
sistant breast cancer and taxol-resistant lung cancer. However,
well-known RXR agonists possess a strong lipophilic character. In
addition, although RXR has three subtypes, no subtype-selective
RXR agonists are known. Thus we aimed to produce less-lipophil-
ic and subtype-selective RXR agonists. By designing sulfonamide-
type RXR agonists, 4-[N-methanesulfonyl-N-(5,5,8,8-tetramethyl-

Introduction

Nuclear receptors, which are derived from a common primor-
dial gene, are ligand-dependent transcription factors!"? There
are 48 distinct nuclear receptors in humans which are classified
into two types. One type comprises the receptors with known
endogenous ligands, such as retinoic acid, vitamin D, thyroid
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Figure 1. Chemical structures of known endogenous (1, 2) and synthetic (3-
7) RXR agonists.

* gy L
terScience*

Me”. Me /Nk/w

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5,6,7,8-tetrahydro-2-naphthyl)amino]benzoic acid (8a) was found

to prefer RXRa over RXRf and RXRy, although the potency is less

than the potencies of well-known RXR pan-agonists. Moreover,

our results suggest that the reduction of lipophilicity at the hy-

drophobic interaction region of RXR agonists enables production

of RXR subtype preference. Our finding will be useful for the crea- .
tion of more potent and less-lipophilic subtype-selective RXR ago-

nists aimed at the reduction of undesirable side effects.

hormone, steroid hormones, and/or lipids. The other type are
orphan receptors whose functions have not been deter-
mined."¥ Nuclear receptors work as monomers or dimers by
themselves or with other partners. Representative nuclear re-
ceptors that function as homodimers or heterodimers are reti-
noid X receptors (RXRs), whose endogenous ligands are 9-cis-
retinoic acid (9-cisRA; 1) and docosahexaenoic acid (DHA;
2)™ (Figure 1).

The heterodimeric partners of RXRs contain retinoic acid re-
ceptors (RARs) that regulate cell differentiation and prolifera-
tion, vitamin D receptor (VDR) associated with bone metabo-
lism, peroxisome proliferator-activated receptors (PPARs) asso-
ciated with lipid metabolism, thyroid hormone receptors (TRs)
involved with basal metabolites, and pregnane X receptors
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(PXRs) associated with expression of CYP3A4 involved in drug

metabolism.!"! Therefore, RXRs are closely linked to the func-

tion of their partners, and RXR modulators enable control of
the function of RXR heterodimeric partners.®

RXR agonists can act synergistically with partners. For exam-

- ple, when RXR agonists are treated with RAR agonists (so-

called “retinoids”, which are known as cell differentiation in- -

ducers), cell differentiation occurs typically at subefficacious
concentration of RAR agonists alone.”® Similar synergistic ac-
tivities of RXR agonists are expected for those of other RXR
heterodimeric partners such as VDR or PPARs."” Some RXR-ago-
nists (for example, LGD1069) have recently been used in clini-
cal trials for the treatment of cancers such as tamoxifen-resist-
ant breast cancer™ and taxol-resistant lung cancer."” However,
such RXR agonists possess a strong lipophilic character
(Figure 1 and Table 1). A problem for clinical application would,
therefore, be the possibility of undesirable side effects caused
by the high lipophilicity. To prevent this problem, we decided
to try to produce new RXR agonists whose lipophilicity are di-
minished.

Table 1. Calculated log P (Clog P) values of known RXR agonists.

Compd.: 3 4 5 6 7
Cloap fa] 6.45 922 823 7.44 7.23
9 (b] 592 831 6.81 537 5.02

[a] Calculated with ChemDraw Ultra 7.0. [b] Calculated with molinspira-
tion (http //www.molinspiration.com)

RXR possess three different subtypes, RXRa, RXRfP, and
RXRy. RXRa is expressed mainly in the liver, kidney, and spleen,
RXRP is ubiquitously distributed, and RXRy is expressed mainly
in skeletal muscles, heart muscle, skin, and brain."™ Nonethe-
less, no subtype-selective RXR agonists are known.!'*' These
facts encouraged us to develop less-lipophilic and subtype-se-
lective RXR agonists. In this article, molecular design, synthesis,
and bioactive assay of our new RXR agonists are reported.

Results and Discussion

To develop subtype-selective RXR agonists, we examined the
information available. There is no apparent difference between
the amino acid sequences in
the ligand-binding domain of
each RXR subtype." Thus, ac-
tivity and potency of various
. known RXR agonists for each
subtype was examined in detail.
PA024 (7) tends to act more po-
tently toward RXRa/y than
RXRB, which was not discussed
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known RXR agonists revealed that the ClogP value (a lipophi-
licity index) of PA024 (7) was lower than that of other com-
pounds (Table 1). Highly lipophilic molecules tend to bind pro-
teins nonspecifically. Thus, we hypothesized that less-lipophilic
RXR agonists may acquire subtype specificity. This approach
was judged to make it possible to reach our dual-purpose.

For designing less-lipophilic RXR agonists, we focused on a
sulfonamide group, which possesses a polar character and is
seen in many drugs, for example, sulfa drugs. Hence, a sulfona-
mide group was introduced into the “linking group” that con-
nects the "acidic domain” and the “hydrophobic domain” of
the generic RXR pharmacophore described in Figure 2.

Synthesis was performed as described in Scheme 1. After
the preparation of tetrahydrotetramethylnaphthylamine (11)
according to the reported method,” compounds 8a-d, whose
acidic domain is a benzoic acid, were synthesized by coupling
reaction with ethyl 4-iodobenzoate using Pd,(dba); as a cata-
lyst. After treatment with NaH in anhydrous DMF, the reaction
mixture was treated with the corresponding alkylsulfonyl chlo-
ride to give sulfonamide ester intermediates. Deprotection of
these esters was performed in an alkaline condition to afford
the objective compounds 8a-d.

Compound 9, whose acidic domain is a nicotinic acid, was
synthesized via the amino intermediate 13 by coupling reac-
tion of amine (11) with é-chloronicotinic acid in acetic acid
under reflux. Compound 10, whose acidic domain is a pyrimi-
dine-5-carboxylic acid, was prepared via the amino intermedi-
ate 14 according to the reported method.>'® Then sulfonami-
dation and ester deprotection of compounds 13 and 14 was
performed by the same procedure as that used for compounds
8a-d to afford the objective compounds 9 and 10, respective-
ly.

RXR agonists, when combined with RAR agonists, induce
cell differentiation in a synergistic fashion compared to RXR or
RAR agonists (for example, Am80™) used alone. Cell differentia-
tion can be observed using nitro blue tetrazolium (NBT) reduc-
tion.">"' We have tested compounds 8a-d, 9, and 10 for
their ability to induce cell differentiation as a single agent or in
combination with Am80. Table 2 shows retinoid or retinoid
synergistic activities of our compounds and PA024 (7). None of
the compounds 8a-d, 9, and 10 exhibited retinoid activity,
suggesting. they are not RAR agonists. A marked synergistic ac-
tivity was observed with 8a, 9, and 10, however with a re-
duced potency and efficacy compared to PA024 (7). Interest-

in the previous report™ A
comparison of the differences

common structure of
well-known RXR agonists

between characteristics  of
PA024 (7) and those of other
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Figure 2. Strategy for the molecular design of low-lipophilic RXR agonists possessing sulfonamide moieties (8-10).
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Table 2. Cell differentiation inducing activity of compounds 8-10, determined by NBT reduction assay.”!

8a-d, 9, 10, SR11237 (3),
LGD1069%? (5), and PA024 (7).
All tested compounds showed
transcription activities, indicat-
ing that their retinoid synergistic
activities were mediated by RXR.
Compounds 8b-d showed weak
RXR agonist activities, as expect-

Compd. R Y 4 Retinoid activity Retinoid synergist activity

: EC™ fnm] RA [%] EC,® ] BA© (%] ed from the results of the NBT
8 M CH CH 10000 240 300+30 67+5 assay. Notably, compounds 82,

a e . >

8b Et CH CH Inactive - 83010 420 9, and SR11237 (3) showed
8¢ n-Pr CH CH Inactive - Inactive - lower ClogP values than
8d n-Bu CH CH Inactive - Inactive - LGD1069 (5) and an apparent
9 Me N CH >10000 4+1 150+ 10 7341 difference in ECy, between each
10 Me N N > 10000 120 2200+ 200 5640 b Th o of EC |
PA024 (7) Inactive - 33406 8341 subtype. The ratio of EC,, values

ratio that was induced by a test compound. :

[a] All values were determined from full dose-response curves ranging from 10°° to 107>m with HL-60 cells.
Where errors are indicated, values represent the standard error of the mean value of at least two separate ex-
periments. [b] EC5, was determined as the concentration of a test compound that was required to elicit a re-
sponse at half-maximal height on the dose-response curve. [c] Biological activity (%) is maximal differentiation

between RXRa:RXRB:RXRy for
LGD1069 (5) was 1.0:2.0:1.6, in
contrast, that for PA024 (7) was
1.0:8.0:2.6. SR11237 (3) shows
that the ratio of EC,, values be-

ingly, not showing retinoid synergistic activity, compounds 8¢
and 8d indicated a tendency to inhibit compound 9-induced-
retinoid synergistic activity (data not shown).

Next, these compounds were assayed for luciferase tran-
scription activities by a reporter gene assay''>'*? to compare
their potencies toward each RXR subtype. As SR112377" (3)
possesses p_olaf cyclic acetal moiety, the ClogP value was
‘thought to be low and show subtype-preference (activity
toward RXRa was only reported). Table 3 shows EC;, and £,
values in each RXR subtype and ClogP values of compounds

tween . RXRa:RXRB:RXRy was

1.0:3.3:9.0. For compound "8a,
the ratio of EC, values between RXRa:RXRB:RXRy was
1.0:11.5:3.1, indicating that this compound prefers RXRa/y
over RXRP. Considering the fact that the E,,, value of 8a
toward RXRa is larger than that of RXR( or RXRy by 50 %, com-
pound 8a can be regarded as an RXRa-preferential agonist.
SR11237 (3), PA024 (7), compounds 8a, and 9 show lower
Clog P values than LGD1069 (5) and subtype-preference, sup-
porting our hypothesis that iess-lipophilic RXR agonists are
able to produce RXR subtype selectivity. In contrast, com-
pound 10, whose ClogP value is the lowest in this study,
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Table 3. Co-transfection data for compounds 8-10 and known RXR agonists (3, 5, and 7).

Compd. RXRa RXRB RXRy Clog P
- EC™ [nm] Epad! (%] EC5o™ [nM] s [%] EC5,™ [nm] Erna (%]

8a 195+ 25 115+16 225010 52114 620+ 50 59+3 6.55

8b 307+1 79+1 2009+ 579 102+ 4 1254 £ 431 M2+3 7.08

8c 20194203 n+7 1452+ 452 24+ M 2347 +530 73132 7.61

8d 2795+ 112 33+10 2201 + 868 2841 2397 4239 17+4 8.14

9 11545 98+ 6 6351475 9442 350+ 85 8117 6.17

10 1888 + 488 147 +7 1995+ 394 8416 1519 £130 4216 . 5.46

SR11237 (3)- 2943 1M +8 98127 10617 232182 12214 6.45

LGD1069 (5) 310 106112 6+1 114+12 5+£2 10443 8.23

PA024 (7) 341 100 2440 100 . 81 100 7.23

[a] All values represent the standard error of the mean value of at least two separate experiments with triplicate determinations. [b] EC,, values were deter-

mined from full dose-response curves ranging from 107 to 10°5m in COS-1 cells. [c] Luciferase activity of PA024 (7) at 1 pm was defined as 100%.

[d] Clog P values were calculated with ChemDraw Ultra 7.0.

showed lower subtype-preference and potency than com-
pound 8a. Considering this result, we are proposing that pro-
duction of subtype-preference, reduction of lipophilicity
should be performed at the lipophilic domain of RXR agonists
rather than at the acidic domain.

To understand the reason why compound 8a shows subtype
preference, a docking_ study was performed with AutoDock >
Unfortunately, no apparent differences in amino acid sequen-
ces and positions in the ligand-binding domain in each RXR
subtype were found (data not shown). It seems difficult to dis-
cuss the difference by docking simulation visually. The results
shown in Figure 3, however, revealed a promising binding af-
finity of compound 8a, which was docked into the binding
site of Tmvc RXR receptor exactly superimposed on the native
bound ligand (BMS649: the same as SR11237 (3)) with root of
mean square deviation (RMSD) of 0.604 A. Moreover, com-
pound 8a formed three hydrogen bonds with the same atoms
of amino acids Arg®'® and Ala®? as the native ligand, SR11237
(3). It should be noticed that the methanesulfonamide moiety
is deeply embedded into the lipophilic residue including
Leu®®, 1e¥°, and Cys** within distances of 2.99, 2.61, and
3.21 A, respectively. This close interaction may explain the im-

Figure 3. Docking model of compound 8a (ball and stick, colored by ele-
ment) in the binding site of RXR (PDB code: 1mvc) using AutoDock3.05. It
exhibited 3 H-bonds between Arg*'® and Ala*? (dotted blue lines) with
RMSD of 0.604 A from BMS649 (the same as SR11237 (3)), the native ligand.

ChemMedChem 2008, 3, 454 - 460
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proper fitting of compound 8a into the RXR owing to its
methanesulfonamide moiety. These results indicate that reduc-
tion of molecular lipophilicity is required to produce RXR sub-
type selectivity and that the introduction of a polar moiety
into the linking group should be avoided for the creation of
more potent subtype-selective RXR agonists.

Several RXR agonists have recently been used in the clinical
trial as therapeutic agents against cancer or as chemopreven-
tive agents."? Other RXR agonists have also been described as
insulin sensitizer or anti obese agents and were shown to de-
crease blood sugar or weight gain in rodent models.**%!
Therefore, less lipophilic and subtype-selective RXR agonists
we are seeking for are expected to be therapeutic agents for
cancer or metabolic syndrome, and may be useful biological
tools for elucidating each RXR subtype function.

Conclusions

In this study, we aimed to produce less lipophilic and subtype-
selective RXR agonists. By designing sulfonamide-type RXR ag-
onists, 4-[N-methanesulfonyl-N-(5,5,8 8-tetramethyl-5,6,7,8-tet- -
rahydro-2-naphthyl)amino]benzoic acid (8a) was found to
prefer RXRa over RXRP and RXRy, although the potency is less
than the potencies of well-known RXR pan-agonists. Moreover,
our results suggest that for production of subtype-preferential
RXR agonists, reduction of lipophilicity should be performed at
the lipophilic domain of RXR agonists rather than at the acidic
domain. In the future, modification of our strategy should
enable production of more potent, subtype-selective RXR ago-
nists, which may be useful for elucidation of each RXR subtype
function and/or development of RXR drugs with appropriate
action spectra.

Experimental Section
Chemistry

Melting points were determined with a Yanagimoto hot-stage
melting point apparatus and are uncorrected. IR were recorded on
JASCO FT/IR350 (KBr). '"H NMR spectra were recorded on a Var-
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ianVXR-300 (300 MHz) or VarianVXR-500 (500 MHz) spectrometer.
Elemental analysis was carried out with a Yanagimoto MT-S CHN
recorder elemental analyzer. FAB-MS was carried out with a VG70-
SE.

SR11237 (3) and LGD1069 (5). These compounds were prepared
according to references [26] and [22], respectively.

5,5,8,8-Tetramethyl-5,6,7,8-tetrahydro-2-naphthylamine
This compound was prepared according to reference [7].

(1m).

Methyl-N-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-naphthyl)-4-
aminobenzoate (12). Concentrated H,50, (1.5 mL) on cooling was
added to a solution of 4-iodobenzoic acid (5.0 g, 20 mmol) in dry
MeOH (50 mL), and the mixture was held at reflux for 4 h. The reac-
tion mixture was concentrated under reduced pressure and
NaHCO; solution (300 mL) was added to the residue. The mixture
was extracted with EtOAc (3x200 mL). After being washed with
H,O (200 mL) and brine (200 mL), the organic layer was dried over
MgSO, and evaporated under reduced pressure to yield methyl 4-
iodobenzoate. Recrystallization from CH,Cl, afforded colorless
cubes (72-85%); mp: 105.0-106.0°C; 'H NMR (300 MHz, CDCl,):
0=7.81 (2H, d, J=8.5Hz2), 7.75 (2H, d, J=8.5 Hz), 3.91 ppm (3H,
s); IR (KBr): $=1714 cm™".

Dry toluene (20.0 mL) was added to a mixture of methyl 4-iodo-
benzoate (2.62 g, 10 mmol), amine 11 (2.03 g, 10 mmof), (+)-BINAP
(0.47 g, 0.75 mmol), Pd,(dba), (04649, 0.5 mmol), and Cs,CO,
(4.56 g, 14.0 mmol) under argon at room temperature. The mixture
was held at reflux for 16 h. The slurry was filtered through Celite,
and the Celite cake was washed with EtOAc (500 mL). After being
washed with H,0 (2x150mL) and brine (150 mL), the organic
layer was dried over MgSO, and evaporated under reduced pres-
sure. The residue was purified by silica gel column chromatogra-
phy (n-hexane/EtOAc=8:1) to afford compound 12. Recrystalliza-
tion from CH,Cl,/n-hexane afforded colorless cubes (85%); mp:
>200°C; 'H NMR (300 MHz, CDCl,): =7.90 2H, d, /=85 Hz), 7.27
(1H, d, J=85Hz), 7.09 (1H, s), 6.96 (1H, d, /=8.5Hz), 6.93 (2H, d,
J=9.0Hz), 3.87 (3H, s), 1.69 (4H, s), 1.28 (6H, s) 1.27 ppm (6H, s);
IR (KBr): #=3357, 1693 cm™".

Methyl-[N-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-naphthyl)-6-
aminonicotinate (13). Compound 11 (610 mg, 3.0 mmol) was
added to a solution of é-chloronicotinic acid (473 mg, 3.0 mmol) in
AcOH (3.0 mL), and the mixture was held at reflux for 10 h. The re-
action mixture was poured into H,O (100 mbL) and extracted with
EtOAc (3 x 100 mL). After being washed with H,O (100 mL), the or-
ganic layer was dried over MgSO, and evaporated under reduced
pressure. Recrystallization from EtOAc afforded [N-(5,5,8,8-tetra-
methyl-5,6,7,8-tetrahydro-2-naphthyl)]-6-aminonicotinic acid as col-
orless cubes (633 mg, 60%). 'HNMR (300 MHz, [DJDMSO): 6=
12.55 (1H, br s), 940 (1H, s), 8.64 (1H, d, J/=2.5Hz), 794 (1H, dd,
1=9.0, 25 Hz), 7.52 (1H, dd, J/=8.5, 2.5 Hz), 743 (1H, d, J=2.5 Hz),
7.25 (1H, d, J=8.5Hz), 679 (1H, d, J/=9.0Hz), 1.64 (4H, s}, 1.25
(6H, s), 1.23 ppm (6H, s); FAB-MS m/z; 325 [M+H]*.

Concentrated H,S0, (0.07 mL) on cooling was added to a solution
of [N-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-naphthyl)]-6-aminoni-
cotinic acid (150 mg, 0.6 mmol) in dry MeOH (1.5 mL} and the mix-
ture was held at reflux overnight. The reaction mixture was con-
- centrated under reduced pressure and poured into a sat. NaHCO,
solution (100 mL). The mixture was extracted with EtOAc (2x
100 mL). After being washed with H,O (100 mL) and brine
(100 mL), the organic layer was dried over MgSO, and evaporated
under reduced pressure to yield compound 13 (123 mg, 80%). As
this compound gave a single spot on TLC, 13 was used for the
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next step without further purification. 'H NMR (300 MHz, CDCl,):
6=8.79 (1H, d, J=25Hz), 8.04 (1H, dd, /=90, 2.5Hz), 7.37 (1H,
s), 732 (1H,d, J=85Hz), 720 (1H, d, J=25Hz), 7.10 (1H, dd, J=
8.5, 2.5 Hz2), 6.80 (1H, d, J=9.0 Hz), 3.89 (3H, s), 1.70 (4H, s), 1.29
(6H, ), 1.28 ppm (6H, s); FAB-MS m/z; 339 [M+H]*.

Ethyl-[N-(2,5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-naphthyl)}-2-
amino-pyrimidine carboxylate (14). This compound was prepared
according to references [15] and [16].

General procedure for the synthesis of N-alkylsulfonamide inter-
mediates. The corresponding intermediates (12-14) (1.0 mmol)
were added to a DMF solution (5.0 mL) containing sodium hydride
(2.5 mmol, 60% purity in oil) under argon at room temperature for
5 min. Then, a corresponding alkylsulfonyl chloride (1.2 mmol) was
added to the solution. After stirring for 2 h, the mixture was
poured into H,0, and extracted with EtOAc. The organic phase was
washed with H,0 and brine and then dried over MgSO, and con-
centrated under reduced pressure. The residue was purified by
silica gel flash chromatography to afford N-alkylsulfonamide inter-
mediates.

General procedure for the synthesis of [N-alkylsulfonyl-N-
(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-naphthyl)]-4-aminoben-
2oic acids (8 a-d). LiOH-H,0 (2.0 mmol) was added to a solution of
N-alkylsulfonamide intermediates (1.0 mmol) in THF/H,0 (2.0 mL,
3:1) and the mixture was kept at room temperature over night.
The mixture was poured into 2n HCl (15.0 mL)} and extracted with
EtOAc (3x20 mL). After being washed with H,0 (30 mL) and brine
(30 mL), the organic layer was dried over MgSO, and evaporated
under reduced pressure. Recrystallization gave the target mole-
cules 8a-d.

[N-Methanesulfonyl-N-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthyl)]-4-aminobenzoic acid (8a). Colorless needles from
EtOAc/n-hexane; mp: 165.0-166.0°C; Yield 71%; 'H NMR (300 MHz,
[D,JDMSO): 6=12.98 (1H, br s), 794 (2H, d, J=8.5Hz), 7.44 (1H,
dd, /=85, 25Hz), 740 (1H, d, J=8.5Hz), 737 (1H, d, J=2.5 Hz),
7.18 (2H, d, J=8.5Hz), 3.33 (3H, s), 1.64 (4H, s), 1.25 (6H, s),
1.22 ppm (6H, s); IR (KBr): 7=2962-2800, 1687 cm™'; FAB-MS m/z;
401 [M]*, 402 [M+H]"; Anal. Caled for C,,H,NO,S: C, 65.81; H,
6.78; N, 3.49. Found: C, 65.77; H, 6.61; N, 3.41.

[N-Ethanesulfonyl-N-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthyl)]-4-aminobenzoic acid (8b). Colorless columns from
CH,Cly/n-hexane; mp: 167.0-168.0°C; Yield 43%; 'HNMR
(300 MHz, [D,DMSO): 6=13.00 (1H, br s), 7.92 (2H, d, /=9.0 Hz),
744 (2H, d, J=9.0Hz2), 742 (1H, d, J=85Hz), 736 (1H, d, J=
2.5Hz), 7.18 (1H, dd, /=85, 2.5Hz), 342 (2H, q, J/=7.5Hz), 1.64 .
(4H, s), 1.31 (3H, t, J=7.5Hz2), 1.25 (6H, s), 1.22 ppm (6H, s); IR
(KBr): #=1719, 1335, 1139 cm™'; FAB-MS m/z; 415 [M]*, 416
[M+H]"; Anal. Calcd for C;3H,0NO,S: C, 66.48; H, 7.03; N, 3.37.
Found: C, 66.28; H, 6.97; N, 3.46. '

[N-n-Propanesulfonyl-N-(5,5,8,8-tetramethy!-5,6,7,8-tetrahydro-

2-naphthyl)]-4-aminobenzoic acid (8¢). Colorless needles from
CH,Cly/n-hexane; mp: 201.0-203.0°C; Yield 32%; 'HNMR
(300 MHz, [D¢]DMSO): 6=12.94 (1H, br s), 7.92 (2H, d, J=9.0 Hz),
744 (2H, d, J=9.0Hz), 739 (1H, d, J/=85Hz), 735 (1H, d, J=
2.0Hz), 7.18 (1H, dd, J=8.5, 2.0 Hz), 3.39 (2H, t, J=75Hz), 1.79

-(2H, sex, J=7.5 Hz), 1.64 (4H, s), 1.24 (6H, s) 1.22 (6H, s), 1.00 ppm

(3H, t, J=7.5 Hz); IR (KBr): ¥=1688, 1329, 1148 cm™'; FAB-MS m/z;
430 [M+H"]; Anal. Calcd for C,Hy;NO,S: C, 67.01; H, 7.27; N, 3.26.
Found: C, 67.00; H, 7.20; N, 3.44.

[N-n-Butanesulfonyl-N-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthyl)]-4-aminobenzoic acid (8d). White needles from CH,Cl,/
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n-hexane; mp: 213.0-215.0°C; Yield 38%; 'HNMR (300 MHz,
[D;JDMSO): d=13.01 (1H, br s), 7.92 (2H, d, /=90 Hz), 7.44 (2H, d,
J=9.0H2), 739 (1H, d, J=85Hz), 735 (1H, d, J/=2.0 Hz), 7.18 (1H,
dd, /=85, 20 H2), 3.42 (2H, t, J=7.5 Hz2), 1.73 (2H, sex, J=7.5 H2),
1.64 (4H, s5), 1.42 (2H, m), 1.24 (6H, s), 1.22 (6H, 5), 0.88 ppm (3H, t,
J=7.5Hz); IR (KBr): #=1688, 1332, 1173 cm™'; FAB-MS m/z: 443
[M]*, 444 [M+H]"; Anal. Caled for C,sHNO,S: C, 67.69; H, 7.50; N,
3.16. Found: C, 67.35; H, 7.31; N, 3.12.

[N-Methanesulfonyl-N-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-

naphthyl)l-6-aminonicotinic acid (9). Colorless needles from
CH,Cly/n-hexane; mp: 228.0-2285°C; Yield 89%: 'HNMR
(300 MHz, [DJDMSO0): 6=8.89 (1H, d, J=2.5Hz), 8.16 (1H, dd, J=
85, 25Hz), 7.45 (2H, d, J=8,5Hz), 7.33 (1H, d, J=25Hz2), 7.12
(1H, dd, J=8.5 Hz, 2.5 H2), 6.63 (1H, d, J=8.5 Hz), 3.59 (3H, s), 1.67
(4H, s}, 1.28 (6H, s), 1.23 ppm (6H, s); IR (KBr): #=1690, 1366,
1171 cm™’; FAB-MS m/z; 403 [M+H]*; Anal. Calcd for C,,H,(N,0,S:
C, 62.66; H, 6.51; N, 6.96. Found: C, 62.62; H, 6.29; N, 6.55.

[N-Methanesulfonyl-N-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-2-
naphthyl)]-2-amino-pyrimidine carboxylic acid (10). White cubes
from EtOAc/n-hexane; mp: 248.0~250.0°C; Yield 87%; 'HNMR
(300 MHz, CDCL,): §=9.13 (2H, s), 7.39 (1H, d, J=8,5Hz), 7.17 (1H,
d, J=2.5Hz),7.04 (1H, dd, /=85 Hz, 2.5 Hz), 3.63 (3H s), 1.71 (4H,
s), 131 (6H, s), 1.27ppm (6H, s); IR (KBr): v=1696, 1369,
1173 cm™'; FAB-MS m/z; 404 [M+H]*; Anal. Calcd for CyoH,sN10,S:
C, 59.53; H, 6.25; N, 10.41. Found: C, 59.52; H, 6.33; N, 10.53.

Calculation of ClogP values. LogP values for compounds were
calculated with ChemDraw Ultra 7.0 or software available from mo-
linspiration (http://www.molinspiration.com/).

NBT reduction assay

Culture of HL-60 cells. The human promyelocyte leukemia cell line
HL-60 was cultured in RPMI640, which contained 10% fetal
bovine serum (FBS) and antibiotics (2% of penicillin-streptomycin
solution purchased from SIGMA), in a humidified atmosphere of
5% CO, at 37°C.

NBT reduction assay.'>'”'® Test compounds were dissolved in
DMSO at 20 mm for stock solutions. To a suspension of cells at a
concentration of 8x 10° cells mL™" was added a test compound so-
lution in DMSO. Final DMSO concentration was kept below 0.1 %.
For a vehicle and a positive control, the same volume of DMSO
and Am80" solution in DMSO were added, respectively. After incu-
bation for 4 days, NBT reduction assay was performed as described
below. Cells were incubated in RPMI1640 (10% FBS) and an equal
volume of phosphate-buffer saline (PBS (-)) containing 0.2 w/w%
NBT and 12-O-tetradecanoylphorbol-13-acetate (TPA, 200 ngmL™")
in a humidified atmosphere of 5% CO, at 37°C for 30 min. The
rate of cell differentiation was calculated by the percentage of cells
containing blue-black formazan using more than 200 cells. Aver-
age of at least three results for each assay was calculated. Synergis-
tic activities of test compounds with Am80 were evaluated in the
presence of 3.3x 10" "M of Am80, which induces less than 10% of
cell differentiation, according to the method described above.

Luciferase reporter gene assay

Culture of COS-1 cells. COS-1 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS in a hu-
midified atmosphere of 5% CO, at 37°C.
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Luciferase reporter gene assay.''*?”.Luciferase reporter gene
assays were performed using COS-1 cells transfected with three
kinds of vectors; each RXR subtype, a luciferase reporter gene
under the control of the appropriate RXR response elements, and
secreted alkaline phosphatase (SEAP) gene as a background. A
CRBPII-tk-Luc reporter and plasmid DNAs were purified by a QIA
filter Plasmid -Midi kit. COS-1 cells were transfected with QIA Effec-
tene Transfection reagent according to the supplier's protocol. Test
compound solutions whose DMSO concentrations were below 1%
were added to the suspension of transfected cells, which were
seeded at about 2x 10° cellsmL™" in 96-well white plates. For vehi-
cle and positive control, the same volume of DMSO and 9-cisRA so-
lution in DMSO were added, respectively. After incubation in a hu-
midified atmosphere of 5% CO, at 37°C for 18 h, the parts of the
medium were used for SEAP and the remaining cells were used for
luciferase reporter gene assays with a Steady-Glo Luciferase Assay
system (Promega) according to the supplier's protocol. The lucifer-
ase activities were normalized using secreted alkaline phosphatase
(SEAP) activities. The assays were carried out in duplicate three
times.

Molecular docking

The crystal structure of the human RXRa-ligand binding domain
(PDB code: Tmvc) was retrieved from the Brookhaven Protein Data
Bank: http://www.rcsb.org/pdb/Wecome.do accessed in December
10, 2005. Polar hydrogen atoms were added to both the protein
and the ligand. United atom Kollman charges were assigned for
the protein. The 3D structures of ligands used for the docking
study were constructed by using Chem3D Ultra 8.0 software [Mo-
lecular Modeling and Analysis; Cambridge Soft Corporation, USA
(2003)]. These ligands were energetically minimized by using
MOPAC (semi-empirical quantum mechanics) with AM1 MOZYME
geometry. The AutoDock3.05 molecular docking program®! was
employed by using a genetic algorithm with local search (GALS).
One hundred individual GA runs, 150 chromosomes, a crossover
ratio of 0.80, a rate of gene mutation of 0.02, and an elitism ratio
of 0.10 were used for each ligand. The grid box was created with
dimensions of 60x60x60 A> which encloses the original ligand
BM5649 (SR11237 (3)). The box spacing was 0.3 A. Accelrys Discov-
ery Studio version 1.6 [Accelrys inc., San Diego, CA (2006)] was
used for molecular modeling, and the mode of interaction of
BMS649 (SR11237 (3)) against 1 mvc was used as a standard
docked model as well as for RMSD calculation.
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Abstract Monodisperse polymelamine microcapsules were
prepared by phase separation method. Control of micro-
capsule diameter was investigated using the uniform-sized
oil-in-water emulsion droplets as the capsule core. The
monodisperse emulsion droplets were prepared using the
Shirasu porous glass (SPG) membrane emulsification
technique. The effects of the diameter of the oil droplet
and concentration of sodium dodecyl sulfate (SDS), which
is a typical emulsifier in SPG membranc emulsification, on
microencapsulation were investigated. The microcapsules
were aggregated when oil droplets with small size were
microencapsulated at high SDS concentration. To reduce
the SDS concentration, the creamed emulsion was uscd.
" The monodisperse polymelamine microcapsules were suc-
cessfully prepared by using the creamed emulsion. The
microcapsule diameter was almost similar lo the diamcter
of the encapsulated oil droplet. The coefficient of variation
values was about 10% for all microcapsules prepared in this
study. Control of microcapsule diameter was achieved in
the range of 5—60 pm.

Keywords Monodisperse microcapsule -

Phase separation method - Control of capsule diameter -
Shirasu porous glass membrane -

Sodium dodecy] sulfate concentration

E. Kamio - A. Kato - S. Yonemura + T. Ono ()  H. Yoshizawa
Departiment of Environmental Chemistry and Materials,
Okayama University,

3-1-1, Tsushima-naka, Okayama-shi,

Okayama 700-8530, Japan

e-mail: tono(@cc.okayama-u.ac.jp

Introduction

Microcapsules arc tiny packaged materials that have been
used in a wide variely of fields such as in chemical and
pharmaceutical industries and in cosmetics and printing. In

‘the 1950s, they were used in carbonless copy paper

developed by the National Cash Register Company [1].
The microcapsules in the carboniess copy paper were
powder-like substances that protected the core material
from damage caused by oxidation and rough handling and
treatment. Several microencapsulation methods were sub-
sequently developed and applied in the fields in which they
arc used today. Microcapsules with a variety of functions
can be produced by using different microencapsulation
methods.

Of the several microencapsulation methods, the phase
separation method is one of the most uselul. Crosslinked
polyamino resin microcapsules prepared by phase separa-
tion mecthod are mono-core microcapsules that enclose.
waler-insoluble organic solvents. They have smooth, thin,
and transparent membranes. The capsule membrane is
formed at the liquid-liquid interface of an oil-in-water
(O/W) emulsion from a continuous phase. These character-
istics are suitable for the preparation of a microcapsule that

encloses an organic solvent with clectrophoretic micro-

particles, which is used as an clement of paper-like display
systems [2—4]. However, there are still some problems in
applying the microcapsule preparcd by the phase separation
method to the paper-like display system. Controlling the
diameter of the microcapsule is one of the most serious
technical issues. The diameter of the microcapsule directly
affects the thickness of the display. It also affects the
intensity of the electric field and the elecirophoretic
performance of the microparticles in the microcapsule. In

@_ Springer
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Table 3 Preparation conditions of crosslinked polymelamine micro-
capsules at different SDS concentrations

Total  Content Amount (g)*
amount e
® m @ 0
_Continuous phase | 90 Distilled 87.30 87.07 86.85
water
(+ NaOH)
Poly(E-MA) 25 25 25
SDS 020 043 065
Creamed emulsion® 25 Isopar G 150 150 15.0
Continuous  10.0  10.0  10.0
* phase II
Melamine—formalin 50 Melamine 5.0 5.0 5.0
prepolymer solution 37% 125 125 125
formalin
solution
Distilled 325 325 325
water
(+ NaOH)

“Pancls (1), (2), and (3) correspond to the conditions (1), (2), and (3)
in Fig. 6.

® Emulsion was prepared using SPG membrane with 4.8-um diameter
pore. Continuous phase Il was 1 wi.% SDS solution.

) LY 'S Y X5 XA
Fig. 2 Optical microscope photographs of emulsions prepared using

SPG membrane. SPG membrance pore sizes were a 4.8 um and b 13 um

— E
E 707 Z 70 ey 100
~ 601 2 60F ]
o 2 180
£ 501 & 50F ] —
B ° 160 =
T 401 S 40} )
2 2 T
5 30 g 3¢ 140 2
£ -9 ] 3
®© 209 S 20}
g 10 E 10 1%
— fa)) L 4
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Pore size of SPG membrane [um]
Fig. 3 Relationships between average emulsion droplet and micro-
capsule diameters and pore size of SPG membrane. MC Microcapsule.
EM emulsion droplet, d.m. diameter

addition, to closely pave an electrode with microcapsules,
“the microcapsules must have a uniform diameter.

A few rescarchers have reported on controlling the
diameter of a microcapsule prepared by phase separation
method [5-8]. They reported that the microcapsule diameter

1.0kV 11.7mm x450 SE(L) 04/01/30 1810
%%ﬁ’ﬂ)‘ (\’ o

)1

S
500um

1.0kV 12.0mm x100 SE(M) 03/05/16 15:20

Fig. 4 SEM observations of microcapsules prepared- in conditions
shown in Table 1(A). Average diameters of emulsion droplets used as
core were a 5.5 um, b 23 pm, and ¢ 62 pm
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was controlled by adjusting stirring speed during the
microcncapsulation process and that the average diameter
of the microcapsules decreased as stirring speed increased.
However, the prepared microcapsules were not monodis-
perse ones.

The objective of our work was to implement a technique
that controls the diameter of crosslinked polymelamine
microcapsules prepared by phase separation method. We
tried” to fabricate microcapsules with a desired capsule
diameter in a narrow size distribution. We used the Shirasu
porous glass (SPG) membrane emulsification technique to
control the diameter of a microcapsule.

Experimental
Reagents

Melamine and 37% formalin solution were used as the
monomer and the condensing agent, respectively. Sodium
dodecyl sulfate (SDS) was used as an emulsion stabilizer.
Sodium hydroxide was used to adjust the pH of the
continuous phase of the microencapsulation process (here-
after called continuous phase I). All of thesc analytical
grade reagents were purchased from Wako Pure Chemical
Industry, Ltd. The polymeric surfactant, poly(ethylene-ali-
maleic anhydride) (poly(E-MA)), was purchased from
Aldrich Co. Ltd. Isopar G, the corc matcrial of the
microcapsule, was purchased from Exxon Mobil Co.

Fig. 5 SEM observations of
microcapsules prepared with
various amounts of emulsion
droplet. The total amount of the-
oil phase: a 1.0 g, b 2.0 ¢,
¢50g andd 10.0 g. The
average diameter of the encap-
sulated emulsion droplet was

13 pm

@ Springer
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SPG membrane emulsification

The SPG membrane is highly porous and is made from
deposits of volcanic ash and sand. SPG membranes have a
huge number of pores of uniform micron size. One can
sclect an SPG membranc of a desired pore size to prepare
the O/W emulsions with uniform-sized oil droplets [9-15].
We uscd tubular SPG membranes with 0.9, 2.6, 4.8, 9.5,
and 13-pm pores. An SPG membranc cmulsification
module (SPG mini-kit, SPG Technology Co. Ltd.) was
used to prepare the O/W emulsions with uniform-sized oil
droplets. First, the continuous phase of the emulsification
process (hereafter called continuous phase 1) was intro-
duced inside the SPG membrane. The oil phase was
inserted into the continuous phasc Il from the outside of
the SPG membrane by compressed N5 gas at a pressure that
was kept constant during the emulsification process. The
resulting emulsion was circulated inside the SPG membrane
using a pump. In this study, an aqueous solution dissolving
a desired amount of SDS was used as continuous phase II.

Preparation of crosslinked polymelamine microcapsule

Crosslinked polymelamine microcapsules were preparcd
with the following procedure. An aqucous solution con-

taining poly(E-MA) was used as continuous phase 1. Its pH

was adjusted to 4.0 with 3x10° mol/m* NaOH aqueous
solution. The cmulsion prepared by using the SPG
membrane was added to a desired amount in continuous

Wi

)
]

e

11.8mm x1.00k SE(M) 07711721 21:01
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phase I. The mixture was stirred for 600 s at 333 K under
agitation at 5 s™'. Then, microencapsulation was started by
adding the melamine-formalin prepolymer solution, which
was prepared separately. The prepolymer solution was
prepared as follows: 5.0 g of melamine, 12.5 g of formalin
solution, and 32.5 g of distilled water with an adjusted pH
of 9 with 1x10° mol/m*> NaOH aqueous solution were
mixed and stirred at 333 K for 900 s. During the
microencapsulation, the temperature was kept constant at
333 K. The microencapsulation was carried out for 10.8 ks
under agitation at 6.67 s~'. After 10.8 ks, the prepared
microcapsules were collected by suction filtration and
washed with distilled water. The morphology of the
microcapsules was observed by a field emission scanning
clectron microscope (FE-SEM S-4700, Hitachi).
The preparation process of the crosslinked polymelamine
microcapsule is shown in Fig. 1. The preparation conditions
are summarized in Tables 1, 2, and 3.

Results and discussion

Figure 2 shows the O/W emulsion prepared using the SPG
membrane emulsification technique. As shown in Fig. 2,
the size of the prepared oil droplets was uniform. The
average diameter and the coefficient of variation (CV)
value of the emulsion droplets prepared using the SPG
membranes with several pore sizes are summarized in
Fig. 3. The average diamelers of the emulsion droplets were
in proportion to the pore diameters of the SPG membrane.
They were about five times as large as the pore diameters.
The CV values were almost [0%. Unlil now, some
researchers reported the relationship between the pore
diameter of SPG membrane and the diamcter of the
cmulsion droplet. For example, Nakashima and Shimizu
reported that the diameter of the kerosene droplet was 3.25
times as large as the pore diameter of the SPG membrane
[13]. Omi et al. reported that the droplet diameter of the
mixture of styrene-divinylbenzene—hexadecane and the
mixture of benzene and hexadecanc were linear to the pore
size of the SPG membrane with slopes of 6.62 and 5.2,
respectively [14]. Shiomori et al. reporled that the diameter
of the oil droplet of isooctane containing olive oil was
proportional to the pore diameter of the SPG membrane
with a slope of 3.4 [15]. These results show a validity of the
result in this study. If the obtained emulsion droplet is not
destroyed during the microcencapsulation process and the
capsule membrane is successfully formed, a microcapsule
with the same diameter and size distribution as the used
emulsion droplet can be prepared.

In our first investigation, we attempted to prepare

microcapsules by adding the emulsion, which was in the
emulsification state, to continuous phase 1. The microen-

76

capsulation conditions are shown in Table 1(A). As a result,
the microencapsulation was strongly influenced by the
diameter of the emulsion droplet: the microcapsules
aggregaled with each other when the diameter of the

1.0kV 11.8mm x500 SE(L} 04/01/30 16:43

Fig. 6 SEM observations of microcapsules prepared in conditions
shown in Table 2. Emulsion was prepared using an SPG membrane
with a pore size of 4.8 pm. Average diameter of emulsion- droplets
was 23 um. SDS concentration in continuous phase | was 0.2 wt.%
(condition 1), 0.33 wt.% (condition 2), and 0.5 wt.% (condition 3)
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