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Fig. SA-1 Theillustrations show the change of macroscopic findings of
the tumor after (A) PDT with 5 mg/kg ATX-S10-Na(ll) and 100 Jiem®

laser irradiation, (B) 10 mg/kg ATX-SIO -Na(l) and 100 J/em? laser
irradiation, and (C) 5 mg/kg ATX-S10-Na(l) and 200 Jfem? laser
irradiation, Hlstologxc samples with hematoxylin and eosin staining,
{D) shown at x4 and (E) x 200 magnification, were made on Day 15
after PDT with § mg/kg ATX-S10-Na(Il) and 100 Jfem? laser irradia-
tion, at (F) x4 and (G) %200 magnification for 10 mg/kg ATX-
$10-Na(ll) and 100 J/em® laser irradiation, and at (F) x4 and (I) x200
magnification for 5 mg/kg ATX-S10-Na(l) and 200 Jem® laser
irradiation; (A—C) A dusky scan was observed at the treatment location,

indicating ATX-S10-Na(Il) could cause less skin photo-
sensitization [19]. Our data suggest ATX-S10-Na{ll) was
incorporated in implanted 'synovial sarcoma on mice until
6 hours after intravenous injection, and it was eliminated
from tumor tissues less than 12 hours after injection: ATX-
$10-Na(II) has been reported to be excreted rapidly, within
3 hours after administration,i from normal surrounding

Table 1 Local control after marginal msecuon of the tumor with or
without PDT

Treatment o Recurrence Total
_ Yes  No

Margihal resection -+ PDT 2 8 10

Control (marginal resection alone) 9 10

PDT = photodynamic therapy.

which thereafter. gradually .decreased in size and then normal skin
deve]oped (A) The tumor grew gradually 11 days afterPDT with 100 J/
cm? laser irradiation. No necrotic area was seen inside the tumor 6n Day
15 aftcr PDT using (D) 5 mg/kg ATX-S10-Na(Il) injection and 100 }/
em? irrddiation and (E) SYO-1 cells were all viable. Photodynamic
therapy (F; G) using an mjectmn of 10 mg/kg ATX-S10-Na(IT) and
irradiation with 100 J/em? caused necrosis of the tumiors, although an
area of viable tumor cells remained under the necrotic area. (H, I) An
injection of 5 mg/kg ATX-S10-Na(ll) and irradiation with 200 Jem?
resulted in a completely necrotic area of the tumor and no viable tumor
cells were observed.

organs such as muscles, lungs, and brain [17, 19, 21].
Prolonged light protection might not be required after
administration of ATX-S10-Na(Il) PDT because of its
rapid clearance compared with other photosensitizers [23].

Photodynamic therapy on SYO-1-bearing mice can
inhibit tumor growth in 15 days, thus mdlcanng PDT may
be an effective therapy for synovial sarcoma. Moreover,
PDT with 200 J/cm? irradiation showed no local recurrence
after 15 days. However, SYO-1-bearing mice showed
regrowth of the tumor after PDT with 100 J/em? irradia-
tion. Photodynamic’ therapy with lower laser irradiation
therefore might not sufficiently abolish tumor cells in deep
layers. Preventing local recurrence after PDT also may

- require higher laser irradiation. The in vivo mechanism of

PDT remains controversial. ATX-S10-Na(II) was reported
to produce singlet oxygen, which thus induces cell death
direcily [21].. Furthermore, PDT using ATX-S10-Na(ll)
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Fig. 6A-D Marginal resection fol]owed by PDT 3 hours after an
intravenous injection of 10 mg/kg ATX-S10 Na(l) was performed
on the SYO-1-forming tumors. The illustrations shows the macro-
scopic findings of mice received marginal resection followed by
PDT at (A) Day 1, (B) Day 14, (C) Day 28, and (D) Day 56 after

and a diode laser was reported to have an indirect antitumor
effect induced by vascular shutdown and inhibition of
nutritional supply to tumor cells [20].

Musculoskeletal tumors often are located in deep layers
and usually grow to greater than 5 cm in size. Photody-
namic therapy alone therefore is- insofficient for clinical
treatment of musculoskeletal sarcomas because of the lim-
ited penetration of laser light. The maximal depth of
necrosis induced by ATX-S10-Na(@) PDT is reportedly
7.9 mm in the treated tumor [17]. We developed PDT as
adjuvant treatment after a marginal resection, which can
preserve such adjacent critical tissues as nervés and vessels.
Adjuvant PDT could eliminate residual tumor cells after a
marginal resection. In our study, a marginal resection fol-
lowed by adjuvant ATX-S10-Na(ll) PDT in mice reduced
the local recurrence rate of SYO-1-forming tumors. This
suggests adjuvant ATX-S10-Na(fl) PDT can be effective
for the remaining residual cells after marginal resection.
However, a 20% recurrence rate is not clinically acceptable.
Because these local recurrences were in the peripheral area
of PDT, it is possible wider irradiation or higher laser dose
might have prevented local recurrence of the residual tumor
cells in those areas. Kusuzakiet al. reported acridine orange
PDT followed by radiotherapy suppressed tumor growth of
osteosarcoma-bearing mice [15]. Jin et al. also suggested
the use of a combination of PDT and sonodynamic therapy
improved the tumoricidal effects in squamous cell carci-

noma in mice [9]. Okunaka et al. reported the pulsed wave

laser showed a higher effect of PDT than the continuous-
wave laser [23]. Additional therapy such as radiotherapy
and-sonodynamic therapy and the use of a pulsed wave laser
therefore also might reduce the risk of local tamor recur-
rence after ATX-S10-Na(Il) PDT.

We observed the.in vitro and in vivo antitumor effects
of ATX-S10-Na(Il) PDT on synovial sarcoma. Although

@ Springer

treatment. The skin (A) in_the treatment area lost its normal pink
color on Day 1 after treatment. (B) A dark scab was observed
approximately 2 weeks later, (C) which peeled off and finally
healed with a normal appearance. (D) No tumor recurrence was
observed by 56 days after this procedure.

additional clinical trials are necessary, our results indicated
ATX-S10-Na(Il) PDT may be a potentially useful treat-
ment modality, especially as adjuvant therapy to reduce the
size of the surgical margin for synovial sarcoma. Preser-
vatiqh of critical muscles, nerves, and vessels adjacent to
tumors treated with ATX-S10-Na(Il) PDT would result in a
better postoperative functional outcome and improved
quality of life.
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We demonstrate a simple, unique method for preparing microcapsules with holes in their shells. Cross-linked
polymelamine microcapsules are prepared by the phase-separation method. The holey shell of each microcapsule is
synthesized on the surface of an oil-in-water (O/W) emulsion droplet where a water-soluble polymeric surfactant and
an oil-soluble surfactant are competitively adsorbed. The water-soluble polymeric surfactant provides a reaction site
for shell formation. The oil-soluble surfactant molecules seem to self-assemble while the shells are being formed, so
holes appear where they assemble. The critical degree of surface coverage of an emuilsion droplet by the water-soluble
polymeric surfactant needed 10 form the holey shells is determined to be 0.90 from theoretical calculations in which
competitive adsorption is considered. Theoretical consideration suggests that the size and quantity of the holes in the
microcapsule shells are controlled by the composition of the surfactants adsorbed on the surface of an emulsion droplet.
This theoretical consideration is confirmed by experiments. The preparéd microcapsule with controllable macroholes
in its shell has the potential to be used for controlled release applications'and can be used to fabricate a microcapsule

that encapsulates hydrophilic compounds.

Introduction

Materials with well-defined structures in the submicrometer
range have attracted increasing interest in recent years. Hollow
particles such as microcapsules and nanocapsules are of particular
interest because of their potential for encapsulating vast quantities
of large guest materials within their empty cores. Such hollow
materials could be useful in applications in areas as diverse as
biological chemistry, synthesis, and catalysis. Several microen-
capsulation methods have subsequently been developed and
applied to the fields in which they are used today. Microcapsules
with a variety of functions can be produced by using different
microencapsulation methods, such as coacervation, interfacial
polymerization, solvent evaporation; and phase separation. In
fact, a multitude of different applications have already been
proposed for microcapsules, siJ'ch as microenvironments for
catalyst reactions,"? drug carriers,>* protective mlcrocontzuners
for proteins® and cells,*” bioreactors, " self- hea]mg materials,!
and electrophoretic inks.'>*?

* To whom correspondence should be addressed. Tel/Fax: +81-86-251-
8908. E-mail: tono@cc.okayama-u.ac.jp.
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The fabrication of hollow spheres with complex, specific
structures is currently of considerable scientific and technological
interest. Modifying the pores in the shell of a hollow sphere is
an interesting structural design idea. For example, Yamaguchi
and co-workers prepared microcapsules with porous shells by
the conventional interfacial polymerization method and then filled
the pores with poly(N-isopropylacrylamide) or a copolymer of
N-isopropylacrylamide and acrylic acid using the plasma-graft
polymerization method." By modifying the pores with environ-
ment-resporisive polymers, they converted the microcapsules
into environment-responsive reactors. In another interesting
example, Xia and co-workers prepared polymeric microsheres,
named “microscale fish bowls”, where each one had a single
hole in its shell that was foried by different two processes: (1)
swelling a polymer particle followed by freezing and solvent
evaporation and (2) preparing a polymer emulsion followed by
freezing and solvent evaporation. !5 They also demonstrated that
the single hole in the shell was closed by thermal annealmg or
solvent treatment. Before the hole in the shell was closed, different
types of materials were easily and quickly loaded in the microscale
fish bowl through the large hole. In addition, Yin and Yates also
prepared the microscale fish bowl to fabricate a microcapsule
enclosing a hydrophilic core.'® The microscale fish bowl was
immersed in water to load a water-soluble compound through
the single hole, and then the holé was closed by exposing the
microscale fish bowl to a second swelling solvent. Such
microcapsules with hydrophilic cores should be useful in
controlled-release applications. The concept underlying the
modification of shells of a presynthesized hollow microshere is
straightforward and practical. In this concept, the presynthesized

- (13) Wang, J, Zhao, X.; Guo, H.; Zheng, Q. Langmuir 2004, 20, 10845~

10850, .

(14) () Chu, L.-Y.; Park, S.-H.; Yamaguchi, T.; Nakao, S. Langmuir 2002,
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10975
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hollow microshere is used as a template for fabricating an
advanced microcapsule. Therefore, the shell geometry as well

" as the shell material of the presynthesized hollow icroshere
significantly affects the function of the modified microcapsule.
That is to say, controlling the shell geometry, such as the porosity
and pore diameter, of the presynthesxzed hollow microsphere is
one of the key issues. Tailoring the composition and structure
of shells in the submicrometer or nanometer range may lead to
new properties for microcapsules and hence new applications.
Some interesting investigations have recently been carried
out to create specific pores of nanometer size and to form
micrometer- or submicrometer-sized macroholes. Wang et al.
prepared a microcapsule with straight pores in the shell by sol—gel
phase inversion followed by the dissolving of the dense skin
layer.'” The microcapsule was utilized as a carrier for im-
mobilizing microbial cells. Lavergne et al. prepared PMMA
microcapsules with well-defined craters (pores and holes) in their

- shells by the solvent evaporation method.'® The craters, pores,
and holes in the microcapsule shells were formed by the protrusion
of oil, which stabilized water droplets, into the polymer phase.
Fujiwara et al. synthesized silica microcapsules with nanoscale
macroholes in their shells.’® They applied the transport phe-
nomenon of a polymer through the oil phase of a W/O/W (water/
oil/water) emulsion to create the nanomacroholes. Han et al.
synthesized poly(o-methoxyaniline) hollow microspheres where
each one had a single hole in its surface The hole in the shell
of the hollow mlcrosphere was formed by the diffusion flux of
monomers, and its size could be controlled by adjusting the
concentration of monomers. Ma et al. prepared microcapsules
by the suspension polymerization method in which hexadecane
was enclosed and poly(styrene-co-N,N-dimethylaminoethyl meth-
acrylate) was used as the wall material. 2 They -prepared
microcapsules, each with a single hole in its wall, by controlling
the monomer conversion and the amount of hexadecane. The
hole in the capsule wall was formed by controlling the interfacial
tension between the hexadecane phase and water and that between
the polystyrene phase and water. Chen et al. also fabricated a
polymeric hollow sphere with a single hole in its shell.?* They
prepared the polystyrene hollow microsphiere with a hole by
interface-initiated emulsion polymerization in the presence of
isooctane. They used cumyl hydroperoxide with Fe?* as the
redox initiator to ensure that the reactions of the primary radicals

took ;ilace only at the oil/water interface. An interesting

microcapsule with well-defined macroholes was presented by
Dinsmore et al.2> They used a colloidosome as a template for
fabricating a microcapsule with a selectively permeable shell.
They first fabricated a collojdosome by utilizing the adsorption
property of polymeric colloidal particles onto an emulsion droplet.
The adsorbed particles were then locked. together by sintering
the polymeric- particles at a temp_erature somewhat higher
than the glass-transition temperature of the polymer. Another
mterestmg method for fabricating a hollow polymer particle with
a hole in its shell was demonstrated by Minami et al.”* They
prepared holiow polymer particles where each one had a single

- (17) (a) Wang, G.-J.; Chu, L.-Y.; Chen, W.-M.; Zhou, M.-Y. J. Membr. Sci.
2005, 252,279-284. (b) Wang, G -J Chu L-Y. Zhou M.-Y.; Chen, W.-M. J.
Membr, Sci. 2006, 284, 301-312.
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Figure 1. Protocol for preparing cross-linked polymelamine micro-
capsules encapsulating an oily core in which an oil-soluble surfactant
was dissolved. The size distributions of the emulsion droplets were (a)
po]ydxsperse and (b) uniform in size, so in part a only some of the
mxcrocapsu]es in the same batch prepared according to this process had
macroholes in their shells, but in part b, all of them did. To check the
theory proposed in this work and 'to prepare microcapsules with
macroholes of the same quality, it was necessary to use emulsion droplets
of a uniform size.

hole in its polydivinylbenzene shell as a result of the self-
assembling of phase-separated polymer method (named SaPSeP
method) in the presence of sodium dodecy! sulfate (SDS). Their
strategy for preparing hollow polymer particles, each with ahole
in its shell, was unique and elegant. They used-the self-assembly
of po]ydxvmylbenzene microgels at the interface of core droplets
in the presence of SDS. The self-assembly of polydlvmylbenzene

_ microgels was affected by the adsorption of SDS at the interface.

143

A hole (or holes) was formed in the shell at places where the
SDS molecules had assembled and the adsorption of microgels
was insufficient.

The self-assembly of surfactants and polymers is a valuable
tool for tailoring the stracture of microcapsule shells. It provides
compartmentalization on the nanometer scale, and the sites can
act as structural templates for holes in microcapsule shells. In
the study reported here, we used this self-assembly strategy to
synthesize polymeric microcapsules with macroholes in their
shells. We prepared the microcapsules by the phase-separation
method because we have been investigating the shell-formation
mechanism of cross-linked polyamino resin microcapsules



Microcapsules with Macroholes

’I‘abie 1. Preparation Conditions for Cross-Linked Polymelamine
Micrecapsules ‘with Polydisperse Emulsion Droplets in Which
Oil-Soluble Surfactant Was Dissolved

total
amount (g) content amount (g)
continuous phase I 100.0 distilled water 97.5
' ' (+ NaOH)
poly(E-MA) 2.5
disperse phase 15.0 Isopar G + oil- 15.0
soluble surfactant*®
melamine—formalin  50.0 melamine 5.0
prepolymer solution
37% formaline 12.5
solution
distilled water 32.5
(+ NaOH)

“ Concentration of oil-soluble surfactant in the disperse phase: 0.01, 0.1,
0.5,0.8, 1.0, or 5.0 wt %. ® Dissolved oil-soluble surfactant: Solsperse17000
or SPANSS.

‘Table 2. Preparation Conditions for Cross-Linked Polymelamine
Microcapsules with Size-Controlled Emulsion Droplets
Containing Solsperse17000 Prepared by SPG Membrane
Emulsification

Emulsion Droplets with Different Average Diameters and Constant
Solspersel 7000 Concentration, with Conditions the Same ‘as in

Figure 8§
total
amount (g) content amount (g)
continuous phase I - 945  distilled water 92.0
(+ NaOH)
) poly(E-MA) 2.5
concentrated emulsion”  15.5  Isopar G 9.75
Solsperse1 7000 0.011
continuous phase 11 5.74
melamine—formalin 50.0  melamine 5.0
prepolymer solution -
% formaline  12.5
solution
distilied water 32.5
(+ NaOH)

Emulsion Droplets with Constant Average Diameter and Different
Solspersel 7000 Concentrations, with Conditions the Same as in

Figure 9
total amount (g)°
amount (g) content (@) ()
continuous phase ] 945  distilled water 920 92.0
(+ NaOH)
poly(E-MA) 25 25
concentrated emulsion” 155  Isopar G 975 9.73
Solsperse17000 0.015 0.029
) ' continuous phase 11 5.74 5.74
melamine—formalin 500  melamine 50 50
prepolymer solution :
37% formaline 125 125
solution
distilled- water 325 325
(+ NaOH)

2 Average diameters of emulsion droplets were 5.5, 16.0, and 23.0 um.
Continuous phase II: 1.0wL % SDS solution. ” Average diameter of emulsion
droplets was 8.0 #m. Continuous phase 11: 1.0 wt % SDS solution. © Panels
(a) and (b) correspond to those in Figure 9. .

prepared by the phase-separalion method in our laboratory.”®
We found that the water-soluble polymeric surfactant, which
was added in the continuous phase, adsorbed on the surface of
an emulsion droplet and provided a foothold for the reaction to
form the microcapsule shell. We therefore expected that
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microcapsules with macroholes could be prepared whén the phase-
separation method was applied in the presence of an additional
surfactant that would self-assemble while the shell was being
formed and provide sites where macroholes could form. We
examined the preparation of microcapsules according to this
strategy. We also tried to explain the resulting phenomenon from
a theoretical viewpoint and to tailor the structure of the
microcapsule shell according to theoretical considerations. In
addition to reporting these studies, we describe the potential of
microcapsules with tailored holes in their shells for controlled
release applications and as templates for fabricating advanced
microcapsules.

Experimental Section

Materials. Melamine was used for the monomer, and 37%
formalin solution was used for the condensing agent. SDS and
polyvinyl pyrrolidone (PVP) were used as an emulsion stabilizer in
the emulsification process using a Shirasu porous glass (SPG)
membrane. Sodium hydroxide was used to adjust the pH of the
continuous phase in the microencapsulation process. They were
analytical-grade reagents purchased from Wako Pure Chemical
Industries, Ltd. The polymeric surfactant, poly(ethylene-alr-maleic
anhydride) (poly(E-MA), weight-average molecular weight M, =
100 000—500 000 g/mol) was purchased from Aldrich. Tt was
dissolved in distilled water at 363 K under vigorous agitation, Tt
should be noted that almost all maleic anhydride units of poly(E-
MA) were hydrolyzed to maleic acid units. Therefore, poly(E-MA)
acted as a hydrophilic surfactant. Solsperse17000 and Sorbitan
trioleate (SPANSS5), which are oil-soluble surfactants; were used as
additional surfactants. Solseperse17000 was kindly supplied by
Lubizol Japan Ltd. Its weight-average molecular weight M, was
ineasured by gel permeation chromatography (HLC8120, Tosoh,
GPC) on the basis of polystyrene standards with tetrahydrofuran as
an eluent and was determined to be 4140 g/mol. SPANS5 was
purchased from Aldrich. Its molecular weight was 957.5 g/mol..
These oil-soluble surfactants were not distributed in an agueous
phase. The aim of using oil-soluble surfactants as additional
surfactants was to prevent them from mteractmg with poly(E-MA)
or melamine~formaldehyde prepolymer in the continuous ‘phase
while the microcapsule shells were being formed. Isopar G was used
as the solvent in the disperse phase enclosed in the microcapsules.
It was purchased from Exxon Mobil Co. The specific gravity of
Isopar G is 7.49 x 10° g/m3. Qil blue N and oil red O were used
as oil-soluble dyes to confirm the elution of the core material from
the microcapsules. They were purchased from Aldrich. Ethanol was
used to elute the core material from the microcapsules. It was an
analytical-grade reagent. Reéactive blue 160 was used as a water-
soluble dye. They were purchased from Wako Pure Chemical
Industries. All chemicals were used as received.

Preparation of Cross-Linked Polymelamine Microcapsules.
Cross-linked polymelamine micfocapsules were prepared using the
following procedure. An adequate amount of poly(E-MA) was
dissolved in ultrapure water. (The resulting aqueous solution isccalled
continuous phase I. hereafter) The pH of continuous phase I was
about 2 and was adjusted to 4.0 by using 4 3 x 103 mol/m? NaOH
agueous solution. The disperse phase was prepared by dissolving
the required amount of oil-soluble surfactant in Isopar G. The O/W
emulsions were prepared by two different processes: (1). mixing
continuous phase I and the dlsperse phase at 25 s™! for.600 s to
prepare-the emulsion without size control and (2) SPG mernbrane
emulsification, as descnbed in the next section, to prepare a ‘size-
controlied emulsion. In both cases, the emulsion was stirred for
600 s at 333 K while being agitated at 5 s~!. Microencapsulation
then began with the addition of the melamine—formalin prepolymer
solution, which was prepared separately. The prepolymer solution

(25) (8) Yoshizawa, H.; Kamio, E.; Hirabayashi, N.; Jacobson, J.; Kitarnura,

‘ Y. J. Microencapsulation 2004, 2], 241-249. (b) Yoshizawa, H.; Kamio; E.;
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357.



13290 Langmuir, Vol. 24, No. 23, 2008

Kamio et al.

.Table 3. Preparation Condmons for Cross-Lmked Polymelamine Microcapsules with Size-Controlled Emulsion Droplets Containing
SPANSS Prepared by SPG Membrane Emulsification

_ Emulsion Drop]ets with Constant Average Diameter and leferent SPANS5 Concentrations with Conditions the Same as in Figure 10

amount (g)
total amount (g) content (a) ) ©) )
continuous phase | 94.5 distilled water (+ NaOH) 92.0 92.0 92.0 92,0
) ' poly(E-MA) 2.5 2.5 25 2.5
concentrated emulsion” 15.5 Isopar G 9.72 9.71 9.70 9.67
SPANS5 -0.042 0.049 0.059 0.088
continuous phase II 5.74 5.74 5.74 574 .
melarmine—formalin 50.0 melamine 5.0 5.0 5.0 5.0
. prepolymer solution
37% formaline solution 12.5 12.5 12.5 12.5
- distilled water (+ NaOH) 32.5 325 32:5 325

Différent Poly(E-MA) Concentrations, with Condjtions the Same as in Figure 11

amount (g)°

total amount, (g) content (a) ®) ()

continuous phase 1 94.5 distilled water (- NaOH) 92.0 91.5 89.5
. poly(E-MA) 25 3.0 50
concentrated emulsion® 15.5 Isopar G 9.71 9.71 9.71

' SPANSS , 0.049 0.049 0.049

- continuous phase i1 5.74 5.74 5.74

melamine—formalin 50.0 melamine 5.0 5.0 5.0
prepolymer solution
37% formaline solution 12:5 12.5 12.5
distilled water (+ NaOH) 325 325 325

“ Average diameter of emulsion droplets was 32.3 um. Continuous phase I1: distilled water containing SDS (0.1 wt %) and PVP (3.0 wt %). ® Panels (a)—(c)
correspond to those in Figure 11. € Average diameter of emulsion droplets was 18.3 um. Continuous phase II: distilled water containing SDS (0.1 wt %) and

PVP (3.0 wt %). ¢ Panels (a)—(d) correspond to those in Figure 10.

was prepared as follows: 5.0 g of melamine, 12.5 g of formalin
solution, and 32.5 g of distilled water with its pH adjusted to 9 by
using a 1 x 103 mol/m? NaOH aqueous solution were mixed and
stirred at 333 K for 900 s. The temperature was kept constant at 333
K during microencapsulation, which was carried out for 10.8 ks
with agitation at 6.67 s™'. After 10.8 ks, the prepared mlcrocapsules
were co]lected and washed with distilled water. The morphology of
the microcapsules was observed using a field-emission scanning
electron microscope (FE-SEM S-4700, Hitachi). The process and
conditions for preparing the cross-linked polymelamine microcap-
sules using emulsion droplets whose sizes were not controlled are
shown in Figure 1a and Table 1, respectively. The process for the
emulsion droplets whose size was_controlled by SPG membrane
emulsification is shown in Figure 1b. The conditions corresponding
to Figure 1b for Solsperse17000 arid SPAN85 are summarized in
Tables 2 and 3, respectively. .

SPG Membrane Emulsification. SPG membranes are highly
porous glass and are made of deposits of volcanic ash and sand.
They have a large number of uniform micrometer-sized pores. An
SPG membrane with the required pore size can be selected to pre are
monodisperse emulsion droplets with the required dlameter We
used tubular SPG membranes with pores of different sizes. They
were purchased from SPG Technology Co. Ltd. An SPG-membrane-
emulsification module (SPG mini-kit, SPG Technology Co. Ltd.)
was used to prepare a monodisperse O/W emulsion. The continuous
phase of the emulsification process (called continuous phase H
hereinafter) was first introduced inside the tubular SPG membrane.
For continuous phase I, we used a 1 wt % SDS solution for the
preparation of the emulsion droplets containing Solsperse17000 and
an aqueous mixture of 0.1 wt % SDS and 3.0 wt % PVP for the

(26) (2) Nakashima, T.; Shimizu, M. Kagaku Kogal.u Ronbunshu 1989, 15,
645-651. (b)Yoshlzawa,H >Ohta, H.; Manuta, M.; Uemura, Y ; Ijichi, K.; Hatate,
Y. J. Chem. Eng. Jpn. 1996, 29; 1027-1029. (c) Supsakulchai, A Ma G. H;
Nagai, M.; Omi, S. J. Microencapsulation 2002, 19, 425-450. (d) Ma, G. H,;
Sone, H.; Omi, S. Macromolecules 2004, 37, 2954-2964. (¢) Kamio, E.; Kalo
Al Yonemum,s Ono, T.; Yoshizawa, H. Colloid Polym Sci. 2008, 286 787~
793.

¢
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droplets containing SPANSS5.?%** Continuous phase I was circulated
inside the tabular SPG membrane using a pump. The disperse phase
was then inserted into continuous phase TI from outside the SPG
membrane by compressed N, gas ata pressure that was kept constant
during the emulsification process. The resulting emulsion was
continuously circulated inside the tubular SPG membrane while the
disperse phase was being inserted. When the required amount of
dispérse phase had been emulsified, the N, gas was diverted to stop
the disperse phase from being inserted, and the emulsion was removed
from the emulsification module. We subsequently décreased the
SDS and PVP concentrations in the continuous phase with the
following procedure to prevent any interactions between poly(E-
MA) or melamine—formaldehyde prepolymer and SDS or PVP
during microencapsulation. We first poured the emulsion obtained
by SPG membrane emulsification into a separation funnel and

~ creamed it. The emulsion was settled until the oil droplets fioated

upward and concentrated in the upper layer. The lower phase, in
which no ol droplets were present, was discarded. The upper layer
(concentrated emulsion) was then collected and dispersed in
continuous phase L. This treatment reduced the SDS concentration
in the mixture of continuous phase 1, continious phase II, and the
melamine—formalin prepolymer solution (the mixture is called
continuous phase TII hereafter) to about 1/25 of that in continuous
phase I1. A detailed description of the SPG membrane emulsification
process followed by microencapsulation is given in the Supporting
Information (Figure S1). ' :

Interfacial Tension Measurement. The interfacial tension
betweeri the oil phase (disperse phase) having different concentrations
of the-oil-soluble surfactant and water and between Isopar G and
continuous phase I of different poly(E-MA) concentrations was
measured with a Wilhelmy plate interfacial tension meter (K100,
Kriiss). The interfacial tension was measured until it plateaued (i.e.,
the adsorption of the surfactant on the interface reached équilibrium).
Experiments were carried out at 298 K.

Release of Core Material from the Microcapsules. The release
property of an encapsulated matena] from the microcapsules was
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Table 4. Summary of Microcapsule Formation®
oil-soluble surfactant (wt %)

0.01

01 0S Q0.8 1 5
Solsperse1 7000 o A x X X X
SPANS5 o] o} o} A A X

“ Microcapsule was prepared (O) or not prepared (x) in holes (4).,

Figure 2. Cross-linked polymelamine microcapsules prepared with the
disperse phase in which an oil-soluble surfactant was dissolved. The
oil-soluble surfactants used were (a and b) Solsperse17000 and (c and
d) SPANSS. Concentrations of Solspersel7000 were (a) 0.01 and (b)
0.12 wt %. Concentrations of SPANS5 were (c) 0.1 and (d) 0.8 wt %.
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Figure 3. Relationship between interfacial tension and concentration of
surfactant used in this study. Solid and broken lines are the results
calculated using eq 10.

investigated as follows. Prepared microcapsules with Isopar G
containing oil blue N as their core were collected by filtration.
Microcapsules (2.0 g) in the wet state were weighed and poured into
1.0 x 10~* m?® of ethanol while being stirred at 5.0 s~ The
temperature was kept constant at 298 K during the expenmenu which
was carried out for 1.8 ks with agltauon at 5.0 s™1. At the desired
intervals, 1 x 1078 m? of the suspension was collected in a syringe,
and 0.5 x 107 m?3 of the continuous phase was immediately separated
from the microcapsules by being passed through a filter. The visible-
light absorbance of the sample at 643 nm was measured using a
spectrophotometer (U-2000A, Hnachl), and the concentration of oil
blue N was determined.

Results and Disciission
Fabrication of Microcapsules with Holey Shells. The results
for microencapsulation according to the protocol in Figure la
are summarized in Table 4. Typical SEM images of the prepared
microcapsules are shown in Figure 2. Microcapsules with
complete, smooth, dense shells were formed (Figure 2a,c) when
the concentration of the oil-soluble surfactant dissolved in the
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disperse phase was low. However, no microcapsules were
obtained whén large amounts of oil-soluble surfactants were
added, regardless of the kinds of surfactants used. Some of
the microcapsules had macroholes in their shells when an oil-
soluble surfactant was added at the threshold concentration, as
indicated by the open triangles (A) in Table 4. Typical examples
of ‘microcapsules. with macroholes are shown in Figure 2b,d.
These results were precisely what we expected (i.e., the
macroholes formed in places corresponding to where the oil-
soluble surfactant had adsorbed instead of poly(E-MA)).

To evaluate the formation of macroholes quantitatively, we
derived a theoretical equation for calculating the fraction of the
surface of an emulsion droplet covered by poly(E-MA) and an
oil-soluble surfactant as a function of the concentrations of poly
(E-MA) and oil-soluble surfactant and the radius of the droplet.
The derivation of the theoretical equation is given below. The
competitive adsorption of poly(E-MA) and oil-scluble surfactant
on the surface of an emulsion droplet was considered in the
derivation, It is important to note that in the theory we assumed
that poly(E-MA) and the oil-soluble surfactant do not interact
with each other in the interfacial region and that they adsorb at
the O/W interface independently.

Now, let us consider a unit oil droplet of O/W emulsion with
radius r. An oil-soluble surfactant is dissolved in the oil phase
(disperse phase) of the emulsion. Poly(E-MA) is dissolved in the
water phase (continuous phase). The oil-soluble surfactant adsorbs
on the surface of the emulsion droplet (i.e., adsorbs on the interface
between the oil and water phases). The following equation is
derived from the mass balance of the oil-soluble surfactant in
the adsorption equilibrium state

CS.org,O = CS,org €q v
100 100 °®

where Cs ore is the concentration of oil-soluble surfactant in the
oil phase in wt %, subscript 0 denotes the initial state and eq
denotes the equilibrium state, I's ¢ is the equilibrium adsorption
amount of oil-soluble surfactant on the droplet surface in units
of mol/m?, p is the density of the solvent of the oil phase, M is
the molecular weight of the oil-soluble surfactant; Ve, denotes
the volume of the oil phase, and A denotes the surface area
of the emulsion droplet. Vi, and A are both functions of r (i.e.,
Vore = 47313 and A = 47r2). After substituting these relatlonshlps
into eq 1 and s1mp]1fymg, we obtain the following relationship
among Csorgeqs I Sieq, @nd 7.

p+ T MA M

300M Useq
p r
Let us next consider the competitive adsorption of poly(E-
MA) and oil-soluble surfactant on the surface of an emulsion
droplet. We describe the adsorption equilibria of poly(E-MA)
and oil-soluble surfactant at the oil/water interface with the
Langmuir adsorption isotherm, which can be derived from either
kinetic or thermodynamic considerations.?” In our model, we
used the Langmuir isotherm derived from kinetic considefations.
In the kinetic derivation, adsorption is modeled as a dynamic
equilibrium between adsorpuon to and desorption from the
interface lattice. The adsorption rate of surfactant is taken to be
proportional to the concentration of the surfactant in the bulk
solution and the fraction of the surface lattice unoccupied
by the surfactant. The desorption rate of surfactant is taken to
be proportional to the fraction of the surface occupied by the
surfactant. The dynamic equilibria of poly(E-MA) and oil-soluble
surfactant are given as follows

= CS,org,O -

2

CS,org.eq
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kEMACEMA,aqGV = kema Opma. 3)
kscs O,EG‘, = ks’, GS 4)

where k and %" are the adsorption and desorption rate constants,
respectively; subscript EMA indicates po]y(E-MA), and subscript
S indicates oil-soluble surfactant CeMA.4q is the concentration
of poly(E-MA) in the continuous: phase; Ogma and s are the
fractions of the surface of an emulsion droplet covered by pol y(E-
MA) and by oil-soluble surfactant, respectively; and 0, is the
fraction of the vacant interface. Among Ogma, s, and 6,, the
following relationship holds:

Opma T 05 +0,=1 (5)

The édsorption amounts of each surfactant on the interface are
expressed by fpma and s as follows

Tema=Tema Orma ©)

I =T."0; )

where I'™ is the saturated adsorption amount of surfactant on the
surface of an emulsion droplet. From egs 3 - 7, we obtain the

“following well-known Langmuir adsorption isotherm in a binary
component system.

r _ FEMANKEMACEMA.aq&q ®)
EMAeq ™ 1 4 Kem ACEMA,aq,eq +.K‘SCS,org,eq
I's"KsCs
Pseq™ =y @

L
1+ AEMACEMA,aq,eq + KSCS.org.eq

where Kema (= kemafkema’) is the adsorption equilibrium
constant of poly(E-MA) and K (= ksfks') is that of oil-soluble
surfactant. In these equations, Cema aq.eq can be regarded as the
initial concentration of poly(E-MA), Cema aq0. because a suf-
ficiently large amount of poly(E-MA) was dissolved in the
continuous phase under the experimental conditionsused in this
study. By substituting eq 2 into eq 9 and solving for I'seq, We
obtain an expression for Tsq as a function of the radius of the
emulsion droplet and the concentrations of oil-soluble surfactant
and poly(E-MA). Subsequently, I'emaeq can be calculated by
substituting the calculated I'seq and eq 2 into eq 8. The fraction
of the surface of an emulsion droplet covered by poly(E-MA)
and oil-soluble surfactant can be calculated by substituting the
determined I'seq and I EMAcq into eqs 6 and 7, respectively. In
these calculations, I'ema™, I's™, Kema, and Kg are anknown
parameters. They were determined from interfacial tension
measurement for a single adsorption system for all surfactants.

The relationship between interfacial tension and surfactant
concentration is shown in Figure 3. The data weré obtained for
simple solutions of the oil-soluble surfactant in Isopar G or poly(E-
MA) in water. As we can see from these plots, the interfacial
tension decreased as the concentration of each surfactant was
increased. To determine I'ema”; I's™, Kema, 2and K, we analyzed
the data in Figure 3 with the following Langmuir—Szyszkowski
equation®’

y=y,— RIT;" In(1'+K, 10)

where ¥ is the interfacial tension and ¥y is that at Cieg=0;
R is the gas constant and T is temperature; subscript / denotes
the surfactant being considered (i.e., i = S or EMA). The solid
and broken lines in Figure 3 are the results calculated with eq
10. In the analysis, I'7~ and K; were determined by trial and error

KiCieg)

(27) Prosser, A. J.; Franses, E. 1. Colloids Surf, A 2001, 178, 1—40.
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Table 5. Saturation Adsorption Amount, I'™, and Adsorption
Equilibrium Constant, K;, of: Each Surfactant on the Surface of

the Emulsion Droplet
I’ (mol/m?) Ki (wt %)
poly(E-MA) . 2.0 x 107¢ 2.3 x 10°
Solspersel 7000 3.0 x 107¢ 1.7 x 10¢
SPANSS 3.7 x 1076 1.0 x 10?

in order to show good correlation between the calculated line
and the experimental data, The determined I'” and K; are listed
in Table 5. They were used to calculate the fractions of the
surface of-an emulsion droplet covered by each surfactant, 8;,
as a function of the oil-soluble surfactant concentration and droplet
radius. ,

The calculated results are shown in Figures 4 and 5. The effect
of oil-soluble surfactant concentration on 6; is shown in Figure
4. The value of Cemasqeq used in the calculation was the same
as for the initial concentration of poly(E-MA) under the conditions
used to prepare the microcapsules given in Figure 2b,d (ie.,
CEMA,aq,eq = CEMA,aq,O = 1.67 wt %). The radii of the emulsion
droplets were adjusted to those of the microcapsules in Figure
2b,d (i.e., 9.4 um for the Solsperse]17000 system and 12.5 um
for the SPANSS5 system). The calculated results for the Sol-
sperse17000 system are indicated in Figure 4a by bold lines, and
those for SPANS5 are indicated in Figure 4b by bold blue lines.
As we can see from these lines, the values of Ggma for both
oil-soluble surfactant systems at the threshold concentration of
both oil-soluble surfactants are almost the same; Ggpa is about
0.85 for both oil-soluble surfactants (mdxcated by the broken
arrows in Figure 4a, b). These experimental and calculated results
suggest the following hypothesxs concerning the macrohole
formation mechanism. .

First, nuclei for the microcapsule shells are formed through
a reaction between melamine—formaldehyde prepolymer and
poly(E-MA). The nuclei are formed in the continuous phase and

1.0
- a ——" poly(E-MA)
08 g mm ey ) o, O EM; 8m
8 - e = Solaperse17000
& 06 E‘ \
cb;. e DOIE-MA)
04 - " d, of EM: 18.80m
r de” —— erse17000
r - - of EM; 18
021 ’,r” _rffff"' i d' ) Bum
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Figure 4, Relationship between ; and oil-soluble surfactant concentra-
tion. The oil-soluble surfactants were () Solsperse] 7000 and (b) SPANSS,
In the Jegend, EM denotes emulsion, and d, denotes the diameter of the
emulsion droplet used as the microcapsule core.
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Figure 5. Relationships between (a) 6; and the-diameter of emulsion
droplets used as the microcapsule cores and (b) 6; and the concentration
of poly(E-MA) in continuous phase III.

Figure 6. SEM image of microcapsule shells prepared under conditions
of Cemango = 1.67 wt % and Cs oo = 0.5 wt %, where the oil-soluble
surfactant used was Solspérsel 7000, and the emulsion droplet size was
not controlled. In the upper right corner is an SEM i image of the disklike
shells.

on the surface of an emulsion droplet because poly(E-MA)
molecules are dissolved in the continuous phase and are also
adsorbed onto the droplet surface. The nuclei formed on the

surface of an emulsion droplet grow through the reaction with’

melamine-formaldehyde prepolymer, the. adhesion of nuclei
deposited in the continuous phase, and the adhesion of other
nuclei deposited on the droplet surface; then the precursors of
the microcapsule shells are constructed on the droplet surface.
The self-assembly of oil-soluble surfactant molecules adsorbed
on the droplel surface occurs simultaneously. The microcapsule
shell precursors grow parallel to the droplet surface, and disklike
shells, similar to the ones in the upper tight corner of Figure 6,
are then formed on the droplet surface. The disklike shells no
longer miove on the droplet surface because they are too large.
When Ogma is larger than 0.8, adjacent disklike shells connect
with one another as they grow through the reaction with
melamine—formaldehyde prepolymer and the adhesion of nuclei
deposited in the continuous phase. When the number of disklike
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Figure 7. Optical microscopy images of the emulsions prepared by SPG
membrane emulsification. The pore diameters of the SPG membrane
were (a) 2.6 and (b) 4.8 ym,

shells formed on the droplet surface is sufficiently large (i.e.,
Bema < 0.9), microcapsules with smooth, dense shells are formed.
If the number of disklike shells is somewhat small (i.e., 0.8 <
Bema > 0.9), then microcapsules with holés in their shells are
formed. However, when O is smaller than 0.8, adjacent disklike
shells do not satisfactorily connect with one another. As a resul,
the microcapsules cannot retain their spherical form, as shown
in Figure 6. If Oppma is much smaller, then no disklike shells are
formed, which means that no microcapsules ¢an be formed. To
confirm the above hypothesis, we further investigated the effect
of Ogma on the formation of the macroholes in the microcapsule
shells.

We thought that if we adjusted the fraction of the droplet
surface covered by poly(E-MA) to about 0.85 then only
microcapsules with macroholes in their shells would be prepared.
As we can see from Figure 5a, Opma decreases as the droplet
diameter increases. That is, we must use monodisperse emulsion
droplets as the microcapsule core to precisely adjust the fraction-
of the droplet surface covered by the surfactants. Therefore, in
the investigations described below, we used monodisperse
emulsion droplets prepared by SPG membrane emulsification as
the core.

The O/W emulsion prepared by SPG membrane emulsification
is shown in Figure 7. As can be seen, the droplets were uniform
in size. The average diameter was proportional to the pore
diameters of the SPG membrane and about 5 times larger. The
coefficient of variation (CV) values were almost 10%. We first
investigated what effect the droplet diameters had on the
preparation of holey microcapsules. The microencapsulation
conditions are listed in Table 2, and the microencapsulation
protocol is shown in Figure 1b. The arrows in Figure 5a indicate
the Ggma corresponding to the droplet diameter for each type of
emulsion used to prepare the microcapsules. The prepared
microcapsules were strongly influenced by the droplet diameters,
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Figure 8. SEM images of microcapsules prepared using size-controlled
emulsion droplets of various diameters. Preparation conditions: Cema sqo
= 1.67 wt % and- Cs a0 = 0.11 wt %. the oil-soluble surfactant used
was Solsperse17000, and the average droplet diameters were (2) 5.5, (b)
16.0, and (c) 23.0 um, Overviews are shown in-the insets, where the
scale bars correspond to 50 pm.

as we expected from the theoretical calculations. The prepared
microcapsules are shown in Figure 8. The microcapsules prepared
using emulsion droplets with an average diameter of 5.5 um
(Figure 8a) had smooth complete shells. Those prepared using
droplets with an average diameter of 16.0 um consisted of ones
with large holes and ones with small holgs'coexisting, as shown
in Figure 8b. A careful study of the microcapsules in Figure 8b
revealed that those with larger diameters had large holes whereas
.those with’ smaller diameters had small holes. The small
differences in the diameters of droplets prepared by SPG
membrane emulsification affected the size and quatitity of
macroholes.in each microcapsule shell. Thus, if we ¢ould control
the diameter of emulsion droplets (i.e., 8gma) more precisely,
then we could control the diameter and quantity of macroholes.
As additionally shown in Figure 8b, the diameters of micro-
capsules with small holes were about 16 #m. This result indicates
that Ogma for 16-um-diameter droplets is the critical Oema. As
we can see from Figure 5, the critical fgma Was nearly 0.90.
Miqrocapsules prepared using droplets with an average diameter
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Figure 9. SEM images of microcapsules prepared with size-controlled
emulsion droplets having different concentrations of Solsperse17000.
Preparation conditions: Cema.agoWas ! 67 Wt %, Csorg0 Was (a) 0.15 and
(b) 0.30 wt %, and the average droplet diameter was 8.0 ym, Overviews
are shown in the insets, where the scale bars correspond to 20 um.

of 23.0 um are shown in Figure 8c. All of them had shells with
macroholes. As can be seen from Figure 5, when the droplet
diameter is 23.0 um, 6gma is about 0.86. Therefore, only
microcapsules with macrcholes in the shells were formed.
Next, we investigated the effect of the concentration of
Solsperse17000 on the formation of macroholes in the micro-
capsule shell. We used emulsion droplets with an average diameter
of 8.0 um in which 0.15 or 0.30 wt % of Solsperse17000 had
been dissolved. The experimental conditions and microencap-
sulation protocol are listed in Table 2 and shown in Figure 1b,
respectively. The calculated fgma for each concentration of
Solsperse17000 is indicated in Figure 4a by solid arrows. They
indicate that Ogya is 0.92 for Cs om0 = 0.15 wt % and 0.84 for
Cs.org0 = 0.3 wt %. That is, the theoretical calculations suggest
that microcapsules with complete shells will be prepared at Cs org0
=0.15 wt % and microcapsules with macroholes will bé prepared
at Csorp0 = 0.3 wt %. Prepared microcapsules for both of these
concentrations are shown in Figure 9. As expected from the
calculated results, each of the microcapsules prepared at Cs,or0
=0.15 wt % had a complete shell and each of those prepared
at Cs,op0 = 0.3 wt % had a holey shell.
' We also examined the preparation of microcapsules with
macroholes in their shells by using SPANSS as an oil-soluble
surfactant, The theoretical calculation for the SPAN8S5 system
shown in Figure 4b indicates that fema is weakly dependent on
the ¢oncentration of SPANSS; that is, fema could be easily and
precisely controlled by controlling the SPANSS concentration.
From the above-mentioned investigation of Solsperse17000, we
expected that.macroholes would appear when Ogwma is in the
range from 0.8 to 0.9. As shown by the thin red lines and the
solid arrows in Figure 4b, the corresponding SPAN8S5 concen-
tration range is 0.43—0.98 wt % when the diameter of an emulsion
droplet is 32 um. We prepared the microcapsules by using droplets
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Figure 10. SEM images of the microcapsules prepared with size-controlled emulsion droplets containing different concentrations of SPANSS.
Preparation conditions: Cema,sqe Was 1.67 Wt %; Cs o0 Was (a) 0.43,-(b) 0.50, (c) 0.60, and (d) 0. 90 wt %; and the average droplet diameter was
32.3 um. The insets are magnified views with the scale bars corresponding to 5 um.

containing SPANS5 within this concentration range. The
experimental conditions and microencapsulationi protocol are
listed in Table 3 and shown in Figure 1b, respectively. The droplets
were prepared by SPG membrane’ emulsification. The average
droplet diameter was 32 um. Microcapsules enclosing the
emulsion droplets containing 0.43, 0.50, 0.60, and 0.90 wt %
SPANSS are shown in Figure 10. As we expected, macroholes
were formed in the shells of all of the microcapsules prepared
in this investigation. In addition, the hole size increased with
increasing SPANSS concentration (i.e., the size of the macroholes
could be controlled by adjusting the SPANSS concentration).
The holes in the shells of mlcrocapsul&s prepared with 0.43 wt
% SPANBSS5 were very small. Fromi this result, we concluded that
the critical concentration of SPANSS for hole formation is 043
wt %. From the theoretical calculation, the corresponding Gema
was estimated to be .0.90, which agrees with the critical Ggya
estimated for Solsperse17000.

- Another parameter for controlling Ogma is the concentration of
poly(E-MA) in continuous phase IIl. We examined the effect of
Ciwma,aq,001 the surface holes with the other conditions kept constant.
As shown in Figure 5b, when the emulsion droplet diameter is
~ 20 pm and the concentration of SPANSS is ‘0.5 wt %, the
concentration range of poly(E-MA) that provides a fgma value
of 0.8—09 is 0.8—2.0 wt %. We prepared microcapsules
according to this calculated result. The experimental conditions
and microencapsulation protocol are listed in Table 3 and shown
in Figure 1b, respectively. The average diameter of the emulsion
droplets used was 18.3 um. The prepared microcapsules are
shown in Figure 11. As expected, the microcapsules prepared
with 1.67 wt % poly(E-MA) had macroholes, and those prepared
with 3.33 wt % had no holes. In addition, when Cgma.aq0 Was
2.0 wt % (i.e., Ggma was the critical value of 0.90), very small
holes were formed in the microcapsule shells.

We also investigated the effect of the concentration of
melamine—formaldehyde prepolymer in continuous phase 111,
which would not affect fgma, on the surface holes with other
conditions kept constant. The experimental conditions and
prepared microcapsules are shown in the Supporting Information
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(Figure S2). We found that the morphology of the microcapsule
shell (e.g., the size and density of the macroholes) was hardly
affected by the prepolymer concentration. This result agrees with
our theoretical considerations.

We conclude from these eéxperimental and theoretical inves-
tigations that cross-linked polymelamine microcapsules with
macroholes in their shells can be prepared by controlling the
fraction of the emulsion droplet surfacé covered by poly(E-MA)
in the presence of an additional oil-soluble surfactant. The
formation of macroholes in the microcapsule shells seems to be
related to the oil-soluble surfactant adsbrbed on the droplet surface,
and these surfactant molecules seem to self-assemble at the surface
during shell formation. We again note that, in our model, we
assunied that poly(E-MA) and the oil-soluble surfactant do not
interact with each other in the interfacial region and that they
adsorb atthe O/W interface independently. However, they might
be in association equilibrium with each other, and the associated
complex might adsorb on some sites in the interface. It may be
possible to obtain a rigorous relationship between the ratio of .
the hole area of the surface of the microcapsules and the ratio
of components adsorbed on the interface by applying a competitive
adsorption isotherm model derived for the multicomponent system
in which the adsorption of an associated complex is also
considered. Although the association between polymer and
surfactant has been investigated in previous studies, most of
them discussed the interactions between polymer and surfactant
coexisting in the same phase.”® More know]edge about the
interaction between polymer and surfactant in the oil/water
interfacial region would be useful. .

Application of Microcapsules with Macroholes in Their
Shells. Release of Core Material from Holey Microcapsules. As
an example of the applications of microcapsules with macroholes
in their shells, we examined the controlled release of encapsulated
material. One would expect the release rate to increase with the

(28) (a) Jones, M. N. J. Colloid Interface Sci. 1967, 23, 36-42. (b) Folmer,
B. M.; Kronberg, B. Langmuir 2000, 16, 5987~5992. (c) Touhami, Y.; Rana, D.;
Neale G. H.; Homof, V. Coiloid Polym. Sci. 2001, 279, 297-300. (d) Goddard,
E.D.J CoIImd Interfuce Sci. 2002, 256, 228-235.
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Figure 11. SEM images of microcapsules prepared with different
concentrations of poly(E-MA). Preparation conditions: Cema.uqo Was (a)
1.67, (b) 2.0, and (c) 3.33 wt % and Cs oo Was 0.5 wt %. SPANSS was
used as an oil-soluble surfactant. The emulsion droplets were size-
controlled ones prepared by SPG membrane emulsification. The average
droplet diameter was 18.3 um. The insets are magnified views with the
scale bars corresponding to 5 ym.

size of the macroholes. We investigated the release behavior by
using holey microcapsules. prepared from emulsion droplets
containing a small amount of blue dye (oil blue N) and 0, 0.43,
0.5, and 0.6 wt % SPANSS5. The average diameter of the emulsion
droplets was 32.3 um: Microcapsules prepared without SPAN85
had smooth, complete shells whereas those prepared with SPANSS
had holey shells. For each SPANS5 concentration, the holes
were nearly the same size as those in the microcapsules prepared
with the same SPANS5 concentration in Figure 10. The release
behavior was evaluated by measuring the concentration of oil
blue N that was eluted from the microcapsule into the elutriant
(ethanol). The results are shown in Figure 12a, where Cay. denotes
the concentration of oil blue N in the elutriant. It is clearly shown
in Figure 12a that the release rate becomes as high as the
concentration of SPANSS in the encapsulated emulsion droplet
increase. The release behavior of hole-frée microcapsules
([SPANS85] = 0 wt %) is obviously different from that of holey
ones. Hardly any oil blue N was released in the first 300 s.
However, once release began, it was almost completed by 1200s.
The reason that such a specific release profile was observed was
clearly revealed in an SEM photograph of the hole-free
microcapsules after the controlled release experiment. As shown
in Figure 12b, almost all hole-free microcapsules were crushed
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Figure 12. Controlled release behavior of microcapsules with and without
holes in their shells. () Time course of the concentration of oil blue N
released from the microcapsules, (b, ¢) SEM images of the microcapsules
after elution; average, droplet diameter was 32.3 ym, and SPANSS
congcentration in the mlcroencapsulated Isopar G was (b) 0 and (c) 0.5
wt %. The insets are magnified views with the scale bars corresponding
to 5 um.

and had slight cracks in their shells. In the early stage, ethanol
entered the microcapsule through the shells. Because the solvent
of the core material (Isopar G) could not penetrate the shells, the
hole-free microcapsules burst after 300 s as a result of ethanol
penetration into the cores and the formation of cracks in the
shells. The materials éncapsulated in the microcapsules were
then eluted through the cracks. At that time, ethanol could not
flow into the microcapsules because of the pressure difference
inside and outside the microcapsules. Therefore, the hole-free
microcapsules were crushed. However, the microcapsules with
holes were not crushed during the elution of the core material.
An example of an SEM photograph of holey microcapsules
after the controlled release experiment is shown in Figure
12c. Because the inflow of ethanol and the outflow of the core
material through the holes occurred simultaneously, the holey
microcapsules were hardly crushed. In addition, as shown in
Figure 12c, the holey microcapsules were not crushed after
filtration and drying with ethanol. Dried holey microcapsules

(29) Daiguji, H.; Makuta, T.; Kinoshita, H.; Oyabu, T.; Takemura, F. J. Phys.
Chem. B 2007, 111, 8879-8884.
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contain air, so we can use them as templates for monodisperse
size~-controlled microcapsules encapsulating gaseous cores, which
could be fabricated if we could successfully close the holes in
the dried microcapsules. Microcapsule-encapsulating gaseous
cores will be useful for many applications, including the weight
reduction of materials and thermal and acoustical insulation (e.g.,
diagnostic ultrasound contrast agents).”” The fabrication of micro-
capsules encapsulating gaseous cores is a topic for future work.

Fabrication of Microcapsules Encapsulating Aqueous Solution.
As shown in Figuré 12a, the core material in the holey
microcapsules was quickly removed and replaced by ethanol.
We expected that this ethanol substituting for the original core
material could also be removed easily and replaced by water.
That is, we thought it would be easy to obtain holey microcapsules
containing an aqueous splution. If the holes in the shells of the
microcapsules containing aqueous solution can be successfully
closed, then microcapsules encapsulating aqueous solution can
be fabricated. We thought that the holes could be closed by
additional microencapsulation of the holey microcapsules
containing aqueous solution as the cores. To demonstrate the
feasibility of fabricating microcapsules with double-layer shells,
we added reactive water-soluble dye to the continuous phase
used for the additional microencapsulating process. We chose
to use reactive blue 160 as a reactive water-soluble dye because
it has both triazine and sec-amine units and thus can react with
melamine—formaldehyde prepolymer. Therefore, the shells of
the microcapsules synthesized in aqueous $olution containing
reactive blue 160 become blue. We can easily recognize the
formation of the additional shells on the holey microcapsules.
In addition, we used emulsion droplets including a small amount
of oil-soluble red dye (oil red O) to confirm the complete removal
of the oily core from the holey microcapsules. The additional
microencapsulation was performed according to the process
shown in Figure 1a and the conditions shown in Table 1. As
continuous phase I, we used an aqueous solution with 2.5 wt %
poly(E-MA) and 0.1 wt % Reactive Blue 160 dissolved in it.
Instead of the disperse phase, we used a suspension of holey
microcapsules prepared from emulsion droplets with 0.5 wt %
SPANSS5 and then washed with ethanol and distilled water to
replace the core material with water. The mass fraction of the
microcapsules in the suspension was about 75%. The prepared
microcapsules were separated from the continuous phase and
washed with distilled water. They were filtered and dried to
enable us to observe the morphology by FE-SEM. The holey
microcapsules and the resultant double-layer microcapsules
encapsulatmg the aqueous solution are shown in Figure 13. Figure
13a is an SEM photograph of the holey microcapsules, which
are the original starting blocks for the double-layer microcapsules
encapsulating the aqueous solution. As shown in the upper inset,
submicrometer-sized macroholes were formed in the shell of
each microcapsule. The original holy microcapsules with the
core material replaced by water were microencapsulated again.
An SEM photograph of the obtained double-layer microcapsules
is shown in Figure 13b. It is clear that the macroholes. were
successfully closed. The upper inset in Figure 13b is an SEM
photograph of the crosssection of the microcapsule. This image
confirms that the microcapsule had a single core. The lower
insert in Figure 13b is a photograph of a dried sample This
image clearly shows that the microcapsule is blue. That is, the
additional shell was formed on the surface of the original
microcapsule and closed the holes. Figure 13c¢ shows the
suspensions of microcapsules. The microcapsules in the left test
tube are the original ones encapsulating Isopar G with oil red
O dissolved in it. Because the density of Isopar G (7 49 % 10°
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Figure 13, Microcapsules encapsulating aqueous solution after additional
microencapsulation of the holey microcapsules. (a) Original microcap-
sules encapsulating aqueous solution; holey microcapsules were prepared
with emulsion droplets having an average diameter of 32.3 ym and
containing 0.5 wt % of SPANSS5 and a small amount of a red dye (oil
red ). (b) Microcapsules encapsulating an aqueous solution. The upper
insets in panels a and b are magnified views with the scale bars
corresponding to 10 #m, and the lower ones are photographs of filtered
samples. (c) Suspensions of the microcapsules in distilled water. (Left)
original microcapsules shown in panel a, (middle) holey microcapsules
with their core material replaced by water, and (right} microcapsules
encapsulating the aqueous solution shown in panel b.

g/m?) was less than that of water, the microcapsules floated. The
microcapsules with their core material replaced by water are in
the middle test tube. The color of these microcapsules is white
instead of red; which indicates that the oily core in the original
microcapsules was completely removed. In addition, the mi-
crocapsules in the middle tube sank in water, which means that
the oily core had been replaced by water. The double-layer
microcapsules with closed holes are in the right test tube. They
also sank in waler (i.e., the aqueous solution was encapsulated
in the microcapsules). This confirms that a holey microcapsule
can be used as a template for fabricating a microcapsule
encapsulating hydrophilic compounds. It should be noted that
macroholes slightly larger than those shown in Figure 13a were
not completely closed and that nanosized holes remained in the
microcapsule shells after the additional microencapsulation. A
microcapsule that contains an agueous solution and has a shell
with tiny holes is potentially applicable as a bioreactor. The
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macroholes in the shell of the original microcapsule should allow
free diffusion of a living cell or a bacillus into the microcapsule.
Then, the macroholes could be closed by the additional
microencapsulation. The nanosized holes remaining after the
additional microencapsulation should prevent a living cell or
bacillus from leaving the microcapsule and should also allow
free diffusion of gases, nutrients, and wastes. With the aim of
making a bioreactor, we are planning to perform further
investigations into the fabrication of microcapsules containing
an aqueous solution suspending biocatalysts and having shells
with nanosized holes.

Conclusions

We described the preparation of cross-linked polymelamine
microcapsules with macroholes in their shells by a phase-
separation method. The macroholes were formed by utilizing the
competitive adsorption of a water-soluble polymeric surfactant
and an oil-soluble surfactant on the surface of an emulsion droplet
used as the capsule core. Theoretical calculations based on the
competitive adsorption of surfactanits on the surface of an emulsion
dropiet were used to explain the formation of macroholes in
microcapsule shells. The theoretical calculations revealed that
the fraction of the droplet surface covered by poly(E-MA)
depended on the concentrations of poly(E-MA)and the oil-soluble
surfactant and the diameter of the emulsion droplet. By comparing
the properties of prepared microcapsules with the calculated
results, we found that for poly(E-MA) the critical degree of surface
coverage needed to fabricate holey microcapsules was about
0.90. By controlling the concentrations of poly(E-MA) and the
oil-soluble surfactant and the droplet diameter according to the
calculated results, we successfully prepared only microcapsules
with macroholes. The size and quantity of macroholes could be
controlled by adjusting the fraction of the droplet surface covered
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by poly(E-MA). We conclude from the experimental and
theoretical investigations that the macroholes formed in micro-
capsule shells resulted from the adsorption and self-assembly of
the oil-soluble surfactant on the droplet surface during the
formation of the shells of cross-linked polymelamine micro-
capsules,

The apphcauons of microcapsules with macroholes in their
shells were also investigated. Controlling the hole size allowed
us to control the release rate of the core material. Microcapsules
with macroholes have the potential to be used in controlled release
applications. We also found that they were not crushed when the
core material was being replaced. Microcapsules containing an
aqueous solution were fabricated by using the microcapsules
with macroholes as templates. The macroholes in the shells were
successfully closed by an additional microencapsulation. Thus,
microcapsules with macroholes in their shells can also be used
as templates for fabricating microcapsules containing hydrophilic
compounds, which could be used as bioreactors.
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Abstract We used poly(aspartic acid) (PAsp) synthesized
by ion exchange with sodium polyaspartate (PAspNa) as a
dispersion stabilizer. PAsp improved the dispersion stability
and the solubility in the medium for dispersion polymeri-
zation. The effects of the stabilizer hydrophobicity on
particle formation, conversion, particle diameter, and its
distribution of polystyrene microspheres were investigated
by using both biodegradable polymers as a dispersion
stabilizer. According to these results, we concluded that the
polymerization rate of the styrene with PAsp was higher
than that of styrene with PAspNa. That is why, smaller and
more monodisperse microspheres were prepared with PAsp,
compared to those with PAspNa.

Keywords Poly(aspartic acid) - Dispersion polymerization -
Monodisperse particle - Biodegradable polymer - Polystyrene

Introduction

Dispersion polymerization is one of the major techniques
for the preparation of monodisperse polymer microspheres
[1-6). In dispersion polymerization, monodisperse micro-
spheres are formed in the presence of appropriate polymer
dispersion ‘stabilizer such as poly(N-vinylpyrrolidone),
polyacrylic acid (PAA), and polyethylenimine [7, 8].
However, all commercial dispersion stabilizers used in
dispersion polymerization are so far not biodegradable. In
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Department of Material and Energy Science,
Graduate School of Environmental Science, Okayama Umversxty,
3-1-1 Tsushxma-Naka,
Okayama 700-8530, Japan
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general, these water-soluble polymers are difficull to
recover from polymer solution. Therefore, these nonbiode-
gradable dispersion stabilizers cause contamination of
polymer microsphere surface and waste-water treatment of
polluted water. Furthermore, these are made from fossil
fuels. When we thought about sustainable society, cutting
our dependence on fossil fuels is essential.

Sodium polyaspartate (PAspNa) synthesized by poly-
condensation of L-aspartic acid (L-Asp) is one of the typical
hydrophilic biodegradable polymers [9, 10]}. Since PAspNa
is made from plant-derived materials and has biocompati-
bility, this polymer can be used in medical field, cosmetics,
and foods. Thus, we studied dispersion polymerization with
PAspNa as a dispersion stabilizer and synthesized mono-
disperse polystyrene microspheres with PAspNa as a
dispersion stabilizer. The particle diameter ranged between
0.25 and 2.3 pum, and the particle size distribution was
about 7.7%. ,

In this work, we synthesized poly(aspartic acid) (PAsp)
by ion exchange with PAspNa. Although PAsp is also a
typical hydrophnhc biodegradable polymer, the solubxhty in
water is lower than PAspNa due to weak-acid polyelectro-
Iyte. We investigated the effect of the stabilizer hydropho-
bicity on the particle formation, conversion, particle size,
and the distribution of polystyrene particles,

Experimental

‘Materials

All chemicals were purchased from Wako Pure Chemical
Industry. Styrene (99%, with 3.0x107°% 4-tert-butylpyr-
ocatecholrstabilizer) was distilled under reduced pressure in
a hitrogen atmosphere to remove the inhibitor. 2,2'-Azobis
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Scheme 1 Synthesis of PSI, PAspNa and PAsp

(isobutyronitrile) (AIBN) was purified by recrystallization
from methanol. Water used as a polymerization solvent was
purified with a Millipore Milli-Q water purification system.

Synthesis of polysuccinimide

Polysuccinimide (PSI) was synthesized by polycondensa-
tion of L-Asp (46 6 g) using phosphoric acid (19.8 g) as a
catalyst at 453 K for 8 h. Then, the products were purified,
and the weight-average molecular weights were determined
by gel permeation chromatography (GPC) as previously
reported [11]. The determined rmolecular weight of PSI was
4.25%10% Proton nuclear magnetic resonance (*H NMR)
spectra were measured with a JEOL FT NMR System
JMN-AL300 (Scheme 1).

Synthesis of PAspNa

PAspNa was prepared by hydrolysis of PSI as already
reported [11]. The molecular weight of PAspNa was 6.0
10, calculated from the molecular weight of PSI. The
chemlcal structure of PAspNa was confirmed by Fourier

transform infrared spectroscopy (FT-IR; KBr method). ‘H

NMR spectra were measured with a JEOL FT NMR
Systém JMN-AL300.

Synthesis of PAsp
PAspNa was dissolved in purified water, and an ion-

exchange resin (Lewatit MonoPlus S100H) was added into
the solution. Afier 24 h, the solution was concentrated
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under reduced pressure at 313 K [12]. The remaining
solution was added into acetone to precipitate PAsp and
which was recovered by filtration. The conversion from
PAspNa to PAsp was confirmed by FT-IR (KBr method).
The lon-exchange efficiency was calculated from natrium
ion concentration. The natrium jon concentration was
measured with an ion meter (DKK-TOA, IM-55G).

Microsphere preparation

Polystyrene microspheres were prepared by dispersion poly-
merization under the conditions listed in Table 1. Prepared
microspheres were observed with a Hitachi S-3500N
scanning electron microscope (SEM), and the average
diameter and coefficient of variation (CV) were analyzed
from the SEM images by WinRoof (Mitani, Ver.3.53). The
average diameter and CV were defined by counting at least
200 individual microspheres from SEM image. The CV was
calculated from the average diameter and standard deviation.

Table 1 Recipe for the preparation of monodisperse polystyrene

- microspheres
Ingredients Units Values
Styrene g 135
AIBN g 0.107
Dispersion stabilizer g 0.15
Aqueous ethanol solution Ml 45

343 K; 6 b; No; in flask with stirring rate, 360 rpm
AIBN 2,2'-Azobisisobutyronitrile
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Fig. ¥ FT-IR spectra of PAspNa and PAsp

Measurements of time course of conversion, particle
diameter and its distribution, and particle numbers

A small amount of polymerization solvent with PAspNa or
PAsp was withdrawn at different polymerization intervals.
The samples were dissolved in methanol with a small
amount of 4-tert-butylcatechol to terminate the polymeri-

. zation. The concentrations of residual styrene monomer
dissolved in methanol solution were determined by HPLC
to estimate the conversion. The samples were also
measured with the SEM to determine the particle diameters
of the prepared microspheres at different polymerization
intervals. Particle numbers were calculated from the
conversion and particle diameters.

Fig.2 ‘SEM image of polymeric 'microsphéres synthesized with PAsp.
Volume fraction of EtOH=60 vol.%

Results and discussion
Characterization of synthesized PSI, PAspNa, and PAsp

The chemical structures of synthesized PSI and PAspNa were
characterized by '"H NMR as previously reported [11, 13].
The residues of synthesized PAspNa and PAsp were
determined by FT-IR [12, 14, 15). Figure 1 shows FT-IR
spectra of PAspNa and PAsp. Attention was directed to the
frequency of the carboxylate group band in order to
investigate the preparing of the PAsp. The spectrum of
PAspNa shows a large absorbance at 1,610 cm™ assigned
to the carboxylate anion (-COO™). Meanwhile, the carbox-
ylate anion band disappeared in the spectrum of PAsp. At
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Fig. 3 Time course of conversion, particle diameter, CV, and particle

" number. Concentration of dispersion stabilizer = 3.33 mg/mL. Volume

fraction of EtOH=60 vol%
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the same time, a new band appeared at 1,720 cm™. This
was assigned to the carboxylate group (~COOH).

In addition, the ion-exchange efficiency was calculated
from the natrium jon concentration. It was measured before
and afier ion exchange of PAspNa solution. As a result, the
natrium ion concentration after an ion-exchange process
was very low. It was considered that almost all natriui ions
of PAspNa were exchanged into hydrogen ions.

Thus, it was concluded that PAsp was successfully
prepared from PAspNa by ion-exchange resin.

Kinetics of dispersion polymerization of styrene
with PAspNa or PAsp

Figure 2 shows the SEM image of the polystyrene micro-
spheres prepared with PAsp in an EtOH/water mixture with
60 vol.% EtOH. The particle diameter was approximately
0.91 pum. The CV was approximately 3.1%. The monodis-
perse polystyrene microspheres were clearly observed. This
result indicates that PAsp acts as a dispersion stabilizer.

Figure 3 shows the time courses of styrene conversion,
particle diameter, CV, and particle numbers of polystyrene
microsphere in the dispersion polymerization using PAspNa
or PAsp. The concentration of dispersion stabilizer was
3.4 mg/ml. '

The final conversion with PAspNa is 87%. Meanwhile,
the final conversion with PAsp came up fo about 100%.
Furthermore, the polymerization rate of styrene with PAsp
was higher than that with PAspNa. The polymerization

mechanism observed - is similar to that in our previous

studies concerning dispersion polymerization [16, 17].
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Fig. 4 Effect of EtOH volume fraction on particle diameter.
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The diameter of particle prepared with PAsp was smaller
than that prepared with PAspNa. In addition, the growth
rate of microspheres with PAsp was faster than that with
PAspNa.

The CVs obtained with PAsp and PAspNa decreased
with time, and the CV obtained with PAsp was smaller than
that with PAspNa.
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