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Effect of ATX-510(Na)-PDT on cytokine secretion of HUT102 cells. Following ATX-510(Na)-PDT, supernatants of

cultured HuT102 cells were collected at the indicated time and TNF-a, IFN-y, IL-6, and IL-8 assays were performed. Data
are the means + S.E.M. from triplicate determinations of at least four independent experiments. *P < 0.05 compared

with 0 mJ/cm?; **P < 0.01 compared with 0 mJ/cm?.

(Fig. 2A). The effect of ATX-S10(Na)-PDT on cell
death was performed by counting viable cells using
0.5% trypan blue. The cell death was detected at
40 mJ/cm? with dose-dependent inhibition up to
100 mJ/cm? (Fig. 2A). The dead cells showed
nuclear condensation and bleb, the features of
apoptosis (data not shown). Similar inhibitory
effects were observed using MT-2, Jurkat, and
MoLT4 cells (data not shown).
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The present study demonstrated that ATX-
$10(Na)-PDT suppressed cytokine secretion from T
lymphocytes. High dose irradiation (60 mJ/cm?)
suppressed cytokine secretion associated with
decreased cell proliferation. In contrast, low dose
irradiation (20 mJ/cm?) suppressed cytokine secre-
tion without the inhibition of cell proliferation. PDT
induces singlet oxygen, which results in cell death
by oxidative damage on cell membranes and
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Fig. 2 Effect of ATX-510(Na)-PDT on cell proliferation and cell death of HuT102 cells. After ATX-510(Na)-PDT, HuT102
cells were cultured for 24 and then MTS assay (A) and counting number of dead cells which were stained by trypan blue i8)
were performed. Data are the means + 5.E.M. from triplicate determinations of at least four independent experiments.

*P < 0.01 compared with 0 mJ/em?.
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mitochondria [7]. Our preliminary study disclosed
that 60 mJ/cm? irradiation induced apoptosis in
HuT102 cell. Thus the suppression of cytokine secre-
tion by PDT at high dose irradiation was most likely
due to the cell death. Kick et al. [8] demonstrated
that IL-6 expression in PDT-treated Hela cells is
modulated by AP-1. They also showed that PDT-
induced AP-1 activation is mediated by H,0, and
antioxidants indicating redox-dependent regula-
tion. Previous study revealed that AP-1 activation
by redox signal inhibits IL-2 gene expression [9].
The suppression of cytokines by PDT with low
dose irradiation might be mediated by redox-regu-
lated transcriptional factors, such as AP-1, and
NF-xB.

Previous reports showed the effect of PDT on
cytokine production. Consistent with our results,
PDT using photofrin suppressed TNF-a and IL-8 pro-
duction in lymphocytes derived from psoriasis
patients [2]. In contrast, PDT using photofrin
induced TNF-a, IL-6, IL-8, and IL-10 production in
epithelial cells, mammary tumor cells, Hela cells,
and macrophages [1]. These results indicate that
the effect of PDTon cytokine production depends on
different tissues and/or photosensitizers.

The cytotoxic effect of ATX-S10(Na)-PDT on lym-
phoid cells was also demonstrated in the present
study, which may explain the effect of PDT on
cutaneous lymphoma [9]. It is well known that
electron beam is among the first line therapies for
the early stage cutaneous lymphoma. Because cuta-
neous lymphomas such as mycosis fungoides require
long-term treatments, several adverse effects
including radiation dermatitis, bone marrow sup-
pression, and potential secondary carcinogenesis
might be expected. Because the cytotoxic effect
of ATX-510(Na)-PDT was much less than that of the
electron beam treatment, ATX-510(Na)-PDT might
be another useful modality for the treatment of
cutaneous lymphomas, in which the electron beam
treatment is restricted by the maximal irradiation
dose and the resting time interval for the next
irradiation.

Psoriasis is an inflammatory skin disease accom-
panied with hyperproliferative epidermis and
increased microvessels in the upper dermis. It is
presumed that a variety of cytokines, such as,
TNF-a, IFN-y, IL-6, and IL-8, are involved in the
pathogenesis of psoriasis [6]. Our study demon-
strated that these cytokines from lymphocytes
was suppressed by ATX-510(Na)-PDT. PDT using
photofrin or ALA has been clinically applied for
the treatment of psoriasis [10]. ATX-510(Na)-PDT-
induced suppression of cytokine production as well
as lymphocyte cytotoxicity at higher dose might be
promising for its clinical use against psoriasis.
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In summary, we have shown that ATX-510(Na)-
PDT suppresses cytokine secretion of various lym-
phocyte cell lines. These results might provide a
clue for the new treatment modality for psoriasis,
cutaneous lymphomas, and other related skin dis-
orders.
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Abstract Photodynamic therapy (PDT) is an effective
cancer treatment modality that allows selective destruction
of malignant tumor cells, We asked whether PDT could
inhibit in vivo and in vitro growth of synovial sarcoma
cells. We analyzed PDT using ATX-S10-Na(ll) and a diode
laser for a synovial sarcoma cell line (SYO-1). Photody-
namic therapy with ATX-S10-Na(ll) showed an in vitro
cytotoxic effect on the cultured SYO-1 cells. The in vitro
effect of PDT depended on the treatment concentration of
ATX-S10:-Na(Il) and the laser dose of irradiation. ATX-
S10-Na(II) was detected in the umor tissue specimens that
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were excised from nude mice bearing SYO-1 within
6 hours after intravenous injection, but it was eliminated
from the tumor 12 hours after injection. Photodynamic
therapy suppressed the tumor growth of nude mice bearing
SYO-1, and high-dose irradiation induced no viable tumor
cells in histologic specimens. Photodynamic therapy per-
formed after marginal resection of the tumor of nude mice
bearing SYO-1 reduced the rate of local recurrence of the
tumor. Our results suggest PDT using ATX-S10-Na(Il) and
laser irradiation may be a potentially useful treatment for
synovial sarcoma, especially to reduce the surgical margin
and preserve critical anatomic structures adjacent to the
mumor.

Introduction

Photodynamic therapy is a unique cancer treatment
modality based on the dye-sensitized photooxidation of
biologic matter in target tissue [25, 26]. An intravenous
injection of a light-sensitive agent (the photosensitizer) is
retained selectively by tumor cells. The photosensitizer can
be focally excited by laser light in the presence of oxygen
using light of a wavelength matched to an absorption peak
of the photosensitizer [3], and it transfers energy from
photons to oxygen molecules. Direct killing of tumor cells,
vascular damage, and inflammatory responses contribute to
tumor destruction [2, 7]. Photodynamic therapy, with
systemic administration of photosensitizer and laser irra-
diation, has been used clinically in recent years. It has
advantages such as anatomic and functional preservation of
adjacent normal tissues, enabling minimally invasive pro-
cedures and adjuvant therapy for unresectable cancers [16,
29, 31]. Various authors report PDT has an antitumor effect
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in lung [10, 18], esophageal [8], bladder [I, 12], and der-
matologic cancers [24, 33]. Photodynamic therapy also has
been used to treat noncancerous diseases such as choroidal
neovascularization [22], atherosclerosis [30], and benign
hyperproliferative skin [28].

Malignant musculoskeletal tumors typically require
wide surgical resection with normal surrounding tissue.
However, a wide surgical resection often results in poor
physical function postoperatively according to the amount
of excised normal tissue, including muscle, vessels, and
nerves. Preservation of such normal surrounding tissue can
lead to better postoperative function for the patient,
although there is a higher risk of local recurrence. Adjuvant
treatment may reduce the risk of local recurrence when
decreasing the surgical margin, The effect of chemotherapy
and radiotherapy remains controversial regarding muscu-
loskeletal tumors [4, 6, 32]. Photodynamic therapy could
be a novel adjuvant treatment for musculoskeletal mmors.
Several papers report the treatment of osteosarcoma with
acridine orange PDT and chondrosarcoma with BPD PDT
[5, 13, 14].

ATX-S10-Na(I) is one of the hydrophilic chlorine
photosensitizers and has some advantages compared with
other photosensitizers. ATX-S10:Na(IlI) can be eliminated
rapidly from normal tissue, usually within 48 hours after
injection, thus resulting in reduced skin photosensitization
[27]. Its absorption maximum lies at 670 nm, which allows
deeper penetration of laser beams into tissues than a 630-
nm laser [19]. Photodynamic therapy with ATX-S10-Na(II)

Fig. 1 The diagram shows the

: 1. In vitro
experiments we performed for

can be more effective for treatment of deeply located or
large tumors, but has not been explored for use in soft
lissue sarcomas.

Exploring the possibility that PDT using ATX-
$10-Na(Il) could be a new therapy for synovial sarcoma we
asked four questions: (1) Does PDT have a cytotoxic effect
on human synovial sarcoma cells in vitro?; (2) Can ATX-
S10-Na(ll) accumulate specifically in the tumor after
intravenous injection in vivo, and be climinated from the
umor quickly?; (3) Can PDT using ATX-S10-Na(ll) and
laser irradiation cause tumor necrosis and inhibit tumor
progression?; and (4) Can PDT using ATX-510-Na(II) and
laser irradiation reduce the rate of local recurrence after
marginal resection of synovial sarcoma? In this study, we
conducted in vivo and in vitro experiments using a human
synovial sarcoma cell line to assess these questions.

Materials and Methods

To answer these four questions we conducted four series of
experiments (Fig. 1). To assess an in vitro cytotoxic effect
of PDT. we measured the cell viability of synovial sarcoma
cells after PDT using laser irradiation (10-50 J/cm?) fol-
lowing incubation with ATX-S10-Na(Il) (3.25-50 pg/mL)
for 24 hours. To assess the in vivo accumulation of ATX-
S10:Na(ll) in the tumor, we performed fluorescence
microscopic examination of the tumor xenograft of syno-
vial sarcoma cells on nude mice after an intravenous

observation of in viro and in
vivo antitumor effects on syno-
vial sarcoma.

Cell viability after PDT

MTT assay

SYO-1 cells (2 x 10* per well)
ATX-S10sNa(Il) for 24 hours incubation
(0, 3.13, 6.25, 12.5, 25, and 50 pg/mlL.)

10, 20, and 50 J/em? irradiation
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Accumulation of ATX-S10-Na(ll)

2. In vivo

Fluorescence microscopic examination at
0,3, 6, 12, and 24 hours after injection
J
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Antitumor effect of PDT alone
ATX-510-Na(1l) (5 and 10 mg/kg)
100 J/em? and 200 Jfem? irradiation
Tumor size at Days 0, 4, 7, 11, 15
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PDT as adjuvant therapy
Laser irradiation (100 J/cm?) 3 hours
after intravenous injection of ATX-
S10-Na(1l) (10 mg/kg) following
marginal resection of the mumor
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injection of ATX-510:-Na(II) (10 mg/kg) during a course of
0 to 24 hours. To assess the efficacy of PDT on the tumor
in vivo, we measured the size of the tumor xenograft on
nude mice for 15 days after PDT treatment with laser
irradiation (100, 200 J/cm®) following intravenous injec-
tion of ATX-S10-Na(Il) (5, 10 mg/kg). Because the
maximal laser penetration depth was reported as less than
8 mm [17], PDT was performed when the diameter of the
tumor xenograft on the nude mice was 5.5 mm. The size of
each treated tumor (five mice for each group) at Day 15
after PDT was compared with the size of the untreated
control wmors (five mice). Histologic examination of the
tumor Xenograft was performed on Day 15 after PDT. To
answer the question of PDT reducing local recurrence of
the tumor, we compared the rates of local recurrence after
marginal resection followed by PDT with a 10 mg/kg
injection of ATX-S10-Na(Il) and 100 Jfem? laser irradia-
tion, or after marginal resection alone (five mice in each
group). In all experiments, the concentration of ATX-
S10-Na(Il) and the dose of laser irradiation were not
randomized.

ATX-510-Na(11),13,17-bis(1.2-dicarboxyethyl)carbamoy!
ethyl-8-cthenyl-2-hydroxy-3-hydroxyiminoethylidene-2,7,
12,18-tetramethylporphyrin sodium salt was synthesized
by a commercial laboratory (Photochemical Co, Lud,
Okayama, Japan). We dissolved ATX-S10-Na(Il) in phos-
phate-buffered saline, and diluted in a culture medium
at appropriate concentrations. A diode laser, ALD-1
(Hamamatsu Photonics KK, Hamamatsu, Japan), was used
as the light source to excite ATX-S10-Na(Il). The diode
laser is a continuous-wave laser and its wavelength is
670 nm.

A human synovial sarcoma cell line, SYO-1 [11], was
incubated in Dulbecco’s modified Eagle's medium sup-
plemented with 10% fetal bovine serum and antibiotics
(penicillin and streptomycin) in a hamidified atmosphere
with 5% CO, at 37°C,

We incubated SYO-1 cells (2 x 10° per well) in a 96-
well microplate with 0, 3.13, 6.25, 12.5, 25. and 50 pg/mL
ATX-S10-Na(IT) for 24 hours. The cells were washed
with medium twice and then irradiated with 10, 20, and
50 J/cm® using the 670-nm diode laser. The laser power
was fixed at 150 mW/cm’. After additional 24-hour incu-
bation of the cells at 37°C, cell viability was assessed by an

_ MTT assay (Chemicon International, Inc, Temecula, CA).
Quantitation then was measured using a Model 550
microplate reader (BioRad, Hercules, CA). We prepared
eight wells for each condition and the cytotoxicity rate in
treated cells was represented as a percentage of MTT
value, and compared with that of untreated control cells.

Fifty 4-week-old male BALB/c nude mice (BALB/c nw/
nu) were used for implantation of SYO-1 cells. We injected
single cell suspensions of SYO-1 cells (10° cells per
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mouse) subcutaneously into the back of the mice. Growth
of the tumors was measured using a slide caliper. When the
diameter of the tumor reached 10 mm (1.5-2 weeks),
ATX-S10:Na(Il) (10 mg/kg) was injected intravenously
into five SYO-1-bearing mice. The tumors were removed at
0, 3, 6, 12, and 24 hours after injection, respectively. Four
frozen sections of the tumor were embedded in OCT
compound and prepared for fluorescence microscopy cou-
pled with a cooled CCD camera (Axioplan 2 Imaging; Carl
Zeiss, Inc, Thomwood, NJ). A S5-pm unstained frozen
section was excited by 520 nm light, and the fluorescence
of ATX-S510:Na(ll) was examined under a 585-nm band
pass filter by the CCD camera.

When the diameter of the tumor on the back of the nude
mice reached 5.5 mm, ATX-510-Na(Il) (5 and 10 mg/kg)
was injected intravenously. We irradiated the tumor site
with 670 nm laser light (100 Jem?, 200 J/em®) 3 hours
after injection (five mice for each group). The duration of
PDT was related to the laser dose (11 minutes for 100 J/em®
and 22 minutes for 200 J/em?). After PDT, the animals
were maintained in a dark room to avoid skin irritation.
The length and width of the tumors were measured at Days
0, 4,7, 11, 15 after laser irradiation and then tumor volume
was calculated by using the equation: tumor volume
(mm?) = [maximum diameter (mm)][minimum diameter
(mm)]*/2. The mice were euthanized by an intraperitoneal
injection of a barbiturate (120 mg/kg) on Day 15 after
PDT. Tumor specimens excised from mice were fixed with
4% PFA and embedded in paraffin before undergoing
microscopic examinations. Slides of the 4-pm-thick spec-
imens were stained with hematoxylin and eosin. All
sections were viewed by two (TK, SM) individuals who
were blind to results. Results did not differ between
observers.

We examined the efficacy of PDT as an adjuvant
treatment to reduce surgical margins, such as for marginal
resections of a tumor, without excising surrounding normal
tissue. It might be difficult to treat tumors that are large or
deeply localized with PDT alone owing to limitations in
laser penetration. After the diameter of the mumor on the
back of the mice was 12 mm, a marginal resection of the
tumor on mice bearing SYO-1 was performed 3 hours after
intravenous injection of ATX-S10-Na(ll). We divided the
mice into two groups: (1) marginal resection without PDT
(control), which means resection of the tumor without
excision of the surrounding normal tissue; and (2) marginal
resection followed by PDT with 100 J/em? laser irradiation
3 hours after intravenous injection of 10 mg/kg ATX-
S10-Na(Il) (n = 10 for each group). The mice were
observed until 8 weeks after marginal resection of the
wmors.

Each continuous variable of the tumor volume resulting
from PDT to the tumor xenograft was expressed as
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mean + SD. A nonparametric Mann-Whitney U test was
used to compare the wmor volume on Day 15 after PDT
with each condition (5 and 10 mg/kg ATX-510-Na(Il) and
100 J/em® and 200 J/cm® laser irradiation) with tumor
volume of the untreated control group. We compared the
rate of tumor recurrence after marginal resection of the
xenograft with or without PDT using Fisher's exact prob-
ability test. Taking into account our power analysis, we
considered a probability value less than 5% as significant
throughout the stady. All statistical analyses were per-
formed using Stat View 5.0 software (SAS Institute Inc,
Cary, NC).

Results

MTT assay revealed PDT using ATX-S10-Na(Il) had a
cytotoxic effect on and inhibited the growth of SYO-1 cells
in vitro. The cytotoxic effect of PDT on SYO-1 cells was
dependent on the ATX-S10-Na(Il) concentration and the
level of laser irradiation (Fig. 2). A higher dose of laser
irradiation induced a strong antiumor effect under each
concentration of ATX-S10-Na(Il). No antitumor effect was
observed in the SYO-1 cells treated with laser irradiation
without ATX-S10-Na(Il) and also with the exposure to
ATX-510-Na(Il) without laser irradiation. Photodynamic

2\
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Laser Dose (J/em?)
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Fig. 2 An MTT assay showed an in vitro antitumor effect of PDT
using ATX-510 Na(Il) with a diode laser on SYO-1 cells. The cells
were incubated with 0 to 50 pg/mL ATX-S10 Na(ll) at 37°C for
24 hours before 670-nm diode laser radiation with 0 1o 50 Jfem®. The
cytotoxicity rate in the treated cells is represented as a percentage of
MTT value and in comparison to that of the untreated 1 cells.

therapy inhibited tumor growth of SYO-1-bearing mice by
Day 15 compared with the untreated control group (ATX-
S10-Na(ll) 5 mgkg and laser 100 Jem?, p = 0.047;
10 mg/kg and 100 Jem?, p = 0.021; 5 mg/kg and 200 Jcm’,
p=0007; and 10 mg/kg and 200 Jem®. p = 0.007)
(Fig. 3). The tumors had disappeared completely 4 days
after injections of 5 and 10 mg/kg ATX-S10-Na(ll) and
laser irradiation with 200 J/em®. Regrowth of the tumor
was not observed until 15 days after PDT under such
conditions. However, the umor was growing gradually
after PDT with injections of 5 and 10 mg/kg ATX-
S10-Na(ll) and laser irradiation with 100 J/cm®, Injection
of ATX-S10:Na(ll) without irradiation or laser irradiation
without injection of ATX-810-Na(ll) did not inhibit tumor
growth.

ATX-$10:Na(Il) accumulated into the tumor xenograft
of SYO-1 cell on nude mice after the intravenous injection.
A marked fluorescence of ATX-S10-Na(Il) was observed
in the tumor excised from SYO-l-bearing mice 3 and
6 hours after intravenous injection of ATX-S10-Na(II)
(Fig. 4). The fluorescence of ATX-510-Na(ll) in the umor
was minimally evident 12 and 24 hours after injection of
ATX-S10-Na(Il). ATX-S10:Na(lIl) injected intravenously
was incorporated into the SYO-1 forming tumor and
thereafter remained inside the tumor for at least 6 hours.
ATX-S10-Na(ll) was almost totally eliminated from the
tumor within the next 6 hours.

—#%— No trestment

—— ATX Smghkg. 1000cm®
—8— ATX 10mp/kg, 100)/em’
—A— ATX Smg/kg. 2000/cm*
—8— ATX 10mg/kg. 200)/cm-

Tumor Volume (%)

LE

4 7 11
Day After ATX-S10-Na(ll)-PDT

15

Fig. 3 The tumor growth of SYO-l-bearing mice after ATX-
S10-Na(Il) PDT is shown. Tumor growth was inhibited (*p < 0.01,
*+p < 0.05) within 15 days afier PDT with 5 and 10 mg/kg ATX-
S10-Na(ll) and 100 and 200 Jem® laser irradiation. No tumor

Higher dye concentrations and laser irradiation levels induced an
antitumor effect in & dose-dependent manner,
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growth was seen within lSd:;saﬂnPDT with 5 and 10 mg/kg
ATX-510-Na(ll) and 200 J/em® laser irradiation. The data are
represenied as mean + standard deviation.

4 Springer



1730 Takeda et al

Clinical Orthopaedics and Related Rescarch

3 hours

Fig. 4A-C The illustrations show microscopic distribution of ATX-
$10-Na(1l) fluorescence in SYO-1-forming wmors on nude mice al
(A} 3 hours, (B) 6 hours, and (C) 12 hours after intravenous injection
of ATX-S10-Na(Il). A marked fluorescence of ATX-S10-Na(Il) was

The tumor was growing on Days 11 and 15 after PDT
with injection of 5 mg/kg ATX-510-Na(ll) and laser irra-
diation of 100 J/em® (Fig. 5A), but was not observed
macroscopically on Day 15 after PDT with 10 mg/kg
ATX-S10-Na(II) and 100 J/em® laser irradiation (Fig. 5B)
and with 10 mg/kg ATX-S10-Na(l) and 100 J/em® laser
irradiation (Fig. 5C). No necrotic areas were observed
inside the tumors on Day 15 after PDT with injection of
5 mg/kg ATX-S10-Na(Il) and irradiation with 100 Jiem®
(Fig. 5D, E). Photodynamic therapy with injection of
10 mg/kg ATX-S10-Na(ll) and irradiation with 100 Jem?
caused partial necrosis of the tumor in the mice. However,
an area of viable tumor cells remained under the necrotic
area (Fig. SF, G). With PDT with injections with 5 and
10 mg/kg ATX-S10-Na(II) and irradiation with 200 Jfem?,
necrotic tissue without viable tumor cells was seen in the
entire tumor area (Fig. 5H, I). Histologic analysis of the
skin overlying a tumor showed a normal structure in all of
the PDT-treated mice 15 days after treatment.

Photodynamic therapy substantially suppressed local
recurrence after marginal resection of the wmor. Nine of
10 mice had local recurrence within 8 weeks after marginal
resection of the tumor without PDT. Two of 10 mice had
local recurrence after marginal resection of the tumor fol-
lowed by PDT (Table 1). No side effects, such as delayed
wound healing or skin defects, were evident with PDT with
marginal resection (Fig. 6). None of the mice experienced
walking disability until 8 weeks after PDT. The rate of
local recurrence after marginal resection followed by PDT
was lower (p = 0.006) than that after marginal resection
only. Local tumor recurrence occurred in the peripheral
area of PDT.

Discussion

Limb salvage surgery is considered the standard procedure
for soft tissue sarcoma such as synovial sarcoma. Wide
resection of the tumor with the surrounding normal tissue is
necessary to prevent local recurrence for limb salvage
surgery. A curative surgical margin sometimes requires
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6 hours

12 hours

observed in the mor resected from SYO-1-bearing mice at (A) 3 and
(B) 6 hours after the intravenous injection of ATX-S10-Na(ll), but
was not observed at (C) 12 hours after injection.

excision of the surrounding normal tissue, such as the
nerves, vessels, and muscles with tumor, that sometimes
leads to poor postoperative limb function. Therefore,
reduction of the surgical margin such as preservation of
major vessels and nerves could result in better postopera-
tive function. However, this might increase the risk of local
tumor recurrence. In searching for better adjuvant therapy,
we explored the possibility that photodynamic therapy
using ATX-S10-Na(Il) could be a novel therapy for syno-
vial sarcoma. We asked whether PDT with ATX-
S10-Na(Il) could have an in vitro cytotoxic effect on
synovial sarcoma cells, whether ATX-S10-Na(ll) accu-
mulated in the tumor in vivo, whether PDT could inhibit
tumor progression in nude mice, and whether PDT could
suppress local tumor recurrence after marginal resection.

Our study has several limitations. The major limitations
of our investigation are limited penetration depth of laser
light and skin photosensitization after PDT. Because soft
tissue sarcomas, such as a synovial sarcoma, often occur in
deep layers of soft tissue, the tumor should not be treated
only with PDT. We believe PDT can be applied to the
surrounding tissue after tumor resection as an adjuvant
therapy to reduce the surgical margin. Photodynamic
therapy after tumor resection also may result in less skin
complications. Various studies on PDT using ATX-
S10-Na(Il) have been reported, but ATX-S10-Na(ll) has
not been studied for clinical use in humans. No data are
available regarding clinical complications or toxicities
caused by PDT using ATX-S10-Na(ll). According to some
studies, major complications or foxicities were not
observed by the injection of ATX-S10-Na(Il) into experi-
mental animals [20, 27, 28], The lethal dose of ATX-
S10-Na(II) for a rat seems to be approximately 1000 mg/kg
(personal communication, Dr. 1sao Sakata, December 26,
2007).

Patients treated with PDT using Photofrin stayed in a
dark room for approximately 1 week after treatment
because of hyperphotosensitivity of the skin induced by the
photosensitizer [20]. ATX-S10-Na(ll) was developed as a
novel hydrophilic chlorine photosensitizer that was rapidly
eliminated from normal tissues after injection, thus
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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-510-Na(1l) and 100 J.I’l.‘m
laser irradiation, (B) 10 mg/kg ATX-S10-Na(ll) and 100 Jem® laser
irradiation, and (C) 5 mg/kg ATX-S10-Na(Il) and 200 J/em® laser
irradi Histologic ples 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(1l) and 100 J/cm® laser irradia-
tion, ar (F) x4 and (G) x200 magnification for 10 mghkg ATX-
$10-Na(IT) and 100 Jicm® laser irradiation, and at (H) x4 and () x200
magnification for 5 mg/kg ATX-S10-Na(ll) and 200 Jem® laser
irradiation. (A—C) A dusky scan was observed at the treatment location,

indicating ATX-510-Na(Il) could cause less skin photo-
sensitization [19]. Our data suggest ATX-510-Na(Il) 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-
S10-Na(ll) has been reported to be excreted rapidly, within
3 hours after administration, from normal surrounding

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

Treatment Recurrence Total
Yes No

Marginal resection + PDT 2 8 10

Control (marginal resection alone) 9 I 10

PDT = photodynamic therapy.

which thereafter gradually decreased in size and then normal skin
developed. (A) The tumor grew gradually 11 days afier PDT with 100 1/
cm? laser irradiation. No necrotic area was seen inside the tumor on Day
15 after PDT using (D) 5 mg/kg ATX-S10-Na(ll) injection and 100 J/
cm® irradiation and (E) SYO-1 cells were all viable. Photodynamic
therapy (F. G) using an m}ccuon of 10 mg/kg ATX-S10-Na(ll) and
irradiation with 100 J/em® caused necrosis of the tumors, although an
area of viable amor cells remained under the necrotic area. (H, I) An
injection of 5 mg/kg ATX-S10-Na(Il) and irradiation with 200 J/em®
resulied in a completely necrotic area of the tumor and no viable tumor
cells were observed.

organs such as muscles, lungs, and brain [17, 19, 2I].
Prolonged light protection might not be required after
administration of ATX-S10-Na(ll) PDT because of its
rapid clearance compared with other photosensitizers [23].

Photodynamic therapy on SYO-l-bearing mice can
inhibit tumor growth in 15 days, thus indicating PDT may
be an effective therapy for synovial sarcoma. Moreover,
PDT with 200 J/em? irradiation showed no local recurrence
after 15 days. However, SYO-l-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(ll) was reported
to produce singlet oxygen, which thus induces cell death
directly [21]. Furthermore, PDT using ATX-S10-Na(ll)
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Fig. 6A-D Marginal resection followed by PDT 3 hours after an
intravenous injection of 10 mg/kg ATX-S10 Na(Il) 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 afier

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 insufficient for clinical
treatment of musculoskeletal sarcomas because of the lim-
ited penctration of laser light. The maximal depth of
necrosis induced by ATX-S10-Na(Il) 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 nerves 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(Il) 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. Kusuzaki et 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 mmoricidal 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 tumor recur-
rence after ATX-510-Na(Il) PDT.

We observed the in vitro and in vivo antitumor effects
of ATX-S$10-Na(Il) PDT on synovial sarcoma. Although

&) Springer
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treatment. The skin (A) in the treatment area lost its normal pink
color on Day | after reatment. (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(ll) 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-
vation of critical muscles, nerves, and vessels adjacent to
tumors treated with ATX-S10-Na(ll) PDT would result in a
better postoperative functional outcome and improved
quality of life.
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We demonstrate & simple, unique method for preparing microcapsules with holes i their shells. C ross-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 emulsion droplet by the water-soluble
polymeric surfactant needed to 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 prepared microcapsule with controllable macroholes
in its shell has the potential 1o be used for controlled release applications and can be used to fabricaic 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 panticular
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, such as microenvironments for
catalyst reactions,' drug carriers,™ protective microcontainers
for proteins® and cells 7 bioreactors,* " self-healing 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 inferesting 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-responsive 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 formed 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.'* They also demonstrated that
the single hole in the shell was closed by thermal annealing or
solvent treatment. Before the hole in the shell was closed. different
types of materials were easily and quickly loaded in the microscale
fish bow 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 waier-soluble compound through
the single hole, and then the hole 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, 1.; Zhao, X.: Guo, H.; Zheng, Q. Langmuir 2004, 20, 10843~

10850.
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46, 124-130;
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U,; Im, §. H,; Camargo, P. H. C.; Kim, ) H.; Xia, Y. Lungmuir 2007. 23, 10968
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 microshere
significantly affects the function of the modified microcapsule.
That is 1o say, controlling the shell geometry, such as the porosity
and pore diameter, of the presynthesized 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 carier 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 2 W/Q/W (water/
oil/water) emulsion to create the nanomacroholes. Han et al.
synthesized poly(e-methoxyaniline) hollow microspheres where
each one had a single hole in its surface.*® The hole in the shell
of the hollow microsphere was formed by the diffusion flux of
monomers, and its size could be controlled by adjusting the
conceniration 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.?' 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 22 They
prepared the polystyrene hollow microsphere 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 place only at the oilfwater interface. An inleresting
microcapsule with well-defined macroholes was presented by
Dinsmore et al.™* They used a colloidosome as a template for
fabricating a microcapsule with a selectively permeable shell.
They first fabricated a colloidosome 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 temperature somewhat higher
than the glass-transition temperature of the polymer. Another
interesting method for fabricating a hollow polymer particle with
a hole in its shell was demonstrated by Minami et al>* They
prepared hollow polymer particles where each one had a single

(17) (a) Wang, G.-J.; Chu, L.-Y.; Chen, W.-M.; Zhou, M-Y. ). Membr. Sci
2008, 252, 279-284. (b) Wang. G.-J.; Chu, L-Y.; Zhou, M.-Y.; Chen. W.-M. J.
Membr. Sci. 2006, 254, 301-312.

(18) Lavergne, F.-M.: Cot. D.; Ganachaud, F. Langmuir 2007, 23, 6744~
mt?b} Fuji
6, 2925-2028.

(20) Han, J.; Song, G.; Guo, R. Chem. Mater. 2007, 19, 973-975.

{21) Ma. G.H.; Su. Z. G.; Omi. 5.; Sundberg. D.: Stubbs, 1. J. Colloid Interface
Sei. 2003, 266, 282-294,

(22) Chen, Y.; Qian, Z.: Zhang. Z. Chem. Lerr. 2007, 36, 944-945.

(23) Dinsmore, A. D,; Hsu, M. F.; Nikolaides, M. G.; Marquez, M.; Bausch,

A. R Weitz, D. A. Science 2002, 298, 1006-1009.
{24) Minami. H.: Kobayashi. H.: Okubo, M. Langmuir 2005, 21, 5655-5658.

Y. Nano Len. 2006,

M.: Shicl K.; Sakak I.; Nakak
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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)
polydisperse and (b) uniform in size, 50 in pan a only some of the
microcapsules 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 1o 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 dodecyl sulfate (SDS). Their
strategy for preparing hollow polymer particles, each with a hole
in its shell, was unique and elegant. They used the self-assembly
of polydivinylbenzene microgels at the interface of core droplets
in the presence of SDS. The self-assembly of polydivinylbenzene
microgels was affected by the adsorption of SDS at the interface.
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 structure 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 1o
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
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Table 1. Preparation Conditions for Cross-Linked Polymelamine
Microcapsules with Polydisperse Emulsion Droplets in Which
Oil-Soluble Surfactant Was Dissolved

total
amount (g} content amount (g)
conunuous phase 1 100.0 distilled water 97.5
(+ NaOH)
poly(E-MA) 235
disperse phase 150 Isopar G + oil- 15.0
soluble surfactant™®
melamine—formalin =~ 50.0 melamine 5.0
prepolymer solution
37% formaline 125
solunon
distilled water 3235
(+ 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: Solsperse 17000
or SPANSS
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microcapsules with macroholes could be prepared when 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)

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

Emulsion Droplers with Different Average Diameters and Constant
Solsperse 17000 Concentration, with Conditions the Same as in

Figure 8
total
amount (g) content amount (g)
continuous phase | 94.5 distilled water 920
(+ NaOH)
poly(E-MA) 25
concentrated emulsion® 155  lsopar G 9.75
Solsperse 1 7000 0.011
continuous phase 11 5.74
melamine —formalin 500  melamine 50
prepolymer solution
37% formaline 125
solution
distilled water 325
(+ NaOH)

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

Figure 9
total M
amount (g) content (a) (b
continuous phase | 045  distilled water 920 920
(+ NaOH)
poly(E-MA) 25 25
concentrated emulsion” 155  lsopar G 975 9.73
Solsperse! 7000 0.015 0.029
continuous phase 1 5.74 574
melamine —formalin 500  melamine 50 50
prepolymer solution
37% formaline 125 125
solution
distilled water 325 325
(+ NaOH)
* Average di of emulsion droplews were 5.5, 16.0, and 23.0 um.
Continuous phase 11: 1,0 wi % SDS solution. " Average di of emulsi

droplets was 8.0 gm. Continuous phase 11: 1.0 wt % SDS solution. * Pancls
() and (b) correspond to those in Figure 9,

prepared by the phase-separation 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 o
form the microcapsule shell. We therefore expected that
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i 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-alt-maleic
anhydride) (poly(E-MA), weight-average molecular weight M, =
100 000-500 000 g/mol) was purchased from Aldrich. It was
dissolved in distilled water a1 363 K under vigorous agitation. It
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 @ hydrophilic surfactant. Solsperse17000 and Sorbitan
trioleate (SPANSS), which are oil-soluble surfactants, were used as
additional surfactants. Solseperse17000 was Kindly supplied by
Lubizol Japan Lid. Its weight-average molecular weight M, was
measured 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. SPANBS was
purchased from Aldrich, Tts molecular weight was 957.5 g/mol.
These oil-soluble surfactants were not distributed in an aqueous
phase. The aim of using oil-soluble surfactants as additonal
surfactants was to prevent them from interacting 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
1sopar G is 7.49 x 10° g/m’. Oil 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 1o elute the core material from the microcapsules. It was an
analytical-grade reagent. Reactive 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 microcapsules were prepared using the
following procedure. An adequate amount of poly(E-MA) was
dissolved in ultrapure water. (The resulting aqueous solution is called
continuous phase I hereafter.) The pH of continuous phase I was
about 2 and was adjusted to 4.0 by using a 3 x 107 mol/m* NaOH
aqueous 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 disperse phase at 25 s~ for 600 s o
prepare the emulsion without size control and (2) SPG membrane
emulsification, as described in the next section, (o prepare a size-
controlled 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—{ormalin prepolymer
solution, which was prepared separately. The prepolymer solution

(25) (2) Yoshizawa, H.; Kamio, E.; Hirabayashi. N.; Jacobson, J.; Kitamura.
Y. J. Microencapsulation 2004, 21, 241-249. (b} Yoshizawa, H.. Kamio. E.;
Kobayashi, E_; Jacobson, J.; Ki Y. J. Microenc lation 2007, 24, 349
357.
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Table 3. Preparation Conditions for Cross-Linked Polymelamine Microcapsules with Size-Controlled Emulsion Droplets Containing
SPANSS Prepared by SPG Membrane Emulsification

Emulsion Droplets with Constant Average Diameter and Differcnt SPANSS Con ions with Condi the Same as in Figure 10
amount (g)
total amount (g) content (a) (b) (c) (d)
continuous phase | 94.5 distilied water (+ NaOH) 92,0 92.0 92,0 920
poly(E-MA) 2.5 2.5 25 25
concentrated emulsion® 15.5 Isopar G 9.72 9.7 9.70 9.67
SPANES 0.042 0.049 0.059 0.088
continuous phase 11 5.74 5.74 5.74 5.74
melamine —formalin 50.0 melamine 50 5.0 50 50
prepolymer solution
37% formaline sojution 125 12.5 12.5 12.5
distilled water (+ NaOH) 325 325 325 325

Different Poly(E-MA) Concentrations, with Conditions the Same as in Figure 11

amount (g)*
total amount (g) content (a) (b) (c)
continuous phase | 94.5 distilled water (+ NaOH) 92,0 91.5 89.5
poly(E-MA) 25 30 50
concentrated emulsion® 15.5 Isopar G 9.71 9.71 9.71
SPANSS 0.049 0.049 0.049
continuous phase 11 574 574 5.74
melamine —formalin 50.0 melamine 50 50 5.0
prepolymer solution
37% formaline solution 12.5 12.5 125
distilled water (+ NaOH) 325 325 325

“ Average diameter of emulsion droplets was 32.3 um. Continuous phase 11: distilled water containing SDS (0.1 wt %) and PVP (3.0 wt %). " Panels (a)—(¢)
correspond to those in Figure 11, Average diameter of emulsion droplets was 18.3 um. Continuous phase 11: distilled water containing SDS (0.1 wt %) and
PVP (3.0 wt %). ¥ Panels (a)—(d) comespond to those in Figure 10.

was prepared as follows: 5.0 g of melamine, 12.5 g of formalin droplets containing SPANSS5.%** Continuous phase Il was circulated
solution, and 32.5 g of distilled water with its pH adjusted to 9 by inside the tubular SPG membrane using a pump. The disperse phase

using a 1 x* 10° mol/m* NaOH aqueous solution were mixed and was then inserted into continuous phase I from outside the SPG
stirred at 333 K for 900 s, The temperature was kept constant at 333 membrane by compressed Na gas at a pressure that was kept constant
K during microencapsulation, which was carried out for 10.8 ks during the emulsification process. The resulting emulsion was
with agitation at 6.67 s~". After 10,8 ks, the prepared microcapsules continuously circulated inside the bular SPG membrane while the
were collected and washed with distilled water. The morphology of disperse phase was being inserted, When the required amount of
the microcapsules was observed using a ficld-emission scanning disperse phase had been emulsified, the N» gas was diverted to stop

electron microscope (FE-SEM $-4700, Hitachi). The process and the disperse phase from being inserted, and the emulsion was removed
conditions for preparing the cross-linked polymelamine microcap- froni the emulsification module. We subsequently decreased the
sules using emulsion droplets whose sizes were not controlled are SDS and PVP concentrations in the continuous phase with the
shown in Figure 1a and Table 1, respectively. The process for the following procedure to prevent any interactions between poly(E-
emulsion droplets whose size was controlled by SPG membrane MA) or melamine—formaldehyde prepolymer and SDS or PVP

emulsification is shown in Figure 1b. The conditions corresponding during mi lation. We fi red i i

i g ¢ microencapsulation. We first poured the emulsion obtained
to Figure Ib for Solsperse17000 and SPANSS are summarized in by SPG membrane emulsification into a separation funnel and
Tables 2 and 3, respectively. creamed it. The emulsion was settled until the oil droplets floated

SPG Membrane Emulsification. SPG membranes are highly kvl and . .
: : pw. concentrated in the upper layer. The lower phase, in
mu ;:::S: 123:5:3: o?f::iefmlsm?: vo]ca;zi:;l:l ;:i:aﬂ which no oil dropictslwer: present. was discarded. The upper iayv::r
SPG membrane with the required pore size can be selected to prepare (ounf:entmled emu!sm?\) was then collected and dwperwd_ in
monodisperse emulsion droplets with the required diameler.® We.  COTiinuous phate 1. Thie tressmen reduced the SDS concentration
used tubular SPG membranes with pores of different sizes. They in the |:mxr.ure of °.°"""m phase L, °1’“““"’°‘" ".hm HI snd the
were purchased from SPG Technology Co. Ltd. An SPG-membrane- melamipe= fostasiin-pecpolymer: sfingion (ihe. TENNS 13 Sl
amultification module (SPG misi-kit, SPG Technology Co, Lid)  S0ntinvous phase I hercafier) io aboul 1/25 of that In chdinmoes
was used 1o prepare a monodisperse O/W emulsion. The continuous phase 1. A detailed description of the SPG membrane emulsification
phase of the emulsification process (called continuous phase T1 prooess{nllnwed by microencapsulation is given in the Supporting
hereinafier) was first introduced inside the wbular SPG membranc, ~ Information (Figure S1). = _
For continuous phase II, we used a | wit % SDS solution for the Interfacial Tension Measurement. The interfacial tension
preparation of the emulsion droplets containing Solsperse 17000 and berween the oil phase (disperse phase) having different concentrations
an aqueous mixture of 0.1 wi % SDS and 3.0 wt % PVP for the of the oil-soluble surfactant and water and between Isopar G and
continuous phase 1 of different poly(E-MA) concentrations was
measured with a Wilhelmy plate interfacial tension meter (K100,

(26) (a) Nakashima, T.; Shimizu, M. Kagaku Kogaku Ronbunshu 1989, [5,

645-651. (b) Yoshizawa, H.; Ohta, H.; Maruta, M. Uemura. Y ; Tfichi. K. Hatate. Kriiss). The interfacial tension was measured until it plateaued (i.e.,
Y. J. Chem. Eng. ;pr!. 1996, 29, 1027-1029. (c) Su«pﬂk};ﬂh;(;. ﬁ;-]: Ma, G. H.. the adsorption of the surfactant on the interface reached equilibrium).
Nagai, M.; Omi. 5. J. Microencopsulation 2002, 19, 4. L (d) Ma, G. H. i :

s ucromoterutis 2004, 37, 29343964, () Kamio,E: Ko, © R emsord o CM'""':d.:]";r’: 2213'!% p—

A Yonemura. S.: Ono. T.: Yoshizawa. H. Collvid Polym. Sci, 2008, 286, 787~ he ateri s rocapsules. The release
793. property of an encapsulated material from the microcapsules was
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Table 4. Summary of Microcapsule Formation®

oil-soluble surfactant (wt %)

0.01 0.1 0.5 0.8 | 3
Solsperse 17000 o A * x x X
SPANSS (o] Q C A A x

Microcapsule was prepared (C) or not prepared (%) in holes (&)

“igure 2. Cross-linked polymelamine microcapsules prepared with the
disperse phase in which an oil-sojuble surfactant was dissolved. The
oil-soluble surfactants used were (4 and b) Solsperse17000 and (c and
d) SPANSS. Concentrations of Solspersel 7000 were (a) 0.01 and (b)
0.12 w1 %, Concentrations of SPANSS were (c) 0.1 and (d) 0.8 wt %

0.05 ——
[ —8— sosperser7000
004 F £ Spsuwn
: — - poly(E-MA)
Eo0mf
=
B n-m
b \
oo F
= W
0.00 . ! Qs
s -10 5 0 5
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Figure 3. Relationship between interfucial tension and concentration of
surfactant used in this study. Solid and broken lines are the results
caleulated vsing eq 10

investigated as follows. Prepared microcapsules with Isopar G
containing oil blue N as their core were collected by filiration.
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 experiment, which
was carried out for 1.8 ks with agitation at 5.0 s™'. At the desired
intervals, | % 10 m® of the suspension was collected in a synnge,
and 0.5 » 107*m® 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 2
spectrophotometer (U-2000A, Hitachi), and the concentration of oil
blue N was determined.

Results and Discussion

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 surfactam dissolved in the

4
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disperse phase was low. However, no microcapsules were
obtained when 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 (ie., 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 gquantitatively, 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
compelitive adsorption of poly(E-MA) and oil-soluble 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 (1.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

C S.rrg.i)t. = €S.n\rg.c-| .

= 2= -+ f
100 Vos? = Tjpp "enP T TsedA M

S.eq
where Cs o 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 ; 1s the equilibrium adsorption
amount of oil-soluble surfactant on the droplet surface in units
of mol/im?, p is the density of the solvent of the oil phase, M is
the molecular weight of the oil-soluble surfactant: Vir, 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.,
Vi =473 and A = 417°). After substituting these relationships
into eq 1 and simplifying, we obtain the following relationship
among Csoepeqy [s.eq, and r.

ml
('.S.u:-_-.m: Sorgl M_ﬂ (2)
: : pr
Let us next consider the competitive adsorption of poly(E-
MA) and oil-soluble surfactant on the surface of an emulsion
dropler. 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 considerations.
In the kinetic derivation, adsorption is modeled as a dynamic
equilibrium between adsorption to and desorption from the
interface lattice. The adsorption rate of surfactant is taken to be
proportional to the concentration of the surfaciant 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



13292  Langmuir, Vol, 24, No, 23, 2008

(3)
(4)

kzmcmme‘ = kena Bpna
kSCS.orga\ - ks'(}s

where k and &” are the adsorption and desorption rate constants,
respectively; subscript EMA indicates poly(E-MA), and subscnipt
S indicates oil-soluble surfactant; Cemasq i5 the concentration
of poly(E-MA) in the continuous phase: fgya and fis are the
fractions of the surface of an emulsion droplet covered by poly(E-
MA) and by oil-soluble surfactant, respectively: and @, is the
fraction of the vacant interface. Among fgya. s, and 6,, the
following relationship holds:

Opun + O0s+0,=1 (5)

The adsorption amounts of each surfactant on the interface are
expressed by Opya and s as follows

Fima= Dema Oena (6)

Tg=Tg 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.

(7)

i =3 rEMa-KEM.'\CEMA.sq.aq (8)
EMAL™ 14 KeviaCemangeq T KsCsongeq
I K,
Gou™ — )

1+ KEMACEMA,IQM =+ Kscs,..-;.eq

where Kima (= kemafkema”) is the adsorption equilibrium
constant of poly(E-MA) and Ks (= ke/ks”) is that of oil-soluble
surfactant. In these equations, Cema.aqeq ¢an be regarded as the
initial concentration of poly(E-MA), Cemasqo. because a suf-
ficiently large amount of poly(E-MA) was dissolved in the
continuous phase under the experimental conditions used in this
study. By substituting eq 2 into eq 9 and solving for I's e, we
obtain an expression for I's ., as a function of the radius of the
emulsion droplet and the concentrations of oil-soluble surfactant
and poly(E-MA). Subsequently, [gmaeq can be calculated by
substituting the calculated I's o 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's ., and ['emaeq into egs 6 and 7, respectively. In
these calculations, [gma™ I's™, Kema, and Ks are unknown
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 were 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 lema™, I's™, Kema, and Ks, we analyzed
the data in Figure 3 with the following Langmuir—Szyszkowski
equation”’

¥ =y~ RIT In(1+KC,p) (10)

where y is the interfacial tension and y is that at Cieq = 0
R is the gas constant and T is temperature; subscript i 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’ and K| were determined by trial and error

(27) Prosser. A. 1.; Franses, E. . Colloids Surf, A 2001, /78, 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
[~ (mol/m?) K (w1 %)
poly(E-MA) 20 x 10°* 23 x 10°
Solsperse] 7000 30 % 107 1.7 x 10°
SPANSS 3.7 x 107 1.0 x 107

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, ¢,
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 0, is shown in Figure
4, The value of Cimasqeq 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 2bd (i.e..
Cemangeq = Cimasgo = 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 Solsperse17000 system and 12.5 um
for the SPANSS system). The calculated results for the Sol-
sperse 1 7000 system are indicated in Figure 4a by bold lines, and
those for SPANSS are indicated in Figure 4b by bold blue lines.
As we can see from these lines, the values of feyy for both
oil-soluble surfactant systems at the threshold concentration of
both oil-soluble surfactants are almost the same; Ggya is about
0,85 for both oil-soluble surfactants (indicated by the broken
arrows in Figure 4a.b). These experimental and calculated resulis
suggest the following hypothesis 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

——
. o — (b) @, of EM Z5sm
. d, of EM: 25pm
~ 08
< o4 o, of EM: 32um
P I d, of EM: 32um
s Cranms™ 1.67wi%
0.0+ - . .
00 02 ©04 08 08 10

Concentration of SPANB5 (wi%)

Figure 4. Relationship between 6, and oil-soluble surfactant concentra-
tion. The oil-soluble surfactants were (a) Solsperse 1 7000 and (b) SPANBS.
In the legend, EM denotes emulsion, and dp denotes the diameter of the
emulsion droplet used as the microcapsule core.
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Figure 5. Relationships between (a) @, and the diameter of emulsion
droplets used as the microcapsule cores and (b) &, and the concentration
of poly(E-MA) in continuous phase [11.

Figure 6. SEM image of microcapsule shells prepared under conditions
of Cstaugn = 1.67 wt % and Cs 0 = 0.5 wt %, where the oil-soluble
surfactant used was Solsperse 17000, and the emulsion droplet size was
not controlled. In the upper right comer is an SEM 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 droplet surface occurs simultaneously. The microcapsule
shell precursors grow parallel 1o the droplet surface, and disklike
shells, similar to the ones in the upper right corner of Figure 6.
are then formed on the droplet surface. The disklike shells no
longer move on the droplet surface because they are oo large.
When Bgma 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 (4) 2.6 and (b) 4.8 um.

shells formed on the droplet surface is sufficiently large (i.c..
fipna < 0.9), microcapsules with smooth, dense shells are formed.
If the number of disklike shells is somewhat small (i.e.. 0.8 <
fera > 0.9), then microcapsules with holes in their shells are
formed. However, when g4 1s smaller than 0.8, adjacent disklike
shells do not satisfactorily connect with one another. As aresult,
the microcapsules cannot retain their spherical form, as shown
in Figure 6. If fgya is much smaller, then no disklike shells are
formed, which means that no microcapsules can be formed. To
confirm the above hypothesis, we further investigated the effect
of Bgaa 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 (.85 then only
microcapsules with macroholes in their shells would be prepared.
As we can see from Figure Sa, fgua decreases as the droplet
diameter increases. That is, we must use monodisperse emulsion
droplets as the microcapsule core o 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
cocfficient 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 flgya 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 .,
= |.67 Wt % and Cywep = 0.11 wt %. the oluble surfact used
wias Solsperse 1 7000, and the average droplet diameters were (a) 5.5
16.0, and (c) 23.0 ym. Overviews are shown in the insets, where the
scale bars correspond to 50 gm

h)

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 holes 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 quantity of
macroholes in each microcapsule shell. Thus, if we could control
the diameter of emulsion droplets (i.e., fgva) 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 gm. This result indicates
that @gwa for 16-um-diameter droplets is the critical Hgya. As
we can see from Figure 5, the critical g was nearly 0.90
Microcapsules prepared using droplets with an average diameter

Figure 9. SEM images of microcapsules prepared with size-cont
] lets having different concentrations of Solspersel
Preparation conditions: Ce a0 Was 1.67 Wt %, Csorpowas (a) 0.15
(b) .30 wt %, and the average droplet diameter was 8.0 gm, Overviews
are shown in the insets, where the scale bars correspond 10 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, Bgya is about 0.86. Therefore, only
microcapsules with macroholes 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 gm in which 0.15 or 0.30 wt % of Solsperse]7000 had
been dissolved. The experimental conditions and microencap-
sulation protocol are listed in Table 2 and shown in Figure 1b,
respectively. The calculated Ogys for each concentration of
Solsperse1 7000 is indicated in Figure 4a by solid arrows, They
indicate that Ggma is 0.92 for Csapn = 0.15 wt % and 0.84 for
Csee0 = 0.3 wt %. That is, the theoretical calculations suggesl
that microcapsules with complete shells will be prepared at Cs o «
=1).15 wt % and microcapsules with macroholes will be prepared
at (“n
concentrations are shown in Figure 9. As expected from the
calculated results, each of the microcapsules prepared at Cs orp0
= 0.15 wt % had a complete shell and each of those prepared
at Cs org0 = 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 SPANBS system
shown in Figure 4b indicates that fgma is weakly dependent on
the concentration of SPANSS; that is, fpua could be easily and
precisely controlled by controlling the SPANBS concentration.
From the above-mentioned investigation of Solsperse 17000, we
expected that macroholes would appear when Ogya 4s in the
9. As shown by the thin red lines and the
i85 concen-

T

= 0.3 wt %. Prepared microcapsules for both of these

range from 0.8 10 0
solid arrows in Figure 4b, the corresponding SPA
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




