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that DOX was efficiently encapsulated into liposomes and the loading
efficacy was more than 98% reproducibly. Particle size and zeta-
potential of the DOX-encapsulated liposomes were determined by
dynamic light scattering spectrophotometer (Zetasizer Nano, Malvern
Instruments Ltd., Worcestershire, UK), and were 103.3+8.0 nm and
-3.85+0.36 mV, respectively.

2.7. Animals and preparation of tumor-bearing mice model

Maie BALB/c mice (6-7 weeks) for the inoculation of C26/control
and C26/DOX were purchased from Charles River Laboratories Inc.

(Wilmington, MA) and maintained at 25 °C and 55% of humidity with.

free access to standard chow and water. To prepare tumor-bearing
mice, 10° cells were subcutaneously inoculated into the back of mice.
Our investigations were performed after approval by our local éthical
committee at Okayama University and in accordance with Principles
of Laboratory Animal Care (NIH publication #85-23),

2.8. in vivo anti-tumor activity

When the tumor volume reached about 100 mm?® in volume, PEG
liposomal DOX was intravenously administered through the tail vein
with a dose of either 2 or 4 mg/kg as DOX (n=>5). Saline solution was
injected into control group (n=>5). The tumor volume was measured
every other day with a caliper in two dimensions, and tumor volume
was calculated using the following equation (Eq. (3)) {7}

Volume(mm3) = longer diameter x (shorter one)? x 0.52 3)

A slope of tumor volume-time curve, representing the growth rate,
of each tumor in the treatment group (T) was obtained (days 15-27 or
8-23 for C26/control or C26/DOX tumor, respectively) and divided by
that in the saline-treated {control) group (C) to give an index (T/C) for
the in vivo therapeutic effect of each tumor-bearing mice model.

2.9. Detection of apoptotic cells within tumor tissues

PEG liposornal DOX (4 mg/kg as DOX) orsaline were intravenously
administered into tumor-bearing mice, when the tumor size reached
about 400-500 mm?>. At 48 h after injection, tumor tissues were
excised from mice and snap-frozen in acetone. Acetone-fixed 10 pm
thick sections of tumor tissues were prepared with the use of cryostat
(CM1850, Leica Microsystems, Wetzlar, Germany). For visualizing
apoptotic cells within the tumor tissues, TUNEL staining was
performed by using Tumor TACS Kit (Trevigen Inc., Gaithersburg,
MD). In brief, the tumor sections were reacted with TdTenzyme for 1 h
at 37 °C. Then, sections were incubated with HRP-conjugated
streptavidin solution for 10 min. Peroxidase visualization was
performed by DAB staining and the sections were observed under
the microscope (Biozero BZ-8000, KEYENCE, Osaka).

2.10. Dual staining of vascular endothelial cells and apoptotic cells within
tumor tissues

For the detection of vascular endothelial cells and apoptotic cells
within the same tumor section, dual staining was performed. PEG
liposomal DOX (4 mglkg as DOX) or saline were intravenously
administered into tumor-bearing mice, when the tumor size reached
about 400-500 mm?. At 48 h after injection, tumor tissues were excised
from mice and processed as described in Section 2.9. For visualizing
vascular endothelial cells within the tumor tissues, immunohistochem-
ical staining for CD31 was performed. In brief, the tumor sections were
incubated with rat anti-mouse (D31 antibody (550274, BD Biosciences,
San Jose, CA) used at 1:10(v/v) dilution in PBS containing 5% FBS. This
was followed by incubation ‘with rhodamine isothiocyanate (RITC)-
conjugated rabbit anti-rat IgG antibody (#55764, ORGANON TEKNIKA,

Durham, NC). For visualizing apoptotic cells, TUNEL staining was
performed by using in situ Apoptosis Detection Kit (Takara Bio Inc,
Shiga, Japan) according to the recommended procedures of the Kit. In
brief, the tumor sections were reacted with fluorescein isothiocyanate
(FITC)-conjugated TdT enzyme for 1 h at 37 °C. The sections were
observed under the fluorescence microscope (Biozero BZ-8000), and the
images obtained with different filters were afterwards overlaid.

2.11. Statistical analysis

Results are expressed as the meantS.D. of more than three
experiments, Analysis of variance (ANOVA) was used to test the
statistical significance of differences among groups. Statistical sig-
nificance in the differences of the means was evaluated by using
Student's t-test or Dunnett’s test for the single or multiple compar-
isons of experimental groups, respectively.

3. Results and discussion

To confirm the acquisition of resistance of C26/DOX to DOX, the in
vitro sensitivity of C26/DOX to DOX was evaluated. As a result, ICsg value
of DOX to C26/D0X (40.0+ 6.1 uM (n=5), p<0.001) was found to be about
250 tmes higher than that to C26/control (0.15£0.02 pM (n=5)),
demonstrating that C26/DOX is much more resistant to DOX than C26/
control. MTT assay using PEG liposomal doxorubicin was also performed,
and it was confirmed that the 1Csy value of PEG liposomal doxorubicin
(44120.59 pM (n=5), p<0.01) was about 30 times larger than
doxorubicin solution (0.15+0.02 uM (n=5)) in C26/control cells,
reflecting the slow release rate of doxorubicin from PEG liposome. In
the case of C26/DOX cells, ICsq value of PEG liposomal DOX could not be
estimated since the significant cytotoxic effect was not observed even
with the concentration of 100 M as DOX. In addition, the effect of co-
existence of verapamil (VER), a typical substrate of P-gp, on the in vitro
sensitivity of C26/DOX to DOX was also evaluated. Since VER is known to
be cytotoxic at high concentration {31}, 10 uM VER, which did not show
any cytotoxicity to either C26/DOX or C26/control, was added together
with DOX, resulting in the dramatical decrease in ICso value of DOX to
C26/DOX (0.50+0.12 pM (n=5), p<0.01). This resuit suggests that the
resistance of C26/DOX to DOX would be mainly ascribed to the over-
expression of P-gp in C26/DOX. Then, the P-gp expression in C26/control
and C26/DOX was directly evaluated by Western blotting (Fig. 1).
Densitometric analysis demonstrated that P-gp expression in C26/D0OX
was about 10 times larger than that in C26/control, confirming that the
efflux of DOX by over-expressed P-gp in C26/DOX should be mainly
responsible for the resistance of C26/DOX to DOX.

Since we established the C26/DOX cells with P-gp over-expressed,
the in vivo anti-tumor activity of DOX solution was first evaluated in
vivo. As a result, no significant anti-tumor effect was observed even in
C26/control-bearing mice with a dose of 4 mg/kg (tumor volumes on
the day 19 was 110.4174% of saline-treated group (n=>5)). The reason
for this result would be that DOX injected as a solution was so rapidly
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Fig. 1. Expression of P-gp in C26/control and C26/DOX. The same amount of proteins
(20 pg) was loaded on each lane. Results are expressed as the meantS.D. (n=3).
**+*p<0.001 compared with C26/control,
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eliminated from plasma by being excreted into bile and urine and the
amount of DOX distributed to tumor. tissues was quite low {32,33).
Then, the EPR effect-based anti-tumoractivities of PEG liposomal DOX
were evaluated in both C26/control- and C26/DOX-bearing mice (Fig. 2
and Table 1). It was clearly demonstrated that the PEG liposomal DOX
significantly inhibited the tumor growth in both tumor-bearing mice
in a dose-dependent manner (Fig. 2). However, since the absolute
tumor growth rate in the saline-treated (control) group was
considerably different between C26/DOX- and (26/control-bearing
mice, the index for the in vivo therapeutic effect (T/C), which is
independent of the absolute tumor growth rate, was calculated to
compare the in vivo efficacy of PEG liposomal DOX between these two
types of tumor-bearing mice (Table 1). The T/C values, similar for both
€26/contol- and C26/DOX-bearing mice in each injected dose, clearly
confirmed that PEG liposomal DOX significantly suppressed the
growth of not only C26/contro! but also C26/DOX. The reduced

(A)

Tumor volume (x103mm?3)

20 25 30
Days following injection

(B)

2 | l

15 } ‘ ‘*

A v
$ 384
o5 } & % ¢ QTS_ =¥
. -
0 5 10 15 20 25

Days following injection

Fig. 2, Effect of PEG liposomal DOX on tumor volume in C26/control- and C26/DOX-
bearing mice. (A), C26/control-bearing mice: (B), C26/DOX-bearing mice. Keys: ¢,
saline; A, PEG liposomal DOX (2 mgfkg as DOX); O, PEG liposomal DOX (4 mgfkg as
DOX). Results are expressed as the mean+S.D. (n=5), ** p<0.01; * p<0.05, compared
with saline-treated group, ™ p<0.01; ! p<0.05, compared with PEG liposomal DOX
(2 mglkg as DOX).

Table 1
‘Tumor growth rates in C26/control- or C26/DOX-bearing mice treated with PEG
liposomal DOX

czslnox

Results are expressed as the mean+$.D, (n=5). **p<0.01; * p<0.05, compared with
saline-treated group (contro}). The T/C index was obtained by dividing the growth rate
in the treatment group (T) by that in the saline-treated group (C).

tumor growth rate in the tumor established by the in vitro long-term
exposure to anti-cancer drugs was also observed- by other groups
[34,35] and it was speculated that the long-term exposure of tumor
cells to anti-cancer drugs would affect the expression of subset of
genes influencing the proliferation of tumor cells [36].

We also evaluated the survival time of tumor-bearing mice after
the treatment of PEG liposomal DOX (Fig. 3). The significant extension
of the mean survival time (MST) after the treatment was observed
in both C26/contol- and C26/DOX-bearing mice in a dose-dependent
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Fig. 3. Effect of PEG liposomal DOX on survival of €26/control- and C26/DOX-bearing
mice, {A), C26/control-bearing mice; (B), C26/DOX-bearing mice. Keys: - saline; —, PEG
liposomial DOX (2 mgjkg as DOX); —, PEG liposomal DOX (4 mgfkg as DOX). Five mice
were used in each experimental group. ’
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manner {Table 2). T/C values expressed as MST ratio of treatment to
control group were almost the same in both tumor-bearing mice in
each injected dose, indicating that PEG liposomal DOX prolonged the
survival time of both tumor-bearing mice to the same extent,

The results described above clearly revealed that there was a big
difference in the efficacy of DOX to C26/DOX between the in vitro and
in vivo studies. As possible reasons for this discrepancy between the in
vitro and in vivo results, following two issues have to be taken into
considerations: (i) the accumulation of PEG liposome in C26/DOX
tumor might be remarkably higher than C26/control, and (ii) the
expression level of P-gp in C26/DOX might go back to the normal level
in the in vivo condition after inoculation. With regard to the former
possibility, the accumulation of PEG liposome into the tumor at 48 h
after intravenous administration into C26/control or C26/DOX tumor-
bearing mice with the dose corresponding to 4 mg/kg DOX was
evaluated and the amount was found to be similar in both tumor-
bearing mice (11.6£3.2 or 11.0£2.7% of dose/g tumor in C26/control-
or C26/DOX tumnor-bearing mice, respectively). As for the latter
possibility, Western blot analysis of tumor-homogenized samples
revealed that P-gp expression within the tumor excised from C26/
DOX-bearing mice was approximately 10 times larger than that from
C26/control-bearing mice, demonstrating that the over-expression of
P-gp would be maintained in the in vivo condition as well. These two
additional studies clearly indicated that the amount of PEG liposomes
taken up into C26/DOX was not increased and that the expression
level of P-gp in C26/DOX was quite high in vivo. Although Goren et al.
proposed the enhanced uptake of liposomes by receptor-mediated-
endocytosis for overcoming P-gp-based multidrug resistance [14], this
is not the case for our preparation. Furthermore, Colin de Verdiére et
al. suggested that the uptake of anti-tumor drug released from
nanoparticles might be increased via passive diffusion due to the
enhanced membrane permeability and/or the saturation of the efflux
by P-gp [15]. However, since their proposal is based on the cell
membrane damage due to the direct interaction with nanoparticles
and]or their degraded components and the very rapid release of drugs
from the particulates, their proposed mechanism is not our case,
either. Some other reasons would, therefore, be responsible for the in
vivo anti-tumor effects of PEG liposomal DOX observed in C26/DOX-
bearing mice. .

Then, the apoptosis induced within both tumors was evaluated at
48 h after intravenous administration of PEG liposomal DOX (Fig. 4),
since it has been considered that the chemotherapeutic drugs cause
the apoptosis of the tumor cells and it was reported that this is the
case for DOX as well [35]. In the tumor excised from C26/control-
bearing mice, a lot of apoptotic cells were observed throughout the
tumor. On the other hand, the number of apoptotic cells within the
tumor excised from C26/DOX-bearing mice was markedly smaller.
These observations suggest that the resistance of C26/DOX to DOX is
still maintained in the in vivo situation and that the in vivo anti-tumor
effect of PEG liposomal DOX in C26/DOX-bearing mice might not be
ascribed to the direct effect of DOX on tumor cells.

Solid tumors are mainly composed of tumor cells and vascular
endotheljal cells [37). Endothelial cells in general are active partici-

Table 2
Mean survival time (MST) of C26/control- or C26/DOX-bearing mice treated with PEG
liposomal DOX

Dase " . - Capfeonmrol . T 77 C26[DOX v _
s CUNST{day) | TC(®). | MST(ay). - TIC{%)
13032150 - 2874589 <

X o 4041107 133 394351 % 133

4mglkgasDOX  503¥B7¥ . 166 - A794139% 167

Results are expressed as the mean£S.D, (n=5). ¥*p<0.01; *p<0.05, compared with
saline-treated group (control). The T/C index was obtained by dividing the MST of the
treatment group (T) by that of the saline-treated group (C).

)
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Fig. 4. immunohistochemical staining for apoptotic cells in tumor tissues excised from
C26/control- and C26/DOX-bearing mice treated with PEG liposomal DOX, (A), C26/
control; (B), C26/DOX. Tumors were excised at 48 h after the treatrnent with PEG
liposomal DOX (4 mg/kg as DOX). The cells stained with red color represent apoptotic
cells. Scale bar; 200 pm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

pants in varieties of diseases including cancer [38] and the prolifera-
tion of tumor cells are dependent on oxygen and nutrients supplied
through the tumor vasculature [38]. The formation of new capillary
blood vessels from existent microvessels, angiogenesis, is well known
to play an important role in the growth of many types of tumors
including C26 [40,41). Therefore, we examined the possibility that the
cytotoxic effects of DOX on vascular endothelial cells would be
responsible for the in vivo anti-tumor effects of PEG liposomal DOX
observed in C26/D0OX-bearing mice.

At first, the sensitivity of vascular endothelial cells to DOX was
evaluated by MTT assay utilizing HUVEC as a model of vascular
endothelial cells [42,43). The obtained 1Csq value of DOX to HUVEC
{0.1£0.01 pM, n=5) was approximately 1/400 of ICso to C26/DOX, and
this value was comparable to the 1Csp to C26/control. This result
indicates that the sensitivity of HUVEC to DOX is high and suggests
that vascular endothelial cells within the tumor would be sensitive
enough to DOX. Then, to directly evaluate the cytotoxic effects of DOX
on vascular endothelial cells within the tumor, we performed double
fluorescence immunohistochemical staining of vascular endothelial
cells (red) and apoptotic cells (green) within the tumor at 48 h after
intravenous administration of PEG liposomal DOX (Fig. 5). Similar to
the result shown in Fig. 4, the number of apoptotic cells was much
larger in the tumor excised from C26/control-bearing mice than that
from C26/DOX-bearing mice. On the other hand, the distinctive area
(pointed with arrows) where vascular endothelial cells (red spot) were
co-localized with apoptotic cells (green dot) was more frequently
observed in the tumor excised from (26/D0OX-bearing mice than in
C26/control tumor where such an co-localization was hardly
observed. To give more quantitative evaluation, the number of
apoptotic cells and % of apoptotic cells co-localized with endothelial
cells were calculated from four independent microscopic fields
(Fig. ). It is worth to note that the extent of co-localization of
apoptotic cells with endothelial cells was significantly higher for C26/
DOX tumors (60%) than C26/control ones (20%). This result suggests
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Fig. 5. Double immunohistochemicai staining for apoptotic cells and endothelial cells in
tumor tissues excised from C26/control- and C26{DOX-bearing mice treated with PEG
liposomal DOX. (A), C26/control; (B), C26/DOX. Tumors were excised at 48 h after the
treatment with PEG liposomal DOX (4 mgfkg as DOX). The cells stained with red and
green color represent endothelial and apoptotic cells, respectively. White arrows (1)
point out apoptotic endothelial cells, Scale bar; 100 pm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.}

that the apoptosis is caused preferentially for vascular endothelial
cells in C26/DOX-bearing mice at 48 h after intravenous administra-
tion of PEG liposomal DOX. Since the number of tumor cells is
recognized to be approximately 100-times larger than vascular
endothelial cells in tumor tissues [37], attacking one endothelial cell
is considered to lead to the death of many surrounding tumor cells
[39]. Xt is, therefore, considered that the death of surrounding tumor
cells by killing endothelial cells in C26{/DOX turnors would subse-
quently occur at later time period.

Based on the results obtained in the present study, we propose the
following mechanisms behind the in vivo anti-tumor effects of PEG
liposomal DOX recognized in C26/DOX-bearing mice. First, the PEG
liposome in the blood circulation gradually extravasated into the
interstitial space of the tumor tissue due to EPR effect as reported
previously [20-23]. PEG liposomes used in the present study possess
the aqueous layer formed by the PEGC chain and this aqueous layer
interferes not only the association of serum proteins [44-47} but also
the interaction with the neighboring cells {48). Therefore, the
endocytotic uptake of the PEG liposomes by tumor cells, the direct

interaction between PEG liposomes and cells and the subsequent cell-

membrane damage are considered to hardly take place, and DOX
encapsulated in the liposome must be first released into the
interstitial space of the tumor to be taken up by the tumor cells via
passive diffusion. This speculation was supported by the facts that PEG
liposomal DOX exhibited very large value of ICsp in C26/control cells
and that PEG liposomal DOX did not reveal the significant cytotoxic
effect on C26/DOX cells as described above, because these results
reflect that cytotoxic effect would be dependent on DOX slowly
released out of the PEG liposome, but not DOX in liposome taken up
via endocytosis. In the case of C26/control tumor, DOX passively
taken up by C26/control would have exerted its anti-tumor activity
against the tumor cells directly, leading to the apoptosis of tumor cells

throughout the tumor (Figs. 4 and 5). On the other hand, in the case of
C26/DOX tumor, due to the over-expressed P-gp on the surface of
tumor cells (Fig. 1), DOX passively taken up by C26/DOX would have
been subjected to the efflux out of the cells, which would have led to
the much less apoptotic cell death in the tumor (Figs. 4, 5 and 6). Since
the release of DOX from PEG liposome was very slow, it is sure that P-
gp functioned effectively. Subsequently, the resultant larger amount of
DOX accumulated in the interstitial space of the C26/DOX tumor tissue
would have penetrated into the neighboring vascular endothelial cells.
Based on MTT assay for DOX utilizing HUVEC, the vascular endothelial
cells would be sensitive enough to DOX so that the vascular
endothelial cells in C26/DOX tumor tissues would have been subjected
to the apoptotic cell death as shown in Figs. 5(B) and 6. Subsequently,
the apoptotic cell death of vascular endothelial cells would have led to
the suppression of angiogenesis necessary for the tumor growth,
resulting in the in vivo anti-tumor effect of PEG liposomal DOX in C26/
DOX-bearing mice (Fig. 2 and Table 1). The direct measurement of free
DOX concentrationin the interstitial space of tumors will be beneficial
to support the mechanisms proposed above, and this will be the
subject of our further study.
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Fig. 6. Number of total apoptotic cells (A) and % of co-localized apoptotic cells with
vascular endothelial cells (B) in tumor tissues excised from C26/control- and C26/DOX-
bearing mice treated with PEG liposomal DOX (4 mgfkg as DOX). Apoptotic cells were
counted in four independent microscopic fields. Results are expressed as the mean+S.D.
(n=4). ¥***p<0.001 compared with C26/control.
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In conclusion, the cytotoxic effect of DOX on vascular endothelial
cells in tumor tissues would be involved in the in vivo anti-tumor
effect of PEG liposomal DOX in P-gp over-expressing tumor-bearing
mice. These findings also indicate the potent efficacy of targeting of
anti-angiogenic drugs to vascular endothelial cells for the cancer
chemotherapy to overcome multidrug resistance.
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ABSTRACT: Sodium polyaspartate (PAspNa) derivatives with vinylbenzyl pendant
groups (VBA-PAspNa) were synthesized by reaction of poly(succinimide) (PSI) and
vinylbenzylamine (VBA), and hydrolysis by sodium hydroxide (NaOH) solution. VBA-
PAspNa is a macromonomer with multiple vinyl groups in the side chain. Submicron
sized polymeric particles were prepared by dispersion copolymerization of styrene
with VBA-PAspNa in a mixture of ethanol and water. Particle diameter decreased
with increasing concentration and vinyl group fraction of VBA-PAspNa. When com-
pared with the particle diameter prepared using PAspNa or benzylamine-modified
PAspNa (BA-PAspNa) as a dispersion stabilizer without vinyl groups, the particles
prepared with VBA-PAspNa were an order smaller than those prepared with PAspNa
or BA-PAspNa. The particles after refinement show an adequate negative {-potential.
From this result, we clarified the presence of PAspNa chains anchored onto the parti-
cle surface. ©2008 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 47: 762-770, 2009

Keywords: colloids; dispersion
polyaspartate

INTRODUCTION

Recently, particles with specific functions have
been widely developed. Functional particles have
great potential for a lot of applications such as
paints, pigments, cosmetics, adhesives, catalyst
carriers, technology materials, electrical parts,
and drug delivery carriers. Because the character-
istics of the particles are mainly based on the sur-
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face, particles coated with functional groups have
been remarkably investigated.

Heterogeneous polymerization processes, emul-
sion copolymerization or dispersion copolymeriza-
tion using a macromonomer, are a suitable
method to create functional particles. In these po-
lymerization systems, a macromonomer acts not
only as a comonomer but as a dispersion stabi-
lizer. Thus, the particles obtained have high sta-
bility and functionality due to the presence of
macromonomers immobilized on the particle sur-
face. Macromonomers used for heterogeneous po-
lymerization are based on pbly(2-oxazoline),1’2
poly(ethylene oxide) (PEO),>¢ poly(N-vinylpyrro-
lidone),!” poly(methacrylic acid),’®*® poly(acrylic
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acid),?®  poly(4-vinyl-N-n-butylpyridonium bro-
mide),?* and poly(2-(dimethylamino)ethylmetha-
crylate.?? Especially, almost all studies used the
macromonomer based on PEO because of its high
solubility in various solvents. However, the func-
tionalization of PEO chains is difficult owing to
the chemical stability of ethylene oxide units.

Sodium polyaspartate (PAspNa), a hydrophilic
biodegradable polymer, can easily accept the
introduction of functional groups into the side
chains. PAspNa is derived from poly(succinimide)
(PSD), product from the polycondensation of L-
aspartic acid, by hydrolysis with sodium hydrox-
ide.?® PSI reacts with various amine compounds
without any coupling agent. Therefore, PAspNa
derivatives with various functional pendant
groups are easily designed.?*-2¢

A PAspNa derivative with vinylbenzyl pendant
groups (VBA-PAspNa) is obtained by introduction
of vinylbenzylamine (VBA) into PSI. VBA-PAspNa
was used as a macromonomer in dispersion poly-
merization, resulting in the PAspNa-anchored
particles. Because a PAspNa chain is available for
the introduction of functional groups into the side
chain, this method is promising to prepare poly-
meric particles with functional polymer chains on
the surface.

In general, a macromonomer has one or two
vinyl end groups in the chain. However, VBA-
PAspNa has multiple vinyl groups in the side
chain. We can expect that the molar ratio of vinyl-
benzyl group units in the polymer chain, vinyl
group fraction, will affect the polymerization
mechanism. Since there was no report about dis-
persion copolymerization with a macromonomer
with multiple vinyl groups in the side chain, we
focus on the dispersion copolymerization using
VBA-FAspNa.

In this study, VBA-PAspNa with different vinyl
group fractions were synthesized and used as a
macromonomer in dispersion copolymerization of
styrene in a mixture of etlianol and water. The
effects of concentration, vinyl group fraction, and
molecular weight of VBA-PAspNa on the polysty-
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rene particle diameter were investigated. To clar-
ify the effect of vinylbenzyl pendant groups in
VBA-PAspNa on the particle formation, the diam-
eter of particles obtained by using VBA-PAspNa
was compared with that obtained by using
PAspNa or a benzylamine-modified PAspNa deriv-
ative (BA-PAspNa), a dispersion stabilizer with-
out any vinyl groups. The surface property of
the particles was estimated by (-potential mea-
surement.

EXPERIMENTAL

Material

Vinylbenzyl chloride (a mixture of 3- and 4-iso-
mers) was obtained from Aldrich. Other materials
were obtained from Wako Pure Chemical Indus-
tries. N,N-dimethylformamide (DMF) was puri-
fied by distillation under reduced pressure and
was dehydrated by adding dried molecular sieves.
Styrene was purified by distillation under reduced
pressure. 2,2'-Azobisisobutyronifrile (AIBN) was
purified by recrystallization from ethanol. 4-t-
Butylpyrocatechol was used without further puri-
fication. Water was purified by a Millipore Milli-Q
purification system.

Synthesis of VBA (Scheme 1)

The synthesis of VBA, an introducing reagent to
PSI chains, was carried out using the following
two steps:

Step 1: Synthesis of N-vinylbenzylphtalimide

40.6 g of potassium phthalimide and 30.8 g of
vinylbenzyl chloride were dissolved in dried DMF
100 g, the mixture was poured into a reactor that
was equipped with a reflux condenser. The reactor
was purged with nitrogen gas for 5 min, heated at
temperature of 323 K for 5 h. After the reaction,
the reaction mixture was added into 500 mL of
chloroform, and then was washed with water
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Scheme 2. Synthesis of VBA-PAspNa.

(300 mL x 3), 0.2 N sodium hydroxide (NaOH) so-
lution (120 mL), and water (120 mL). Chloroform
was removed under reduced pressure. The mix-
ture was precipitated into 200 mL of methanol and
filtered. The precipitate was dried in a vacuum to
give N-vinylbenzylphthalimide (48.1 g, 83%).

H NMR (300 MHz, CDCl;, ppm): 4.83 (m, 2H,
CHy), 5.28 (m, 1H,=CH), 5.73 (m, 1H, =CH),
6.68 (m, 1H, =CH), 7.34 (m, 4H, Ar), 7.71-7.84
{(m, 4H, Ar (Pht)).

Step 2: Synthesis of Vinylbenzylamine

26.3 g of N-vinylbenzylphthalimide was dissolved
in 50 mL of ethanol in the reactor with reflux con-
denser. The mixture was stirred at reflux tempera-
ture (353 K) for 1 h. 10 mL of ethanol solution dis-
solving 6.2 g hydrazine monohydrate was slowly
added to the stirred mixture. 180 mL of 15 wt % po-
tassium hydroxide (KOH) solution was also added
to the mixture, and was stirred for 3 h. After cool-
ing the reaction mixture, it was filtered to remove
unreacted material. The filtrate was mixed with
500 mL of diethyl] ether and the organic phase was
washed with 2 wt % KOH solution (50 mL x4). The
organic layer was dried with anhydrous potassium
carbonate. The solvent was removed under
reduced pressure to yield VBA (9.3 g, 61%).

© H NMR (300 MHz, CDClg, ppm): 1.62 (s, 2H,
NHy), 3.85 (m, 2H, CHy), 5.23 (m, 1H, =CH), 5.73
(m, 1H, =CH), 6.71 (g, 1H, =CH), 7.30 (m, 4H, Ar).

Synthesis of VBA-PAspNa (Scheme 2)

The synthesis of VBA-PAspNa was carried out
using the following three steps:

Step 1: Synthesis of PSI

PSI was synthesized by the thermal bulk polycon-
densation of L-aspartic acid using phosphoric acid
as a catalyst according to the method described by
Neri et al.%

Step 2: Synthesis of VBA Modified PSI (VBA-PSI)

A typical procedure for the synthesis of VBA-
modified PSI (VBA-PSI) is as follows: 11.0 g of
PSI was dissolved in 60 g of dry DMF. The mix-
ture was replaced in a flask equipped with a
reflux condenser. The flask was purged with nitro-
gen gas for 5 min and heated at 333 K. 1.52 g of
VBA was added to the mixture and was stirred for
4 h. The reaction mixture was concentrated under
reduced pressure and precipitated into water. The
precipitate was washed with methanol. The re-
sultant polymer was dried in vacuum to obtain
the VBA-PSI (11.8 g, 94%).

Step 3: Synthesis of VBA-PAspNa

A typical procedure for the synthesis of VBA-
modified PAspNa (VBA-PAspNa) is as follows:
11.0 g of VBA-PSI was dispersed in 200 mL of
water, and 1 N NaOH solution was added drop-
wise so as not to exceed pH 10 in the solution.
The solution was then neutralized by 1 N hydro-
chloric acid solution and concentrated under
reduced pressure, The solution was precipitated
into methanol. The precipitate was dried under
vacuum to obtain VBA-PAspNa (12.7 g, 84%).
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Dispersion Copolymerization

Dispersion copolymerization was carried out in a
reactor equipped with a reflux condenser and a
magnetic stirrer that was placed in an oil bath
equipped with a temperature control. A typical
procedure for dispersion copolymerization of sty-
rene with VBA-PAspNa is presented below: 0.107 g
of AIBN and 1.34 g of styrene were dissolved in
27 mL of ethanol and was added into 18 mL of
aqueous solution containing of 0.10 g VBA-
PAspNa. The mixture was polymerized in the
reactor at 343 K for 6 h under nitrogen atmos-
phere. The resultant particles were refined by
three centrifugating washes with water.

Measurements and Characterization

'H NMR spectra were measured using a NMR
spectrometer (JEOL, AL300 SC-NMR). Molecular
weights of PSI were determined by a gel permea-
tion chromatography (GPC, TOSOH HLC-8120
GPC system) using polystyrene standards with
DMF as an eluant. The flow rate and the column
temperature were 0.6 mL/min and 313 K, respec-
tively. The particle diameter and the diameter dis-
tribution were determined by scanning electron
microscopy (SEM, Hitachi S-4700). The number-
average particle diameter was obtained by count-
ing 200 particles in SEM photographs. Coefficient
of variation (CV) of the particle diameter was cal-
culated from the following equation:

CV(%)= Standardderivation (ym)
= Number-average particle diameter (um)
% 100 (1)

Styrene monomer conversion was calculated from
the unreacted styrene monomer concentration,
which is measured by high-performance liquid
chromatography. Small amount of samples with-
drawn at different polymerization intervals were
added to methanol with 4-z-butylpyrocatechol to
terminate polymerization. These solutions were
centrifuged at 30,000 rpm for 15 min to remove
the particles. Unreacted styrene concentration in
the supernatant was measured by high-perform-
ance liquid chromatography (TOSOH SC-8010
system) with a UV-vis detector (UV-8010, A = 254
nm) with the mixture of methanol/water = 7/3
(vol/vol) as an eluant. The column was a TSK-Gel
ODS-80Ts QA (150 x 4.6 mm?, TOSOH). The flow
rate and the column temperature were 0.8 mlL/
min and 313 K, respectively. Particle number was

Journal of Polymer Science: Part A: Polymer Chemistry
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calculated on the basis of the particle diameter
and styrene monomer conversion. {-Potential of
the particles was measured by using an electro-
phoretic light scattering spectrophotometer
(Otuka Electronics ELS-6000).

RESULTS AND DISCUSSION

Synthesis and Characterization of
PAspNa Macromonomers

In this study, the feed molecular fractions of VBA
to succiriimide unit of PSI were 5, 10, 15, and 20
mol %. Weight-average molecular weight (M,,) of
PSI used for the synthesis of VBA-PAspNa were
between ~6000 and ~30,000.

The typical 'H NMR spectra of VBA-PSI and
VBA-PAspNa are shown in Figure 1. Hydrolysis
of PSI units was confirmed by decrease of the
peak at 5.3 ppm for a methine proton of a succini-
mide unit and the appearance of the peaks at 4.5
and 4.7 ppm for methine protons of aspartic acid
units. Though the hydrolysis of succinimide units
was completed, the peak at 4.5 ppm remained.
This peak is based on the trans-vinyl proton in
the side chain.

(a)

H.0 BMSO

A ™S

10 8 B 4 2 0

ppm
(b)
H:0
TSP
! N 1 i R i . ) N 1
10 8 6 4 2 0
ppm

Figure 1. 'H NMR spectra of (a) VBA-PSI in
DMSO-dg and (b) VBA-PAspNa in D,0.
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Table 1. Conditions of Synthesis and Vinyl Group Fraction of VBA-PaspNa

Sample

PSI

M,°

M /My*®

VBA/SI®
(mol %)

Viny! Group
Fraction® (mol %)

VBA-5-PAspNa-30k
VBA-9-PAspNa-6k
VBA-9-PAspNa-31k
VBA-10-PAspNa-30k
VBA-13-PAspNa-31k
VBA-18-PAspNa-31k

3.0 x 10*
6.0 x 10°
3.1 x 10*
3.0 x 10*
8.1 x 10
3.1 x 10*

2.9
3.5
2.8
2.9
2.3
2.3

5
10
10
1
15
20

2 Measured by GPC.

bMolecular fraction of VBA to succinimide unit of PSL

Determined by *H NMR spectrum.

Vinyl group fraction was calculated by integra-
tion values of a vinyl proton peak at 5.8 ppm and
a methine proton peak of a succinimide unit at
5.3 ppm in the *H NMR spectrum of VBA-PSI. Ta-
ble 1 shows the vinyl group fraction of VBA-
PAspNa. The feed mole ratios of VBA and succini-
mide units to PSI mostly corresponded to the
vinyl group fraction calculated by a H NMR spec-
trum. The feed mole ratios of VBA and succini-
mide units to PSI can control the vinyl group frac-
tion in VBA-PAspNa.

Preparation of Polymeric Particles

Figure 2 shows the time courses of styrene mono-
mer conversion, particle diameter, CV, and parti-
cle number in dispersion copolymerization of sty-
rene with VBA-PAspNa in a mixture of ethanol
and water. The conversion approached approxi-
mately constant (>90%) within 3 h. Particle diam-
eter also gradually increased with progress of po-
lymerization time. These show quite similar tend-
ency. Particle number was stabilized at a constant
value, during the polymerization, after its fast
increase. The CV of particle diameter increased
up to 45 min, then became almost constant. From
these results, we consider that this polymeriza-
tion mechanism is as follows: Particle nucleation
and aggregation has occurred in the initial stage
to form stable particles. As the nucleation and
aggregation proceed simultaneously, the CV value
increases during this period. After this stage, the
propagation of particles is developed by capturing
monomers and/or oligomers from the continuous
phase.
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Figure 2. Time courses of styrene monomer conver-
sion (@), particle diameter (A), CV (E), and particle
number (&) in dispersion copolymerization of styrene
with VBA-10-PAspNa-30k, [VBA-PAspNa] = 1.11 g/L.
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Table 2. Particle Diameter and CV of Particle
Prepared by Dispersion Copolymerization with
VBA-PaspNa

Concentration dp®  CV®

Macromonomer (g/L) (um) (%)
VBA-9-PAspNa-31k. 0.22 0.277 16.7
2.22 0.177 244

444 0.157 21.9

VBA-9-PAspNa-6k 2.22 0.173 254
VBA-5-PAspNa-30k 2.22 0.208 22.0
VBA-13-PAspNa-31k 2.22 0.168 16.0
VBA-18-PAspNa-31k 2.22 0.150 20.2

2 Number-average particle diameter determined by SEM.
b Coefficient of variation.

Particle diameter and CV of the particles pre-
pared with various concentrations, vinyl group
fractions, and molecular weight of VBA-PAspNa
are shown in Table 2. In spite of low macromono-
mer concentration (<1 g/L), stable particles with
submicron size were obtained. The particles pre-
pared in this study were smaller than those pre-
pared with PEO macromonomer under similar
conditions.”® The particle diameter distribution
was broad irrespective of the concentration, the
vinyl group fraction, and molecular weight of the
VBA-PAspNa.

From the results of Table 2, particle diameter
decreased with increasing vinyl group fraction of
the VBA-PAspNa. In the system of dispersion
copolymerization with macromonomer, homopoly-
mers and graft copolymers (polymerized chains of
monomers and macromonomers) were supposed
to be formed. The aggregation of homopolymers
and graft copolymers results in the particle
nuclei. When the concentration or the vinyl group
fraction of VBA-PAspNa is high, the copolymer-
ization of VBA-PAspNa and styrene is enhanced,
and the influence of graft copolymers is also
increased. Thus, the aggregation of particle nuclei
is prevented by graft copolymers, resulting in the
increase of the particle number formed at the be-
ginning of polymerization. Eventually, the smaller
particles are obtained.

The molecular weight of VBA-PAspNa did not
significantly affect the particle diameter. A parti-
cle diameter is determined by the surface area
occupied by the macromonomer chains.® Because
VBA-PAspNa is a random copolymer bearing
vinylbenzyl groups, VBA-PAspNa is expected to
attach at multiple sites on the particle surface.
That is why the amount of grafted VBA-PAspNa

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola

188

onto the particle surface is independent of the mo-
lecular weight of VBA-PAspNa. Therefore, surface
area per unit weight of macromonomer was not
changed even though the macromonomer chain
length was increased.

Effect of VBA-PAspNa Concentration

Dispersion stabilizer concentration is a represen-
tative parameter affecting particle diameter in
dispersion polymerization. The effect of VBA-
PAspNa on the particle diameter is shown in Fig-
ure 3. The particle diameter decreased with
increasing VBA-PAspNa concentration and is
expressed as the following equation:

d, = [VBA — PAspNA] %

It was found that the vinyl group fraction of
VBA-PAspNa did not affect the dependence of
macromonomer concentration. The value of expo-
nent is much smaller than that of a theoretical
value for dispersion copolymerization with macro-
monomer, —0.50, predicted by Kawaguchi et al®
However, several values of exponent between
—0.30 and —0.93 were obtained from experimen-
tal results on the dispersion copolymerization of
styrene with PEO macromonomer.>%1% Tt may
depend on the polymerization condition. The dis-
persion copolymerization of methyl methacrylate

1 N 1 11 ]|Ill]| 1 ] ’ lillll-
[ &  VBA-5-PAspNa-30k ]
’é‘ 5 O VBA-9-PAspNa-31k J
= O VBA-13-PAspNa-31k
bt i ¢ VBA-18-PAspNz-31k 7
[ib]
g p L
S L
[+
e
[a 3
O] _8 Illllll' § 2 1 4 1418
0.1 1 10

[VBA-PAspNa] (g/l)

Figure 8. Effect of VBA-PAspNa concentration on
particle diameter of the particles prepared by disper-
sion copolymerization of styrene with VBA-PAspNa.
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Table 8. Chemical Structures and Composition of Dispersion Stabilizers

Based on PAspNa
Dispersion Pendant Group
Stabilizer Structure M,, of PSI*  Fraction® (mol %)
PAspNa vl 4.3 x 10* -
(Homopolymer) n
0
NH:
BA-PAspNa o " 3.1 x 10 10
(Amphiphilic | dem o mm :
copolymer) L@
i
H NH
VBA-PAspNa one . 8.1 x 10* 9
(Macromonomer) g Aem liji@:

“Measured by GPC.
PDetermined by "H-NMR spectrum.

with  poly(methacrylic acid) macromonomer
showed the different dependencies of macromono-
mer concentration on particle diameter with vary-
ing polarity of the medium.'® When the polymer-
jzation was carried out in the mixture of ethanol
and water (5:5), the particle diameter was con-
stant regardiess of macromonomer concentration.
On the other hand, in the case of the polymeriza-
tion in the mixture of ethanol and water (7:3), the
particle diameter increased with increasing mac-
romonomer concentration. These results are
interpreted by the solubility decrease of macromo-
nomer in a solvent. This implied that the depend-
ence of macromonomer concentration on the par-
ticle diameter was influenced by the solubility of
macromonomer in a solvent. Since ethanol is a
poor solvent for PAspNa, the solubility of VBA-
PAspNa in a mixture of ethanol and water was
not sufficient. This may result in a low value of
exponent in dispersion copolymerization with
VBA-PAspNa.

Effect of Chemical Structure of
Dispersion Stabilizers

In general, dispersion stabilizers used in disper-
sion polymerization are classified as follows:

(a) homopolymers, (b) amphiphilic copolymers,
and (c¢) macromonomers. To confirm the effect of
vinyl groups of a dispersion stabilizer, the diame-
ter of particles prepared using PAspNa macromo-
nomer (VBA-PAspNa) was compared with that
using PAspNa homopolymer (PAspNa) and a
PAspNa derivative containing benzyl pendant
groups (BA-PAspNa). Chemical structures and
composition of dispersion stabilizers used in this
section are summarized in Table 3.

The comparison of dispersion stabilizers to the
particle diameter is shown in Figure 4. Micron-
sized particles were prepared in dispersion
polymerization using PAspNa-43k*” or BA-10-
PAspNa-31k as a dispersion stabilizer. The
diameter of particles prepared using BA-10-
PAspNa-31k was much smaller than that using
PAspNa-43k. When low concentrations of BA-10-
PAspNa-31k ([BA-PAspNa] = 0.22-1.1 g/L) was
used, the particles with bimodal particle diameter
distribution were obtained. On the other hand, the
diameter of particles using VBA-9-PAspNa-31k
was decreased to submicron size, and we did not
observe bimodal particle diameter distribution.

The small particles obtained using BA-10-
PAspNa-31k were due to the hydrophobicity of
benzyl groups in the side chain invelving in the
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adsorption of BA-10-PAspNa-31k onto the particle
nuclei. However, VBA-9-PAspNa-31k gave much
smaller particles than that obtained by BA-10-
PAspNa-31k. This comparison result indicated
that an important factor for particle stabilization
is not hydrophobicity but reactivity of vinylbenzyl
pendant group.

Characterization of Particle Surface

Macromonomers copolymerize with monomers
and bind to the particles. The presence of macro-
monomer chains on the surface significantly affect
the properties, such as a dispersion stability, of re-
sultant particles. To confirm the presence of mac-
romonomer on the surface of particles prepared
with VBA-5-PAspNa-30k, {-potential of the par-
ticles was measured. The surface has negative
charge from the carboxylate group of PAspNa
chains, if the particles surface is covered with
macromonomers. The results of {-potential mea-
surement of the particles prepared with different
VBA-5-PAspNa-30k concentrations is shown in
Figure 5. As shown in this figure, the particles af-
ter refinement had a high negative charge on the
surface. This indicated that PAspNa chains hav-
ing a negative charge were fixed onto the surface
of particles. Consequently, VBA-PAspNa is hound
to the particle surface and gives dispersion stabil-
ity to the particles through dispersion copolymer-
ization method. Moreover, since PAspNa can be
modified with various functional pendant groups,

10 - L] [ IR B R ] ll & LRI ARL
- O PAspNa-43k E
~ - O BA-10-PAspNa-31k <
:.E}_/ : & VBA-9-PAspNa-31k :
B = O I3 3
: | @ B B8R
< VF | i Bimodal ; 3
= - L :
: b .
0-] ) L L 4 X Ijll 3 b it s 20
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[Dispersion stabilizer] (g/1)

Figure 4. Comparison results of particle diameter
with different type of dispersion stabilizers.
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Figure 5. (-Potential of the particles prepared by
dispersion copolymerization with different VBA.5-
PAspNa-30k concentrations.

it will be a promising way to prepare functional
polymeric particles.

CONCLUSIONS

PAspNa macromonomers having vinylbenzyl
pendant groups (VBA-PAspNa) were synthesized.
VBA-PAspNa with different vinyl group fraction
were synthesized by changing feed VBA. Submi-
cron sized polymeric particles were prepared by
dispersion copolymerization of styrene with VBA-
PAspNa in a mixture of ethanol and water. In the
present polymerization system, styrene monomer
conversion and particle diameter increased with
the progress of polymerization, they showed simi-
lar tendency, and particle number was constant in
1 h. The particle diameter decreased with increas-
ing concentration and vinyl group fraction of
VBA-PAspNa. Comparing the results of disper-
sion polymerization using PAspNa or benzyl-
amine-modified PAspNa derivative, it was found
that VBA-PAspNa is an effective stabilizer in dis-
persion polymerization in a mixture of ethanol
and water. The presence of PAspNa chains anch-
ored onto the particle surface was confirmed by {-
potential measurement. In PAspNa, functional
groups can be easily introduced into the side
chain; thus the present method is a process for
preparation of polymeric particles with various
functional polymer chains on the surface.
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Abstract Poly(D,L-lactide) (PDLLA) microspheres with
narrow diameter distribution were prepared by dispersion
polymerization of D,L-lactide in xylene/heptane (1:2, v/v)
using poly(dodecyl methacrylate)-g-poly(D,L-lactide)
(PDMA-g-PDLLA) as a dispersion stabilizer. The particle
diameters of PDLLA microspheres were controlled from
200 nm to 5 pum by altering the concentration and the grafl
chain number of PDMA-g-PDLLA. The effect of the
copolymer composition on the particle diameter was
investigated to clarify an important factor of the copolymer
structure for the control of the particle diameter. As a resul,
it was necessary for anchor block in diblock copolymer as a
dispersion stabilizer to have low solubility in the solution
rather than the compatibility with particles. Moreover, we
confirmed by dynamic light scattering measurement that
PDMA-g-PDLLA formed micelles in the solution. In
conclusion, it was clarified that PDLLA microspheres with
a wide range of particle diameter were prepared due to the
different kinetic stability of micelles.

Keywords Poly(D, L-lactide) - Microsphere -
Dispersion polymerization - Graft copolymeric stabilizer -
Copolymeric micelles

Introduction

Heterogeneous polymerization has been of increasing
interest for the last three decades, due to the simple
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3-1-1 Tsushima-Naka,
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preparation of polymeric microspheres with narrow diam-
eter distribution and a wide range of particle diameter [1].
This technique is classified into two methods. The first is
emulsion polymerization, which is able to prepare the
polymeric microspheres with submicrometer size using
reaction medium not dissolving almost monomer. The
polymerization takes place in the micelles composed of
monomer and emulsifier. The second is dispersion poly-
merization, which is able to prepare the polymeric micro-
spheres with micrometer size using reaction medium
dissolving monomer but not dissolving polymer. The
polymerization takes place in reaction medium until the
polymer reaches critical molecular weight to precipitate,
then the precipitated particles are stabilized by a dispersion
stabilizer.

In dispersion polymerization, the dispersion stabilizer
which affects the stability of the precipitated particles plays
an important role for microsphere preparation. Many
workers have prepared monodisperse polymeric micro-
spheres using homopolymeric stabilizers such as poly(vinyl
pyrrolidone) and hydroxypropyl cellulose [2-4]. They
found that smaller microspheres were obtained at a higher
dispersion stabilizer concentration and molecular weight.
On the other hand, Dawkins and coworkers have made
near-monodisperse polymeric microspheres using diblock
copolymeric stabilizer such as poly(styrene-b-ethylene-co-
propylene) and poly(styrene-b-dimethylsiloxane) [5-8].
They have investigated the effect of the molecular structure
in diblock copolymer such as molecular weight and the
alkyl group number of anchoring block on the resultant
particle diameter. Winnik et al. confirmed the existence of
regular micelles comprising several hundred diblock
copolymers and micellar clusters corresponding to the
aggregate of tens of micelles in aqueous solution by
dynamic light scattering measurement [9-10]. They also
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described that block copolymer with low molecular weight
should be used as a stabilizer for dispersion polymerization
of styrene in methanol to prepare large and monodisperse
microspheres [11].

On the other hand, there have been few papers describing
the use of graft copolymer as a stabilizer in dispersion
polymerization. Slomkowski et al. reported that Poly(D,L-
lactide) (PDLLA) and poly(L,L-lactide) (PLLA) micro-
spheres with narrow diameter distribution were prepared by
dispersion polymerization of D,L-lactide and L,L-lactide
using poly(dodecyl acrylate)-g-poly(e-caprolactone) as a
dispersion stabilizer, respectively [12—13]. They investigated
the critical micelle concentration (cmc) of the dispersion
stabilizer in 1,4-dioxane/heptane (1:4, wv) as a reaction
medium. The polymerization occurred at lower concentra-
tions than its cmc, it was found that the particle diameter and
the diameter distribution depend on the molecular structures
of the dispersion stabilizer [14]. We have also reported that
PDLLA microspheres with narrow diameter distribution
were prepared by PLLA-grafied copolymer, poly(dodecyl
methacrylate)-g-poly(L,L-lactide) (PDMA-g-PLLA), as a
dispersion stabilizer [15]. In this work, we investigated the
effect of the molecular structures in PDMA-g-PDLLA on the
particle diameter of PDLLA microspheres prepared by
dispersion polymerization of D,L-lactide in xylene/heptane
(1:2, vv) to clarify an important factor of molecular
structures in the graft copolymeric stabilizer for the control
of the particle diameter.

Experimental
Materials

D,L-lactide purchased from Purac Biochem BV (Gori-
nchem, The Netherlands) was purified by the recrystalliza-
tion from toluene. 2-Hydroxyethyl methacrylate (HEMA)
and dodecyl methacrylate (DMA) purchased from Wako
Pure Chemical Industries was purified by the distillation
under reduced pressure. Toluene, xylene, and heptane
(dehydrated-grade) were purchased from Wako Pure Chem-
ical Industries were treated with 4 A molecular sieves to
remove dissolved water. PME-4000, poly(ethylene glycol)
macromonomer (MA-PEG), was kindly provided by NOF.
FM-0721, polydimethylsiloxane macromonomer (MA-
PDMS), was purchased from Chisso were used as received.
Other reagents were purchased from Wako Pure Chemical
Industries and used as received.

Measurements

Gel permeation chromatography (HLC 8120, Tosoh, GPC)
was performed on the basis of the polystyrene standards

_@ Springer

with tetrahydrofuran as an eluent to determine the number-
averaged molecular weight (Mw) and the polydispersity
index (Mw/Mn) of synthesized polymer. 'H NMR (AL300
SC-NMR, JEOL) measurement was conducted using
CDCJ; as a solvent and tetramethylsilane (TMS) (1%, v/v)
as an internal standard to determine the molecular structure
of synthesized polymer. Scanning electron microscopic
observation (S-4700, Hitachi, SEM) was performed to
determine the particle diameter (dp) and the diameter
distribution (coefficient of variation, CV) of prepared
PDLLA microspheres. Differential scanning calorimetric
measurement (SSC5200H, Seiko Instruments, DSC) was
conducted to determine the glass transition temperature (75)
of PDMA-g-PDLLA and PDLLA microspheres. The heat-
ing rate was kept at 5 K/min, and the atmospheric
temperature was scanned from 253 K to 373 K. Dynamic
light scattering measurement (FPAR-1000, Otsuka Elec-
tronics, DLS) was carried out at 293 K to determine the
hydrodynamic diameter (Rp) of micelles that consist of
PDMA-g-PDLLA in xylene/heptane (1:2, v/v).

Synthesis
PDMA-g-PDLLA

The preparation of PDMA-g-PDLLA serves as a typical
example for PDLLA-grafted copolymer. MA-PDLLA was
synthesized by ring-opening polymerization of D,L-lactide
using HEMA as an initiator in the presence of stannous
2-ethylhexanoate as a catalyst [16]. MA-PDLLA (Mw=
3,700, 0.42 mmol), DMA (9.65 mmol), and dehydrated
toluene 18 ml as a solvent were placed into a round-bottomn
reactor. After nitrogen was admitted to remove oxygen, the
reactor was immersed in an oil bath at 358 K. Dehydrated
toluene dissolving benzoyl peroxide (BPO) (0.63 mmol)
was added to initiate the polymerization. The polymeriza-
tion was conducted for 3 h. After the polymerization, the
reaction mixture was poured into excess methanol to
remove DMA. The precipitate was recovered and added
to 1,4-dioxane/heptane (1:4, v/v) to remove the remaining
MA-PDLLA. Afier the purification, the polymer was dried
under reduced pressure at 313 K.

The number of PDLLA chains in PDMA-g-PDLLA, CN,
was calculated from the 'H NMR spectrum using the
integration ratio of DMA and PDLLA unit. It was defined
by the following equation:

s __ Ama-rpLLA
MA-PDLLA = ——pp—

A
Spms = DZMA

where Ayarorra and 4pma denote the peak areas of CH
for PDLLA unit of MA-PDLLA and COOCH, for DMA
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Fig. 1 Chemical structures of the graft copolymeric stabilizers

unit in '"H NMR spectrum of PDMA-g-PDLLA, respec-
tively. And PD denotes the polymerization degree of MA-
PDLLA. The number of DMA unit per MA-PDLLA unit,
N, was defined by

Spma

N=—-—o

SMA-PDLLA
chopal)vner

- (Mwpps - N + Mwagy—ppLLa)

CN

where MWeopolymen MWpMa, a0d Mwnma-pDLLA denote the
weight-averaged molecular weight of PDMA-g-PDLLA,
DMA, and MA-PDLLA, respectively.

PDMA-g-PEG

MA-PEG (Mw=4,200, 0.55 mmol), DMA (14.49 mmol),
and dehydrated toluene 18 ml as a solvent were placed into
a round-bottom reactor. After nitrogen was admitted to
remove oxygen, the reactor was immersed in an oil bath at
358 K. Dehydrated toluene dissolving BPO (0.47 mmol)

Table 1 Molecular structures of PDMA-g-PDLLA
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Fig. 2 Effect of stirring rate on the particle diameter and the diameter
distribution of PDLLA microspheres prepared using (open square,
close square) G, and (open circle, close circle) G4 copolymers with
different molecular structures; [PDMA-g-PDLLA]=10 g/l

was added to initiate the polymerization. The polymeriza-
tion was conducted for 3 h. After the polymerization, the
reaction mixture was poured into excess methanol to
remove the remaining MA-PEG and DMA, and then the
precipitate was recovered. After the purification, the
polymer was dried under reduced pressure at 313 X.

PDMA-g-PDMS

MA-PDMS (Mw=8,400, 7.96 mmol), DMA (7.96 mmol),
and dehydrated toluene 18 ml as a solvent were placed into
a round-bottom reactor. After nitrogen was admitted to
remove oxygen, the reactor was immersed in an oil bath at
358 K. Dehydrated toluene dissolving BPO (0.94 mmol)
was added to initiate the polymerization. The polymeriza-

" tion was conducted for 3 h. After the polymerization, the

reaction mixture was poured into excess methanol. The
precipitate was recovered and added to methanol/2-propanol
(1:2, v/v) to remove the remaining MA-PDMS. After the
purification, the polymer was dried under reduced pressure
at 313 K.

Code Graft copolymer Mw® Mw/Mn® Macromonomer N CN' (PDLLA)
Mw® Mw/Mn®
G PDMA-g-PDLLA 41,300 2.31 3,700 130 116 13
G, PDMA-g-PDLLA 34,500 2.23 3,700 1.30 54 20
Gs PDMA-g-PDLLA 36,500 2.04 3,700 1.30 27 34
Gs PDMA-g-PDLLA 30,700 2.53 6,600 1.40 24 24
ab.4 Detenmined by GPC
“Number of DMA units per MA-PDLLA unit
fA grafied PDLLA chain number in a copolymer
@_ Springer
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Fig. 3 DSC curves for (a) G4 copolymer and (b) PDLLA micro-
spheres prepared with G4 copolymer; [PDMA-g-PDLLA]=10 g/i

Preparation of PLA microspheres

The preparation of PDLLA microspheres is shown as a
typical example. D,L-lactide (0.5 g, 3.47 mmol) was added
into 17 ml of dehydrated xylene/heptane (1:2, v/v)
dissolved PDMA-g-PDLLA. In this study, the concentra-
tion of dispersion stabilizer ranged from 0.01 to 0.2 g. The
solution was stirred at 120 rpm with a magnetic stirrer.
Three milliliters of dehydrated xylene/heptane (1:2, v/v)
dissolving stannous 2-ethylhexanoate (0.0475 g, 0.12 mmol)
as a catalyst and laury] alcohol (0.011 g, 0.06 mmol) as an
initiator was prepared. The solution was added with a
syringe and the polymerization was conducted at 368 K for
9 h. After the polymerization, the reaction solution was
poured into excess cold heptane. The solution was
centrifuged for 5 min at 9,000 rpm and the microspheres
were redispersed into excess heptane. The solution was
filtered to obtain the prepared microspheres.

Results and discussion
Synthesis of PDMA-g-PDLLA

Figure | shows the chemical structures of synthesized graft
copolymers with different grafied polymer chains. MA-
PDLLA was synthesized by ring-opening polymerization of
D,L-lactide using HEMA as an initiator. Subsequently, MA-
PDLLA was copolymerized with DMA by free radical
polymerization using BPO as an initiator to obtain PDMA-

Table 2 Molecular structures of graft copolymeric stabilizers

Fig. 4 SEM image of PDLLA microspheres prepared with PDMA-g-
PEG as a dispersion stabilizer; (dp=1,420 nm, CV=48.2%), [PDMA-
g-PEG]}=10 g/l

g-PDLLA. The 'H NMR spectrum of PDMA-g-PDLLA had
peaks in the range of 1.5-1.7 ppm (CHj for PDLLA unit),
5.1-5.3 ppm (CH for PDLLA unit) and around 3.9 ppm
(COOCH, for DMA unit). Furthermore, peaks at 5.6 and
6.2 ppm (CH,=CH for MA-PDLLA) were not detected in
the spectrum. Therefore, PDMA-g-PDLLA was finally
identified. The molecular structures of synthesized PDMA-
g-PDLLA were summarized in Table 1.

Synthesis of PDMA-g-PEG

PDMA-g-PEG was synthesized by free radical polymeriza-
tion of DMA and MA-PEG as a macromonomer using BPO
as an initiator. The '"H NMR spectrum of PDMA-g-PEG
had peaks in the range of 3.6 ppm (COOCH,CH, for PEG
unit) and around 3.9 ppm (COOCH, for DMA unit).
Furthermore, peaks at 5.5 and 6.1 ppm (CH,=CH for MA-
PEG) were not detected in the spectrum. Therefore,
PDMA-g-PEG was finally identified. The MA-PEG num-
ber in PDMA-g-PEG, CN, was calculated by the similar
method to PDMA-g-PDLLA.

Synthesis of PDMA-g-PDMS

PDMA-g-PDMS was synthesized likewise using MA-
PDMS. The '"H NMR spectrum of PDMA-g-PDMS had

Graft copolymer Mw® Mw/Mn® Macromonomer N° CNf (Macromonomer)
Mw® MwiMn®

PDMA-g-PEG 27,500 2.38 4,200 1.09 22 2.8

PDMA-g-PDMS 39,000 2.05 8,400 1.11 23 2.8 .

PEG poly(ethylene glycol), PDMS poly(dimethyl siloxane)
254 Determined by GPC

©Number of DMA units per macromonomer unit

T A grafied macromonomer chain number in a copolymer
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copolymers with different number of graft chains on the particle
diameter and the diameter distribution of PDLLA microspheres

Fig. 6 SEM images of PDLLA
microspheres using a G, (dp=
1,600 nm, CV=31.6%), b G,
(dp=414 nm, CV=57.2%), and
¢ Gz (dp=225 nm, CV=15.8%)
copolymers. They have different
number of graft chains; [PDMA-
g-PDLLAT=10 g/l
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Fig. 7 Size distributions for micellar aggregates of a G; (R,=194 nm),
b G, (Rp=13 nm, 93 nm) and ¢ G; (Ry=18 nm, 276 nm) copolymers
in xylene/heptane (1:2, v/v) at 293 K; [PDMA-g-PDLLA]=10 g/l

peaks in the range of 0.0 ppm (Si(CHj;), for PDMS uait)
and around 3.9 ppm (OCH, for DMA unit). Furthermore,
peaks at 5.4 and 6.0 ppm (CH,=CH for MA-PDMS) were
not detected in the spectrum. Therefore, PDMA-g-PDMS
was also finally identified. The MA-PDMS number in
PDMA-g-PDMS, CN, was calculated likewise.
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Fig. 8 SEM images of PDLLA
microspheres using a.Gs
(dp=225 nm, CV=15.8%)

and b G4 (dp=160 nm, CV=
15.4%) copolymers. They have
different grafi chain length;
[PDMA-g-PDLLA]=10 g/l

Effect of stirring rate

Figure 2 shows the effect of the stirring rate in the solution
on the particle diameter of PDLLA microspheres prepared
using G, and G4 copolymers with different molecular
structures. As shown in this figure, the stirring rate did not
affect the particle diameter.

In addition, in the case with G, copolymer, the particle
diameter exhibited larger than that in the case with Gy
copolymer. This result implied that the adsorption rate of
G4 copolymer was larger than that of G, copolymer
because G4 copolymer shows lower solubility in the
solution than G, copolymer. As a result, G, copolymer
prevented primary particles from further aggregation,
leading to the formation of small particles with narrow
diameter distribution. Thus, it was suggested that the
particle diameter depended on the adsorption rate of
PDMA-g-PDLLA on the surface of primary particles.
Namely, it was expected that the particle diameter of
PDLLA microspheres -was controlled by the molecular
structures in PDMA-g-PDLLA.

The surface characterization of polymeric microspheres
prepared by dispersion polymerization using ‘a dispersion
stabilizer with nitrogen element has been performed with X-
ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FI-IR) [17-18]. They exhibited the
existence of diblock copolymeric stabilizer immobilized on
the surface of the polymeric microspheres. For PDMA-g-
PDLLA, however, XPS and FT-IR are not available.
Therefore, we confirmed the existence of PDMA-g-PDLLA
with 'H NMR. Moreover, we also confirmed the T, based on
PDMA-g-PDLLA with DSC. Figure 3 shows the DSC
curves of G4 copolymer and PDLLA microspheres prepared
by dispersion polymerization with G4 copolymer. From this
figure, T, based on PDMA in G4 copolymer was 287 K. In
addition, T, of G4 copolymer was confirmed from the DSC
curve of the resultant PDLLA microspheres and the T,
shifted higher to 294 K. Therefore, it was suggested that
PDLLA anchor blocks in G4 copolymer were strongly
adsorbed on surface of the primary particles.
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Effect of graﬂ chain structure

We investigated the effect of the molecular structures in
PDMA-g-PDLLA on the particle diameter to clarify an
important factor of the molecular structure for the adsorption
on the surface of primary particles. As the first point, Ober et
al. reported that the anchor block in copolymeric stabilizer
should be compatible with the particles [19]. In contrast,
Baines et al. suggested that the compatibility was not an
essential requirement [20). We synthesized copolymers with
different grafted polymer chains to experimentally prove the
point mentioned above. PDLLA and PDMS bring hydro-
phobicity to the copolymer but PEG brings hydrophilicity. In
addition, PDLLA and PEG show low solubility in xylene/
heptane (1:2, v/v) during dispersion polymerization. In
contrast, PDMS shows high solubility in the solution. The
characteristics of the synthesized graft copolymers were
summarized in Table 2. Figure 4 shows the SEM image of
PDLLA microspheres prepared by dispersion polymerization
with PDMA-¢-PEG as a stabilizer. As a result, in cases with
PDMA-g-PDLLA and PDMA-g-PEG, PDLLA microspheres
were prepared. Thus, PDMA-g-PEG played a role of a
dispersion stabilizer even PEG chain brought no good
compatibility with PDLLA particles. In contrast, PDMA-g-
PDMS gave rise to an undefined-shaped product in the
solution even PDMS chain had better compatibility with
PDLLA particles than PEG chain. In conclusion, it is
necessary for an anchor block in diblock copolymer as a
dispersion stabilizer to have low solubility in the solution
rather than the compatibility with particles.
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