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ABSTRACT:

An amphiphilic polymer composed of polyallylamine containing 7 mol% hydrophobic palmitoyl groups and

92mol% hydrophilic poly(L-glutamic acid) grafted chains whose molecular weight was 4090 in the side chains was prepared.
The amphiphilic polymers formed a stable and globular micelle in aqueous solution at pH above 4.0. We investigated pH-induced
changes in the micellar structure of the amphiphilic polymer in the aqueous solution. The grafted poly(L-glutamic acid) chains
of the amphiphilic polymer showed pH-dependence conformational transition (8 sheet — a-helix and random coil » random
coil). Conformational changes of the grafted polypeptides chains regulated the surface polarity of the micelle composed of

amphiphilic polymer.
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Self-organization of biological molecules such as
proteins, polysaccharides, or DNA closely related to the
biological functions of the systems is well-known.
Stimuli-induced structural changes of the systems re-
gulate biological functions. Recently, self-assembly of
artificial amphiphiles such as surfactant' =7 and amphi-
philic polymer,®~ !¢ which form aggregates like micelle,
emulsions, vesicle, monolayer and bilayer, have been
studied, and these amphiphiles make possible the build-
ing of a biomimetic functional structure.!”~2! Assem-
blies of various amphiphiles have been studied for ap-
plication in the recognition and separation of proteins,
and controlled release of drugs in biotechnology and
medicine. Sunamoto et al.22~ 2* reported that the choles-
terol-bearing pullulan formed stable and monodisperse
self-aggregates. Self-aggregates complex with various
hydrophobic substances and even with various soluble
proteins such as a-chymotrypsin and bovine serium
albumin. Kono et al.2°~27 reported the temperature-
sensitive dioleoylphosphatidylethanolamine vesicle
bearing poly(N-isopropylacrylamide-co-octadecylacryl-
ate). They showed temperature-controlled release of the
vesicle.

A previous study reported?® photo- and thermo-in-
duced changes in the aggregate structures of photo-
responsive amphiphilic polypeptides in aqueous solution.
The polypeptide consisted of two amphiphilic a-helical
rods that were hydrophilic on one face and hydropho-
bic on the opposite side joined by an azobenzene. The
polypeptides formed micellar aggregates in aqueous solu-
tion and hydrophobic compounds were incorporated
into the interior of the micelle in the dark. Photo-induced
high-order structural changes of the micelle resulted in
the release of hydrophobic compounds into the external
aqueous phase.

This paper reports surface polarity control of the
micelle composed of polyallylamine having hydrophobic
palmitoyl groups and hydrophilic poly(L-glutamic acid)
graft chains in the side chain. The amphiphilic polymer
formed stable and globular micelles in aqueous solution
at pH above 4.0. The surface polarity of the micelle could
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be controlled by the pH induced conformational changes
of the grafted poly(L-glutamic acid) chains.

EXPERIMENTAL

Materials

Polyallylamine (PAA, M,=10000, purchased from
Nittobo Co., Ltd.) incorporated with hydrophobic
palmitoyl groups (PAAP) was synthesized by coupling
reaction between PAA and palmitoyl chloride. PAA
(18.7g) was dissolved in 1 M NaOH aqueous solution
(200 mL). The solution was stirred and palmitoyl chloride
(5.5 g) was gradually added. The solution was stirred for
6h at room temperature. After the reaction, pH of the
solution was adjusted to 10.0 with NaOH aqueous
solution, and the solution was dialyzed overnight against
Milli-Q treated and doubly distilled water using a
Spectra/Por molecular porous membrane tube (Spectrum
Medical Industries Inc., MWCO: 3500) at 50°C. After
dialysis, the solution was lyophilized to obtain PAAP.
Palmitoyl group content in PAAP was 7mol% from
quantitation of non-reacted amino groups in PAAP by
fluorescence® using 4-fluoro-7-nitrobenzofurazan (NBD)
as probe. NBD, which is nonfluorescent, rapidly reacts
with primary amino groups to yield useful probes that
fluoresce.

PAAP with a small amount of 2-pyridyl-disulfide
groups, the reactive sites,*° in the side chain (PSPAAP)
was obtained as follows. PAAP (10g) was dissolved in
distilled water (200mL) and pH of the solution was
adjusted to 8.0. N-Sccinimidyl-3(2-pyridyldithio)propio-
nate (0.3 g) was added to the solution, which was stirred
for 3h at room temperature. After the reaction, the
solution was dialyzed overnight at room temperature
and lyophilized. 2-pyridyl-disulfide group content in
PSPAAP was 1 mol% from absorbance at 275nm on
the basis of the molar extinction coefficient of the pyridyl
group in PSPAAP N,N-dimethylformamide.

The introduction of grafted poly(L-glutamic acid)
chains to PSPAAP was carried out as follows. Grafted
poly(y-methyl L-glutamate) chains were synthesized by
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Scheme 1. SPAAPPE.
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Scheme 2. AN-SPAAPPE.

polymerization of N-carboxyanhydride of L-glutamic
acid y-methyl ester®! (2g) in N,N-dimethylformamide
solution (100 mL) with PSPAAP (40 mg) as initiator. The
polymerization occurred at room temperature over 24 h.
The hydrophilic poly(L-glutamic acid) graft chain was
obtained by saponification of the grafted poly(y-methyl
L-glutamate) chain. After the reaction, the solution was
dialyzed overnight at room temperature and lyophilized.
The degree of polymerization of the grafted poly(L-
glutamic acid) chain was 32 from quantitation of terminal
amino groups of the polymer by fluorescence as above.
The polymer obtained (0.5 g) was dissolved in aqueous
solution containing 25 mM dithiothreitol at pH 4.5 and
stirred over 24h at room temperature.®? After the
reaction, the solution was dialyzed overnight to remove
dithiothreitol and pyridine-2-thione, and lyophilized to
obtain the amphiphilic polymer which had 7mol%
palmitoyl group, 92 mol% hydrophilic poly(L-glutamic
acid) graft chain, and 1mol% thiol group in the side
chain (SPAAPPE, Scheme 1).

SPAAPPE with a small amount of anilinonaphthalene
in the side chain (AN-SPAAPPE, Scheme 2) was
prepared to estimate the surface polarity of the micelle by
fluorescence analysis. The emission maxima of anilino-
naphthalene derivatives are strongly dependent on
polarity around the probe.3® SPAAPPE (0.1g) was
dissolved in aqueous solution (100mL) at pH 7.5 and
incubated at 0°C with 20mL ethanol solution of N-
(1-anilinonaphthyl-4)-maleimide (1 mM) for 1h.3* The
solution was then dialyzed overnight and lyophilized to
obtain AN-SPAAPPE. Anilinonaphthalene group con-
tent, 0.04 mol%, in AN-SPAAPPE was determined from
fluorescence intensity at 425 nm (excitation wavelength:
348 nm) of N,N-dimethylformamide solution of AN-
SPAAPPE on the basis of fluorescence intensity-con-
centration of anilinonaphthalene monomer in N,N-
dimethylformamide.
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Figure 1. CD spectra of SPAAPPE in aqueous solution containing
50 mM NaCl at various pHs.

Methods

Preparation of SPAAPPE Micelle. SPAAPPE was
dispersed in aqueous solution containing 50 mM NaCl
at various pH, and sonicated in an ice-water bath under
a stream of nitrogen using an ultrasonic processor
(Branson Sonifier Model 250) for 10 min. The concentra-
tion of SPAAPPE in the aqueous solution was fixed at
0.lmgmL~!

Formation of the micellar structure of SPAAPPE was
followed by incorporation of the hydrophobic fluo-
rescence probe, anilinonaphthalene, into the micelle.
Fluorescence spectra of anilinonaphthalene in SPAAPPE
aqueous solution at various pH were measured with a
spectrofluorophotometer (JASCO FP-777). Anilino-
naphthalene was fixed at 1.0 x 107> M. The excitation
wavelength was 348 nm.

Dynamic Light-Scattering Measurements. The size and
distribution of the aggregate of SPAAPPE in aqueous
solution containing SO0mM NacCl at various pH were
measured at 25°C with a dynamic light scattering spec-
trophotometer (Otsuka Electronics Co., Ltd., DLS-
700).

Atomic Force Microscopic Measurements. The shape
of the aggregate of SPAAPPE was observed with an
atomic force microscope (AFM, Digital Instruments,
Inc., Nanoscope IIIa) in the tapping mode. An aliquot
of SPAAPPE aqueous solution containing 50 mM NaCl
at various pH was placed on freshly cleaved mica,
allowing the aggregate to be absorbed into the surface
for Smin at room temperature, rinsed with Milli-Q
treated and doubly distilled water to remove excess salt
and dried under ambient conditions. AFM images were
taken in the ‘“height” mode using silicon cantilevers
(125 mm, tip radius 5—10 nm). A 10 um by 10 ym scanner
was used for imaging.

Circular Dichroism Measurements. Circular dichroism
spectra of SPAAPPE in 50 mM NaCl aqueous solution
at various pH were measured with a JASCO J-700 WI
spectropolarimeter. The secondary structure of the
grafted poly(L-glutamia acid) chain was found from
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Figure 2. pH dependence of molar ellipticity at 208 nm, [6],4g, Of
SPAAPPE in aqueous solution containing 50 mM NaCl.
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Figure 3. pH dependence of fluorescent emission maxima, Ag,,, of
anilinonaphthalene in SPAAPPE aqueous solution containing 50 mM
NacCl.

molar ellipticity, [6],.

Surface Polarity Measurements of SPAAPPE Micelle.
Surface polarity of the SPAAPPE micelle in aqueous
solution containing SOmM NaCl at various pH was
followed by measuring emission maxima of AN-SPA-
APPE. The excitation wavelength of AN-SPAAPPE was
348 nm.

RESULTS AND DISCUSSION

Conformation of Grafted Poly(L-glutamic acid) Chains

of SPAAPPE

The amphiphilic polymer, SPAAPPE, was mostly
soluble in aqueous solution with pH above 2, giving
slightly turbid solution. Conformations of grafted
poly(L-glutamic acid) chains of SPAAPPE were char-
acterized using circular dichroism (CD). CD spectra of
grafted poly(L-glutamic acid) chains of SPAAPPE in
aqueous solution at various pH are shown in Figure 1.
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Figure 4. Histogram of particle size of the aggregate composed of
SPAAPPE in aqueous solution containing 50 mM NaCl at pH 2.3, pH
5.8, and pH 10.5.
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Figure 5. pH dependence of average particular size, d, of SPAAPPE
in aqueous solution containing 50 mM NacCl.

CD spectra of SPAAPPE aqueous solution at pH 2.8
and 3.6 exhibited a negative band at 217 nm and positive
band at 195nm typical of p-sheet.3> CD spectra of
SPAAPPE at pH above 4.0 showed remarkable distor-
tion. The negative band at 222nm at pH 4.0 indicated
the grafted poly(L-glutamic acid) chains to be in an a-
helix structure. Molar ellipticity of 222 nm decreased with
pH, and the spectrum with a positive band at 217 nm,
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Figure 6. Typical AFM images of SPAAPPE aggregate in aqueous solution containing 50mM NaCl at pH 3.0 (a) and pH 8.0 (b).

associated with the random coil structure, was observed
above pH 6.0.

Figure 2 shows pH dependence of molar ellipticity of
the CD band at 208 nm, [0],,s. associated with a-helix
content, of grafted poly(L-glutamic acid) chains of
SPAAPPE in aqueous solution. [6],,5 was zero when
poly(amino acid) has a fi-sheet structure. In the low pH
region below pH 4.0, the grafted poly(L-glutamic acid)
chains of SPAAPPE formed f-sheets owing to the in-
termolecular interaction of protonated poly(L-glutam-
ic acid) graft chains. Partial ionization of the grafted
poly(L-glutamic acid) chains weakened intermolecular
interactions, resulting in formation of the a-helix
structure in SPAAPPE. Further ionization of the L-
glutamic acid moieties of the grafted chains above pH
4.0 induced electrostatic repulsion force among charg-
ed moieties, so that the a-helix structure of grafted
poly(L-glutamic acid) chains of SPAAPPE underwent

282

conformational transition to a random coil.

Micellization of SPAAPPE

The micellization of the SPAAPPE was estimated from
the incorporation of the fluorescent probe, anilino-
naphthalene, into the hydrophobic interior of the
SPAAPPE micelle. The emission maximum, 4,,,, of
anilinonaphthalene is very sensitive to environmental
polarity around the probe, and shifts to higher wave-
length with increase in environmental polarity. Figure
3 shows pH dependence of 4,,,, of anilinonaphthalene in
SPAAPPE aqueous solution, along with plots of 4.,
of anilinonaphthalene in N,N-dimethylformamide, ace-
tone and hexane. Environmental polarity of anilino-
naphthalene in the SPAAPPE aqueous solution corre-
sponded to that between acetone and hexane in the
experimental pH region. 4,,, of anilinonaphthalene in
SPAAPPE aqueous solution reached equilibrium and a
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relative low value, 406 nm, at pH above 4.0. Emission at
406 nm implies that anilinonaphthalene is incorporated
into the hydrophobic region in SPAAPPE aqueous
solution. This suggests that SPAAPPE forms stable
micelle in aqueous solution when the grafted poly(L-
glutamic acid) chains of SPAAPPE are in a-helix and/or
random coil conformation, and anilinonaphthalene is
incorporated into the hydrophobic interior of the
SPAAPPE micelle.

The size and distribution of the aggregate of SPAAPPE
in aqueous solution were measured by dynamic light
scattering. Figure 4 shows the histogram of a certain
size of the SPAAPPE aggregate. SPAAPPE formed poly-
disperse aggregate in aqueous solution at experimental
pH. Increasing pH induces conformational change of
grafted poly(L-glutamic acid) chains of SPAAPPE, and
then the decrease of intermolecular interaction. This
leads to the destruction of large aggregates and gives
rise to the bimodal distribution of particle size. Aver-
age particular size, d, of SPAAPPE aggregate was calcu-
lated by cumulant analysis (Figure 5). d decreased with
pH. A comparison between pH dependence of the graft-
ed poly(L-glutamic acid) chain conformation (Figures 2
and 3) and that of d (Figure 5) suggested that SPAAPPE
formed bigger aggregates when the grafted poly(L-
glutamic acid) chains of SPAAPPE had the pf-sheet
structure.

To determine the shape of the SPAAPPE aggregate in
aqueous solution, observation with atomic force mi-
croscopy (AFM) was carried out. Typical AFM images
of SPAAPPE aggregate in aqueous solution are shown
in Figure 6. In the AFM image of SPAAPPE in aqueous
solution at pH 3.0 (Figure 6(a)), fibrous aggregates were
clearly observed. The formation of fibrous aggregates
may possibly be due to hydrogen bonds among grafted
poly(L-glutamic acid) chains having the f-sheet structure.
Globular particles could be seen in the image of the
SPAAPPE micelle solution at pH 8.0 (Figure 6(b)). The
same globular particles could be observed in SPAAPPE
micelle solution above pH 4.0. SPAAPPE may thus
form stable and globular micelles when grafted
poly(L-glutamic acid) chains of SPAAPPE are in «-
helix and/or random coil conformation above pH 4.0.

pH-Induced Surface Polarity Changes of SPAAPPE

Micelle

Surface polarity of the SPAAPPE micelle was studied
by fluorescence using AN-SPAAPPE in which anilino-
naphthalene was covalently introduced into the side
chain of SPAAPPE (Scheme 2). The surface polarity of
SPAAPPE micelle was found from the wavelength of
emission maxima, 4.,,, of AN-SPAAPPE in the aqueous
solution. A_,, of AN-SPAAPPE in the experimental pH
region shifted to a higher wavelength than that of AN
group in the hydrophobic interior of the SPAAPPE
micelle, 406 nm (Figure 3). This implies that the labeled
AN group exists in the interface between hydrophobic
core composed of palmitoyl groups and hydrophilic
grafted poly(L-glutamic acid) outer layer. The emission
maxima of model compound, anilinonaphthalene mod-
ified polyallylamine (AN-PAA), in aqueous solution
containing acetonitrile are plotted in Figure 7. The
surface polarity of SPAAPPE micelle could be controlled
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Figure 7. (Q): pH dependence of fluorescent emission maxima, Ag,,,
of AN-SPAAPPE in aqueous solution containing 50 mM NaCl. (@):
Relation between fluorescent emission maxima, A,,, of AN-PAA in
aqueous solution containing acetonitrile and volume fraction of
acetonitrile.

in the range of polarity corresponding to that between
90 vol% and 40vol% of acetonitrile aqueous solution.
Amax Of AN-SPAAPPE in aqueous solution was strongly
dependent on pH, i.e., the surface polarity of SPAAPPE
micelle steeply increased with pH at pH 8.5. Above pH
8.5, the grafted poly(L-glutamic acid) chain was mainly
in the random coil conformation (Figure 2). Thus, pH
response of surface polarity of the micelles closely
correlated with the conformational behavior of grafted
poly(L-glutamic acid) chain. The inflection point on pH
dependence of 4,,, of AN-SPAAPPE was at pH higher
than that of the conformational transition. Anilino-
naphthalene was located in the interface of the hydro-
phobic core composed of palmitoyl groups and the
hydrophobic poly(L-glutamic acid) layer, so that polari-
ty changes monitored by anilinonaphthalene reflect over-
all conformational changes of the poly(L-glutamic acid)
layer of the micelle.
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