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ABSTRACT:

A hydrophobically modified polysulfonate bearing a small mole percent (5mol %) of cholesteryl

moieties forms an intermolecularly bridged flower micelle in water, arising from intermolecular associations of the
polymer-bound cholesteryl groups. Binding of sodium cholate (SC) to this polymer micelle in water was investigated
using '"H NMR spin—spin relaxation time, static light scattering, quasi-elastic light scattering, and fluorescence tech-
niques. The intermolecular association of the polymer-bound cholesteryl groups was disrupted, to some extent, by

the addition of SC, resulting in the formation of complexes of the polymer-bound cholesteryl groups and SC. To

investigate interactions between the polymer-bound cholesteryl groups and SC, the cholesteryl groups were labeled
with a naphthalene moiety. Fluorescence spectra of the naphthalene labels and NMR spin—spin relaxation time data
suggested that interactions between the aggregates of the polymer-bound cholesteryl groups and SC occurred below
a critical micelle concentration of SC in water. [DOI 10.1295/polymj.37.571]
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Bile salts are amphiphilic molecules consisting of a
steroid backbone stored in the bile of all mammals.
Bile salts can solubilize hydrophobic compounds by
the formation of micelles.! Therefore, bile salts play
an important role in the emulsification and transport
of dietary fat and lipids in food. Bile salts are synthe-
sized from cholesterol in the liver to make up for a
small daily loss during the enterohepatic circulation
of bile salts. The biosynthesis of bile salts is the main
process of cholesterol consumption.?? It is known that
transmembrane absorption of bile salts occurs mainly
by active transport of monomeric bile salts.* If mono-
meric bile salts are adsorbed by hydrophobically
modified polyelectrolytes in ileum, the enterohepatic
circulation of bile salts may be changed. Namely,
the amphiphilic polyelectrolytes may reduce or pre-
vent the reabsorption of bile salts in ileum, which
may lead to a lower cholesterol level in blood.

Interactions of hydrophobically modified polyelec-
trolytes with surfactants below or above a critical
micelle concentration (cmc) have been extensively
studied. In general, hydrophobic modifications
strengthen the water-soluble polymer and surfactant
interactions by providing hydrophobic sites to which
surfactants bind preferentially.>”’ These interactions
are important in biological phenomena and commer-
cial process.®?

Previously, we reported that random copolymers
of sodium 2-(acrylamido)-2-methylpropanesulfonate

Bile Salt / Amphiphilic Polyelectrolyte / Cholesterol / Micelle / Hydrophobic

(AMPS) and cholesterol bearing methacrylate with
low contents of cholesterol bearing monomer units
(< 10 mol %) showed a strong tendency for interpoly-
mer association in water even at very low polymer
concentrations (C,).">!> The cholesterol-bearing am-
phiphilic random copolymers form a “closed” type'?
multi-polymer flower micelle consisting of a number
of hydrophobic microdomains (i.e., cores) in one
polymer micelle. The mean aggregation number of
the cholesteryl groups in one hydrophobic microdo-
main is very small. Such an intermolecularly bridged
flower micelle formed from the cholesterol-bearing
amphiphilic polyelectrolytes is stable not to be frag-
mented by external shear stress. However, the hydro-
phobic crosslinks formed from the cholesterol aggre-
gates are easily disrupted by the addition of a non-
ionic surfactant such as hexaethylene glycol n-dodec-
yl monoether (Ci;E¢), forming a polymer-micelle
complex.!' These previous findings suggest that the
cholesterol-bearing amphiphilic polyelectrolyte may
adsorb small molecules with amphiphilic nature.
Bile salts resemble cholesterol in chemical structure
consisting of a steroid backbone. Thus, it may be ex-
pected that the cholesterol-bearing amphiphilic poly-
electrolyte adsorbs bile salts effectively to the pendent
cholesteryl moieties and prevents the excess reabsorp-
tion of bile salts in the intestines tract. Sodium cholate
(SC) (Figure 1), one of the most common bile salts,
consists of a steroid backbone, a carboxyl, and three
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hydroxyl groups. The association behavior of SC has
been studied by using different experimental tech-
niques such as light scattering,'* X-ray,'> and NMR.'6

In the present paper, we report on the characteriza-
tion of the binding of SC in water to an intermolecu-
larly bridged flower micelle formed from the choles-
terol-bearing amphiphilic polyelectrolytes. To inves-
tigate the interaction between the pendent cholesteryl
moieties of the amphiphilic polyelectrolytes and SC
with fluorescence techniques, the pendent cholesteryl
moieties are labeled with a naphthalene moiety. For
fluorescence studies, naphthalene-labeled polymers
(p(AMPS/CholNp) and p(AMPS/Np) in Figure 1)
were employed. Furthermore, the interaction of the
intermolecularly bridged flower micelle with SC was
investigated by 'H NMR relaxation time, static light
scattering  (SLS), quasi-elastic light scattering
(QELS), and fluorescence in water.
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Figure 1. Chemical structures of sodium cholate (SC) and
polymers used in this study.
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EXPERIMENTAL

Materials

Potassium 3a-hydroxy-58-cholanoate was prepared
by neutralization of the respective acids (25.0 g, 66.4
mmol) with an equivalent of potassium hydroxide
(3.90 g, 70.0 mmol) in methanol followed by precipi-
tation of the salts with diethyl ether: yield 26.3 g
(95.5%). 11-Methacrylamidoundecanoic acid was pre-
pared according to the method reported by Gan and
co-workers.!”  2-(Acrylamido)-2-methylpropanesul-
fonic acid (AMPS) and SC, purchased from Tokyo
Kasei Kogyo Co., were used without further purifi-
cation. 2,2’-Azobis(isobutyronitrile) (AIBN) was re-
crystallized from methanol. N,N-Dimethylformamide
(DMF) was dried over calcium hydride and distilled
under reduced pressure. The cholesteryl moiety
(5 mol %) bearing random copolymer (p(AMPS /Chol)
in Figure 1) and sodium 2-(acrylamido)-2-methylpro-
panesulfoante homopolymer (p(AMPS) in Figure 1)
employed in this study are the same polymers as those
used in our previous work.'> Water was purified with
a Millipore Milli-Q system. Other reagents were used
as received.

2-Naphthylmethylmethacrylate

A solution of potassium methacrylate (9.40g, 75.8
mmol), 2-(bromomethyl)naphthalene (5.60g, 25.3
mmol), and tetra-n-butylammonium bromide (1.60 g,
5.10mmol) in water (152mL) and chloroform (75.8
mL) was heated to 110-115°C in an oil bath for 45 h.
The mixture was diluted with chloroform (500 mL),
washed twice with water, and dried over anhydrous
Na,SO4. The solvent was removed by evaporation,
and the crude product was purified by chromatography
on a silica gel column with chloroform as an eluent.
The second fraction was collected, and the concentra-
tion gave a white solid: yield 774 mg (13.5%); m.p.
63-65°C; 'HNMR (270MHz, CDCl;): § 1.98 (s,
3H), 5.34 (s, 2H), 5.59 (bs, 1H), 6.18 (bs, 1H),
7.44-7.49 (m, 3H), 7.81-7.84 (m, 4H). '3C NMR
(DEPT, 67.8MHz, CDCl3): é 18.39 (CHj3), 66.52
(CH3), 125.75 (CH), 125.84 (CH,), 126.18 (CH),
126.24 (CH), 127.13 (CH), 127.67 (CH), 127.94
(CH), 128.32 (CH), 133.05 (quaternary), 133.15 (qua-
ternary), 133.50 (quaternary), 136.21 (quaternary),
167.22 (quaternary).

3a-Hydroxy-5B-(2'-naphthylmethylcholanoate)

A solution of potassium 3«-hydroxy-58-cholanoate
(23.0g, 55.5mmol), 2-(bromomethyl)naphthalene
(8.18 g, 37.0 mmol), and tetra-n-butylammonium bro-
mide (2.38g, 7.40mmol) in water (100mL) and
chloroform (40.0mL) was heated to 110-115°C in
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an oil bath for 40h. The mixture was diluted with
chloroform (500 mL), washed twice with water, and
dried over anhydrous Na,SO4. The solvent was
removed by evaporation, and the crude product was
purified by chromatography on a silica gel column
with chloroform as an eluent. The second fraction
was collected, and the concentration gave a white
solid: yield 12.8g (68.8%); m.p. 178-181°C; IR
(KBr): 1187, 1719, 2864, 2929, 3491 cm™'; 'H NMR
(500MHz, CDCl3): § 0.60 (s, 3H), 0.89-1.95 (m,
33H), 2.26-2.48 (m, 2H), 3.54-3.65 (m, 1H), 5.26
(s, 2H), 7.42-7.50 (m, 3H), 7.80-7.84 (m, 4H).
3C NMR (DEPT, 125MHz, CDCls): § 11.96 (CH3),
18.23 (CHj), 20.75 (CH,), 23.34 (CHj), 24.14
(CHp), 26.36 (CH,), 27.14 (CH,), 28.14 (CH,),
30.48 (CH»), 30.93 (CH,), 31.26 (CH,), 34.51 (qua-
ternary), 35.28 (CH), 35.30 (CH,), 35.77 (CH),
36.38 (CH,), 40.09 (CH,), 40.35 (CH), 42.03 (CH),
42.67 (quaternary), 55.87 (CH), 56.41 (CH), 66.21
(CH,), 71.81 (CH), 12590 (CH), 126.19 (CH),
126.25 (CH), 127.32 (CH), 127.67 (CH), 127.93
(CH), 128.32 (CH), 133.04 (quaternary), 133.14 (qua-
ternary), 133.48 (quaternary), 174.17 (quaternary).

3a-[(11'-Methacrylamido)undecanoyloxy]-5B-(2"-naph-
thylmethylcholanoate) (CholNp)
11-Methacrylamidoundecanoic acid (4.12g, 15.3
mmol) and a trace of 2,6-di-tert-butyl-p-cresol were
dissolved in thionyl chloride (4.70 mL), and the mix-
ture was refluxed for 3h. An excess of thionyl chlo-
ride was then removed under reduce pressure. The
crude product was dissolved in dry chloroform
(17.0 mL), and the solution was added to a dry chloro-
form solution (65.0mL) containing 3«-hydroxy-58-
(2’-naphthylmethylcholanoate) (6.55g, 12.4 mmol)
and pyridine (1.40g, 17.7mmol) over a period of
30min at 0°C. The solution was stirred for 19h at
room temperature, and then the solvent was removed,
and the crude product was purified by chromatography
on a silica gel column with chloroform as an eluent.
The third fraction was collected, and the concentration
gave a clear oil: yield 1.08 g (11.3%); IR (KBr): 1733,
2857, 2929, 3336 cm™'; 'H NMR (270 MHz, CDCl3):
5 0.60 (s, 3H), 0.89-1.96 (m, 51H), 2.23-2.49 (m,
4H), 3.25-3.32 (m, 2H), 4.68-4.76 (m, 1H), 5.27 (s,
2H), 5.29 (s, 1H), 5.66 (s, 1H), 5.88 (bs, 1H), 7.44—
7.50 (m, 3H), 7.82-7.85 (m, 4H). '3C NMR (DEPT,
67.8 MHz, CDCl3): 6 11.93 (CHj3), 11.97 (CHj),
18.21 (CHs), 20.74 (CHj3), 23.20 (CH,), 23.31
(CH,), 24.08 (CH), 25.00 (CH,), 26.24 (CH,),
26.62 (CH,), 26.87 (CH), 26.94 (CH,), 28.11 (CHa),
29.02 (CH,), 29.18 (CH), 29.27 (CH,), 29.36
(CHy), 29.49 (CH), 3091 (CH), 31.23 (CH,),
32.22 (CH,), 34.50 (CH), 34.68 (CH,), 34.97
(CH,), 35.24 (CH), 35.69 (quaternary), 39.62 (CH,),
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40.04 (CH), 40.31 (quaternary), 41.82 (CH,), 42.63
(CH), 55.90 (CH), 56.37 (CH), 66.17 (CH,), 74.02
(CH), 119.01 (CHp), 119.19 (CH), 125.84 (CH),
126.20 (CH), 127.26 (CH), 127.62 (CH), 127.89
(CH), 128.27 (CH), 133.01 (quaternary), 133.10 (qua-
ternary), 133.44 (quaternary), 140.20 (quaternary),
168.34 (quaternary), 173.37 (quaternary), 174.07
(quaternary).

Polymer

A random copolymer of sodium salt of AMPS and
CholNp (p(AMPS/CholNp)) was prepared by free-
radical copolymerization initiated by AIBN in DMF.
A procedure for the copolymerization is as follows.
A predetermined amount of AMPS (1.97g, 9.50
mmol) was neutralized by equimolar Na,COj in a
20.0-mL DMF solution. To this solution was added
predetermined amounts of CholNp (0.38g, 0.50
mmol) and AIBN (4.20 mg, 0.0260 mmol). The solu-
tion was placed into a glass ampul and outgassed on
a vacuum line by six freeze-pump-thaw cycles, and
then the ampul was sealed under vacuum. Polymeriza-
tion was carried out at 60 °C for 12 h. The polymeriza-
tion mixture was poured into a large excess of diethyl
ether to precipitate the resulting polymer. The poly-
mer was purified by reprecipitating from methanol
into a large excess of diethyl ether three times. The
polymer was then dissolved in water, and the aqueous
solution was dialyzed against pure water for a week.
The polymer was recovered by freeze-drying. A refer-
ence copolymer of AMPS and 2-naphtylmethylmeth-
acrylate (p(AMPS/Np)) was prepared and purified in
a manner similar to the case of the copolymer describ-
ed above. The contents of naphthalene moiety in
p(AMPS/CholNp) and p(AMPS/Np) are 5mol %
determined by 'H NMR and UV-vis absorption spec-
troscopy.

Measurements

Infrared (IR) spectra were measured with KBr pel-
lets on a JASCO FT/IR-5M spectrophotometer. UV—
vis absorption spectra were recorded on a Shimadzu
UV-2500PC spectrophotometer.

Gel-permeation chromatography (GPC) measure-
ments were performed with a Tosoh DP-8020 pump
equipped with a Tosoh RI-8021 refractive index de-
tector and two sets of Tosoh TSK gel «-M columns
using a 10-mM LiBr containing mixed solvent of di-
methylsulfoxide (DMSO) and DMF (60/40, v/v) as
an eluent at a flow rate of 1.0 mL/min. Sample solu-
tions were filtered with a 0.45-yum pore size membrane
filter before measurements. The number-average mo-
lecular weight (M,,), weight-average molecular weight
(M,,), and molecular weight distribution (M, /M,) for
the polymers were calibrated with standard poly-
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(ethylene oxide) samples.

Proton NMR spectra were obtained with a JEOL
EX-270 spectrometer or Bruker DRX 500 NMR spec-
trometer using a deuterium lock at a constant temper-
ature of 27°C during the whole run. Proton NMR
spin—spin relaxation times (7,) were determined by
a Carr-Purcell-Meiboon-Gill (CPMG) method.'® For
T, measurements, NMR tubes containing D,O solu-
tions were deaerated by purging with Ar gas for
30 min.

Static light scattering (SLS) and quasi-elastic light
scattering (QELS) data were obtained at 25°C with
an Otsuka Electronics Photal DLS-7000DL light scat-
tering spectrometer equipped with an ALV-5000E
multi-7, digital time correlator at a fixed scattering
angle (0) of 90°. A 488nm Ar" laser was used as a
light source and output power was 50.0mW. Sample
solutions of polymers in 0.1 M NaCl were filtered with
a 0.2-u pore size membrane filter before measure-
ments. The intensity autocorrelation function 2?0
was obtained by QELS measurements. The intensity
autocorrelation function is related to the normalized
autocorrelation function g(V(f), described as

g? ) = B(1 + BlgV )% ey

where § is a parameter of the optical system (constant)
and B is a baseline. The inverse Laplace transform
(ILT) analysis of the normalized intensity autocorrela-
tion functions, g®(f), was performed using the algo-
rithm REPES to obtain the relaxation time distribution
(tA(7)) according to'*?!

gV = / TA(t)exp(—t/T)dIn T )

where g(I(¢) is the normalized first-order electric field
time correlation function, 7 is the relaxation time. The
relaxation time distribution is presented as a TA(7)
versus In 7 profile, with TA(7), providing an equal area
representation. The diffusion coefficient (D) is calcu-
lated from D = I'/¢?, where I' = !, Here ¢ is the
scattering vector, ¢ = (4nn/A)sin(6/2), n being the
refractive index of the solvent and A the wavelength
(= 488 nm). The hydrodynamic radius (Ry) is calcu-
lated using the Einstein—Stokes relation Ry = kgT/
6mnD, where kg is Boltzmann’s constant, 7" is the
absolute temperature, and n is the solvent viscosity.
The details of QELS instrumentation and theory are
described in the literature.?*??

Fluorescence spectra were recorded on a Hitachi
F-4500 fluorescence spectrometer with excitation at
290 nm for the naphthalene label at room temperature.
Excitation and emission slit widths were maintained at
25 and 1.5 nm, respectively.
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Table I. Molecular characteristics of polymers

M, x 1074 M, x 107°* M, /M,
p(AMPS/Chol) 2.51 1.41 5.62
p(AMPS) 2.05 1.08 5.29
p(AMPS /CholNp) 2.00 1.03 5.17
p(AMPS/Np) 1.69 0.98 5.78

2Determined by GPC in a 10-mM LiBr DMSO/DMEF (60/40,
v/Vv) solution calibrated with poly(ethylene oxide) standards.

RESULTS AND DISCUSSION

All the polymers used in this study are completely
soluble in water. Values of M,, M,, and M,/M,, for
these polymers estimated by GPC are listed in
Table 1. As reported in our earlier paper,'? the choles-
terol-bearing amphiphilic polyelectrolyte, p(AMPS/
Chol), forms a multipolymer aggregate consisting of
a number of hydrophobic microdomains in one poly-
mer aggregate. The mean aggregation number of the
cholesteryl groups forming one hydrophobic microdo-
main was estimated to be ca. 12 by using a fluores-
cence quenching technique. This type of multipolymer
aggregate can be envisaged as an intermolecularly
bridged flower micelle.'?

SC is known to form a micelle in water.* To obtain
information about the micellization of SC, we meas-
ured '"H NMR spin—spin relaxation times (7>) at vary-
ing concentrations of SC ([SC]) in the presence and
absence of p(AMPS /Chol). It is known that 'H NMR
relaxation times are influenced by changes in the
dynamic motion of protons. Therefore, a critical
micelle concentration (cmc) for SC can be estimated
by NMR relaxation times. We chose a resonance peak
at 3.9 ppm assigned to the methine proton in SC for
T, measurements, because this peak is isolated from
the other peaks. Figure 2 shows the variation of 7,
for SC as a function of [SC]. In the absence of

200 T

> _D“:\S\‘leﬁg—g

oL v v
0 10 20 30 40 50

[SC] (mM)

Figure 2. Plots of NMR spin-spin relaxation times (75)
estimated for a resonance peak around 3.9 ppm due to SC in the
absence () and presence of p(AMPS/Chol) (O) at C, =5.0g/
L in D,O as a function of [SC].
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p(AMPS/Chol), T, values exhibit a transition from
160 to 115ms upon increase in [SC] from 8 to
16 mM. This transition of 7, can be interpreted as
being due to the micellization of SC. An SC concen-
tration of ca. 10mM at which the transition of 7,
occurs is in good agreement with cmc values deter-
mined by different techniques such as potentiome-
try, surface tension,”® and dye solubilization.?’
Therefore, it can be concluded that 7> for SC in the
monomer and micellar states are more or less 160
and 120 ms, respectively.

In the presence of p(AMPS/Chol) (C, = 5.0g/L),
the dependence of 7, on [SC] is completely different
from that in the absence of the polymer. Values of T,
in the presence of the polymer are markedly smaller
than T, values for SC micelles formed in the absence
of the polymer, and there is no transition of 7,. T, ex-
hibits a very small value of 20 ms at [SC] = 1 mM in
the presence of the polymer, followed by a monotonic
increase in 7, with increasing [SC]. These observa-
tions indicate that motions of SC are strongly restrict-
ed, which suggests that SC is bound to a cholesterol
aggregate in the micelle of p(AMPS/Chol). The bind-
ing of SC occurs regardless of whether its concentra-
tions are below or beyond cmc. From the fact that 7,
increases with increasing [SC] in the whole range of
[SC] shown in Figure 2, it is inferred that cholesterol
aggregates in the polymer micelle are dissociated as a
result of the binding of SC. It appears that 7, for high-
er [SC] in the presence of the polymer gradually nears
T, for SC micelles in the absence of the polymer.

The dissociation of the multipolymer micelle of
p(AMPS /Chol) upon binding of SC was evidenced
by light scattering data. Figure 3 shows variations of
the excess Rayleigh ratios (Rgp) observed at a fixed
scattering angle of 90° for aqueous solutions of
5.0g/L p(AMPS/Chol) containing SC at different
concentrations. The Rgy values are plotted against

12
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N R

]

[SC] (mM)

Figure 3. Excess Rayleigh ratios (Rg) at a fixed scattering an-
gle of 90° for 0.1 M NaCl aqueous solutions of p(AMPS/Chol)
(O) and p(AMPS) (A) at C, = 5.0g/L plotted as a function of
[SC] at 25°C.
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[SC]. For comparison, Ry, values for 5.0g/L of
p(AMPS) solutions containing SC at different concen-
trations are also plotted in the same figure. At low
[SC] (< 0.2mM), the Rgy values for p(AMPS/Chol)
are large, because the copolymer forms intermolecu-
larly bridged flower micelles.!”> The Ry values are
proportionally related to the molecular mass for multi-
polymer aggregates. As [SC] is increased, Ryy for
p(AMPS /Chol) decreases remarkably, indicating that
the bridged flower micelle is disrupted by the addition
of SC. In contrast, Ryy values for p(AMPS) are practi-
cally constant at much smaller values than those for
p(AMPS /Chol) independent of [SC], which indicates
that SC does not interact with p(AMPS).

Figure 4 compares QELS relaxation time distribu-
tions for aqueous solutions of 5.0 g/L of p(AMPS/
Chol) containing 0.1 M NaCl in the absence and pres-
ence of 80 mM of SC. The relaxation time distribu-
tions for the copolymer are bimodal with fast and slow
relaxation modes. The R}, values calculated from the
relaxation times at the peak top of the fast and slow
mode distributions are 10.8 and 103 nm, respectively.
In the absence of SC, the peak for the fast mode relax-
ation time distribution can be ascribed to very small
aggregates or unimers, and the slow mode is attributed
to the intermolecularly bridged flower micelle formed
from p(AMPS/Chol).'">!! When SC was added to the
aqueous polymer solution, the relaxation times for
both the fast and slow modes decreased. The apparent
Ry, values estimated from the fast and slow relaxation
time distributions at [SC] =80mM are 6.11 and
74.0 nm, respectively. The Ry value of the fast mode
for p(AMPS/Chol) in the presence of SC is close to
the R, value for p(AMPS) in aqueous solution
(7.0nm)."" The decrease in the Ry, value of the slow

TA(7)

10-3' 102 101 .....1..00. .....1.01
T(ms)

Figure 4. Distributions of the relaxation times in quasi-elastic
light scattering (QELS) for p(AMPS/Chol) at C, =5.0g/L in
0.1 M NaCl aqueous solutions in the absence (a) and presence
(80mM) (b) of SC at 25°C, where the scattering angle is fixed
at 90°.
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relaxation mode in the presence of SC indicates that
the intermolecularly bridged flower micelle is dissoci-
ated upon binding of SC to the polymer-bound choles-
teryl groups. It is worth noting that the relative peak
area ratio of the fast mode to the slow mode in the
presence of SC is larger than that in the absence of
SC. This observation also indicates that some intermo-
lecularly bridged flower micelles are disrupted by
addition of SC.

To investigate interactions of the polymer-bound
cholesterol with SC using a fluorescence tech-
nique, we prepared naphthalene-labeled copolymers
(p(AMPS /CholNp) and p(AMPS/Np) in Figure 1).
In p(AMPS /CholNp), a naphthalene label is covalent-
ly linked to the side chain of the steroid-containing
monomer unit in the vicinity of the steroid moiety.
We have confirmed that the self-associative properties
of p(AMPS/CholNp) in water are essentially the same
as those of the non-labeled polymer, p(AMPS/Chol).
Fluorescence spectra of naphthalene labels in
P(AMPS /CholNp) exhibit an excimer emission peak-
ing at 390 nm. The I, /I, ratios for p(AMPS/CholNp)
were almost constant at 0.33 over a wide range of the
polymer concentrations (0.1 < C, < 10g/L), where
I. and I, are the fluorescence intensities of excimer
and monomer emissions at 335 and 390 nm, respec-
tively. In contrast, the 1./l ratios for the reference
copolymer, p(AMPS/Np), are much smaller and con-
stant at 0.14 independent of C, in water. In methanol,
on the other hand, the I./I, ratios for p(AMPS/
CholNp) and p(AMPS/Np) were found to be similar
to each other; I./I,, = 0.16 and 0.14 for the former
and latter, respectively. These observations are an
indication that in p(AMPS/CholNp) the excimer for-
mation is induced by hydrophobic association of the
side-chain steroid moieties. A tendency for hydropho-
bic association of the steroid moieties is sufficiently
strong to overcome electrostatic repulsion between
AMPS units. In the case of p(AMPS/Np), however,
electrostatic repulsion between AMPS units prevails
over hydrophobic association of naphthalene labels,
and hence the formation of excimer is virtually pro-
hibited.

Figure 5 compares I, /I, ratios for the naphthalene-
labeled polymers, p(AMPS/CholNp) and p(AMPS/
Np), at C, = 5.0 g/L in water in the presence of vary-
ing [SC]. In the case of p(AMPS/CholNp), the 1./l
ratio decreases with increasing [SC] over the whole
range of [SC] investigated. This observation indicates
that SC molecules are bound to the aggregates of hy-
drophobic groups in p(AMPS/CholNp), which leads
to a disruption of steroid aggregates, leading in turn
to a disruption of excimers of naphthalene labels. It
is to be noted that the /. /I, ratio decreases significant-
ly even when [SC] < cmc (i.e., ca. 10mM) but the
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Figure 5. Intensity ratios of excimer and monomer emissions
(I./I) for naphthalene labels in p(AMPS/CholNp) (O) and
p(AMPS/Np) (A) plotted as a function of [SC].

decrease becomes more significant as [SC] is increas-
ed beyond cmc, reaching a minimum value of 0.17 at
[SC] = 60 mM. Each naphthalene label may be incor-
porated into the micelles formed from SC separately.
In the case of p(AMPS/Np), the I. /I, ratios are virtu-
ally independent of [SC] when [SC] is very low
(< 1 mM), but it increases slightly with increasing
[SC] in the region where [SC] > 10 mM. This ten-
dency of p(AMPS/Np) is completely opposite to that
of p(AMPS /CholNp). There are two plausible explan-
ations for the slight increase in the I./I,, ratio for the
reference polymer as follows: (1) As micelles are
formed from SC at [SC] > cmc, naphthalene labels
in the reference polymer may be preferably incorpo-
rated into the micelle. When micelle concentrations
are sufficiently high, two or more naphthalene labels
may be incorporated in the same micelle, thus leading
to the formation of excimer in the micelle. (2) As the
concentration of SC is increased, the polymer chain
adopts a more compact conformation because of an
increase in the ionic strength, and hence the excimer
formation becomes more favorable. We added NaCl
in place of SC and confirmed that there was only a
minor effect of ionic strength. Therefore, we conclud-
ed that the former contribution is much larger than the
latter for the slight increase in the I./Iy, ratio for the
reference polymer.

A hypothetical model for the interaction between
p(AMPS/Chol) and SC is illustrated in Figure 6. An
important finding in this work is that p(AMPS/Chol)
can take up SC in water at very low concentrations
below its cmc. Therefore, it may be expected that
the cholesterol-bearing amphiphilic polyelectrolyte
acts as an efficient adsorbent for bile salts. The choles-
terol-bearing polymer affects the physiological behav-
ior of bile salts. The cholesterol-bearing polyelectro-
lyte may reduce the reabsorption of bile salts in
ileum, leading to an increased excretion of bile salts.
Therefore, this restrains the hepatic conversion of bile
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Intermoleculary bridged
flower micelle

Figure 6. Conceptual illustration of the binding of SC to intermolecularly bridged flower micelles formed from p(AMPS/Chol) leading

to a disruption of the micelle.

acids to cholesterol, and consequently may reduce
cholesterol level in blood.

CONCLUSIONS

The proton NMR spin—spin relaxation time data
indicated that SC interacted with the pendent choles-
teryl moieties of p(AMPS/Chol) below the cmc of
SC. SLS and QELS data showed that the intermolec-
ularly bridged flower micelles formed from p(AMPS/
Chol) were partially disrupted by the addition of SC
to the aqueous solution. The fluorescence spectra for
the naphthalene label of p(AMPS/CholNp) suggested
that the hydrophobic microdomains formed from the
pendent cholesteryl moieties of the copolymers were
disrupted by the addition of SC.
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