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Abstract

This article reviews previous studies on the micellar structure formed by hydrophobically
modified polysaccharides in aqueous solutions, by static and dynamic light scattering, small
angle X-ray and neutron scattering, and fluorescence from pyrene solubilized in the polymer
solution. Those experimental results are consistently explained by the full or loose flower
necklace model for pullulan bearing octenyl groups and amylose bearing dodecyl groups, and by
the randomly branched polymer model, which is often called as “nanogel,” for pullulan bearing
cholesteryl groups. We discuss the micellar structures of those hydrophobically modified
polysaccharides as well as of an amphiphilic alternating vinyl polymer bearing dodecyl groups,
depending on the degree of substitution as well as chemical structures of the hydrophobic moiety

and backbone chain.

Key Words: hydrophobically modified polysaccharides / pullulan / amylose / micelle / flower

necklace / scattering / fluorescence



Introduction

Polysaccharides derivatives have attracted much attention in the field of drug delivery systems,
because of their biocompatibility, biodegradability, and non-toxicity.'” In 1993, Akiyoshi et al.®
synthesized cholesterol-bearing pullulan (CHP) and found self-aggregation to form nano-
particles (nanogels) and complexation with globular proteins, proposing the applications as nano-
carriers for lipophilic drugs and proteins. Afterwards, they reported that the nanogels of CHP can
refold heat-denatured enzymes.”® In 1994, Ohya et al.” synthesized glutaraldehyde-crosslinked
chitosan nano-particle bearing an anti-cancer drug. This work was followed by vast reports of

0

chitosan-based nano-particles' including poly(ethylene glycol)-grafted chitosan,!* ionically

crosslinked chitosan particles,!' and polyelectrolyte complexes of chitosan and polyanion.'?

More recently, Eenschooten et al.!?

synthesized amphiphilic hyaluronic acid derivative reacted
with octenyl succinic anhydride (OSA), and proposed to use as the drug delivery system.
Amphiphilic random copolymers with vinyl polymer backbones are known to form flower
micelles or flower necklaces in aqueous media.!*!® Although hydrophobically modified
polysaccharides, like above CHP and OSA-modified hyaluronic acid, are amphiphilic random
copolymers, their micellar structures in aqueous solutions have been little investigated in detail.

Only recently, Kameyama et al.'” and Yang and Sato?*-*?

investigated micellar structures of an
amphiphilic amylose derivate (C12CMA) and hydrophobically modified pullulan, respectively.
Especially, the latter authors synthesized OSA-modified pullulan (PUL-OSA; cf. Fig. 1)
according to the method of Eenschooten, Temmeraas, et al.,'>?*> and thoroughly studied

dependences of its micellar structure in 0.05 M aqueous NaCl on the degree of polymerization

(No,1) and on the degree of substitution (DS) by small-angle X-ray scattering (SAXS),



fluorescence from solubilized pyrene prove, and size-exclusion chromatography equipped with
online multi-angle light scattering detector (SEC-MALS).

In this focus review, we briefly explain micellar structural studies of CHP, CI12CMA, and
PUL-OSA on the basis of the flower necklace model. The backbone of hydrophobically modified
polysaccharides consists of saccharide residues, which is considerably different from the vinyl
polymer backbone, consisting of ethylene units. It is intrigued to compare the micellar structure

16,17 ;

of PUL-OSA with those of amphiphilic vinyl copolymers in aqueous media on the basis of

the flower necklace model.
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Fig. 1 Chemical structures of amphiphilic random and alternating copolymers reviewed in this

article.

In what follows, the PUL-OSA sample code, like P20DS90, indicates the molecular weight

(or molar mass in units of kg/mol) of PUL before substitution by the number after P, and DS (in



mol%) by the number after DS, while CHP samples are coded as CHP-X-Y where X is the
molecular weight (in units of kg/mol) of PUL before substitution and Y is DS (in mol%).
C12CMA samples are named as C12CMAY-Z where Y and Z are DS (in mol%) of dodecyl and

carboxymethyl groups, respectively.

Micelle models

Let us consider amphiphilic random and alternating copolymers. The single copolymer
backbone chain without forming the micelle is regarded as a wormlike chain?® with the
persistence length ¢ and the contour length L. When the single copolymer chain comprises No,1
monomer units of which contour length is 4, the total contour length L is equal to 4No,1. The
monomer unit is the glucose residue for pullulan and amylose derivatives and the ethylene unit
for P(IMAL/C12), and Ny, is referred to as the degree of polymerization in what follows. The
copolymer chain bears hydrophobic groups (the cholesteryl, octenyl, and dodecyl groups) with
the degree of substitution DS (i.e., the number of hydrophobic group(s) per monomer unit). In an
aqueous solution, the amphiphilic copolymers form a micelle. The number of copolymer chains
per micelle (the aggregation number) is denoted as m, and the number of monomer units per
micelle Ny is equal to mNo,1.

Fig. 2 illustrates micelle models proposed for amphiphilic random and alternating
copolymers.!#!82! The flower micelle consists of loop chains and hydrophobic core formed by
hydrophobic groups. It is noted that the contour length shorter than /i,op = 1.6 cannot take the
loop conformation because of its chain stiffness.?®2” Thus, if DS is higher than A/, the loop
size must be fixed to the minimum loop size liop, and not all hydrophobic groups of the

copolymer chain can enter the hydrophobic core (cf. Figure S1 in the Supporting Information).
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The flower micelle is characterized in terms of /io0p and the number of minimum-size loops 7ieop.
If the contour length L of the copolymer chain exceeds lioop#ioop, O No = mNo,1 exceeds Nou =
loopnioop’h, the copolymer chain(s) may take the flower necklace conformation with nc
hydrophobic cores (cf. Figure S2 in the Supporting Information). The transition from the flower
micelle to the flower necklace by changing Noi was observed for P(MAL/C12)! in dilute
aqueous solution. (If the bridge chain is energetically unfavorable, each copolymer chain cannot
form two or more bridge chains in the multi-core micelle, and the branched architecture may be

prohibited.)
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Fig. 2 Schematic illustration of micelle models proposed for amphiphilic random and alternating

copolymers.



When DS is lower than /4/li00p, the loop size is not fixed to be /ioop, but can be larger than /ioop
(cf. Figure S1 in the Supporting Information). The micelle formed by random copolymers with
such low DS may be viewed as a randomly branched polymer with subchains of a random
distribution,?® and is referred to as the “nanogel”, according to Akiyoshi et al.® If the distribution
of hydrophobic groups along the backbone chain is not random but multi-block copolymer-like,
some unit flower micelles may remain on subchains with locally high hydrophobic group
densities, even if the average DS is lower than /4/li.0p. The loose flower necklace consists of 7
unit flower micelles and 7; random coil subchains.?! In what follows, the contour length of the

random coil subchain is assumed to be also Ny, for simplicity.

Fluorescence from pyrene solubilized in aqueous micellar solutions

A hydrophobic fluorophore, pyrene, is often used to study the hydrophobic micro-domain in
aqueous micellar solutions. For example, Fig. 3a and b show fluorescence spectra and decay
curves of pyrene solubilized in aqueous micellar solutions of a PUL-OSA sample P20DS90 at
the copolymer mass concentration ¢ = 0.9 x 107 g/cm® and three different pyrene molar
concentrations [Py]. Below 420 nm, the spectra do not depend on the pyrene concentration
solubilized, and the ratio /3//1 of the third (383 nm) to first (372 nm) peak intensities is 0.92,

which is definitely larger than the ratio for pyrene in water (= 0.63),%

and comparable to those in
aqueous micellar solutions of sodium dodecyl sulfate (SDS) (= 0.96).3° On the other hand, above
420 nm of the wavelength, an additional broad peak appears around 475 nm with increasing the

pyrene concentration. This peak corresponds to the fluorescence emission from the pyrene

excimer formed in the solution of higher pyrene concentrations.’! The formation of the pyrene



excimer makes fluorescence around 400 nm decay more rapidly in a short time region, as
demonstrated in Panel b. From the fraction of the rapidly decaying component, we can estimate
the average number 7 of pyrene molecules existing in a micellar hydrophobic core.

Fig. 3c collects /3/1 data in solutions of PUL-OSA with different DS and No,1, as well as of
C12CMA and P(MAL/C12) bearing dodecyl hydrophobes and of CHP with very hydrophobic
cholesteryl moieties. The ratios are above 0.9 for PUL-OSA with octenyl groups at DS > 0.5, and
for C12CMA and P(MAL/C12) bearing dodecyl hydrophobes even at DS < 0.5. The I3/ value
in the CHP solution is as high as 0.8 at a few % DS. Those /3/1 values indicate that solubilized
pyrene molecules are mostly included in hydrophobic micro-domains, demonstrating the micelle

formation of these amphiphilic copolymers in the aqueous solutions.
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Fig. 3 Fluorescence spectra (a) and decay curves (b) for pyrene solubilized in 0.05 M aqueous
NaCl solutions of a PUL-OSA sample (P20DS90 with No; = 142 and DS = 0.90) at the
copolymer mass concentration ¢ = 0.9 x 10~ g/cm? and three different pyrene concentrations,?’
(c) ratios I3/I1 of pyrene solubilized in aqueous solutions of PUL-OSA,?*?! C12CMA," CHP,*
and P(MAL/C12)!¢ (the solid curve, eye guide), and (d) numbers 7. of hydrophobic cores per
micelle obtained from fluorescence decay curves for aqueous solutions of PUL-OSA,?*?! and

P(MAL/C12),'® as well as from the steady-state fluorescence quenching experiment for aqueous



solutions of CHP.*? Reproduced with permission from ref 20. Copyright (2020) American

Chemical Society.

As mentioned below, scattering experiments provide us the number of monomer units No per
micelle, and we can estimate the number of hydrophobic cores n. from [Py](MoNo/Na)/(cn ),
where My is the molar mass of the monomer unit using » estimated by the fluorescence decay
curve (cf. Fig. 3b). Circles in Fig. 3d indicate the results of n. calculated by this method for PUL-
OSA and P(MAL/C12). Data points for PUL-OSA with DS > 0.8 and P(MAL/C12) with No >
1000 almost obey straight lines with the slope of unity, expected for the flower necklace model
(cf. Fig. 2). The molar concentration of the hydrophobic core (= [Py]/% ) can be obtained by the
steady-state fluorescence quenching experiment.** Square symbols in Fig. 3d show the results of
ne for CHP using this experiment.>? The proportionality between n. and Ny does not hold for

CHP, so that multi-core micelle formed by CHP in water is not the flower necklace (see below).

Scattering from aqueous micellar solutions

More detailed information about the micellar structure can be provided by various scattering
experiments, small-angle X-ray scattering (SAXS), small-angle neutron scattering (SANS), static
light scattering (SLS), and dynamic light scattering (DLS). The key parameter in the scattering
experiments is the magnitude of the scattering vector (or the scattering wavenumber) £,
calculated by (47/1)sin(82) with the wavelength A of the radiation in the solution and the

scattering angle 6. Due to the difference in A, SLS and DLS usually cover & ranging roughly

from 0.005 nm™! to 0.03 nm~!, while SAXS and SANS roughly from 0.05 nm™! to 2 nm~!. Thus,
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SLS and DLS give us the information of global structure of the micelle, and SAXS and SANS
provide the information of more local structure.

Fig. 4a compares SAXS profiles for PUL-OSA samples with different DS (and No,1) in 0.05
M aqueous NaCl. Here, Rgx is the excess Rayleigh ratio of SAXS, K. is the SAXS optical
constant, and c is the polymer mass concentration. The profile for a pullulan homopolymer, P100,
has a plateau in a low k region, and monotonically decreases with increasing k, which can be
fitted by the wormlike chain perturbed by the excluded volume effect (cf. the dot-dash curve in
the figure).>**> On the other hand, the profiles for PUL-OSA with DS > 0.38 show a minimum at
k~ 1.5 nm™!. Such SAXS profiles are expected for flower micelles with the hydrophobic core of
low electron density. Because the electron density of hydrocarbons is generally low, the (unit)
flower micelle with the hydrophobic core constructed by hydrocarbons can be viewed as such a
double-layered sphere. Thus, the PUL-OSA micelles with DS > 0.38 possess the unit flower
micellar structure. (The profile for the sample P100DS20 does not possess a minimum, but
exhibits a slightly negative curvature around k£ = 1 nm™!, which can be regarded as a symptom of
the unit flower micellar structure.) In Fig. 4b, the SAXS profiles of the two CI2CMA samples,
C12CMA39-90 and C12CMA23-90, have a similar minimum at £ = 1 nm™!, indicating that the

two C12CMA samples also form a micelle with the (unit) flower micellar structure.
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Fig. 4 SAXS profiles for PUL-OSA samples in 0.05 M aqueous NaCl at 25 °C (¢ = 0.26—1.2 x
102 g/em?)?®?! (a) and for C12CMA samples in 0.15 M aqueous NaCl at 25 °C (infinite
dilution),'” as well as SANS profiles for CHP and the mother pullulan sample P100 in phosphate
buffer at 25 °C (¢ = 1.0 x 102 g/ecm?).3® Profiles in Panels a and b other than P100 and

CI2CMAO08-90 are shifted vertically by the factor 4 indicated in the panel. Solid and dashed
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curves indicate fitting results explained in the text; dot-dash curves are the fitting results by the

wormlike chain perturbed by the excluded volume effect.3**

Yang and Sato®*?! fitted SAXS profiles for micelles formed by 13 PUL-OSA samples with
different DS and No,1 by the flower necklace or loose flower necklace model (cf. Fig. 2). Solid
curves in Fig. 4a indicate the fitting results, where n. values chosen were consistent with the
results obtained by the fluorescence experiments (cf. Fig. 3d). Except in low k regions, the
experimental SAXS profiles are nicely fitted by the theoretical curves. The same fitting was
made on the SAXS profiles for C12CMA39-90 and C12CMA23-90 (cf. solid curves in Fig. 4b)
by using the flower necklace model with ne = 3. Agreements between experiment and theory are
slightly better than the previous fitting,'® where the concentric double cylinder model was used.
We will discuss the fitting parameters in the next subsection.

The profiles for PUL-OSA, as well as for C12CMA39-90, exhibit an upswing in a lower k
region. This indicates that the PUL-OSA and C12CMA micelles partly form higher aggregates in
the aqueous solutions. Because the scattering power of the higher aggregates is very strong, a
tiny amount of the higher aggregates can induce the enhanced scattering intensity at low
scattering angles. In fact, the addition of the fractal-aggregate scattering component can fit the
experimental SAXS profiles by assuming a negligibly small amount of the aggregating
component (cf. dashed curves in Fig. 4a).2%?! We do not discuss here the details of the higher
aggregates of micelles.

In Fig. 4c, the SANS profile for the sample CHP-100-1.4 is compared with that for the
mother pullulan sample P100.%® Here, Rgn and K, are the excess Rayleigh ratio of SANS and the

SANS optical constant, respectively. The low angle plateau value for CHP-100-1.4 is higher than
13



that for P100, indicating that CHP-100-1.4 forms self-aggregates in buffer solution, but the
profile itself resembles that for the random coil chain. In fact, the profile can be fitted by the
Debye function for the linear Gaussian chain with the weight average molar mass My = 4.7 x 10°

1,37

g/mol,*” and the radius of gyration ($%)!”> = 12 nm, as indicated by the solid curve in Fig. 4c.

(The apparent second virial coefficient 4> was chosen to be 3 x 10~ cm’g?mol.)

As mentioned in the previous subsection, the steady-state fluorescence quenching
experiment indicated that CHP chains form “nanogels” possessing multiple hydrophobic cores
making up of a few cholesteryl groups attached to CHP.*? If the hydrophobic cores are regarded
as branch points, the CHP nanogel may be viewed as a randomly branched polymer. The
scattering function for the randomly branched polymer can be calculated by the theory of Kurata
and Fukatsu®® (cf. Supporting Information). As demonstrated by dotted curve in Fig. 4c, the
scattering function for the randomly branched polymer is not so much different from that for the
linear chain (the solid curve), when the functionality f is chosen to be 4, and the number of
branch points m is calculated from DS(Mw/Mo)/(f2) = 19 along with My = 4.7 x 10° g/mol,
(SHY2 =11 nm, 4, = 3 x 10~ cm>g2mol, and the molar mass per the glucose residue My = 170
g/mol. Due to the ill convergence of the power series expansion given by eq S6, it was difficult
to calculate the scattering function at k¥ > 0.4 nm™!, and we cannot distinguish between the
nanogel and linear chain by the SANS profile. It is noted that unless the sample is not deuterium
labeled, the difference in the SANS contrast factor between hydrophilic and hydrophobic core
domains within the micelle is not so large, that SANS profile does not exhibit the characteristic
minimum unlike the SAXS profile. (In the original paper,*® the SANS profile for CHP-100-1.4
was fitted to the uniform-density sphere model, which provided a slightly stronger k£ dependence

in the high k& region than experiment.)
14



The aggregation number m of copolymer chains per micelle as well as the radius of gyration
(S%12 of the micelle can be determined from SAXS and SANS profiles in low k region after
eliminated the contribution of the higher aggregating component of the micelle. The same
parameters may be obtained also by SLS after eliminated the contribution of the higher
aggregating component using DLS data.!®3® As shown in Fig. 5a, values of m for PUL-OSA2%2!
over all Ny investigated as well as for P(MAL/C12)'® at No; > 1000 are less than 2, indicating
that those micelles are close to the “unimer micelle.” On the other hand, m for POMAL/C12)'¢ at
No,1 <300 and for CHP*? show approximately the inverse proportionality to No1. As mentioned
above, P(MAL/C12) at No,1 < 300 form the uni-core flower micelle with n. = 1. As demonstrated
theoretically, the uni-core flower micelle is constructed by a constant optimum number of
monomer units Nou. This optimum number is given by mNo,1, so that m = Nou/No,1. On the other
hand, CHP forms multi-core micelle, and there is no reason for the inverse proportionality to No,i.
CHP nanogels have been dispersed so far by sonication after the CHP sample was mixed with

the solvent.’? The sonication may disperse the nanogels to an optimum size.
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Fig. 5 (a) Aggregation number m of copolymer chains per micelle,'%?*2!32 (b) the radius of
gyration ($?)"2, 61922 and (c) the shrinking factors g'u and g's for micelles of amphiphilic random

and alternating copolymers. 7202132

Fig. 5b shows No dependences of (S?)"? for the micelles of PUL-OSA, CHP, and C12CMA.
Comparing with (%! for pullulan (PUL) without hydrophobes (the solid curve),** we can say
that the dimension of PUL-OSA does not essentially change, but that of CHP shrinks by the
micellization. (The dotted curve in Fig. 5b is the radius of gyration of PUL in the unperturbed
state.) Although (S?)!? for C12CMA without bearing hydrophobes (i.e., C12CMA0-90) has not
reported, it should be close to that for C12CMAO08-90, and C12CMA shrinks by the micellization
in a contrast with PUL-OSA. Red small circles in Fig. 5b indicate the SEC-MALS (the size-
exclusion chromatograph equipped with an online multi-angle light scattering detector) results
for micelles of a PUL-OSA sample with DS = 0.2, synthesized from a polydisperse PUL
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sample.?> While data points at No < 4000 almost obey the solid curve for PUL, being consistent
with the SAXS results,?’ those at No < 4000 deviate downward from the curve, which may
correspond to the higher aggregates of the PUL-OSA micelle detected also by SAXS.?°

Just like the g factor for branched polymers, we define the shrinking factors g's for the
radius of gyration and g'u for the hydrodynamic radius due to the micellization by the ratio of the
radius of gyration (or the hydrodynamic radius) for the micelle to that for the linear chain with
the same Ny as the micelle and DS = 0 in the same solvent condition. (It is noted that the g factor
for the radius of gyration for branched polymers is conventionally defined as the ratio with
respect to the mean square radius of gyration, which is different from our definition of g's.)
From the results in Fig. 5b, we can calculate g's for PUL-OSA, and similarly calculate g’y for
CHP* and P(MAL/C12)."” The results are shown in Fig. 5c. As already mentioned, g's for PUL-
OSA is approximately unity. On the other hand, g'n for CHP and P(MAL/C12) are considerably
less than unity. The hydrodynamic radii for the flower micelle and the flower necklace of
P(MAL/C12) were calculated previously.'®!” Using the previous results, we obtain the green and
blue curves for PIMAL/C12), which agree with the experimental data points at 400 and at No >
1000, respectively. If the nanogel of CHP is regarded as the randomly branched polymer
mentioned above, gu is calculated by the theory of Kurata and Fukatsu®® (cf eq S8 in Supporting
Information). The red curve in Fig. 5c is their theoretical result for CHP with DS = 0.018 (the
averaged value of the CHP samples used in ref 32) with /= 9 (the half of the average number of
cholesteryl groups per hydrophobic core estimated by the steady-state fluorescence quenching

experiment.’?).

Parameters characterizing the micelles

17



As mentioned above, three amphiphilic random and alternating copolymers, PUL-OSA,
C12CMA, and P(MAL/C12) form the flower necklace in aqueous solution. The structure of the
flower necklace can be characterized in terms of the contour length of the loop chain (/ioop), the

number of loops or petals per unit flower micelle (7100p), the average radius of the hydrophobic
core ( R, ), the number of unit flower micelles (nc) shown in Fig. 3d, and the persistence length

of the flower necklace (gneckiace). NOw, we compare these structural parameters of flower
necklaces formed by the three different copolymers.

First of all, the contour length of the loop chain /ieop is 2.9 nm for PUL-OSA, 3.2 nm for
C12CMA, and 4.8 nm for P(MAL/C12). The electrostatic contribution of the persistence length ¢

for the copolymer backbone chain may affect the values of lioop (= 1.6g) especially for

P(MAL/C12) with the high charge density. Fig. 6a compares 7i00p and R,

core

obtained by the fits
of SAXS profiles for the three copolymers (cf. Fig. 4a and b). The number of petals nio0p per unit
flower micelle for PUL-OSA is smaller than those for P(MAL/C12) and C12CMA. This may be
owing to the shorter chain length of the octenyl group attached to PUL-OSA than that of the
dodecyl group of P(MAL/C12) and CI2CMA, which reduces the aggregation number of

hydrophobes per hydrophobic core, and then nio0p. From the same reason, most of average radii

of the hydrophobic core R, determined by SAXS for PUL-OSA are slightly smaller than those

core

for CI2CMA (Fig. 6a). However, R, . for P(IMAL/C12) is comparable with those for PUL-

core

OSA. When the SAXS profiles for PUL-OSA and C12CMA in Fig. 4a and b are compared with
SAXS profiles for P(MAL/C12) (cf. Figure 1 in ref. 17), the latter profiles possess a much
sharper minimum, implying that the hydrophobic core structure of P(MAL/C12) is considerably

different from that of hydrophobically modified polysaccharides. We have to investigate in more

18



detail the structure of the hydrophobic core formed by amphiphilic copolymers. The persistence
length gneckiace Of the flower necklace is (6 = 2) nm for PUL-OSA, 3.5 nm for C12CMA, and 7
nm for P(MAL/C12), all of which are larger than the persistence length ¢ of the copolymer

backbone chain.
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Fig. 6 DS dependences of nioop and R (a), as well as n/Ane + n;) (b) for PUL-OSA,*!

C12CMA," and P(MAL/C12)!” micelles.

As already mentioned above, data points of nc for PUL-OSA with DS < 0.8, shown by gray
circles in Fig. 3d deviate downward from the line followed by data points for PUL-OSA with
DS > 0.8, and moreover the SAXS profile for the sample P100DS20 in Fig. 4a exhibits a slightly
negative curvature around k = 1 nm™', indicating that the unit flower micelle partly remains even
at DS 0.2. These results imply that PUL-OSA with low DS takes the loose flower necklace
conformation. In fact, the solid curves for PSODS38 and P100DS20 in Fig. 4a were calculated
using the loose flower necklace model with z¢ unit flower micelles and »; random coil subchains.

Fig. 6b shows the fraction nc/(nc + n;) of the unit flower micelle in the loose flower necklace,
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used for the fits of the SAXS profiles. The fraction decreases from unity at DS < 0.8 for PUL-
OSA. This is in a contrast with the fact that C12CMA exists in aqueous solution as the full
flower necklace even at DS as low as 0.23.

As mentioned in the second subsection, the copolymer chain does not necessarily form the
minimum-size loops, when DS is lower than A/l,0p. In Fig. 6b, the vertical dotted line indicates
DS being equal to 4/lieop (= 0.12) for PUL-OSA, which is considerably lower than DS where
ne/(ne + ny) for PUL-OSA starts deviating from unity. Therefore, the unit flower micelle may not
be formed even if two or more hydrophobic octenyl groups are borne on the copolymer chain
portion with the contour length of /j,op on average. However, we should notice the method for
synthesizing PUL-OSA, which was prepared by the substitution reaction with OSA oil droplets
in aqueous solution. The substitution reaction may occur at train portions of the PUL chain
adsorbed on OSA droplet surface, but not at loop and tail portions of the PUL chain.’**° This
reaction mechanism may introduce the heterogeneity in the distribution of octenyl groups along
the PUL backbone chain especially at low DS, which affects the DS dependence of the micellar

structure.

Conclusions

Hydrophobically modified pullulan bearing octenyl or cholesteryl groups (PUL-OSA and CHP)
and amylose bearing dodecyl groups (C12CMA) as hydrophobic moieties assemble micelles in
aqueous solutions, where hydrophobic moieties attached to polysaccharide chains aggregate to
form hydrophobic cores. PUL-OSA bearing octenyl groups with relatively weak hydrophobicity
can form stable micelles over a wide range of the degree of substitution DS, while CHP with

cholesteryl groups of stronger hydrophobicity is dispersible in water only in a low DS range.
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Micellar structures of PUL-OSA, CHP, and C12CMA in aqueous media were studied by
SLS, DLS, SAXS, SANS, and fluorescence from pyrene solubilized in the copolymer solution.
All the experimental results were consistently explained by the full or loose flower necklace
model for PUL-OSA and C12CMA, and by the randomly branched polymer model for CHP. The
latter model may be identified with the “nanogel” model proposed by Akiyoshi et al.3?>”

The micellar structure is affected by DS and No,1 (the degree of polymerization; cf. Fig 2) as
well as chemical structures of the hydrophobic moiety and backbone chain. With decreasing DS,
the micelle of PUL-OSA transforms from full to loose flower necklace. While the global
dimension (the hydrodynamic radius) of the flower necklace for C12CMA and P(MAL/C12) (the
amphiphilic alternating copolymer of sodium maleate and dodecyl vinyl ether) is smaller than
that of the random coil for the linear chain with the same Ny (the number of repeating units per
micelle), the radius of gyration of the PUL-OSA flower necklace is even slightly larger than that
of the random-coiled PUL chain before the hydrophobic modification. Although the contour
length of the flower necklace for PUL-OSA shrinks from the contour length of the PUL chain by
the formation of unit flowers, the flower necklace is considerably stiffer than the PUL chain, and
the stiffness compensates the contour length shrinkage. This resembles the global dimension of

polymacromonomers.*'*? As a common feature, both PUL-OSA and P(MAL/C12) form unimer

micelle with m = 1 at high degrees of polymerization.
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The Supporting Information on dependences of the micellar structure on the degree of
substitution and degree of polymerization, as well as particle scattering function and shrinking

factors for the randomly branched polymer is available.
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Figure legends:

Fig. 1 Chemical structures of amphiphilic random and alternating copolymers reviewed in this
article.

Fig. 2 Schematic illustration of micelle models proposed for amphiphilic random and alternating
copolymers.

Fig. 3 Fluorescence spectra (a) and decay curves (b) for pyrene solubilized in 0.05 M aqueous
NaCl solutions of a PUL-OSA sample (P20DS90 with No; = 142 and DS = 0.90) at the
copolymer mass concentration ¢ = 0.9 x 10~ g/cm® and three different pyrene concentrations,*’
(c) ratios I3/I1 of pyrene solubilized in aqueous solutions of PUL-OSA,?%?! C12CMA," CHP,*
and P(MAL/C12)!¢ (the solid curve, eye guide), and (d) numbers 7. of hydrophobic cores per
micelle obtained from fluorescence decay curves for aqueous solutions of PUL-OSA,?*?! and
P(MAL/C12),'® as well as from the steady-state fluorescence quenching experiment for aqueous
solutions of CHP.*? Reproduced with permission from ref 20. Copyright (2020) American
Chemical Society.

Fig. 4 SAXS profiles for PUL-OSA samples in 0.05 M aqueous NaCl at 25 °C?*2! (a) and for
C12CMA samples in 0.15 M aqueous NaCl at 25 °C,'? as well as SANS profiles for CHP and the
mother pullulan sample P100 in phosphate buffer at 25 °C.* Profiles in Panels a and b other than
P100 and C12CMAO08-90 are shifted vertically by the factor 4 indicated in the panel. Solid and
dashed curves indicate fitting results explained in the text; dot-dash curves are the fitting results

by the wormlike chain perturbed by the excluded volume effect.’*
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Fig. 5 (a) Aggregation number m of copolymer chains per micelle,'®?%2!32 (b) the radius of
9 gereg

ation (S%)1"2,%1922 and (c) the shrinking factors g’ and g's for micelles of amphiphilic random
gyr g g g
17,20,21,32

and alternating copolymers.

Fig. 6 DS dependences of nioop and R, (a), as well as n/Ane + n;) (b) for PUL-OSA,*!

C12CMA," and P(MAL/C12)!” micelles.
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Supporting Information

Dependences of the micellar structure on the degree of substitution and degree
of polymerization

Let us consider a single copolymer chain comprising No,; monomer units with contour length 4.
The total contour length of the copolymer chain is ANp,1. As shown in Figure S1, when the
copolymer chain bears hydrophobes at both ends, it forms a loop by association of the two
hydrophobes in water. The loop chains associate intermolecularly to form a flower micelle. With
increasing DS of the hydrophobic group, the single copolymer chain form multiple loops, and
then a micelle. According to the wormlike chain statistics, the loop cannot be formed, if the
contour length is shorter than /.op = 1.6q, where ¢q is the persistence length of the chain. Thus,
when the contour distance between the nearest-neighbor hydrophobic groups 4/DS is equal to
loop, the copolymer chain forms minimum-size loops, and when DS > A/lio0p, all hydrophobes

cannot include the hydrophobic core.
intermolecular
association

DS < Wiy, in water

T -
.\hydrophobes/'.

loop

DS = Wiy,
i i J ) - —

lloop

DS > Wiy,
e e Ml — %
;

minimum-size loop

flower micelle
Figure S1. Schematic illustrations of amphiphilic copolymer chains with different DS, forming
the micelle in water.

In the last case of Figure S1, the flower micelle formed is assumed to comprise 7io0p lOOp
chains. Then, we have the relation /ioopt100p = mNo,1h, where No1 is the degree of polymerization
and m is the aggregation number of the copolymer chain forming the flower micelle. When No1
= loophioop’h (= Nouw), m = 1, i.e., the flower micelle is formed by a single copolymer chain, which
is called as the unimer micelle. When No,i > Nou, the remaining chain after forming the unit
flower micelle can form another unit flower micelle(s). If the contour length of the remaining
chain is shorter than N/, another unit flower micelle is formed by intermolecular association.
The formed multi-core flower micelle is referred to as the flower necklace.
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/
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Figure S2. Schematic illustrations of amphiphilic copolymer chains with different degrees of
polymerization, forming the micelle in water.

Particle scattering function and shrinking factors for the randomly branched
polymer
Let us consider randomly branched polymers consisting of Gaussian subchains. The branched

polymers have total n segments and m branch points. The branch points are f functional, and
distribute randomly along the polymer chain. The numbers n, m, and f are fixed. The number of
segments within a subchain is distributed randomly, although the total number is fixed to be n.
The total number of subchains p is given as
p=(-Dm+1 (S1)

Even if n, m, f, and p are fixed, there are many structural isomers for the randomly branched
polymer.

The Nth moments of the distribution function for the distance R;;, between ith segment of
Ath subchain and jth segment of xth subchain within the branched polymer chain are given by

N/2

Ny _ Ay [iu =12 / (A=n) (52)

&, . \N/2
AN(% +n/1ﬂ+]ﬂ) (/Iiy)

l/ljy
with

! N/2
((x 721))' (1 2) ! (N =0 and positive even integers )

Ay = (S3)
\/;( N + 1) ( ) (N =-1and positive odd integers)

where a is the segment length, and n4. is the total number of segments in the subchains lying
between the Ath and uth segments. Kurata and Fukatsu' calculated the sum of (R;;," over all the
possible pairs of iz and j, for the randomly branched polymer (all possible structural isomers)
with fixed n, m, f, and p, by means of generating functions. The result is given by
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Z < lﬂ,]/u

{pF(N“+ﬂ+(N”+U(N“+ﬂ[lf(f—DmFUW+2)
(27 2

1L o o T+ N +2)(fim—m—v)|(m-2)!
=) e a —m) (= —1)

(f_n“%fv_W+fﬂ}

(S4)
where N’ = N/2 and I'(x) is the Gamma function of x (eq 24 in the original paper! is incorrect).
As shown in Fig. 4c¢ of the text, the SANS profile indicates that CHP forms self-aggregates
in aqueous medium. If the self-aggregate is regarded as the randomly branched polymer, the
SANS profile can be calculated by

Ron M P(k)

- (S5)
K.,c 14+24,M,P(k)c
with the weight average molar mass My and the particle scattering function P(k) given by
CDVEY 2 5 oy
Py=1+ > CD K Z REY) (S6)

& QN+ R S

Using eq S4, we can also calculate the shrinking factors with respect to the mean square
radius of gyration gs and to the hydrodynamic radius gu as

2
_ S >random branch
88 = >
N >1inear

:m{pz +%<f—1>zm(m_1)rﬂz-lv((?z_"nz)!(vn)1 E"i_?)) (1 (fv_zwf)}

v=l

(S7)

RH,random branch

8H =
RH,linear

:3J%x?{p+1f(f_0m (S8)
ar(p+ L 4

1 ) m-1 (2v+2)! (fm—m—v)(m—-2)!
—(f -1 1
+2(f )Wl(m )1/2:1[2V+1(V+1)' (fm m) (m V—l)
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1. Kurata M, Fukatsu M. Unperturbed dimension and translational friction constant of branched
polymers. J] Chem Phys. 1964; 41: 2934-2944.
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