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ARTICLE INFO ABSTRACT

Keywords: A pullulan-based polymeric micelle was obtained by modifying pullulan with decyl succinic anhydride (PulDS) to
Amphiphilic polysaccharide derivative achieve a degree of substitution ranging from 0.46 to 0.72. SEC-MALS, static and dynamic light scattering, small
Pullulan

angle X-ray scattering (SAXS), and fluorescence measurements were performed to characterize the micelle
structure of PulDS in 25 mM aqueous NacCl at two different pH of 7 and 10. The scattering and fluorescence data
clearly showed that the PulDS is molecularly dispersed as flower necklace micelles in the aqueous solvents. The
size distribution of the unit micelles is significantly narrower than that of the previously investigated succinic
anhydride modified pullulan. The resulting unit micelle size was found to depend less on chain length and degree
of substitution, but the unit flower micelle was larger at pH 7 than at pH 10, suggesting that excess ionized OH
groups on the glycosidic ring provide repulsive forces between the polymer chains. These features, namely the
well-defined micelle structure and high solubility in aqueous media without large aggregates, indicate potential
applications in drug delivery systems and as food additives.

Flower micelle
Small-angle X-ray scattering
Light scattering

1. Introduction

Since large amounts of different polysaccharides are available from
natural organisms, the chemical modification of polysaccharides is one
of the most important industrial and research areas of polymeric ma-
terials. Among them, hydrophobically modified polysaccharides are
intensively developed because of their use as food additives and drug
carriers due to their controlled nanostructures in aqueous media (Wu
et al., 2022). While block copolymer systems consisting of hydrophobic
and hydrophilic chains tend to form well-defined core-shell micelles,
polysaccharides grafted with hydrophobic groups exhibit a greater va-
riety of structures.

Hydrophobic succinate polysaccharides are a class of polysaccharide
derivatives. They contain both an ionic group and a hydrophobic chain
on each substituted group. Octenylsuccinated derivatives of starch
(Sweedman et al., 2013), hyaluronic acid (Eenschooten et al., 2012;
Mayol et al., 2014), oat p-glucan (Wu et al., 2019; Wu et al., 2020),
hydroxypropyl acidolysis tamarind gum (Hongbo et al., 2022), and
dextran (Ridella et al., 2024) have been extensively studied to confirm
their micellar structures as well as their versatile applications, including
use as food additives and drug delivery systems. However, structural
characterization using light and X-ray scattering has not yet been
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established, although the micelle structure of vinyl-polymer-based
amphiphilic polymers is well described in terms of the flower micelle
and/or flower necklace model (Uramoto et al., 2016). Recently, the
polymer micelles have garnered interest for biomedical applications,
including the use as drug (Cao et al., 2023; Liang et al., 2024) and gene
carriers (Zhou et al., 2024). Structural characterization in aqueous
media will play an important role in the development of polysaccharide-
based polymer micelles in order to accurately and efficiently deliver the
target compounds to the site of interest.

Recently, Yang et al. investigated the micellar structure of octenyl
(Yang & Sato, 2020b, 2021a, 2021b), nonenyl (Yang et al., 2024), and
decenyl (Li et al., 2025) succinic anhydride-modified pullulans, where
pullulan, an exopolysaccharide with high water solubility, has seen a
rapid increase in production and various applications in recent years
(Aquinas et al., 2024; Cruz-Santos et al., 2023; de Souza et al., 2023;
Ganie et al., 2024; Prajapati et al., 2013; Sonam Jain et al., 2013; Thakur
et al., 2023). The dimensional properties estimated from scattering
measurements, together with the fluorescence behavior of pyrene, can
be explained by the flower necklace model (Sato et al., 2022). However,
the size distribution of the micelles is significantly broader than that of
the previously studied vinyl polymers (Kono et al., 2023; Uramoto et al.,
2016) and, in addition, a not insignificant amount of large aggregates
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affected the scattering data. Such aggregates may obscure the accurate
determination of the micelle structure. It is also suggested that the broad
distribution of the micelle structure makes it difficult to characterize the
micelles structurally, considering that non-spherical assemblies have
been proposed for some amphiphilic polysaccharide derivatives (Ikkene
et al., 2020; Kameyama et al., 2019; Nishimura et al., 2020; Nishimura
et al., 2021; Six & Ferji, 2019). Consequently, it is desirable to obtain
uniformly sized micelles with few large aggregates to accurately deter-
mine their solution structures. In addition, large aggregates might
interfere with the accurate delivery of the target compound when
applied as drug and/or gene carriers. Furthermore, chemical instability
of unsaturated alkyl side groups may affect the aggregating behavior.

In this study, we prepared decyl succinic anhydride-modified pul-
lulan (PulDS), whose chemical structure is shown in Fig. 1. To the best of
our knowledge, this is the first study on the micelle structure of poly-
saccharides modified with saturated succinic anhydride. It was initially
unexpected that the resulting PulDS samples, with an appropriate de-
gree of substitution, exhibited high solubility in aqueous media without
aggregation and a significantly narrower dispersed micelle structure.
Consequently, we determined their dimensional and hydrodynamic
properties, as well as their complex formation behavior with pyrene, in
order to characterize the micellar structure and the hydrophobic portion
within the polymer assemblies under two different pH conditions at
25 °C.

2. Experimental section
2.1. Samples

A pullulan sample was purchased from TCI. The sample was frac-
tionally precipitated using water as the solvent and methanol as the
precipitant, resulting in two pullulan samples. The concentrated pul-
lulan solution was dialyzed using a Spectrum SPECTRA/POR regener-
ated cellulose dialysis tube (MWCO = 12,000-14,000) to remove low-
molar-mass impurities, including methanol. The solution was then
lyophilized to obtain a white solid sample. The two resulting pullulan
samples, P266K and P461K, were characterized by size exclusion
chromatography (Shodex GPC-101) equipped with a Wyatt DAWN
HELEOS II multi-angle light scattering photometer (SEC-MALS), for
which the wavelength 4¢ in a vacuum of the incident light was 658 nm,
and a Shodex refractive index detector. The eluent used was 50 mM
aqueous NaNOg at a flow rate of 1.0 mL/min. Three columns were
connected in series: one guard column (SE-6B) and two analytical col-
umns (OHpak SB-806 HQ, Shodex). The temperature of the column oven
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was 40 °C. The refractive index increment (dn/dc) of the sample at 19 =
658 nm was estimated to be 0.150 mL/g in the solvent at 25 °C, using a
Schulz-Cantow type differential refractometer in the concentration
range between 0 and 10 mg/mL.

Six PulDS samples were prepared from the two pullulan samples,
P266K and P461K, in an organic solvent system. A detailed procedure
for one PulDS sample, P266DS60, is as follows. 2.0 g of P266K sample
(12 mmol in glucose unit) and 2.0 g of LiCl (Fujifilm-Wako Co.) were
added to a two-necked flask and dried under vacuum at 90 °C for 3 h. 80
mL of N,N,-dimethylacetamide (DMF, dehydrated grade, Fujifilm) was
added under an Ar atmosphere to dissolve pullulan in the DMF-LiCl
solvent. Pyridine (80 mL) and decylsuccinic anhydride (DSA, 3.55 g,
14.8 mmol) were added to the flask. We chose this solvent system
instead of aqueous solvent because of the high melting point of DSA. In
this regard, similar solvent systems were applied to synthesize various
fully substituted (Kishimoto et al., 2022; Kubota et al., 2000) and partly
substituted (Kimura et al., 2020; Kobayashi & Terao, 2024; Nakata et al.,
2024) polysaccharide carbamate derivatives. The mixture was stirred at
90 °C for 24 h. The obtained brown colored solution was poured into 2 L
of diethyl ether to reprecipitate the PulDS sample. The solid sample was
dried in a vacuum overnight and purified by reprecipitation with
methanol as solvent and water as precipitant. The dried solid sample was
dissolved in 50 mM aqueous NaOH. A small amount of the insoluble
portion was removed by filtration. The aqueous solution was dialyzed
against pure water for at least 4 d to remove soluble low-molar-mass
impurities. The aqueous solution of P266DS60 was condensed by a
rotary evaporator and lyophilized to obtain a white solid sample. The
other PulDS samples were prepared by the same procedure with
different molar ratios of DSA to glucose unit, i.e. 1.18, 1.08, 0.50, 1.01,
0.80, and, 0.61 for P266DS60, P266DS24, P266DS14, P461DS72,
P461DS46, and P461DS30, respectively, with the amount of poly-
saccharide sample fixed in each synthesis. It is noted that the methanol-
water reprecipitation process was omitted due to their high solubility of
the unpurified samples in water.

'H NMR measurements were made on a JEOL ECS400 spectrometer
(400 MHz) for 10 mg/mL solution of PulDS in D0 at 80 °C. The THNMR
spectrum for P266DS60 is shown in Fig. S1 in the Supporting Infor-
mation. The degree of substitution was estimated from the area ratio of
peak (a, assigned to the three protons on the terminal methyl group) to
peaks (b, assigned to the six protons on the glycosidic ring excluding the
H-1 proton) as described in the previous research (Yang & Sato, 2020b).
However, the b peaks for the high DS samples are significantly broader
than those for the low DS samples, as shown in Fig. S2. Although the
molar mass of a starch derivative was significantly reduced, deuterated
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Fig. 1. Chemical structure of PulDS.
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dimethylsulfoxide (dg-DMSO) with a small amount of deuterated tri-
fluoroacetic acid (d;-TFA) can be used as a solvent to determine the DS
(Tizzotti et al., 2011). We thus carried out 'H NMR measurements on
P266DS60, P461DS72, and P461DS46 in dg-DMSO containing 10 wt%
d;-TFA at 80 °C. The resulting data are shown in Fig. S3 in the Sup-
porting Information, where the peak corresponding to the six protons in
the glycosidic ring, appearing between 3.0 and 3.9 ppm (Bruneel et al.,
1993) is considerably clearer than that in D»O. The evaluated DS value
and sample yield are summarized in Table 1. The resulting DS values are
12-18 % lower than those in DO. This is most likely due to the un-
derestimation of the six protons on the glycosidic ring in D50O.

The table also contains the solubility in water; all samples were
water-soluble, while slight turbidity was observed for P266DS24 and
P266DS14. Interestingly, while the original pullulan and high-DS
samples were soluble in both water and 50 mM aqueous NaCl, the low
DS samples, P266DS24, P266DS14, and P461DS30 were insoluble in
50 mM aqueous NaCl.

SEC-MALS measurements were also performed on the three high DS
PulDS samples, P266DS60, P461DS72, and P461DS46, using the same
equipment described above for the determination of M;, and P. The
eluents were 25 mM and 50 mM aqueous NaCl, the flow rate was set at
1.0 mL/min, and the temperature of the column oven was controlled at
40 °C. The excess refractive indices were also measured with the
refractometer described above to determine dn/dc for the three samples
in the two solvents at different 4y. The values are between 0.144 mL/g
and 0.147 mL/g in 25 mM and 0.142 mL/g, and 0.148 mL/g in 50 mM
aqueous NaCl, depending slightly on the sample. It is noted that we
chose non-dialyzed solution to estimate dn/dc because the eluent of light
scattering measurement of SEC-MALS should be close to the dialyzed
solution.

For the following measurements in aqueous NaCl, test solutions were
prepared as previously described (Kameyama et al., 2019). Specifically,
a PulDS sample was dissolved in pure water at 80 °C for 30 min and
stirred overnight at room temperature. The resulting solution was mixed
with the same volume of 50 mM aqueous NaCl. The resulting solution
was diluted with 25 mM aqueous NaCl to prepare test solutions with
different polymer mass concentrations c. We also prepared PulDS solu-
tion in aqueous NaCl-NaOH solution at pH = 10 and at [Na™] = 25 mM
by adding a small amount of 25 mM aqueous NaOH to the 25 mM
aqueous NaCl solution of PulDS. The pH of the resulting solution was
confirmed using a Horiba F-54 pH meter. Notably, the pH of PulDS in 25
mM aqueous NaCl was substantially 7 during the measurements
described below.
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2.2. Static and dynamic light scattering (SLS and DLS)

SLS and DLS measurements were carried out for the three high DS
PulDS samples, P266DS60, P461DS72, and P461DS46, and one low DS
sample, P461DS30, in 25 mM aqueous NaCl and in aqueous NaCl-NaOH
solution ([Na™] = 25 mM) at pH = 10, both at 25 °C using an ALV/SLS/
DLS-5000 light scattering photometer (ALV) and vertically polarized
incident light from a Nd:YAG laser (250 mW) at 1o = 532 nm. The excess
scattering intensities Ry at the scattering angle 6 were determined from
SLS measurements as a function of ¢ and the magnitude q of the scat-
tering vector, which can be calculated from 6, 1y, and the refractive
index of the solvent. The intensity autocorrelation function obtained
from the DLS measurements was analyzed using the CONTIN method to
evaluate the spectrum A(Ry,app) as a function of the apparent hydro-
dynamic radius Ry app, Which can be calculated using the Stokes-Einstein
equation. The dn/dc values at 1o = 532 nm were essentially the same as
those at 658 nm described above. The effect of preferential adsorption
effect is described below. We also attempted to measure SLS and DLS for
PulDS samples in methanol and N,N-dimethylformamide to estimate the
molar mass, although we did not analyze the data due to high scattering
intensity from large aggregates, suggesting that these solvents are not
suitable for the characterization of PulDS.

2.3. Small-angle X-ray scattering (SAXS)

SAXS measurements were performed on PulDS samples in 25 mM
aqueous NaCl and in aqueous NaCl-NaOH (pH 10, [Na*] = 25 mM) both
at 25 °C at the BL40B2 beamline in SPring-8 (Hyogo, Japan). The in-
tensity of the incident X-ray at 1o = 0.1 nm was detected both upstream
and downstream of the solution cell to compensate for the intensity
fluctuation and transmission of the X-ray. The polymer solutions with
four different c and the corresponding solvent were filled into a specially
designed quartz capillary cell with a pass length of 2 mm for the SAXS
measurements in order to properly subtract the scattered intensity of the
solvent from that of the solution. The scattered X-rays were detected
using a Dectris Pilatus 3 2 M photon counter located 4.2 m downstream
of the solution cell. The diffraction pattern of silver behenate placed at
the sample position was used to determine the g value of each pixel on
the detector. SAngler software (Shimizu et al., 2016) was utilized to
calculate the scattering intensity as a function of the magnitude g of the
scattering vector. For a wide-angle detector, a solution was also used to
evaluate the scattering intensity data over a wider q range. The ratio Ry/
K' of the reduced scattering intensity Ry to the optical constant K’ of X-

Table 1
Molecular characteristics of pullulan and PulDS samples.
Sample Yield /% Solubility® DS” M, / kg mol 2} ny® Az app” Az app.
P266K - S - 266° 1.14° 1640 -
P461K - S - 461° 1.21° 2850 - -
P266DS60 54 S 0.68° 300" 1.3 939 0.83 2.81
0.60°
P266DS24 37 1 0.24¢ - - - -
P266DS14 34 I 0.14° - - - - -
P461DS72 63 S 0.86° 641" 1.4' 1830 1.13 1.64
0.72¢
P461DS46 58 S 0.56¢ 449 1.3 1590 1.15 2.07
0.46"
P461DS30 56 S 0.30° - - - -

# In 50 mM aqueous NaCl, ¢ = 10 mg/mL. S: soluble. I: insoluble.

> DS = 3 for full substitution.

¢ Estimated from 'H NMR in D,0.

d Estimated from 'H NMR in de-DMSO with 10 wt% d;-TFA.

¢ From SEC-MALS in 50 mM aqueous NaNOs.

f Average values from SEC-MALS in 25 mM and 50 mM aqueous NaCl.
8 Calculated from M,, and DS.

" From SLS in 25 mM aqueous NaCl. In unit of 10~4 mol m® kg 2.

! From SLS in pH 10 aqueous solution with [Na*] = 25 mM. In unit of 10~* mol m® kg2
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rays was estimated from the known relationship (Glatter & Kratky,
1982), using a TOSOH polyethylene oxide standard SE-5, as recently
reported (Nakata et al., 2024). To estimate the SAXS contrast factor Az,
the solution density was measured using an Anton Paar DMA-5000
density meter with ¢ range from 0 to 10 mg/mL to estimate the partial
specific volume in each solvent.

2.4. Fluorescence of pyrene as a probe of hydrophobicity

To estimate the hydrophobic environment in solution, steady-state
fluorescence and fluorescence decay measurements for the pyrene-
probed PulDS samples were performed on a HORIBA FluoeoMax-4
fluorescence spectrometer and a HORIBA DeltaPro lifetime spectroflu-
orometer, respectively, with a 10 mm rectangular quartz cell. A few
drops of saturated pyrene-methanol solution was added to the PulDS in
25 mM aqueous NaCl and stirred overnight before fluorescence mea-
surement. The absorbance of the solution at iy = 337 nm was also
measured using a JASCO V-550 UV/vis spectrometer to determine the
molar concentration of pyrene [Py]. Three different [Py] were chosen
for each PulDS sample. For the fluorescence decay measurement, the
incident light at 1o = 337 nm was used and the fluorescence from pyrene
molecules at approximately 1o = 400 nm was monitored using a band-
pass filter and a cut-off filter placed between the detector and the so-
lution cell to determine the fluorescence intensity I(t) as a function of the
decay time t.

3. Results and discussion
3.1. Molar mass and solubility of PulDS in aqueous NaCl
Fig. 2 illustrates the SEC-chromatogram for the three samples in 25

mM aqueous NaCl. A single peak was observed for the three samples.
The weight-average molar mass My, and the dispersity index P, defined

T T 0.1
T T
P266DS60 in 25 mM s NaCl 1
1041 (a) in 25 mM aqueous Na Jo.os
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Fig. 2. SEC chromatogram and weight average molar mass M,, plotted against
elution volume V, for (a) P266DS60, (b) P461DS72, and (c) P461DS46 in 25
mM aqueous NaCl.
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as the ratio of M, to the number-average molar mass M,, were calcu-
lated from the chromatogram where the molar mass at each elution
volume was estimated from the scattering intensity of the MALS detec-
tor. Substantially the same chromatogram was also obtained in 50 mM
aqueous NaCl and different polymer mass concentrations, as shown in
Figs. S4 and S5 in the supporting information. Since the evaluated My,
and P are essentially the same at different c and solvents, the average My,
and D values are summarized in Table 1. This result also clearly in-
dicates that the PulDS samples are molecularly dispersed in the aqueous
NaCl solvents, as the M,, value in the two solvents may differ when
PulDS forms aggregates in the aqueous NaCl solution. The degree of
polymerization n, calculated from the M,, and DS values is somewhat
lower than that of the original pullulan samples, suggesting a slight
scission of the main chain during sample preparation and/or preferen-
tial recovery of lower molar mass components during the synthesis and
purification process.

The high solubility in aqueous NaCl was also confirmed by SLS and
DLS data. Fig. 3 shows the scattering intensity distribution of the
apparent hydrodynamic radius Ry, app. A single peak in each spectrum is
found for the high DS samples, P266DS60, P461DS72, and P461DS46.
Similar results were found for the samples in the other solvent at pH =
10. The hydrodynamic radius Ry for each sample and solvent was then
estimated from the double extrapolation to ¢ = 0 and ¢ = 0 as illustrated
in Fig. S6 and the values are summarized in Tables 2 and 3 for those in
25 mM aqueous NaCl and in aqueous NaCl-NaOH solution (pH 10,
[Na*t] = 25 mM), respectively. The unimodal peak for the samples is
consistent with molecularly dispersed PulDS in aqueous media while
that for P461DS30 is bimodal, suggesting a small amount of large ag-
gregates. Considering that the other two low DS PulDS samples,
P266DS24 and P266DS14, were poorly soluble in aqueous NaCl, only
PulDS with a certain range of DS can be molecularly dispersed in
aqueous NaCl.

The scattering intensity data Ry/Kc, where K is the optical constant,
were also analyzed in terms of Guinier plots as shown in Fig. S7. While
the radius of gyration is too small to be determined from the SLS data,
the apparent weight-average molar mass M,y app and the apparent sec-
ond virial coefficient A, were determined. The evaluated My, app
values were systematically between 20 and 30 % lower than the M,
value in Table 1, suggesting that preferential adsorption is not negli-
gible, but the molecular dispersion of PulDS can be confirmed. In this
study, we do not quantitatively consider this effect in our experiments
with the dialyzed PulDS solutions, since even a slight difference in the
solvent may influence the micellar structure, as discussed later. Az app
values are also summarized in Table 1. Regardless of the sample, A3 5
at pH = 10 is about twice as high as that in aqueous NaCl, suggesting a
different solvent quality of the two solvents for PulDS.

SAXS scattering intensities for PulDS samples in 25 mM aqueous
NaCl are shown in Fig. 4(a), where the excess scattering intensity AI(q) is
plotted against q in a double logarithmic fashion. Sharp minima are
found for the three high DS samples, P461DS72 P266DS60, and
P461DS46, while only a very weak minimum is found for the other three
samples. The former sharp minimum is comparable to the SAXS data for
core-shell micelles formed by block copolymers (Narita et al., 2004) and
alternative and/or random copolymers (Kono et al., 2023; Uramoto
et al.,, 2016), indicating micelle formation. Interestingly, it is much
deeper than the previously investigated pullulan derivatives with un-
saturated alkyl groups (Li et al., 2025; Yang et al., 2024; Yang & Sato,
2020b) in aqueous media. In this regard, no significant minima were
found for the cholesterol-bearing pullulan with low DS developed by
Akiyoshi et al. (Akiyoshi et al., 1993), while only a compact confor-
mation of these nanogels in aqueous solution was revealed by dynamic
light scattering and neutron scattering (Inomoto et al., 2009). Further-
more, the essentially flat region in the low g end for the high DS samples
is consistent with small R; as described for the SLS data mentioned
above. On the contrary, for the low DS samples, significant increases in
AI(q) with decreasing g clearly indicate the presence of the large
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Fig. 3. DLS results for (a) P461DS72, (b) P266DS68, (c) P461DS46, and (d)
P461DS30 in 25 mM aqueous NaCl at indicated scattering angles at 25 °C.

aggregates. This is in agreement with the DLS data mentioned above. On
the other hand, the SAXS data in the other solvent at pH 10 shown in
Fig. 4(b) have a similar tendency, while the q value at the minimum Al
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(q) is systematically larger for the high-DS samples than for those at
neutral pH, suggesting that PulDS with high DS tends to have a micellar
structure, which can be affected by pH.

As shown in Fig. S8 no substantial concentration dependence was
found for AI(q) data for the three high DS PulDS samples in the two
solvents except for the low ¢ end, indicating that the local micelle
structure is not affected by c in the investigated c range of 2 to 10 mg/
mL, because the slight ¢ dependence of AI(q) can be classified as the
influence of A,. Thus, we extrapolated to infinite dilution and the con-
verted absolute scattering intensity Rq/K’c is analyzed by the Guinier
plot as shown in Fig. S9 the evaluated Ry data from the initial slope are
listed in Tables 2 and 3. The apparent weight-average molar mass My, app
estimated from the intercept is systematically smaller than M, in
Table 1, while they are only 2-3 % smaller than those determined from
SLS. This suggests that the evaluated scattering data reflect molecularly
dispersed PulDS micelles for all three high DS samples in the two sol-
vents. Considering that large polydisperse aggregates was observed for
the previously investigated pullulan derivatives with unsaturated alkyl
groups (Li et al., 2025; Yang et al., 2024; Yang & Sato, 2020b), PulDS
may serve as a good model polysaccharide derivative for investigating
polysaccharide-based micelles.

3.2. Hydrophobicity of PulDS in aqueous NaCl deduced from fluorescence
of pyrene

Pyrene in aqueous PulDS solution tends to accumulate in the hy-
drophobic part or micelle core of PulDS and the fluorescence spectra
reflects hydrophobicity around the pyrene molecules. The peak ratio I3/
I of the third (49 = 383 nm) to the first (19 = 372 nm) vibronic peaks is
used as an indicator of the presence of micelle cores (Goddard et al.,
1985) because the value reported for an aqueous micelle solution of
sodium dodecyl sulfate is 0.96 (Lianos & Zana, 1980), which is much
higher than 0.6 in bulk water (Kalyanasundaram & Thomas, 1977). The
fluorescence spectra of pyrene in the presence of PulDS are shown in
Fig. 5. Similar spectra were observed in the ultraviolet region, and a
broad peak of pyrene excimer is found in the visible light region. This is
also a typical spectral feature of polymer micelles. The obtained ratio I3/
I; values were almost independent of [Py], indicating good repeat-
ability. The evaluated I3/I; are plotted against DS in Fig. 5(e) where
DShydrophobic denotes the degree of substitution of the hydrophobic
group, and has the same meaning as DS for PulDS. The much higher Is/I;
values than that in water and hydrophilic sodium carboxymethyl
amylose (0.68, (Kameyama et al., 2019)) indicate the presence of
micelle core for PulDS in aqueous NaCl. The almost no DS dependence of
the I3/I; data for the current PulDS indicates the existence of a stable
micelle core in the DS region. The resulting I3/I; is essentially the same
as that of octenyl succinic anhydride-modified pullulan (PULOSA) (Yang
& Sato, 2020b, 2021b), while it is smaller than that of amylose bearing
dodecyl ether and sodium carboxymethyl groups (C12CMA)
(Kameyama et al., 2019). This difference may be because both hydro-
phobic and ionic groups are substituted on the same OH group of pul-
lulans for PulDS and PULOSA, while the hydrophobic site for C12CMA is
located at different sites on the carboxymethyl groups (Kameyama et al.,
2019).

Table 2

Micelle parameters PulDS samples in 25 mM aqueous NaCl at 25 °C.
Sample Ry/nm? Rg/nmh Ap, R¢,m/nm* Ro,m/nmd ¢° n Lgpn / nm* Is/L¢ nhpd
P461DS72 12.2 9.8 -37+1.0 1.13 £ 0.09 2.25 £ 0.15 0.14 £ 0.05 10.5 £ 1.0 30+10 0.93 22+ 2
P266DS60 6.5 7.5 -29+0.7 1.37 £ 0.12 2.49 +£0.13 0.16 £+ 0.05 6.0 £ 0.5 15+5 0.92 21+3
P461DS46 10.2 9.6 -3.4+09 1.15 £ 0.10 2.27 £0.13 0.16 + 0.05 10.0 £ 0.5 30 £ 10 0.91 205

@ From DLS data.

b From Guinier plot of SAXS data.

¢ Estimated from SAXS profile assuming ds = 1.12 + 0.2 nm.

4 Calculated from Ro,m = Rcm + ds considering the error range of ds.
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Table 3

Micelle parameters PulDS samples in aqueous NaCl-NaOH solution (pH 10, [Na*] = 25 mM).
Sample Ry/nm ° Ry /nm” Ap” R m/nm"” Ro,m/nm” o’ ne Ly gy / nm”
P461DS72 15.4 11+1 —41+1.2 0.94 £ 0.10 2.06 £0.13 0.14 £ 0.05 13+1 30+10
P266DS60 9.6 8.7 -39+1.1 0.97 £ 0.10 2.09 £0.13 0.16 £+ 0.05 8.0 £0.7 30 +£10
P461DS46 14.2 9.5 —4.4+15 0.86 = 0.10 1.98 £ 0.11 0.15 £+ 0.05 9.5+ 0.5 30 £10

# From DLS data.
> From Guinier plot of SAXS data.
¢ Estimated from SAXS profile assuming ds = 1.12 + 0.2 nm.

— . T
10" | (a) in 25 mM aqueous NaCl at 25 °C

10° - P461DS72

P266DS60

P461DS46

107

AI/au.

- T ——
10! |- (b) in aqueous NaCl-NaOH -
(pH 10, [Na*] = 25 mM) at 25 °C

P461DS72

P266DS60

P266DS14

q/nm-

q/nm

Fig. 4. Magnitude q of the scattering vector dependence of excess scattering intensity Al for indicated PulDS samples for with ¢ being between 8 and 10 mg/mL in 25
mM aqueous NaCl (a) and in aqueous NaCl-NaOH (pH 10, [Na™] = 25 mM) (b) all at 25 °C.

Fig. S10 shows the fluorescence decay of pyrene in the presence of
the indicated PulDS samples in aqueous NaCl in which natural logarithm
of the ratio I(t)/I(0) is plotted against t. Since the decay curves are
similar to those for random and/or alternative copolymer micelles
(Kawata et al., 2007; Ueda et al., 2011) as well as PULOSA (Yang & Sato,
2020b, 2021b). As with previous works on polymeric micelles, we chose
the Infelta-Tachiya kinetics (Infelta, 1979; Infelta et al., 1974; Tachiya,
1975) where excimer formation kinetics are primarily considered. The
resulting expression can be written as (Yang & Sato, 2020b)

n L% } T <k°+kf Cfiﬁ)“ (kq %k,)zﬁ[l —e @

Here, ko, kg, k_, and n are the fluorescence decay rate constant for
an excited free pyrene, the rate constant for excimer formation in a
hydrophobic part in PulDS containing two or more pyrene molecules,
the rate constant for exit of a free pyrene molecule from the hydrophobic
part, and the average number of pyrene molecules in a hydrophobic
part, respectively. The resulting parameters from the curve fitting of the
experimental data are summarized in Table S1. All data were success-
fully reproduced by the theoretical curves calculated by Eq. (1),
although in some cases the molecular parameters cannot be unambig-
uously determined, as noted in Table S1. From these parameters, the
number ny;, of the hydrophobic parts per PulDS molecule was calculated
as follows:

[Py]M.

Npp = —
P cn

(2)

The resulting number ny, of hydrophobic sites listed in Table 2

indicates that there should be multiple hydrophobic cores in a PulDS
molecule in the solvent. The current fluorescence spectra and decay
analyses strongly suggest that the PulDS molecule contains multiple
micelle cores in a single PulDS chain. Another important point is that the
hydrophobic part may play a crucial role in its potential applications as
an emulsifier and in drug delivery systems.

3.3. Micelle structure of high DS PulDS deduced from scattering data

The SAXS-estimated radius of gyration Rg and hydrodynamic radius
Ry of high DS PulDS samples are plotted against weight-average degree
of polymerization ny, in Fig. 6 together with literature data for pullulan
in water (or phosphate buffer) (Kato et al., 1984; Nordmeier, 1993;
Watanabe & Inoko, 2011). The R; data for PulDS are significantly
smaller than those for pullulan at the same weight average degree of
polymerization ny,. This is consistent with the previously investigated
polymeric micelles that form flower necklaces (Uramoto et al., 2016) as
illustrated in Fig. 7b. In this figure, the blue lines and red ovals in panels
a and b represent the backbone and hydrophobic groups, respectively.
Since the number ny,;, of the hydrophobic core of PulDS is about 20 as
shown in Table 2, it is reasonable to suppose that PulDS forms flower
necklace (Ueda et al., 2011; Uramoto et al., 2016) in the solvent. It
should be noted that to the best of our knowledge, this is the only
theoretical model available to describe experimental scattering data for
random copolymer and/or partially substituted polysaccharide de-
rivatives. On the contrary, the Ry values are quite similar to those of
pullulan especially at pH 10. This will be discussed at the end of this
section, as it is closely related to the micelle structure of PulDS.
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Fig. 5. Fluorescence spectra of pyrene with (a) P461DS72, (b) P266DS60, (c) P461DS46, (d) P266DS14 in 25 mM aqueous NaCl at 25 °C. (e) DS dependence of I3/
I, for PulDS along with the literature data for PULOSA (Yang & Sato, 2020b, 2021b) and C12CMA (Kameyama et al., 2019).
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Fig. 6. Double logarithmic plots of (a) gyration radius Ry and (b) hydrodynamic radius Ry vs weight-average degree of polymerization n,, for PulDS (P461DS72,
P266DS60, and P461DS46) along with the literature data for pullulan in water (unfilled triangles (Kato et al., 1984) and filled triangles (Nordmeier, 1993)) by SLS
and that in 50 mM phosphate buffer by SAXS (invert triangles) (Watanabe & Inoko, 2011).
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(a) Amphiphilic polysaccharide derivative
LI I B e B e s B i B B L me

(b) Model of polysaccharide micelles

Fig. 7. Schematic illustration of the flower necklace model consisting of n. (=
8) unit flower micelles.

103 T | T T T | T T T T I
(a) in 25 mM aqueous NaCl at 25 °C
102 koo P461DS72 _
10! P266DS60
<
S 10° I 4
A
107
Sample (A)
102 [° P461DS72 100
e P266DS60 10
: P461DS46 1
10'~ | Lo |
, 107 10°
10 | I T T T l T T T T
(b) in aqueous NaCl-NaOH
1021 (PH 10, [Na'] = 25 mM) at 25 °C |
sy L 46 1DS72
10!
<
= 10°
A
107
Sample (A)
102 |° P461DS72 100
e P266DS60 10
2 P461DS46 1
10‘3 | 1 1 1 | PR |
107 10

ql nm’’

Fig. 8. Comparison between experimental P(q) data for the indicated PulDS
samples with theoretical values of flower necklace model for polymer micelles
in 25 mM aqueous NaCl (a) and in aqueous NaCl-NaOH (pH 10, [Na™] = 25
mM) (b) both at 25 °C.
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Since the form factor P(q) more precisely reflects the micelle struc-
ture, we analyze here the data shown in Fig. 8. The form factor for the
flower necklace Pry(q) can be expressed as

PFN (q) = PKP (q)Pﬂower (q) (3)

where Pyp(q) and Pgower(q) denote the form factor of the KP chain and
the core-shell sphere, respectively. Here, we chose the Kratky-Porod
wormlike chain (KP chain) as the backbone of the flower necklace
because it can explain both the dimensional and hydrodynamic prop-
erties of most polymer chains (Yamakawa & Yoshizaki, 2016). The
expression for Ppower(q) can be simplified using the touched-bead core-
shell bead model as illustrated in Fig. 7(c) (Uramoto et al., 2016). It
should be noted that the theory for spherical micelles (Pedersen, 1997;
Pedersen & Gerstenberg, 1996) was not applied in this work because the
conformation of the loop chains in the shell region may not behave as
Gaussian. Of course, this coarse-graining may affect the theoretical
values in the high-q region as previously pointed out for block copol-
ymer micelles (Sanada et al., 2012). Consequently, Phower(q) can be
expressed as the form factor Pcs(Rc, Ro, q) of a core-shell sphere.

Pﬂower(q) = PCS(RCH ROs q)

2

Ap,(singRc — qRccosqRc) + singRo — qQRoc0sqRo

=9 3. R3 “)
q3 (AerC + RO)

Here, Rc, Ro, and Ap, are the core radius, the outer radius, and the
electron density parameter, which is expressed with the excess electron
densities of the core (Ap) and the shell (Ap) as

Apc — Aps

Apg ©)

Ap, =

While the core part is mainly composed of decyl groups of PulDS, the
characteristic loop chains consisting of PulDS form the shell part as
shown in Fig. 7. Kawata et al. (2007) proposed that the thickness ds
(= Ro — Rc) of the shell part can be estimated from the minimum size
loops of the wormlike main chain, which can be calculated as ds =
0.31Lk (the Kuhn segment length) from the ring closure probability of
the KP chain (Yamakawa & Yoshizaki, 2016). This relationship suc-
cessfully explained the size (Kawata et al., 2007; Ueda et al., 2011) as
well as the SAXS data (Kameyama et al., 2019; Sato et al., 2022; Ura-
moto et al., 2016) of amphiphilic polymer micelles. On the other hand,
the former Pxp(q) can be calculated from the known expression
(Nakamura & Norisuye, 2008; Yamakawa & Yoshizaki, 2016) with the
Kuhn segment length Ly py of the flower necklace, which reflects the
chain stiffness, and the contour length L, which is represented by the
number n¢ of micelles in a molecule and the diameter of the micelle Ro

L =ncRo = Tlc(Rc +ds) (6)

Assuming that the size distribution of the core radius R¢ is considered
by the Gaussian distribution with the mean core radius Rc,, and the
standard deviation o, Pgower(q) can be written as

1 00
Pﬂower(q) :75/7 Pcs(Rc.m‘F\/EO'x-,Ro‘m+\/§0'X7q>exp(—x2)dx (7)

Eventually, the theoretical P(q) can be calculated as a function of q
from Egs. (3)—(7) using the parameters Apy, Rcm, ds, 0, L, ¥n, and nc.

A curve fitting procedure was used to fit the experimental P(q) data
in Fig. 8 to the theoretical values for the flower necklace. Since not all
parameters can be unambiguously determined, we assume the size of the
loop chain, i.e., ds = 1.12 nm, which is calculated from the Lg of 3.6 nm
for pullulan determined from the intrinsic viscosity data (Yang & Sato,
2020a). It should be noted that we did not take the value of Ap, from the
calculated method, as previously reported (Yang & Sato, 2020b),
because the preferential adsorption effects on Ap, are difficult to esti-
mate, although we would measure the dialyzed solution. The remaining
five parameters of Apy, Rcm, 0, L, N, and nc were determined from the
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curve fitting of the P(q) data. The resulting theoretical values in Fig. 8
quantitatively reproduce the experimental data. It is noted that the Ry
values for PulDS are consistent with those calculated for the flower
necklace model with the parameters in Tables 2 and 3. The agreement
between experimental and theoretical values is achieved in the range of
g < 3 nm}, as shown for two samples in Fig. S11. This is reasonable
because the smooth density model cannot explain the experimental data
of even the single polysaccharide derivative chain (Terao, 2009) and a
collagen peptide (Terao et al., 2008) in the range of ¢ > 3 nm~L. To
account for the uncertainty in the assumption of ds, we also attempted to
fit the data for the range of dg = 1.12 nm + 0.2 nm. The resulting pa-
rameters are shown in Tables 2 and 3 with the error range of the pa-
rameters. Since the Rc, tends to increase with decreasing ds, the error
range of Rom values tends to be narrower as shown in the tables.
Although a rather large uncertainty is found for Ap,, the evaluated value
does not contradict the calculated values (~ —2) for flower micelles with
some assumptions as shown in the previous work (Yang & Sato, 2020b).
Despite this uncertainty, the error range of Rgm and Ro m is not signif-
icant, i.e.,, at most £20 % and +6 %, respectively. The narrowly
dispersed micelle structure can also be confirmed from the ¢ value,
which is significantly smaller than that of pullulan octenyl (Yang & Sato,
2020b), nonenyl (Yang et al., 2024), and decenyl (Li et al., 2025) suc-
cinic acids prepared in aqueous media, clearly indicating that the flower
necklace is a good model for PulDS in aqueous media. Two possible
reasons can be suggested. The first is the chemical stability of the
saturated side groups. The second is that we used an organic solvent
system, whereas the previous study used water as the synthesis solvent,
which resulted in a heterogeneous reaction as pointed out by the authors
(Sato et al., 2022). Since random substitution was suggested for certain
carbamate derivatives of polysaccharides prepared in the same organic
solvent system, based on the spectroscopic analysis of their complexes
with small molecules (Kobayashi & Terao, 2024), it is reasonable to
assume that the side groups of PulDS were randomly introduced.
However, it remains difficult to estimate the substituent distribution for
the current PulDS samples.

It is, however, noticed that the current ny;, is about 2-3 times larger
than n., although ny,, is considered as the number of hydrophobic core n.
for the synthetic polymer micelles (Ueda et al., 2011). One of the
possible reasons is that not only the micelle cores, as confirmed from the
analyses of SAXS scattering profiles, but also some decyl groups located
on the loop chains behave as a hydrophobic environment. Indeed, we
have recently shown that the excimer peak of pyrene is observed for
branched polysaccharide derivatives that do not form a hydrophobic
core (Kobayashi & Terao, 2024). Another reason is that the estimation of
n. using the flower necklace model may have some error. If we assume
that n. = 22 and Lg py = 8 nm for P461DS72, the calculated theoretical
values (the blue dashed curve) are compared with the experimental data
in Fig. S12. The resulting R; is the same as that for the original param-
eters can be calculated with the other parameters being the same as
those in Table 2. When the vertically shifted theoretical values, shown as
the green dotted curve, fit the experimental data well in the high q re-
gion, it indicates that the structure estimation of the unit flower micelle
is still correct. This discrepancy in n. might be due to the fact that the
statistics of the flower necklace do not follow the wormlike chain. In
fact, when the Ry was calculated for the wormlike cylinder model
(Yamakawa & Fujii, 1973; Yamakawa & Yoshizaki, 2016), using the
Kuhn segment length Lk py in Table 2, the contour length was calculated
as 2n.Ro,m, and the diameter d was assumed to be the same as 2R, the
calculated Ry for P461DS72 was appreciably smaller (7.7 nm) than the
experimental value. A similar discrepancy was found for the other all
samples. On the contrary, if we choose n. = 22, the resulting Ry is
calculated to be 11.9 nm, which is quite close to the experimental value.
It should be noted that the similar Ry values for PulDS and pullulan
(Fig. 7b) with the same degree of polymerization are incidental, despite
their considerably different conformations. We leave further discussion
because there are many arguments for the conformation even for simple
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polyelectrolytes in aqueous media, especially at low ionic strength
(Yamakawa & Yoshizaki, 2016).

Another important point is that both R¢m and Ro i are appreciably
smaller at pH 10 than at pH 7. Considering that A is twice as large at pH
10, some OH groups on the glycosidic ring are ionized at pH 10 and the
resulting electrostatic repulsion reduces the size of the micelle core and
makes the intermolecular interactions more repulsive. This is probably
reasonable because the pK, of a neutral saccharide molecule is around
12, e.g., the pK; of cyclodextrin (Szejtli, 1998). Assuming that the hy-
drophobic core is composed of decyl group and the density is the same as
that of decan at room temperature, the number of hydrophobic groups
ny, in the micelle cores of a PulDS molecule can be calculated. Therefore,
the ratio ny / nq of ny to the number ng of decyl groups in a PulDS
molecule is calculated to be 0.15 + 0.04, 0.35 + 0.08, and 0.27 + 0.04
for P461DS72, P266DS60, and P461DS46, respectively, at pH 7.
Similar estimates were also made at pH 10 asny, / ng =0.11 £ 0.03, 0.17
+ 0.05, and 0.11 + 0.03 for P461DS72, P266DS60, and P461DS46,
respectively. These results indicate that only a certain amount of hy-
drophobic decyl groups are located in the micelle core, and a larger
amount of them are located on the loop chains, as in the case of previous
works (Sato et al., 2022; Uramoto et al., 2016). The value of ny, / nq at
pH 10 tends to be smaller than that at pH 7. In other words, there are
more decyl groups outside the hydrophobic core at pH = 10. This is most
likely due to the enhanced repulsion caused by slightly ionized hydroxyl
groups, as described above. These features are summarized in Fig. 9. It is
also noted that despite the number of hydrophobic sites on the loop
chain, a relatively high A, was observed. This is most likely because not
only electrostatic repulsion, but also topological interactions often
observed for ring polymers (Terao et al., 2013) increase the A3 value in
solution.

4. Conclusions

A pullulan-based amphiphilic copolymer, decyl succinic anhydride-
modified pullulan (PulDS), was prepared to investigate its solubility in
aqueous media and the resulting micelle structure. PulDS samples with a
degree of substitution DS between 0.46 and 0.72 were found to be
molecularly dispersed in aqueous NaCl, whereas previously investigated
pullulan-based amphiphilic polymers (Li et al., 2025; Yang et al., 2024;
Yang & Sato, 2020b) tend to form large aggregates. Furthermore, SAXS
measurements revealed a narrowly dispersed micelle structure for the
PulDS samples. The evaluated size dispersity parameter (o) is, to the best
of our knowledge, the smallest among the succinic anhydride de-
rivatives of polysaccharides studied to date. The fluorescence, dimen-
sional, and hydrodynamic properties of these micelles were explained by
the flower necklace model, suggesting that the amphiphilic poly-
saccharide derivative synthesized as demonstrated in this study could
serve as a good model for polysaccharide-based micelles. Another
finding was that the micelle size at high pH (pH = 10) was appreciably
smaller than that at neutral pH, likely due to increased repulsive intra-
molecular interactions resulting from the partial ionization of hydroxyl

(a) atpH 7 (b) at pH 10

%

~12nmR0~23nm Rc~09nmR0~20nm
Az ~1x10"*mol m3kg=2 A, ~2 x 10~*mol m3kg~2
g~ 0.15 o~ 0.15

Fig. 9. Schematic illustration of the flower micelles of PulDS in 25 mM aqueous
NaCl (a) and in aqueous NaCl-NaOH (pH 10, [Na*] = 25 mM) (b) both at 25 °C.
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groups on the polysaccharide backbone. In conclusion, the high solu-
bility, well-defined micellar structure, and pH-responsive behavior of
PulDS make it an excellent candidate for developing innovative solu-
tions in healthcare and food-related applications, especially when a
more cost-effective synthetic method is established. Furthermore, the
synthesis procedure demonstrated in this study could be extended to a
broad range of polysaccharides and succinic anhydride derivatives,
enabling the preparation of various types of amphiphilic polysaccharide
derivatives.
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