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ABSTRACT: Amphiphilic oat β-glucan derivatives carrying octenylsuccinic groups as hydrophobic moieties have been
synthesized. Materials with a different degree of substitution (DS) and weight-average molecular weight (Mw) for oat β-glucan
were prepared and characterized using elemental analysis, infrared (IR) spectroscopy, and high performance size exclusion
chromatography (HPSEC). Dynamic light scattering (DLS), fluorescence spectroscopy, and transmission electron microscopy
(TEM) revealed that octenylsuccinate oat β-glucan (OSG) can self-assemble into spherical micelles in water with an average size
ranging from 175 to 600 nm. OSG micelles were negatively charged as indicated by ζ-potential measurement. The critical micelle
concentration (CMC) of OSGs varied from 0.206 to 0.039 mg/mL, depending on the DS and Mw of the oat β-glucan. It was
found that the presence of OSG micelles in aqueous solution could significantly enhance the solubility of curcumin by 880 fold.
Thus, OSG might have great potential in applications as hydrophobic nutrient delivery carriers.
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■ INTRODUCTION

Self-assembly is an autonomous and spontaneous process that
organizes components into ordered or functional structures.1

Amphiphilic molecules, such as surfactants or lipids, can
spontaneously self-assemble in water to form self-aggregates
such as micelles, tubes, and vehicles.2 The formation of
micellelike aqueous self-assemblies with a hydrophobic core
and hydrophilic shell depends on the repelling and coordinat-
ing forces between the hydrophilic and hydrophobic parts of
amphiphiles.3 These self-assemblies are versatile tools in
pharmacy, food, and daily chemical industries and are capable
of trapping hydrophobic pharmaceuticals and active ingredients
in their core. This characteristic increases the stability,
solubility/dispersity, and bioavailability of such trapped
ingredients.4−6 Amphiphile self-assemblies can also be used as
vehicles for the target delivery and controlled release of
bioactive compounds.7,8 Size and stability are the two most
important physicochemical properties of amphiphile self-
assemblies. Size is responsible for drug-loading capacity,
solubility/dispersity, and bioavailability, whereas stability
determines the practical utilization of self-assemblies. Thus,
the size and stability of these self-assemblies are highly related
to the structural characteristics of amphiphiles and environ-
mental parameters such as temperature, pH, and ionic
strength.9 Studies have revealed that increasing temperature
may cause larger micellar growth while the addition of H+ and
salt increases the ionic strength and reduces the thickness of the
electric double layer so that there is insufficient repulsive force
to stabilize colloidal particles.10

Both micro- and macroamphiphiles have the capacity to form
self-assemblies in water. Only intermolecular self-assembly
occurs spontaneously beyond the critical micelle concentration
(CMC) of microamphiphiles. Intramolecular self-assembly
occurs within the CMC of microamphiphiles, while inter-
molecular self-assembly occurs beyond the CMC of macro-

amphiphiles. In contrast to small amphiphiles, macroamphi-
philes can form self-assemblies and maintain stability in dilute
solutions.11

Polysaccharides, which are the most widely available
biomacromolecules, have attracted increasing attention as
substrates in forming functional self-assemblies. Given the
strong hydrophilicity of polysaccharides, chemical modification
is necessary before aqueous self-assembly to endow soluble
polysaccharide with hydrophobicity. Starch, chitosan, cellulose,
and dextrin modified with fatty acid, oleoyl chloride, 3-chloro-
2-hydroxypropyltrimethylammonium chloride, and hexadeca-
nethiol exhibit self-assembly capacities in aqueous media.12−15

Tea catechin-loaded nanoparticles prepared from chitosan were
designed for oral administration of oxidation-sensitive com-
pounds.16 Alginate−chitosan−pluronic composite nanopar-
ticles were prepared and used to encapsulate curcumin for
delivery to cancer cells.17 Hydrophobically modified sulfated
chitosan was prepared and used as a carrier of doxorubicin.18

Bioactive polysaccharides have been the research focus in
pharmaceutical, food, and nutrition fields over the past decades.
To our knowledge, few studies have investigated the application
of bioactive polysaccharides as substrates in the formation of
functional self-assemblies.
The hydrophobic modification of polysaccharides and their

self-assembly have been extensively studied, but the previous
reports indicated that the self-assembly behavior of poly-
saccharide-based micelles is highly related to the structure of
the substrates. Soluble β-glucan, as a functional and bioactive
polysaccharide, consists of linear chains of β-D-glucopyranosyl
units linked by (1→3) and (1→4) linkages.19 Soluble β-glucan
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improves the immune system, exhibits anticancer activity, and
reduces blood cholesterol, lipid, and blood glucose. However,
the hydrophobic modification of β-glucan is still lacking.
Considering that starch molecules modified with succinic
groups are widely applied in the food industry, esterification by
octenylsuccination was adopted to prepare hydrophobic oat β-
glucan (Figure 1) with regard to safety. Dynamic light
scattering (DLS), transmission electron microscopy (TEM),
and fluorescence spectroscopy were conducted to investigate
intensively the aqueous self-assembly behavior of octenylsucci-
nate oat β-glucan (OSG). The influences of OSG concen-
tration, pH, and ionic strength on the micelle stability were
investigated. Besides, the potential of OSG self-assemblies to
enhance the water solubility of curcumin was also verified.

■ EXPERIMENTAL SECTION
Materials. A commercial soluble β-glucan (80 wt % β-glucan

content) extracted from oats was bought from Zhangjiakou Yikang
Biological Technology Co., Ltd. (China). 2-Octen-1-ylsuccinic
anhydride (product no. 416487) and pyrene (for fluorescence,
≥99.0%, product no. 82648) were purchased from Sigma Chemical
Co. (St. Louis, MO). Curcumin (98%) was supplied by Adamas
Reagent Co., Ltd. (China). KBr of infrared (IR) spectroscopy grade
was obtained from Guangfu Reagent Chemical Co., Ltd. (China).
Phosphotungstic acid (>98%) was provided by Sangon Biological
Technology Co., Ltd. (China). Acetonitrile and formic acid of
chromatographic grade were also used. All chemicals were used in this
study without further purification.
Oat β-Glucan Solution. Oat β-glucan (2.500 g) was dispersed in 1

L of distilled water and was heated at 80 °C with magnetic stirring for
2 h. The resulting solution was cooled to room temperature by tap
water. The oat β-glucan solution (1.953 ± 0.075 g of β-glucan) was
obtained by centrifugation at 3000g for 10 min.
Oat β-Glucan Hydrolysis. The hydrolysis of β-glucan was

conducted according to a previously described method with slight
modifications.20 An aliquot of 100 or 200 μL of hydrochloric acid (6
M) was added to 100 mL of β-glucan solution (0.195 ± 0.008 g of β-
glucan). After the digestion at 50 °C for 10 min, the hydrolysates
(0.192 ± 0.007 g of β-glucan for 100 μL of hydrochloric acid (6 M)

and 0.188 ± 0.004 g of β-glucan for 200 μL of hydrochloric acid (6
M)) was rapidly cooled to room temperature and neutralized (pH 6 to
pH 7) with 2 M NaOH. A high-performance size exclusion
chromatography (HPSEC) system was used to determine the
weight-average molecular weight (Mw) of β-glucan and its hydrolyates.
The HPSEC system consists of a pump (20 A; Shimadzu, Japan), an
autoinjector (20 A; Shimadzu, Japan), a 7.8 mm × 300 mm TSK
G4000 PWXL-SEC column (Tosoh, Japan), and a refractive index
detector (10 A; Shimadzu, Japan). The flow rate of the mobile phase
(0.02% (m/v) NaN3) was 0.7 mL/min.21

OSG Synthesis and Characterization. OSG was synthesized
according to a previously proposed method for the octenylsuccination
of starch with slight modifications.22 By varying the amounts of 2-
octen-1-ylsuccinic anhydride and incubation time, a series of OSGs
with different degrees of substitution (DS) was obtained. An aliquot
solution of 100 mL of oat β-glucan (16.8 × 104 g/mol) or its
hydrolysates (11.9 × 104 and 7.3 × 104 g/mol) was introduced into a
reaction bulb. A 0.3 mL amount of 2-octen-1-ylsuccinic anhydride was
added, and the mixture was incubated at 45 °C for 2 h under
continuous stirring to obtain OSG1, OSG4, and OSG5, respectively.
An aliquot of 100 mL of oat β-glucan (16.8 × 104 g/mol) solution was
introduced into a reaction bulb. A 0.6 mL amount of 2-octen-1-
ylsuccinic anhydride was added, and the mixture was incubated at 45
°C for 2 and 5 h under continuous stirring to obtain OSG2 and OSG3,
respectively. During the reaction, the pH of the mixture was
maintained in the range of pH 8 to pH 10 by the dropwise addition
of 3.0% (w/v) NaOH. The reaction mixture was then cooled by tap
water and was further stirred for 12 h at room temperature. The
reaction was ended by adding 0.24 M HCl to obtain a pH of 6.5. The
slurry was filtered through a Buchner funnel by using Whatman #l
filter paper vacuum filtration. Thereafter, OSG was precipitated from
the filtrate by adding isopropyl alcohol up to 66.7% (v/v) isopropyl
alcohol concentration. The precipitate was collected by centrifugation
at 3000g for 10 min. The pellet was dissolved in distilled water and
successively dialyzed against tap water and distilled water for 24 h in a
dialysis bag (MD44-14, Union Carbide Co., Seadrift, TX) with a size
exclusion of 14000 g/mol for globular molecules. The OSG was
obtained by drying with an LGJ-10 vacuum freeze-dryer (Sikuan
Instrument Co. Ltd., Beijing, China) at −60 °C for 12 h and used for
all subsequent experiments. The Fourier transform IR (FTIR) spectra
of the products confirmed the substitution reaction. The IR spectra

Figure 1. Preparation of octenylsuccinate oat β-glucan (OSG).
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(500 cm−1 to 4000 cm−1, KBr disk method) were recorded by using a
PerkinElmer Spectrum 2000 Fourier transform IR spectrometer
(Shelton, CT) with a deuterated triglycine sulfate detector. Elemental
analysis was conducted to determine the DS of OSG by using an
Elementar CHNS analyzer (Vario EL III, Elementar Analysensysteme,
Germany).23

OSG Micelles Preparation. OSG (50 mg) was dissolved in 20 mL
of distilled water by heating at 100 °C for 2 min. The solution was
cooled to room temperature when OSG was completely dissolved, and
the volume was increased to 20 mL with distilled water. The obtained
OSG micelles were used for TEM imaging, the measurement of
micelle size and ζ-potential, and loading curcumin.
TEM. TEM was applied to characterize the appearance of OSG self-

assembled micelles in aqueous solution.24 A sample (2.5 mg/mL
OSG1 solution, 3 μL) was dropped onto the carbon-coated grid and
dried under ambient conditions overnight. To stain the micelles,
phosphotungstic acid (PTA; 0.5 w/v %) solution (10 μL) was dropped
onto the micelles for 2 min. A filter paper was then used to blot
carefully the excess PTA solution. The grids were dried again under
ambient conditions overnight. Imaging was performed on a JEOL
JEM-2100 instrument (JEOL, Japan) at 200 kV equipped with a Gatan
94 Ultrascan 1k charge-coupled device camera.
Fluorescence Spectroscopy. A previously described pyrene 1:3

ratio method was adopted to determine the CMC of OSG.25 A series
of aqueous OSG solutions with varied concentrations (0.0004 mg/mL
to 1.2 mg/mL) were prepared. The pH of these solutions was adjusted
to 6.5 ± 0.2 by NaOH or HCl solution. Pyrene in ethanol (2 × 10−3

M) was then introduced into the aqueous OSG solution at a final
concentration of 6 × 10−7 M. After intensive homogenization, the
solution was stored overnight at room temperature. Fluorescence
spectra were recorded on a Hitachi F-2500 fluorescence spectropho-
tometer (Hitachi, Japan) with a 10 mm path length quartz cuvette. In
this system, pyrene was excited at 330 nm. The slit width was set to 10
nm for both excitation and emission. The fluorescence intensities in
the emission spectra at ≈373 (I1) and ≈384 nm (I3) were measured.
The I1/I3 quotient was defined as a pyrene 1:3 ratio value. CMC was
determined by the intersection of the two straight lines drawn before
and after the intersection point in the I1/I3 versus OSG concentration
plots.26

Micelle Size and ζ-Potential. The size and ζ-potential of OSG
micelles in aqueous solution were determined based on dynamic light
scattering (DLS) by using a Zetasizer Nano ZS90 (Malvern
Instruments Ltd., UK) equipped with a He−Ne laser (633 nm) and
90° collecting optics.27 The results of size and ζ-potential were
expressed as nm and mV. To study the influence of ionic strength (IS),
2.5 mg/mL OSG1 solutions (pH = 7) were prepared by the addition
of NaCl to a final concentration of 0.1 to 0.5 M. To study the influence
of pH, the pH values of 2.5 mg/mL OSG1 solutions (IS = 0 M) were
adjusted to values ranging from 1.5 to 7.0 using small amounts of 0.1
to 5.0 M HCl or 0.1 NaOH. The influence of OSG concentration on

micelle stability was also studied by dissolving 2.5, 2.0, 1.5, 0.5, and 0.2
mg OSG1 in 10 mL of distilled water (pH = 7 and IS = 0 M).

Loading Curcumin into OSG Micelles. Solid curcumin (5 mg)
was added into a 10 mL OSG solution containing 25 mg of OSG1.
Then, the solution was homogenized at 12 000 rpm for 1 min using a
homogenizer (IKA T18 basic, IKA-Werke GmbH & Co., Staufen,
Germany). To allow curcumin solubilization, the resulting suspension
was continuously stirred at 25 °C for 48 h. Finally, excessive solid
curcumin was removed from the suspension by centrifugation at 5600g
for 20 min, and a curcumin-loaded OSG solution was obtained.

Quantitation of Curcumin in OSG Micelles. The loaded
curcumin mass in the OSG solution was determined by HPLC.28

Before conducting the analysis, the curcumin-loaded OSG solution
was mixed with methanol (1:4, v/v) to extract curcumin. Mixtures
were vortexed for 2 min and then centrifuged at 5600g for 10 min.
Finally, the supernatants were filtered by a 0.45 μm filter (Nylon 66,
China). HPLC analysis was performed on a reverse-phase Thermo
BDS C18 column (250 mm × 4.6 mm i.d.) from Thermo Fisher
Scientific Inc. (Waltham, MA) with a 5 μm particle diameter by using
an LC-20A HPLC instrument equipped with a photodiode array
detector (20A; Shimadzu, Japan) operated at 420 nm. A mixture of
0.2% (v/v) formic acid (solvent A) and acetonitrile (solvent B) was
supplied as the mobile phase at a flow rate of 0.7 mL/min. The
gradient was programmed as follows: starting composition, A:B,
65%:35% v/v; 0 to 10 min, % v/v of B increased from 35% to 65%; 10
to 15 min, % v/v of B increased from 65% to 70%; 15 to 20 min, % v/v
of B decreased from 70% to 35%. Curcumin was quantified by an
external calibration curve (y = −7.4 × 105 + 2.3 × 105x, R2 = 0.9875).
The results were expressed as μg/mL. The curcumin loading capacity
(CLC) of OSG was calculated by using the following equation:29

μ
μ

=

curcumin loading capacity ( g/mg)
mass of loaded curcumin in 1 mL of OSG solution ( g)

mass of used OSG in 1 mL of OSG solution (mg)
(1)

Statistical Analysis. Results were expressed as the mean with a
standard deviation from at least three measurements. SPSS 19.0 was
used to analyze the data. ANOVA was performed to determine the
least significance at P < 0.05 by Tukey’s HSD test.

■ RESULTS AND DISCUSSION
OSG Synthesis and Characterization. To investigate the

effects of DS on the aqueous self-assembly behavior of OSG,
OSG (Mw, 16.8 × 104 g/mol) with varied DS (OSG1, 0.0080;
OSG2, 0.0172; OSG3, 0.0387) was used (Table 1). Oat β-
glucan (OSG1, 16.8 × 104 g/mol) and its acid hydrolysates
(OSG4, 11.9 × 104 g/mol; OSG5, 7.3 × 104 g/mol) with a
comparative DS were also applied to evaluate the effects of oat

Table 1. Weight-Average Molecular Weight (Mw), Degree of Substitution (DS), Critical Micelle Concentration (CMC), Size, ζ-
Potential, and Polydispersity Index (PDI) of Octenylsuccinate Oat β-Glucan (OSG)a,b

sample Mw
c (104 g/mol) DS CMC (mg/mL) size (nm) ζ-potential (mV) PDI

β-glucan 16.8 − − 691.0 ± 10.5a −8.7 ± 0.2a 0.459 ± 0.020b

OSG1 16.8 0.0080 ± 0.0005c 0.206 ± 0.006a 600.3 ± 19.3b −11.5 ± 0.3c 0.474 ± 0.026b

OSG2 16.8 0.0172 ± 0.0025b 0.065 ± 0.003c 476.8 ± 14.2c −12.5 ± 0.2d 0.558 ± 0.028a

OSG3 16.8 0.0387 ± 0.0018a 0.039 ± 0.002d 267.2 ± 7.5d −13.7 ± 0.4e 0.528 ± 0.030a,b

OSG4 11.9 0.0085 ± 0.0007c 0.081 ± 0.004b 401.4 ± 10.1e −10.9 ± 0.5c 0.443 ± 0.041b

OSG5 7.3 0.0076 ± 0.0010c 0.077 ± 0.004b,c 175.3 ± 8.6f −9.6 ± 0.2b 0.293 ± 0.084c

aValues bearing different nonitalic superscript lowercase letters in the same column are significantly different (P < 0.05) by Tukey’s HSD test. b2.5
mg/mL samples were used for the experiments on size, ζ-potential, and PDI. An aliquot solution of 100 mL of oat β-glucan (16.8 × 104 g/mol) or its
hydrolysates (11.9 × 104 and 7.3 × 104 g/mol) was introduced into a reaction bulb. A 0.3 mL amount of 2-octen-1-ylsuccinic anhydride was added,
and the mixture was incubated at 45 °C for 2 h under continuous stirring to obtain OSG1, OSG4, and OSG5. An aliquot solution of 100 mL of oat
β-glucan (16.8 × 104 g/mol) was introduced into a reaction bulb. A 0.6 mL amount of 2-octen-1-ylsuccinic anhydride was added, and the mixture
was incubated at 45 °C for 2 and 5 h under continuous stirring to obtain OSG2 and OSG3. cThe molecular weight of soluble oat β-glucan was
determined before chemical modification.
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β-glucan Mw on the aqueous self-assembly behavior of OSG.
HPSEC was used to characterize oat β-glucan Mw and
hydrolyates, and FTIR spectroscopy was used to verify the
substitution reaction (Figure 2). In all spectra, the broad band

stretch at approximately 3400 cm−1 is attributed to the
hydrogen-bonded hydroxyls, and the band at ν = 2924 cm−1

is attributed to −CH2 symmetrical stretching vibrations. In
OSG spectra, newly derived peaks were observed at 1727 and
1574 cm−1, which correspond to the OSG carbonyl group
(−CO−) and the asymmetric stretch of vibration of the
carboxylate (RCOO−), respectively.30,31 This evidence con-
firms the succession of intended chemical modifications. Similar
observations are reported for OSA-modified starch.32

CMC of OSG. Figure 3 shows the fluorescence emission
spectra of pyrene incorporated into OSG micelles in water at
room temperature. Four characteristic peaks at 374, 380, 385,
and 394.5 nm for pyrene appeared in the range of 360 to 420
nm, which agrees with the selected excitation wavelength of 330
nm for this system.33 Given that pyrene senses a hydrophobic

environment, the I1/I3 ratio is a sensitive indicator of the
polarity of pyrene microenvironments. High and low I1/I3
ratios indicate polar and nonpolar environments, respectively.
Thus, a decrease in I1/I3 ratio will indicate that pyrene is
transferred from an aqueous media to less polar microdomains
induced by OSG micellization. Figure 4 shows the plots of
pyrene I1/I3 ratio versus the logarithm of OSG concentration.
At low OSG concentrations, the I1/I3 ratio is approximately
1.80, which is similar to the value (1.87) measured in an
aqueous environment (6.0 × 10−7 M of pyrene in phosphate
buffer). An increase in OSG concentration results in a gradual
decrease in I1/I3 ratio, thus suggesting the onset of OSG
micellization. Theoretically, this finding indicates that OSG self-
assemblies with hydrophobic cores are formed by the
interactions between the octenylsuccinate groups, and pyrene
is solubilized. High OSG concentrations result in increased
pyrene incorporation into the hydrophobic cores.34 The CMC
of OSG varies from 0.039 mg/mL to 0.206 mg/mL. This result
is similar to the values reported for (C17, C15, C7)-acyl chitosan
(0.002 mg/mL to 0.025 mg/mL), deoxycholic acid-modified
chitosan (0.013 mg/mL to 0.075 mg/mL), and palmitoyl
chitosan (0.002 mg/mL to 0.037 mg/mL).26,35,36 The CMC
values of OSGs are significantly lower than that of the low
molecular weight surfactants (e.g., 2.5 mg/mL for sucrose fatty
acid esters), indicating the stability of self-aggregates at dilute
conditions.
The effects of the DS and Mw of oat β-glucan on the CMC

values of OSG are summarized in Table 1. The comparisons of
OSG1, OSG2, and OSG3 show the significant effect of the DS
of OSG on its CMC. An increase in DS results in a sharp
decrease in the CMC of OSG (0.206 mg/mL to 0.039 mg/
mL). This finding is attributed to the enhanced hydrophobicity
of OSG with its elevated DS. Therefore, hydrophobic
interactions between octenylsuccinic groups influences the
organization of a self-assembled network.26,37,38

The comparisons of OSG1, OSG4, and OSG5 show a sharp
decrease in the CMC of OSG (from 0.206 mg/mL to 0.081
mg/mL) with a decrease in the Mw of oat β-glucan from 16.8 ×
104 g/mol to 11.9 × 104 g/mol. A further decrease in the Mw of
oat β-glucan does not result in a significant decrease in CMC.
This finding is caused by the changes in rheology properties of
the OSG solution and the molecular steric hindrance involved
in the self-assembly. Acid hydrolysis significantly decreases the
viscosity of the OSG solution; a decrease in viscosity aids the
self-assembly.39 Kim40 reported that the high molecular weight
of glycol chitosan backbone in glycol chitosan−deoxycholic
acid conjugates significantly hampered the effective association
of hydrophobic deoxycholic acids.

Morphology and Size of OSG Self-Assembly. The
morphological characteristic of the OSG1 micelle is shown in
Figure 5. The stained micelles appear as dark objects against the
light background of the amorphous carbon substrate and are
separated well from each other. OSG1 micelles under neutral
conditions have a spherical structure with a size of
approximately 600 nm. Table 1 indicates that the PDI of
OSG self-assembly increased from 0.293 to 0.474 with the
increase of OSG Mw from 7.3 × 104 to 16.8 × 104 g/mol. The
OSG with high Mw is likely to form self-assemble with different
dimensions, leading to more heterogeneity. A significant
increase in the PDI of OSG was also observed with the
increase of DS from 0.0080 to 0.172. However, with a further
increase of DS to 0.0387, the PDI did not increase significantly.
Higher PDI of OSG at higher DS may ascribe to the higher

Figure 2. Infrared (IR) spectra of oat β-glucan and octenylsuccinate
oat β-glucan (OSG).

Figure 3. Emission spectra of pyrene (6.0 × 10−7 mg/mL) in
octenylsuccinate oat β-glucan (OSG) solution as a function of OSG
concentration (0.0004 to 1.2 mg/mL).
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amount of carboxyl groups, which leads to stronger intra-
molecular repulsion, making the OSG chain stretch and
resulting in the higher PDI. The self-assembly size is one of
the most significant determinants for the transparency and
stability of OSG solutions, as well as the loading capacity and
bioavailability of loaded chemicals.41,42 Table 1 shows that both
the DS and Mw of oat β-glucan significantly affects the size of
self-assemblies. An increase in DS significantly decreases the

size of the self-assemblies. This finding indicates that compact
self-assemblies are formed with high-DS OSGs. Similar results
have been reported for oleoyl alginate ester, octadecyl
hyaluronic acid, and palmitoyl chitosan.36,43,44 This phenom-
enon can be ascribed to the strong intra- and intermolecular
hydrophobic interactions among octenylsuccinic groups, thus
causing the hydrophobic substituent groups to self-assemble
and form a dense core. For the Mw of oat β-glucan, a high Mw is

Figure 4. Plots of pyrene I1/I3 ratio versus the logarithm of different concentration of octenylsuccinate oat β-glucan (OSG) with different degrees of
substitution (DS) and molecular weights of oat β-glucan (Mw).

Figure 5. Transmission electron micrograph (TEM) of octenylsuccinate oat β-glucan (OSG) micelles.
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accompanied by large self-assemblies. Thus, a decrease in the
Mw of oat β-glucan decreases micelle size. This result can be
attributed to two related factors. First, lower molecular weight
polymers have lower steric hindrances and higher flexibilities,
which facilitate compaction in self-assemblies, compared with
that of higher molecular weight polymers. Second, a decrease in
the Mw of polymer amphiphiles decreases the vesicle curvature
of self-assemblies.45

In addition to the structural parameters of OSG, environ-
mental factors also affect the size of formed self-assemblies. The
effect of OSG concentration on the size of OSG self-assemblies
are shown in Figure 6A with OSG1 as the model substrate. At
an OSG concentration equal to the CMC (0.2 mg/mL), the
size of the micelles is 325 nm. An increase in OSG
concentration results in a sharp increase in particle size and
then reaches a plateau (540 nm) at concentrations above 1.5
mg/mL. A similar increase has been reported for chitosan−
glutathione conjugate nanoparticles.46 The increase in particle
size is due to the increased viscosity of the OSG solution
resulting from high concentrations. Figure 6B shows the effects
of ionic strength on the size of OSG self-assemblies. When the
NaCl concentration ranges from 0 to 0.3 M, micelle size
decreases from 600 to 475 nm. However, a further increase in
NaCl concentrations above 0.3 M insignificantly affects the
micelle size. Electrolytes (Na+) screen the electrostatic
repulsion of negative charges (−COO−) in the β-glucan
backbone, thus resulting in size reduction.26 Figure 6C shows
the effect of pH on the micelle size. A low pH corresponds to
small micelle sizes. This finding is attributed to the pH
dependence of ionization state carboxyls in substituent groups.
The ratio of deprotonated/protonated carboxyl groups
(COO−/COOH) increases with the increasing pH of the
OSG solution. Thus, the repulsion among individual OSG
molecules caused by the deprotonated carboxyl groups at high
pH reduces particle aggregation and increases self-assembly
size. All carboxyl groups are fully deprotonated when the pH is
above 5.5, and the size of self-assemblies is independent of the
pH of the OAG solution.
ζ-Potential of OSG Self-Assembly. ζ-Potential analysis

was performed to obtain information on the surface properties
of the micelles. ζ-Potential is an indicator for the long-term
stability of particulate systems. If particles in a suspension have
large ζ-potential values, such particles will repel each other and
will not aggregate. This phenomenon is reflected by the
stability of the suspension. However, if the particles have low ζ-
potential values (close to zero), such particles will aggregate,
thus destabilizing the suspension.47 OSG micelles present a
negative charge, which is possibly caused by the presence of
ionized carboxyl groups at the micelle surface (Table 1). The
absolute ζ-potential of self-assemblies increases with the
increasing DS of OSG compared with OSG1, OSG2, and
OSG3. A higher DS leads to a higher absolute ζ-potential, thus
suggesting that large amounts of OS groups cause high surface
charge density.48,49 Although the absolute ζ-potentials insignif-
icantly differ between OSG self-assemblies with β-glucan Mw of
16.8 × 104 and 11.9 × 104 g/mol, such absolute ζ-potentials are
higher than the absolute ζ-potentials of OSG self-assemblies
with a β-glucan Mw of 7.3 × 104 g/mol. At the equivalent DS, a
decrease in Mw of β-glucan may decrease the surface OSA
group density of OSG micelle, which finally causes the lower
absolute ζ-potential. Figure 6A presents the ζ-potential of
micelles as a function of OSG concentration. In a concentration
range of 0.2 mg/mL to 2.5 mg/mL, the absolute ζ-potential of

micelles decreases with OSG concentration. The average
particle spacing becomes very small at high concentrations.
With such small average particle spacing at high concentrations,
overlapping electrical double layers may have an influence.50

Thus, the lower absolute ζ-potential is accompanied by higher
OSG concentration. The introduction of 0.1 M NaCl results in
a sharp change in the ζ-potential of OSG micelles from −11.5
mV to −1.9 mV (Figure 6B). However, a further increase in
NaCl concentration presents statistically significant results but
insignificantly affects ζ-potential. The introduction of NaCl

Figure 6. Effects of octenylsuccinate oat β-glucan (OSG) concen-
tration (A), ionic strength (B), and pH (C) on the size and ζ-potential
of micelles. Values are given as the mean of three independent
experiments, and error bars represent the SD. Different lower case
letters indicate a significant difference (P < 0.05).
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increases the ionic strength and reduces the thickness of the
electric double layer of micelles, thus leading to the decrease of
ζ-potential.10 Figure 6C illustrates the effects of pH on the ζ-
potential of OSG micelles. The increase in pH is accompanied
by an elevated ζ-potential of OSG micelles. When the pH
reaches 5.5, a ζ-potential of approximately −9.67 mV is
obtained for formed micelles. The increase in absolute ζ-
potential can be attributed to the ionization state of surface
carboxyl groups on micelles. A high pH increases deprotonated
and negatively charged carboxyl groups on the micelle surface.
These charged carboxyl groups are responsible for the increase
in absolute ζ-potential.51

Application of OSG Self-Assemblies. Curcumin was
selected as a model chemical because of its poor water solubility
to test the solubilization capacity of lipophilic food components
in OSG micelles. Free curcumin appears as insoluble
particulates (Figure 7) because of its low solubility of 11 ng/

mL. The loaded curcumin concentration in aqueous 2.5 mg/
mL OSG1 solution was measured at 9.68 μg/mL by HPLC,
which was 880 fold of its solubility in water. Therefore, OSG
self-assemblies can be used as a vehicle to encapsulate and
deliver a variety of lipophilic food components. The self-
assemblies of biomacromolecule derivatives including hydro-
phobically modified starch (OSA starch), β-casein (BC),
hydroxypropyl-β-cyclodextrin (HP-β-CD), and hydroxyprop-
yl-γ-cyclodextrin (HP-γ-CD) enhance the solubility of
curcumin.52−54 To compare the solubilization capacity of
different polymers, a term of curcumin loading capacity (CLC)
was introduced, which was defined as the amount of curcumin
(μg) solubilized by 1 mg of polymer. The CLCs of OSA starch,
BC, HP-β-CD, and HP-γ-CD are 1.8, 2.8, 1.3, and 3.4 μg/mg,
respectively, which are lower than those of our polymer
(OSG1, 3.9 μg/mg). This result suggests that OSG self-
assemblies are very efficient in solubilizing curcumin. This study
reported the synthesis of a hydrophobic oat β-glucan polymer.
Self-assembly in aqueous OSG solutions show the formation of
spherical micelles with particle sizes ranging from 175 to 600
nm. The hydrophobic interaction among octenylsuccinic
groups facilitates the assembly process. The DS, oat β-glucan
Mw, NaCl, pH, and OSG concentration affect micelle size.
Higher DS, oat β-glucan Mw, and pH values result in higher
absolute ζ-potential values, which aid the stability of the OSG
suspension. On the contrary, the addition of NaCl significantly
decreases the absolute ζ-potential and the stability of the OSG
suspension. The sensitivity of OSG micelles to pH and ionic
strength is due to the virtual changes in the ionization state of
carboxyl groups (COO−/COOH). This study confirms that

OSG micelles present high efficiency in solubilizing curcumin
in terms of polymer loading capacity. Further studies on the
current topic are required to address the following aspects.
First, information on OSG micelle microstructure is important
to the technique functionality. Second, the effects of OSG
micelle structure on CLC are vital in optimizing the design of
OSG micelles. Third, the stability and physiochemical proper-
ties of the curcumin-loaded OSG is important to its further
application.
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