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In order to improve the ability of starch to absorb menthone, corn starch was modified by enzymatic treatment (amyloglucosidase
and α-amylase) combined with octenyl succinic anhydride (OSA) esterification. )e oil absorption rate of starch modified by
enzymatic treatment followed by OSA (P-OSA) reached 101.33%, whereas that of samples with reverse action sequences (OSA-P)
was only 59.67%.)e degree of substitution of OSA-P was also generally lower than that of P-OSA. At high OSA addition, OSA-P
had a smaller specific surface area with fewer pores because octenyl succinic (OS) groups impeded the enzymatic treatment.
Compared with OSA-P, the lamellar structure of P-OSA is sparser and less ordered. Owing to its pores, P-OSA was beneficial for
the reaction to occur inside the granules, which was observed by Raman spectroscopy and laser confocal microscopy. At high OSA
addition, the loading of P-OSA to menthone could reach 64.34mg/g.

1. Introduction

Porous starch is characterized by numerous dents or pores
extending to the interior of starch granules. It has higher
absorption and slow-release properties than native starch
owing to its higher specific surface area. In recent years,
porous starch has attracted increasing attention due to its
low price, valuable functions, and potential applications [1].
Several approaches, including physical, chemical, enzymatic,
and synergic methods, have been used to promote the
formation of pores in starch [2]. Porous starch prepared by
traditional physical methods, such as mechanical extrusion,
microwave, and ultrasonic methods, has a low yield and
nonuniform pore size, whereas those derived from chemical
methods, including solvent exchange, acid hydrolysis, and
molecular insertion, result in porous starch with limited
absorption capacity and formation of organic solvent resi-
dues during the preparation process. Enzyme catalysis has
been widely used for the preparation of porous starch

because of the advantages of mild reaction conditions, high
catalytic efficiency, and substrate specificity [3].

)e absorption capacity of porous starch is influenced by
the nature of the raw material, the method of preparation,
the absorption conditions, and the nature of the adsorbate,
while the absorption capacity per gram of porous starch is
generally in the tens of milligrams [4]. Because starch is a
hydrophilic substance, porous starch has a weaker absorp-
tion capacity for hydrophobic substances than for hydro-
philic substances. To improve the porous starch absorption
capacity of hydrophobic substances, hydrophobic groups
can be introduced by chemical modification. Owing to its
hydrophobicity and steric contribution, octenyl succinic
anhydride (OSA) can be combined with starch to enhance its
hydrophobicity, encapsulation, and emulsification proper-
ties [5]. Several studies have explored the combination of
porous treatment with esterification modification on starch
granules [6–8]. Such studies demonstrated that OSA-
modified porous starch has significantly enhanced capacity
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to absorb oils; thus, it could be applied to adsorb hydro-
phobic substances. Moreover, the presence of pores affects
the reaction of the OSA reagent during the esterification
modification process, which in turn impacts on the structure
and properties of the starch.

Porous starch is mainly used for the absorption of hy-
drophilic substances, but its ability to adsorb hydrophobic
substances is relatively weak. OSA, as a common emulsifier,
can impart amphiphilicity to starch and improve its ab-
sorption ability to hydrophobic substances. However, there
are few studies on the effect of esterification modification on
the absorption performance of porous starch and its
mechanism, and there is a lack of comparison of the effects
of the two reversing treatments on the structure and
properties of starch. In this study, amyloglucosidase and
α-amylase were used to prepare porous starch. )e differ-
ences in the absorption properties of hydrophobic porous
starches prepared by reversing the order of the two treat-
ments were compared, and the influence of starch structure
that caused the differences in absorption properties was
investigated. Further, hydrophobic porous starch was ap-
plied to load menthone.

2. Materials and Methods

2.1. Materials. Native corn starch (moisture: 12.36 g/100 g;
amylose content: 21.73± 0.81%) was provided from Juneng
Golden Corn Co., Ltd. (Shandong, China). Amyloglucosidase
(EC 3.2.1.3, 20,000U/mL) was purchased from Genencor
International (Palo Alto, CA, USA), and α-amylase (EC 3.2.1.1,
10,000U/mL) was purchased from Sukahan (Weifang) Bio-
Technology Co., Ltd. Octenyl succinic anhydride (OSA) was
provided by Huahao Huafeng Co., Ltd. (Guangdong, China).
Menthone was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Other reagents were purchased from
China National Pharmaceutical Group Co., Ltd. (Shanghai,
China) and were all of analytical grade.

2.2. Preparation of Hydrophobic Porous Starch

2.2.1. Preparation of Porous Starch. Porous starch prepa-
ration was based on the method described by Zhang et al. [9]
with some modifications. First, a weighed quantity of native
corn starch was suspended in phosphate buffer (pH 5.5, 30%
w/w). A mixture (2 :1, v/v) of glucoamylase and α-amylase
was added to the starch slurry at 2.0% (v/w) and was in-
cubated at 50°C for 6 h. After the enzymatic reaction, the pH
was adjusted to 3.5 by adding 0.1M hydrochloric acid to
inactivate the enzymes, and the solution was neutralized to
pH 7.0 with 0.1M NaOH solution. Next, the mixture was
filtered and the precipitate was washed three times with
deionized water. )e final product was dried, milled, and
stored for further use.

2.2.2. Preparation of OSA Starch. OSA starch was prepared
based on the method described by Song et al. [10] with some
modifications. A certain mass of starch was stirred and
suspended in deionized water (30%, w/w) at 35°C.)e pH of

the suspension was adjusted up to 8.5 by adding 3% NaOH
solution. A weighed quantity of OSA (3, 6, and 9% of the dry
starch basis) was diluted with absolute ethanol (1 : 3, v/v)
added slowly over a period of 2 h while maintaining the pH
at 8.5. )e reaction was allowed to continue for additional
2 h, after which the pH was adjusted to 6.5 with 3% HCl
solution. )e mixture was centrifuged and washed twice
with deionized water and twice with 70% aqueous alcohol.
)e precipitate was oven-dried at 40°C for 24 h and then
passed through a 100-mesh sieve.

OSA-modified porous starch (P-OSA) samples were
prepared using corn starch that was first transformed into
porous starch and then modified with OSA, whereas OSA-P
samples were prepared with reversed treatment sequences
(corn starch was first modified with OSA and then hy-
drolyzed by enzymes).

2.3. Degree of Substitution. )e OSA content in starch
granules is indicated by the degree of substitution (DS). DS was
examined according to a previously described method with
some modifications [5]. )e starch sample (5 g) was dispersed
in 2.5MHCl/isopropyl alcohol solution (25mL) by stirring for
30min. An aqueous 90% (v/v) isopropanol solution (100mL)
was added, and the mixture was stirred for 10min. After fil-
tration, the residue was washed with 90% isopropanol until no
more Cl2 could be detected (using 0.1M AgNO3 solution).)e
starch was redispersed in 300mL of deionized water in a
boiling water bath for 20min. )e starch was titrated with a
0.1M NaOH solution using phenolphthalein as an indicator.
Native starch was used as blank control.)e DS was calculated
according to the following equation:

DS �
0.162 ×(A × M)/W

1 − [0.210 ×(A × M)]/W
, (1)

where A is the titration volume of NaOH solution (mL),M is
the molarity of the NaOH solution, andW is the dry weight
(g) of the OSA starch.

2.4. Absorption Properties

2.4.1. Oil Absorption Rate. A quantity of starch was dried at
105°C for 4 h and immersed in 30mL of soybean salad oil.
After stirring at 25°C for 30min, the mixture was placed in a
sand core funnel of known mass and filtered until no oil
drops fell. )e total mass of the sand core funnel and starch
was weighed, and the oil absorption rate was calculated
according to the following equation:

oil absorption rate (%) �
m2 − m1 − m0

m1
× 100, (2)

where m0 and m1 represent the weight of the sand core
funnel and the starch, respectively, and m2 is the weight of
the mixture after filtration.

2.4.2. Absorption of Methylene Blue. )e absorption of
methylene blue (MB) of starch samples was measured in
terms of the method described by Xie et al. [11] with some
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modifications.)e starch samples (0.5 g) were dried at 105°C
for 4 h and immersed in 30mL of MB solution (40mg/L).
After stirring for 2 h, the samples were centrifuged at
3,000 rpm for 10min, and the absorbance of the supernatant
was measured at 665 nm using a spectrophotometer (T-6V;
Persee Analytics, Auburn, CA, USA). )e equilibrium ab-
sorption capacity was calculated according to the following
equation:

Qe �
V C0 − Ce( 

m
, (3)

where Qe represents the equilibrium absorption capacity of
starch sample (mg/g), C0 and Ce represent the initial and
equilibrium concentrations of MB solution (mg/L), re-
spectively, andV andm represent the volume ofMB solution
(mL) and the weight of starch sample (g), respectively.

2.5. Contact Angle. )e hydrophobicity of the starch sam-
ples is indicated by the magnitude of the contact angle. )e
starch samples were pressed into sheets. )e contact angle
was measured using an OCA15EC optical contact angle
meter equipped with a CDD camera and WINDROP soft-
ware, and the measurement method was a sitting drop
method with a volume of 2.5 μL of injection water [12].

2.6. Starch Granule Morphology Assessment. )e morphol-
ogy of starch samples was observed by using a field-emission
scanning electron microscope (SU8100; Hitachi Int., Japan)
as described by Xie et al. [2]. Starch samples were spilled on a
carrier table with a silver plate and coated with a layer of gold
in vacuum prior to observation. Samples were examined at
an accelerating voltage of 1.0 kV, and images were taken at
2000x and 5000x magnifications.

2.7. Specific Surface Area and Pore Diameter Assessment.
)e specific surface area and pore diameter of the starch
samples were estimated using the Autosorb-iQ surface area
and pore size analyzer (Quantachrome Instruments, Boy-
nton Beach, FL, USA) by measuring the absorption of liquid
nitrogen. Before measurement, the starch samples were
dried under vacuum at 150°C for 2 h. )e isotherm of ni-
trogen absorption-desorption at liquid nitrogen temperature
(77.35K) was determined. )e specific surface area and the
pore size were analyzed by the Barrett–Joyner–Halenda
method [13].

2.8. Laminar Structure Evaluation. )e laminar structure of
the starch samples was determined by small-angle X-ray
scattering (SAXSpoint 2.0, Anton Paar, Graz, Austria). )e
starch samples were configured as starch paste with 50%
moisture content equilibrated at room temperature for 24 h.
)e acceleration voltage was 50 kV, and the current was
1mA. )e scattering intensity I(q) was obtained as a
function of the scattering vector q by radially averaging each
homogeneous scattering intensity and subtracting the blank
group [14].

2.9. Relative Crystallinity. )e crystalline features were
analyzed using an X-ray diffractometer (Bruker AXS, D2
PHASER, Germany). )e diffraction angle (2θ) ranged from
4 to 40°.)e scanning speed was set to 2°/min with a step size
of 0.05°. )e relative crystallinity was calculated using JADE
7.0 software (Materials Data Inc., Livermore, USA) based on
the ratio of the area of the crystalline peaks to the total area of
the diffractogram.

2.10. Distribution of Octenyl Succinic Groups on Starch
Granules

2.10.1. Raman Spectroscopy Analysis. Spectral data were
recorded in the 400− 2,000 cm− 1 range with a 532 nm laser
using LabRAM HR Evolution (HORIBA Jobin Yvon SAS,
Longjumeau, France). An area of 1.2mm× 1.2mm was
selected, and 100 points and two spectral images were
randomly acquired with a single point acquisition time of
15 s, an accumulation time of 2 s, and a Real Time Display
time of 2 s. )e synthesized two-dimensional images in the x
and y directions provided spatial information, while the
third dimension (z) indicated intensity [15].

2.10.2. Laser Confocal Microscopy Analysis. Distribution of
the octenyl succinic (OS) groups within the starch granules
was determined using a confocal laser scanning microscope
(LSM880; Carl Zeiss, Oberkochen, Germany) equipped with
an argon ion laser, as previously described [16, 17]. )e lens
used was 40×/1.25, and the gas laser argon laser emission
wavelength was 514 nm.)e samples (0.5 g) were suspended
in 30mL of deionized water.)e starch suspension at pH 8.0
was stained with 1% MB solution. )e mixture was incu-
bated in a shaking water bath at room temperature for 8 h,
and the excess dye was removed with methanol.

2.11. Preparation of Menthone Complexes. A certain mass of
starch sample was weighed in a centrifuge tube with cap,
about 2-3 times the mass of menthone was added, shaken for
a period of time to make it dispersed, and then centrifuged at
3000 r/min for 10min, and the precipitate was washed
quickly with anhydrous ethanol to remove the unadsorbed
menthone. )e precipitate was dried to obtain the starch-
menthone complex.

2.12. Menthone Loading Determination. After weighing
100mg of the complex and dispersing it in 5ml of methanol,
the mixture was sealed, sonicated for 30min, left overnight
to dissolve menthone in methanol, and then centrifuged at
4000 r/min for 10min to obtain a clarified supernatant. )e
absorbance of the supernatant was measured, and the
content of menthone in the complex was calculated using the
regression equation.

2.13. Statistical Analysis. All experiments were performed at
least in triplicate. All results were expressed as mean-
± standard deviation (SD). Data were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s test using
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the SPSS 17.0 statistical software program (SPSS Inc.,
Chicago). Values of P< 0.05 were considered statistically
significant.

3. Results and Discussion

3.1. Absorption Properties, Contact Angles, and DS. )e
starch absorption capacity of hydrophobic substances was
determined by the absorption of oil and MB (Table 1). )e
presence of pores increased the oil absorption rate by 3-fold
that of corn starch; however, no significant increase in oil
absorption was observed for OSA starch produced by es-
terification modification only. When PS was esterified to
produce P-OSA, it was observed that P-OSA had a higher
oil absorption capacity than PS, and the oil absorption rate
gradually increased with the further addition of OSA.
Compared with PS, the enhancement of the absorption
performance of P-OSA prepared at lower OSA additions
(3% and 6%) was not significant, which was due to the fact
that there were fewer OS groups attached to the starch
granules at this time, so the absorption of hydrophobic
substances could not be significantly increased. A signifi-
cant improvement in the absorption of hydrophobic
substances was observed when the amount of OSA addition
was increased to 9%. In contrast, the oil absorption of OSA-
P was lower than that of P-OSA. )is was related to the
different hydrophobic features of the samples. )e inter-
facial wettability of solid granules can reveal the hydro-
phobicity of the granules. After hydrolysis of two enzymes
and esterification modification, the water-oil interface
contact angle of the starch granules increased (Table 1). )e
contact angle of the products increased with the increase of
OSA addition under the same enzymatic conditions, in-
dicating that the presence of long-chain alkenyl groups
increased the hydrophobicity of the starch, which would be
beneficial to increase the affinity of the starch granules to
oil. In contrast, the contact angle of OSA-P was lower than
that of P-OSA, and this difference led to the difference in
the absorption capacity of the samples on the oil. However,
the contact angle was not the only indicator affecting the
absorption capacity, which resulted in a lower contact angle
for PS samples than OSA samples, but a higher oil ab-
sorption capacity for PS samples than OSA samples. )e
contact angle of OSA9-P sample was the second highest,
but its oil absorption capacity was the lowest from all dual
modified samples. )e causes of this phenomenon were
further analyzed and discussed through the observation of
starch granule morphology and specific surface area values.
)e absorption capacity of MB showed a similar variation
pattern. )e amount of MB adsorbed by porous starch was
greatly increased compared with that of corn starch [18]. By
comparing the DS values of different samples, the DS values
after compound modification were smaller than those of
OSA starch at the same OSA addition, regardless of the
treatment sequences. )is phenomenon may be due to the
removal of amorphous regions during pretreatment [19].
Notably, the DS of OSA-P was lower than that of P-OSA
with the same amount of OSA added. )e decrease of DS
indicated the decrease of OSA content in starch granules,

which suggests that it was difficult to avoid the part with OS
groups being cut off when enzymatically digesting OSA
starch.

3.2. Morphology of Starch Granules. Micrographs of the
starch samples are shown in Figure 1. Native corn starch
exhibited a spherical granular structure with a smooth
surface. P-OSA and OSA-P showed a granular morphology
with pores distributed on the surface, and different treat-
ment sequences resulted in different pore distribution
outcome. )e degree of starch morphological variation is
highly dependent on the source and properties of the starch,
which is in turn due to the differences in the susceptibilities
among the starches [18]. Field-emission scanning electron
microscopy (FESEM) data showed that the formation of the
pores was not effective when esterification modification was
performed first. )e number of particles with pores in the
field of view gradually decreased in the presence of in-
creasing amount of OSA.WhenOSA (9%) starch was treated
enzymatically, only a small portion of the starch formed a
structure with pores, which resulted in a weak absorption
capacity of OSA9-P. )e increase in the OS groups hindered
the formation of additional pores. In contrast, a prior en-
zymatic treatment followed by OSA modification did not
have a significant negative impact on the presence and
distribution of pores. )is was consistent with Chang et al.
[6] report, which suggested that heat during the esterifica-
tion reaction may alter the structure of pores already formed
before the esterification modification.

3.3. Specific Surface Area and Pore Size. Data on the specific
surface area and pore size of starch samples with different
sequences of OSAmodification and enzymatic treatment are
shown in Table 2. Compared with porous starch, the specific
surface area of P-OSA decreased, whereas the pore size
increased after OSA modification. With increased OSA
amount, the specific surface area of P-OSA also tended to
increase, but the pore size gradually decreased. )is may be
due to the temperature during the reaction between OSA
and the porous starch, as well as the flaking reaction of
organic solvents [6]. P-OSA9 had great differences on
surface area and pore size from P-OSA3 and P-OSA6. )is
may be due to the high concentration of OSA during the
reaction process which caused the starch granules to swell,
bringing about a higher specific surface area and affecting
the pore size. For P-OSA, the higher specific surface area had
a positive effect on its absorption performance. Although the
pore size of the starch decreased at high OSA addition, the
higher specific surface area and the presence of hydrophobic
groups at this time ensured the superior absorption per-
formance of the samples.

Comparing the specific surface area and pore size of
starch samples obtained from two different treatment se-
quences, it was found that the specific surface area of OSA-P
was smaller than that of P-OSA, but the pore sizes were
similar. )is could be related to the previous FESEM im-
aging data that the surface pores of OSA-P were less than
those of P-OSA, which resulted in a smaller specific surface
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area value for OSA-P. )is indicated that the formation of
pores had an important effect on the change in the specific
surface area. )e presence of substituents had a significant
hindering effect on enzymatic treatment, and this resistance
was proportional to the DS of samples [16]. When

esterification modification was performed first, followed by
the hydrolysis of two enzymes, where the OS groups are
located or nearby may not be subjected to enzymatic
treatment. It was more difficult to produce pores, especially
at high OSA levels, resulting in a smaller overall specific

CS

OSA3-P

OSA6-P

OSA9-P

P-OSA3

P-OSA6

P-OSA9

PS

Figure 1: Field-emission micrographs of CS, PS, P-OSA, and OSA-P.

Table 2: Specific surface area and pore size of CS, PS, P-OSA, and OSA-P.
Samples Specific surface area (m2/g) Pore size (nm)
CS 0.516± 0.018e —
PS 0.980± 0.019a 3.059± 0.034b
P-OSA3 0.621± 0.004cd 3.395± 0.016a
OSA3-P 0.619± 0.018cd 3.400± 0.033a
P-OSA6 0.651± 0.009c 3.398± 0.014a
OSA6-P 0.613± 0.008d 3.400± 0.036a
P-OSA9 0.845± 0.012b 3.073± 0.061b
OSA9-P 0.606± 0.006d 3.061± 0.014b

Table 1: Absorption properties, DS, and contact angle of CS, PS, P-OSA, and OSA-P.

Samples Oil (%) MB (mg/g) DS Contact angle (°)
CS 25.33± 7.50e 23.23± 0.31j — 19.9± 0.35h
PS 82.67± 4.72bc 42.53± 0.17f — 60.7± 0.37g
OSA3 29.33± 6.03e 25.50± 0.10i 0.0122± 0.0023d 63.5± 0.39g
OSA6 34.00± 7.81e 34.73± 0.56h 0.0252± 0.0023b 74.53± 0.41f
OSA9 39.67± 6.81e 40.76± 0.66g 0.0314± 0.0006a 96.6± 0.72e
P-OSA3 88.00± 5.29abc 45.32± 0.23e 0.0054± 0.0003e 125.3± 4.6c
P-OSA6 92.67± 3.51ab 49.66± 0.09d 0.0161± 0.0015cd 127.4± 2.1c
P-OSA9 101.33± 6.43a 57.16± 0.11a 0.0232± 0.0007b 143.3± 0.3a
OSA3-P 79.33± 2.52bc 42.04± 0.70f 0.0051± 0.0008e 75.6± 3.1f
OSA6-P 74.67± 4.93cd 51.91± 0.27c 0.0136± 0.0015cd 117.0± 0.7d
OSA9-P 59.67± 7.02d 54.43± 0.36b 0.0172± 0.0013c 136.2± 0.2b
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surface area. Moreover, the lower specific surface area
resulted in weaker absorption performance of OSA-P
samples than P-OSA.

3.4. Laminar Structure Analysis. )e SAXS scattering pro-
files of starch with different treatment sequences and dif-
ferent OSA amounts are shown in Supplementary Figure 1.
)e peak position of each starch was approximately
0.6 nm− 1, and the peak was generated by the alternation of
crystalline and amorphous layers inside the starch granule
[20]. According to the Wulff–Bragg formula [Dbragg � 2π/q],
the thickness of the semicrystalline lamellae of starch
granules, also called the Bragg layer spacing, can be calcu-
lated [21]. In particular, after esterification and enzymatic
treatment, the thickness of the starch semicrystalline la-
mellae Dbragg was between 10.000 and 10.662 nm (Table 3).

)e peak intensity I at qmax reflected the consistency of
the double helix structure arrangement in the crystalline
region of the starch lamellar structure, and the peak intensity
decreased after enzymatic action. )is was due to the fact
that enzymes more easily attack the accessible and amor-
phous lamellae and growth rings of starch, whereas more
crystalline and organized structures remain unaltered.

)e fractal theory could be used to describe the self-
similarity of the aggregate structure between geometrically
ordered and geometrically disordered structures in starch
granules [22]. )e α values of each curve were calculated
using Power’s theorem: I∼q− α (shown in Table 3). )e α
values of P-OSA were generally smaller than those of OSA-P
at the same OSA level, which implies a sparser and less
ordered aggregate structure.

)e area of the peak at qmax was calculated, with larger
peak area indicating that the degree of ordering in the
crystalline region of the lamellar structure was higher. )e
peak areas of P-OSA were generally smaller than those of
OSA-P, suggesting that the enzymatic treatment disrupted
the order of the crystalline region of the lamellar structure of
the starch, but the degree of ordering did not easily decrease
when esterified starch was subjected to enzymatic action.

3.5. Relative Crystallinity. )e X-ray diffraction spectra and
relative crystallinity of the samples are shown in Figure 2. A
typical A-type diffraction peak was shown for all starch
samples, with diffraction peaks at 15°, 17°, 18°, and 23°, re-
spectively. Minor differences between the esterified modified
porous starch samples and PS indicated that the esterification
reaction does not change the crystalline type of starch.

)e sharper diffraction peak of PS compared to CS
implies that the enzymatic hydrolysis process reduces the
amorphous region, which is also indicated by the increase in
relative crystallinity [23]. )e relative crystallinity of the
samples decreased slightly after the esterification modifi-
cation, but the difference between the samples with different
OSA additions was not obvious, which indicated that the
crystalline morphology of the starch granules changed less
during the esterification modification [24–26]. Comparison
of the samples obtained by reversing the order of action
shows that the relative crystallinity of P-OSA was higher
than that of OSA-P, which indicates a more effective en-
zymatic hydrolysis of P-OSA during the action. Such more
efficient enzymatic hydrolysis resulted in P-OSA having a
higher specific surface area than OSA-P at the same OSA
addition and led to a superior absorption capacity of P-OSA.

3.6. Distribution of Octenyl Succinic Groups on Starch
Granules. Confocal Raman spectroscopy can be used to
assess the internal vibrations of molecules; thus, it can be
used to characterize the distribution of OS groups on starch
granules.

For starch granules, the characteristic peaks at
1,300–800 cm− 1 are derived from the absorption peaks of
native starch molecules. Supplementary Figure 2 shows that
the starch modified by esterification had a characteristic
peak at 1,670 cm− 1 caused by the carbonyl stretching vi-
bration in the OS groups, indicating the presence of a
carbonyl group. )e distribution of the OS groups on the
whole starch granule can be effectively characterized by
scanning the whole starch granule, layer by layer, within an
X-Y two-dimensional Raman spectral scan matrix under
532 nm laser excitation with the carbonyl group charac-
teristic peak at 1,670 cm− 1 as the target peak. Figure 3(a)
shows the two-dimensional Raman spectra of OSA starch.
)e distribution of OS groups on the whole starch granules
was not uniform, and their concentration on the surface of
OSA starch granules was higher than that on the inside
[16, 19]. )e distribution of OS groups in P-OSA was more
uniform than that in OSA starch, and the signal of the OS
groups inside the starch granules was enhanced (Figures 3(a)
and 3(b)), indicating that the presence of pores facilitated the
reaction inside the granules during the esterification process.
Figure 3(c) shows the Raman spectra of OSA-P. Overall, the
distribution of OS groups in OSA-P was similar to that of
OSA starch. )e two-dimensional Raman spectra of the
remaining samples are presented in Supplementary Figure 3.

Table 3: )e lamellar structural dimensions of CS, PS, P-OSA, and OSA-P obtained from SAXS analysis.

Samples qmax Dbragg I (a.u.) α Peak area
CS 0.619± 0.002b 10.145± 0.033c 5.273± 0.065a 2.839± 0.042bc 1.881± 0.038a
PS 0.616± 0.003bc 10.195± 0.050bc 2.539± 0.062e 3.683± 0.051a 0.902± 0.026d
P-OSA3 0.615± 0.001bc 10.211± 0.017bc 3.748± 0.069c 2.821± 0.035bc 1.311± 0.041c
OSA3-P 0.628± 0.003a 10.000± 0.048d 3.842± 0.067c 3.501± 0.044a 1.416± 0.057c
P-OSA6 0.619± 0.002b 10.145± 0.033c 2.672± 0.054e 2.463± 0.036cd 1.318± 0.036c
OSA6-P 0.589± 0.001d 10.662± 0.018a 4.363± 0.072b 2.926± 0.033b 1.594± 0.043b
P-OSA9 0.612± 0.002c 10.261± 0.034b 3.530± 0.066d 2.356± 0.036d 1.330± 0.027c
OSA9-P 0.616± 0.002bc 10.195± 0.033bc 5.417± 0.079a 2.922± 0.031b 1.968± 0.033a

6 Journal of Food Quality



25.01%

22.69%

25.17%

22.68%

25.71%

24.16%

27.69%

23.70%

10 15 20 25 30 35 405
Difraction angle (°)

In
te

ns
ity

 (a
.u

.)

OSA6-P

OSA9-P
P-OSA6

P-OSA9

CS

OSA3-P
P-OSA3

PS

Figure 2: XRD patterns and relative crystallinity.
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Figure 3: 2D Raman spectra of OSA9 (a), P-OSA9 (b), and OSA9-P (c).
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)e laser confocal microscopy images are shown in
Figure 4. Starch without OSA modification could not be
stained by MB because it did not have OS groups, so the
fluorescence intensity was very low. In contrast, the starch
granules with OS groups were positively stained with MB
(Figures 4(b) and 4(d)), further demonstrating that the OS
groups were mainly distributed on the surface of the
granules, as the fluorescence intensity inside the granules
was weaker than that on the surface.)e P-OSA internal part
of the granules also showed fluorescent signal (Figure 4(c)),
suggesting that the distribution of OS groups was affected
when the porous starch was esterified, with the presence of
pores being beneficial for the reaction to occur inside the
granules. OS groups were not only mainly distributed on the
surface of P-OSA granules, but there were also more OS
groups inside the granules compared to the OSA starch.

3.7. Analysis of Menthone Loading. Under the action of
enzymes, the pores on the surface of starch increased and
the loading of menthone increased, and the PS loading of

menthone reached 4 times of CS (Table 4). )e OSA
modification of porous starch further increased the
loading of menthone due to the increased hydropho-
bicity. )e sequential comparison showed that except for
the low OSA addition (3%), the P-OSA had higher
loading of menthone than OSA-P with the same OSA-
esterification addition. At high OSA addition, P-OSA
showed a higher loading of menthone, indicating that
P-OSA possesses the potential for menthone loading
applications.

(a) (b)

(c) (d)

Figure 4: Laser confocal microscopy images of PS (a), OSA9 (b), P-OSA9 (c), and OSA9-P (d).

Table 4: Menthone load of CS, PS, P-OSA, and OSA-P.

Samples Loading (mg/g)
CS 7.72± 0.80e
PS 31.83± 0.41d
P-OSA3 31.80± 0.88d
P-OSA6 52.76± 1.09b
P-OSA9 64.34± 1.23a
OSA3-P 46.57± 0.69c
OSA6-P 47.11± 1.67c
OSA9-P 51.30± 0.96b
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4. Conclusion

Hydrophobic porous starch with different OSA amounts
was prepared by the hydrolysis of amyloglucosidase and
α-amylase and OSA esterification modification, and the
structures and properties of the hydrophobic porous
starch obtained by different treatment sequences were
compared. With the subsistence of OS groups, the hy-
drophobicity of starch was enhanced, which in turn
improved the affinity of starch for oil. )e DS of OSA-P
was generally lower than that of P-OSA, which affected
the absorption performance of the samples. )e presence
of more OS groups could hinder enzyme activity, thus
leading to differences in structure and properties of
samples under different treatment sequences. )e relative
crystallinity of the starch and SAXS data showed that for
P-OSA, the relative crystallinity was higher and the ag-
gregated structure was less ordered compared to OSA-P.
)e surface of P-OSA is still widely distributed with
pores, and its specific surface area was larger than that of
OSA-P, resulting in a better absorption capacity. How-
ever, the OSA-P did not easily form pores due to the
inhibitory effect of the OS groups on the enzyme, and the
absorption capacity was not ideal. In addition, the OSA
reagent may react with the inside of the starch granules
during the preparation process due to the presence of the
pores of PS, resulting in a more uniform distribution of
OS groups in the starch granules of P-OSA. )e results of
loading on menthone showed that P-OSA showed higher
loading on menthone at high OSA additions, indicating
that P-OSA possesses the potential to load menthone for
application.
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