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octenyl succinic anhydride
modified porous starch for improving
bioaccessibility of b-carotene in emulsions†

Haiyan Li,‡a Yunxiang Ma,‡a Liyue Yu,a Huadong Xue, b Yue Wang,a Jinfeng Chena

and Shenggui Zhang *a

Modified porous starch (PS), by introducing octenyl succinic anhydride (OSA) moieties, was synthesized

successfully, which was applied as an emulsion of b-carotene for the first time. The pores and channels

within porous starch provided more possibilities for OSA to modify starch. The ester linkage of OSA

modified PS with different degrees of substitution (DS) were confirmed by both 13C solid-state NMR and

Fourier transform-infrared spectroscopy (FT-IR). The hydrophobic octenyl succinic and hydrophilic

hydroxyl groups of OSA modified PS showed the good emulsifying capability, which could be utilized to

prepare b-carotene emulsions. And the bioaccessibility of b-carotene was also enhanced with increasing

DS of OSA modified starch. This study not only paves a new way using porous starches for modification

of starch, but also offers an attractive alternative for obtaining emulsion-based delivery systems for

bioactive components.
1. Introduction

Over the last decades, great efforts have been devoted to the
association between diet and chronic diseases. Based on the
convincing evidence from scientic research, the consumption
of fruits and vegetables, which are good sources of carotenoids
and other bioactive compounds, plays an important role in the
prevention of human diseases.1 carotenoids, including b-caro-
tene, lutein and neoxanthin, represent a large family of tetra-
terpenoid organic pigments, which are widely found in various
colorful fruits and vegetables.2,3 As one type of carotenoid, b-
carotene showed highly desirable bioactivities such as health-
promoting properties, and antioxidant activity, which can
maintain human health and prevent chronic diseases including
cardiovascular diseases, cancer and other chronic diseases.4,5

Due to the low stability, solubility and bioaccessibility, the
supplemented foods of b-carotene were greatly limited.3–6 It was
worth noting that utilization of an emulsion-based delivery
system is considered as an effective method for overcoming the
limitations of b-carotene. The conventional emulsifying agent,
including Tween 20, and polyglycerol esters,7–9 showed the
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excellent ability of emulsication for fabrication of colloidal
system. For example, Tween 20 has been applied as an emul-
sier to prepare b-carotene nano-dispersions for the rst time
by Tan et al. However, the chemical emulsiers may pose
a potential threat to human health in the eld of foods and
beverages, especially for the consumption at high-level.10 With
an increasing concern on the safety of the delivery system, there
is an increasingly urgent need to search for a safe emulsier as
a candidate. Emulsions from biopolymers of plants and
microbial, possessing higher safety in food-grade, are consid-
ered as potential alternatives for fabrication of emulsions.3 The
application of biopolymer-based emulsiers was labeled as
plant sources surfactants than the synthetic and semi-synthetic
one.11 Previous research suggested that biopolymer emulsiers,
including proteins12 and polysaccharides,13 have been applied
for the fabrication of the delivery system of carotenoid
successfully. Among these food-grade biopolymer emulsiers,
starches chemically modied by different alkenyl succinic
anhydrides, possessing the favorable hydrophobicity, are suit-
able to stabilize emulsions.14 For example, octenyl succinic
anhydride modied starch, which is synthesized by esterica-
tion between the hydroxyl group of the starch and the carboxyl
group of OSA, has also been utilized for preparing b-carotene
emulsions due to its strong surface activity and good emulsi-
fying properties.3,14,15 Various studies indicated that hydro-
phobic octenyl and carboxyl groups, derived from OSAmodied
starch, can improve the emulsifying capability of starch.16,17

Meanwhile, the degree of substitution has also a great inuence
on the emulsication effect of OSA modied starch. It has been
proved that the emulsions with the larger DS exhibited the less
This journal is © The Royal Society of Chemistry 2020
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occulation and coalescence.18,19 It is well known that the DS of
OSA modied starch is greatly affected by the process of ester-
ication.20 However, the esterication reaction of OSA modied
starch was restricted by the naturally low surface areas of starch,
which resulted in the low DS.21 Therefore, exploring the efficient
approach with more reactive sites for esterication is a great
challenge in this eld. It was worth noting that, porous starch is
a type of well-known modied starch, which have the high
surface areas22,23 to overcome the above limitation of native
starches.

Porous starch, obtained by the physical, chemical, and
enzyme treatment, is a modied starch with abundant pores,
which extended from the surface to the center of starch gran-
ules.24 Derived from these micro-sized pores and channels,
porous starch possessed the larger specic surface area, which
showed the more chemically reactive sites than that of
starch.22,23,25 Many studies also proved that the modication of
porous starch gives a higher DS than the native one.23 The pores
and channels within porous starch provided more possibilities
for chemical agents to penetrate easily into the interior of starch
for further modications. Therefore, the higher DS of esteried
starch could be obtained using porous starch instead of the
native one. Porous starchmay be very suitable as a host material
for further OSA modication. To the best of our knowledge, few
researches have been reported about the fabrication and
application of OSA modication using porous starch.

In this study, porous starch modied by introducing OSA
moieties was synthesized successfully, which was applied as an
emulsion of b-carotene for the rst time. As shown in Fig. 1, the
schematic illustration was exhibited to illustrate entire process.
Porous starch synthesized by enzymatic hydrolysis, was modi-
ed by esterication with OSA groups to form OSA modied
porous starch (OSA@PS). In comparison with native starch (NS),
PS has the larger surface areas, which could offer more reaction
sites. Thus, at the same experimental condition, the greater DS
of OSA modied starch should be obtained using PS instead of
NS. The successful formation of the ester linkage was conrmed
Fig. 1 Schematic representation of synthesis and application of OSA mo

This journal is © The Royal Society of Chemistry 2020
by both 13C solid-state NMR spectroscopy and FT-IR. The crys-
talline and porous structures were characterized by X-ray
diffraction analysis (XRD) and scanning electron microscopy
(SEM) respectively. Furthermore, OSA modied porous starch
was applied as the emulsier to fabricate b-carotene emulsions.
By mimicking digestion process in oral, gastric and intestinal
uid, the digestion test in vitro was carried out to determine the
bioaccessibility of b-carotene aer emulsions.

2. Materials and methods
2.1 Materials

Corn starch, a-amylase (AM, 50 U mg�1), amyloglucosidase
(AMG, 100 UmL�1), octenyl succinic anhydride, were purchased
from Shanghai Yuanye Biotechnology Co., Ltd. All the reagents
used were of analytical grade unless otherwise stated.

2.2 Methods

2.2.1 Preparation of porous starch. The porous starch was
prepared according to the reported procedures24 with a slight
modication: native corn starch (10.0 g) was suspended in
60 mL phosphate buffer at pH 6.6 and in 20 mL acetate mixed
buffer at pH 4.5, stirred in a water bath at 40 �C for 20 min. The
mixed enzyme, whose ratio of a-amylase (50 U mg�1) and
amyloglucosidase (100 U mL�1) was 6 : 1, were added into the
suspension. The samples were kept in a shaking water bath at
50 �C for 24 h. Then, the pH was adjusted to 10.0 by adding 1 M
NaOH solution. The suspension was centrifuged and washed
using the distilled water. Finally, the collected precipitate was
dried at 50 �C to yield the porous starch. The product was
ground through a 90 mesh sieve in a desiccator for further use.

2.2.2 Preparation of OSA modied NS and PS. OSA modi-
ed NS or PS samples was prepared according to the previous
method of Song et al.26 Corn starch or porous starch (5 g) was
suspended in water (30%, w/w). The pH of suspension was
adjusted to 8.5 by the addition of 3% NaOH solution. 3% and
5% OSA solution, diluted with ethanol, were added dropwise to
dified porous starch and native starch.

RSC Adv., 2020, 10, 8480–8489 | 8481
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the starch slurry within 2 h respectively. The reaction was
maintained at 35 �C for 1 h, and then the pH was adjusted to
6.5. The mixture was centrifuged and washed with water and
ethanol respectively. The precipitation was dried at 40 �C to
yield the modied starches. The products were subsequently
referred to as 3%OSAmodied native starch (3% OSA@NS) and
5% OSA@NS, 3% OSA modied porous starch (3% OSA@PS)
and 5% OSA@PS, respectively.

2.2.3 Determination of degree of substitution. The DS was
measured according to the titration method described by Song
et al.26 DS was calculated using the following formula:

DS ¼ 162ðA�MÞ=W
1000� 210ðA�MÞ=W (1)

where 162 is the molar mass (g mol�1) of the glucose residue,
210 is the molar mass of OSA, A represents the titration volume
(mL) of the NaOH solution, M represents the molar concentra-
tion (mol L�1) of the NaOH solution, and W represents the dry
weight (g) of sample.

Free OSA content of OSA modied starches was measured by
1H NMR experiments referred to the method of Tizzotti et al.27

2.2.4 Structural characterization analysis of modied
starch

2.2.4.1 13C solid-state NMR spectroscopy. Solid-state NMR
measurements were carried out on a Bruker WB Avance II 400
MHz spectrometer. The transmitter frequency of 13C NMR is
100.60 MHz. The solid-state 13C cross-polarization magic angle
spinning (CP/MAS) NMR spectra were recorded with a 4 mm
double-resonance MAS probe and with a spinning rate of 10.0
kHz; a pulse delay of 3 s was applied during data acquisition with
a contact time of 2.5 ms (ramp 100). The 13C chemical shis were
referenced to the signal of tetramethylsilane as 0 ppm.

2.2.4.2 Fourier transform-infrared spectroscopy. The FT-IR
spectra of NS, PS, OSA@NS and OSA@PS were determined by
FT-IR spectroscopy (Nicolet NEXUS 670, American). Scanning
was performed from 4000–450 cm�1 at a resolution of 4 cm�1.

2.2.4.3 X-ray diffraction analysis. The crystal structures of
NS, PS, OSA@NS and OSA@PS were characterized by X-ray
diffract meter (Shimadzu, XRD-6000, Japan). The test condi-
tions were as follows: voltage: 40 kV; current: 40 mA; scanning
speed: 2� min�1; scanning step size: 0.06�; scanning method:
continuous. The relative crystallinity (%) was quantied as the
ratio of the crystalline area to the total area under the
diffractogram.

2.2.4.4 Scanning electron microscopy. The morphology of NS,
PS, OSA@NS and OSA@PS were observed using an SEM
Bioaccessibility ð%Þ ¼ amount of solubilized b-carotene in mixed micelles

amount of b-carotene in the formulations
� 100 (2)
instrument (JSM-6701F, Electron Optics Inc., Japan). The shape
and surface characteristics of the samples were observed at an
accelerating voltage of 5 kV.
8482 | RSC Adv., 2020, 10, 8480–8489
2.2.5 Preparation of emulsions. For the preparation of
emulsions, the reported method of Lin et al.19 was used and
appropriately modied as follows: the OSAmodied starch (5%,
w/w) was suspended in Milli-Q water and stirred in a boiling
water bath for 20 min. Then 1.17 mL corn oil containing 0.1%
(w/w) b-carotene was added starch gel to obtain a nal mixture
with 5% (w/w) OSA modied starch and 10% (w/w) oil. The
crude emulsion was passed through an ultrahigh pressure
homogenizer (Scientz-207A, China) at a mean value of 130 MPa
for 2 min with three cycles to prepare an emulsion. All of devices
and beakers were wrapped with aluminum foil to avoid light
exposure during preparation.

2.2.6 In vitro digestion of emulsion. Simulated saliva uid
(SSF) was prepared refer to the method of Hur et al.28 with
appropriate modications, containing a-amylase and various
salts except mucin. Simulated gastric uid (SGF) and simulated
small intestinal uid (SIF) were prepared according to the
literatures.11,29

2.2.7 Particle size measurements. The particle size distri-
bution of the emulsion was measured using a laser particle size
distribution analyzer (Bettersize 2600, China). The result is
expressed as the surface area average diameter d32, which is
dened as Snidi

3/Snidi
2.

2.2.8 Confocal laser scanning microscopy (CLSM). The
microstructure of the emulsion was observed using CLSM
(Confocal Laser Scanning Microscope, LSM800, Germany).
Samples (1 mL) were dyed with 0.5% Nile Red solution. Then,
samples were observed by the 63� oil immersion objective lens,
with the excitation light of 561 nm (argon), at the reection
wavelength of 525–618 nm. Images were acquired and pro-
cessed using digital image processing soware Leica LAS AF.

2.2.9 Determination of bioaccessibility of b-carotene. Aer
the simulated digestion process, samples were collected and
centrifuged at 8000 rpm to obtain three phases. The upper,
middle and bottom layer were attributed to thin oil layer, micelle
phase and insoluble precipitate respectively. Aer taking 5 mL of
micelle phase through a 0.45 mm microporous membrane,
b-carotene was extracted andmeasured according to the reported
method.30 The ltrate wasmixed with dimethyl sulfoxide in equal
volumes and destructed the structure of emulsion by vortex
oscillator process. Next, dichloromethane/n-hexane (1 : 4, v/v)
was added, and centrifuged at 4000 rpm. The bottom yellow
layer was analyzed by spectrophotometer at 450 nm. The
concentration of b-carotene in the original emulsion andmicellar
phase were determined from a calibration curve.
2.2.10 Statistical analysis. The whole experiments were
assayed in duplicate with triplicate measurements being made
on each sample, and the results were expressed as themean and
This journal is © The Royal Society of Chemistry 2020
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standard deviation. The one-way analysis of variance (ANOVA)
test was analyzed using the SPSS 22.0 package. Duncan's
multiple range test was used to determine the signicant
differences of the mean values (p < 0.05).

3. Results and discussion
3.1 DS of OSA modied NS and PS

The OSA@NS and OSA@PS possessing different DS were
synthesized according to the methods above. With varying the
ratio of OSA to NS and PS from 3% to 5%, the DS of OSA@NS
was changed from 0.0195 to 0.0289. The DS was enhanced as
the increasing concentration of OSA, which showed a similar
trend in OSA-treated ginkgo starch.31 It could be interpreted
that greater availability of OSA molecules was in the proximity
of starch molecule during esterication.32 In comparison with
Fig. 2 Solid-state 13C CP/MAS NMR spectra of NS (a), PS (b) and OSA m
indicating that OSA modified PS was obtained successfully.

Table 1 The DS and relative crystallinity (Xc) of varied OSA modified
starchesa

Samples DS Xc (%)

NS 0 31.84 � 0.1380b

PS 0 30.18 � 0.1751b

3% OSA@NS 0.0195 � 0.0195d 33.28 � 0.0980a

5% OSA@NS 0.0228 � 0.0162c 31.95 � 0.1310a

3% OSA@PS 0.0260 � 0.0249b 28.83 � 0.1551c

5% OSA@PS 0.0289 � 0.0205a 28.22 � 0.0616c

a Values are given as mean � standard deviation. Different superscript
letters in the columns indicate signicant difference (p < 0.05).

This journal is © The Royal Society of Chemistry 2020
NS, OSA@PS has a larger DS (Table 1), which was proved by the
result from 1H NMR of free OSA (ESI Table S1 and Fig. S1†). It
was derived from additional pores and channels within the
porous starch structure, which provides a larger specic surface
area and more reactive sites with OSA.
3.2 Structural characterization of modied NS and PS

3.2.1 13C solid-state NMR spectra. To conrm the forma-
tion of ester linkage between porous starch and OSA during the
esterication reaction, solid-state 13C CP/MAS NMR analysis was
performed on porous starch and OSAmodied one (DS¼ 0.0289)
as shown in Fig. 2a and b. In the high eld, the peaks centered at
63.5 ppm, 70.5–81.7 ppm and 101.2 ppm were attributed to the
signals of C-6, C-2, 3, 4, 5 and C-1 of starch respectively.33 The
spectrum of OSA@PS was almost identical to that of PS in high
eld, indicating the structural preservation aer esterication
reaction. It was worth noting that the partially enlarged solid-
state 13C spectrum of OSA@PS from 120 to 250 ppm was also
embedded in Fig. 2c. The peak centered at 174 ppmwas observed
obviously, which was derived from 13C chemical shi of ester
linkage.34 This result indicated that the atomic-level linkages
between OSA and PS were constructed successfully through
esterication. 13C CP/MAS NMR spectrum of NS was almost
identical to that of PS, indicating that enzymatic hydrolysis has
no inuence on the skeleton of starch at atomic level. Due to the
low DS of OSA modied starch and limited resolution of solid-
state NMR, the effect of enzymatic hydrolysis on the efficiency
of esterication could not be evaluated between NS and PS
odified PS (c). The peak at 174 ppm was attributed to the ester linkage,

RSC Adv., 2020, 10, 8480–8489 | 8483
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Fig. 4 XRD patterns of OSAmodified starches ((a) NS; (b) 3% OSA@NS;
(c) 5% OSA@NS; (d) PS; (e) 3% OSA@PS; (f): 5% OSA@PS). The result
indicated that the crystalline structure was still maintained after
esterification.
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accurately. Fortunately, this issue could be solved by FT-IR
spectroscopy successfully.

3.2.2 Fourier transform-infrared spectroscopy. Meanwhile,
the ester formation was also conrmed in OSA modied PS by
FT-IR spectroscopy. The FT-IR spectra of NS, PS, OSA@NS and
OSA@PS were shown in Fig. 3. FT-IR spectrum of NS was almost
identical to that of PS, indicating that enzymatic hydrolysis has
no inuence on the skeleton of starch. Compared with the
spectra of non-esteried NS and PS, two new absorption bands
at 1725 and 1570 cm�1, which were corresponding to the C]O
and RCOO– group of the ester, were observed obviously in that
of OSA modied NS and PS.35,36 Meanwhile, the signal became
increasingly obvious with the raising DS gradually. Compared
FT-IR spectra of OSA@NS and OSA@PS, it was worth noting that
adsorption bands of C]O (1725 cm�1) and RCOO– (1570 cm�1)
of OSA@PS could be observed obviously than that of OSA@NS
in FT-IR spectra. This result suggested that enzymatic hydro-
lysis improved the efficiency of esterication, due to the larger
surface areas of PS. This result, which offered the further
evidence for the formation of ester linkage, indicated that OSA
was successfully introduced into NS and PS by means of ester-
ication reaction.

3.2.3 X-ray diffraction analysis. To verify the crystalline
structure of OSA modied starch before and aer esterication
reaction, the XRD analysis was carried out on NS, PS, OSA@NS
and OSA@PS, as shown in Fig. 4. The XRD patterns of all
samples, with diffraction peaks at 15�, 17�, 18� and 23�, were
attributed to the typical A-type crystalline structure. In
comparison with PS, the XRD pattern of OSA@PS was almost
identical to that of PS (Fig. 4d–f), indicating that the crystalline
structure was still maintained aer esterication. A similar
Fig. 3 FT-IR spectra of starch and OSA modified starches ((a) NS; (b)
3% OSA@NS; (c) 5% OSA@NS; (d) PS; (e) 3% OSA@PS; (f) 5% OSA@PS).
The bands of OSA modified starch at 1725 cm�1 and 1570 cm�1

correspond to the stretching vibration of C]O and the asymmetric
stretching vibration of RCOO–, indicating the successful formation of
the ester linkage.

8484 | RSC Adv., 2020, 10, 8480–8489
phenomenon has also been observed in the case of OSA@NS (as
shown in Fig. 4a–c), suggesting that crystalline structure of
starch cannot be destroyed by modication of OSA.37 No
signicant differences were noted between NS and PS of Xc

(Table 1), meanwhile, the crystallinities of the porous starches
were almost consistent with their esters.38 This indicates that
the crystalline patterns of the starches were not changed by OSA
esterication.32

3.2.4 Scanning electron microscopy. Furthermore, the pore
morphology of PS and OSA@PS, with magnication of 2000
times, was eventually veried by SEM analysis before and aer
esterication. The SEM image of NS (Fig. 5a) showed an irreg-
ular and polygonal shape with relatively smooth surface. Aer
esterication, the surface of starch granules becomes rougher
(Fig. 5b) than NS.39 As shown in Fig. 5c, many pores and cavities
were observed obviously due to the enzymatic hydrolysis. These
porous structures offered more chemical reactive sites than NS,
due to the larger specic surface area. It was also proved that the
porous starch was more suitable for chemical modication than
the native one. The SEM image of OSA@PS was displayed in
Fig. 5d. Many pores and channels, with slight corrosion, were
still maintained, indicating that the porous structure was not
destroyed aer esterication.22 The high-resolution SEM anal-
ysis with magnication of 4000 times was performed on the PS
and OSA@PS, as shown in Fig. 5e and f respectively. These
images showed the porous structures more clearly before and
aer esterication, suggesting that pores and channels were
still maintained aer post-treatment.

N2 adsorption analysis was also utilized to explore porous
structure of PS before and aer esterication. The application of
the Brunauer–Emmett–Teller (BET) model resulted in the
surface areas of 1.08 and 1.43 m2 g�1 for PS (ESI Fig. S2†) and
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM images of NS (a) and OSA@NS (b), images of PS (c) and OSA@PS (d), images of PS with magnification of 4000 times (e) and OSA@PS
with magnification of 4000 times (f). The SEM image of OSA@PS after esterification showed the undamaged pores and channels obviously,
indicating that porous structure was still maintained after post-treatment.
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5% OSA@PS (ESI Fig. S3†), respectively. In comparison with the
case of PS, no difference was observed obviously indicated that
pores within PS were still maintained aer esterication.
3.3 Effect of modied starch on digestion characteristics of
emulsion

3.3.1 Initial emulsion. Particle size distribution analysis was
a signicant tool for detecting the sizes of emulsions, which was
expressed by the key parameter of d32. As shown in Fig. 6 and 7,
the mean sizes of emulsion, stabilized by OSA modied starch,
during digestion were studied by particle size distribution anal-
ysis. The particle sizes of initial emulsions showed a narrow
monomodal distribution centered at about 0.75 mm (Fig. 7).
Displayed in black histogram of Fig. 6, compared with the
particle sizes of two OSA@NS samples, the emulsion prepared by
3% OSA@PS, with the DS of 0.026 showed the slightly smaller
This journal is © The Royal Society of Chemistry 2020
particle size. However, when the DS of OSA@PS was raised up to
0.0289, the particle size of emulsion became larger than that of
3%OSA@PS. This result may be derived from the greater loading
amount of OSA groups would result in the larger steric hindrance
of the interfacial layer.40 The confocal images (Fig. 8) also offered
the evidence that the initial emulsions of OSA@NS and OSA@PS
possessed the small particle sizes. Furthermore, oil droplets of
initial emulsions showed the uniform distribution, with only
a few amounts of large oil droplets, which is consistent with the
particle size measurement above.

3.3.2 Mouth phase. No signicant change of average
particle size distributions was observed during all emulsions
moved through the SSF, as shown in Fig. 6 and 7. Meanwhile,
confocal microscopy images also showed that the sizes of oil
droplets in the emulsion were still maintained aer incubation
in the mouth. The results were attributed to effect of protection,
which oil droplets embedded with OSA modied starches could
RSC Adv., 2020, 10, 8480–8489 | 8485
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Fig. 6 Particle size (d32) of emulsions containing b-carotene during in
vitro digestion. Different capital letters indicate significant differences
(p < 0.05) in the droplet diameter of an emulsion between digestion
phases. Different lowercase letters indicate significant differences (p <
0.05) in the droplet diameter between emulsions within the same
digestion phase.

Fig. 7 Particle size distribution of emulsions containing b-carotene durin
5% OSA@PS).

8486 | RSC Adv., 2020, 10, 8480–8489
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avoid the attack of mineral ions and a-amylase in SSF.29 OSA
modied starches have the spatial repulsion generated by its
branched structure, which could resist the attack of ionic
strength and a-amylase.3 Moreover, the short residence time
and low consumption of starch in the oral cavity would not
result in a signicant change in the structure of emulsions.

3.3.3 Stomach phase. The particle size distribution of the
emulsions was measured aer treatment of SGF, as shown in
the blue histogram of Fig. 6. Compared with the SSF (seen the
red histogram of Fig. 6), the particle sizes of emulsions were
increased signicantly aer 1 h in SGF. This observation, which
was consistent with the result of research,19 may result from the
occulation and coalescence occurred in the SGF.41 The varia-
tion of particle size distribution showed narrower extent in
OSA@PS than that of OSA@NS. Meanwhile, as shown in the
blue triangle-label of Fig. 7, in comparison to the bimodal
distributions of OSA@NS (Fig. 7a and b) with the scope of
0.1–10 mm, the narrow monomodal distributions of OSA@PS
was observed obviously (Fig. 7c and d) with the scope of 0.1–1
mm. This result indicated that the OSA@PS exhibited the
excellent stability of the emulsions than that of NS.42
g in vitro digestion ((a) 3%OSA@NS; (b) 5%OSA@NS; (c) 3%OSA@PS; (d)

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Changes in the microstructure (determined by CLSM) of emulsions containing b-carotene during in vitro digestion.
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As shown in ESI Fig. S4,† by means of CLSM analysis, the
variation of microstructure was observed obviously in all
emulsions aer SGF. In the emulsions stabilized by OSA@NS,
This journal is © The Royal Society of Chemistry 2020
many ocs appeared along with the disappearance of small oil
droplets, which indicated that severe occulation and coales-
cence occurred in these emulsions.18 However, only a few ocs
RSC Adv., 2020, 10, 8480–8489 | 8487
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and large particles were observed in OSA@PS, which showed
the greater stability than that of OSA@NS. This phenomenon
may be explained that OSA@PS with higher DS provided a large
amount of OSA groups, which not only had the larger steric
hindrance, but also formed the more rigid and dense interface
layer.18,43

3.3.4 Small intestine phase. The particle size distribution
of the emulsions was measured aer treatment of SIF for two
hours. As shown in the green histogram of Fig. 6, the particle
sizes of emulsions decreased slightly, in the confocal micros-
copy images, the sizes and amount of oil droplets in all the
samples were obviously reduced, compared to that of SGF.
Previous studies have already offered the evidence that the sizes
and amount of oil droplets would decrease aer digestion in
vitro.29
Fig. 9 Bioaccessibility of b-carotene embedded in the emulsions after
digestion in vitro. Different capital letters indicate a statistically
significant difference (p < 0.01).
3.4 Determination of bioaccessibility of b-carotene

For better absorption by intestinal epithelial cells, the fat-
soluble nutrients, embedded in the carriers, need to be
released from carriers rstly, and penetrated into mixed
micelles or vesicles.3 Seen from the digestive pathways in the
body, it was found that the amount of fat-soluble nutrients
transferred from food to the micellar phase was the key
parameter, which determines absorption levels of nutrients by
small intestine.44 Therefore, the degree of micellization was
a key parameter to characterize the bioaccessibility of fat-
soluble nutrients in vitro digestion.

Many studies have proved that the OSA modied starch
emulsions showed the great benets on bioaccessibility of b-
carotene. When the lipid layers were hydrolyzed gradually, more
and more b-carotenes were released from the oil droplets.
Meanwhile, many free fatty acids are produced during the
hydrolysis of lipid, which could penetrate the mixed micelles.
This could give rise to the higher solubility of b-carotenes in the
mixed micelles.17,18 Besides, the higher DS of OSA modied
starch may be benecial to the stability of the emulsion in the
digestive tract, which resulted in the more b-carotenes were
released from oil droplets.30 Inspired by the better bio-
accessibility caused by OSA modied starch, the bioaccessibility
of b-carotene in the OSA@NS and OSA@PS emulsions with
different DS were measured in detail, as shown in Fig. 9. It was
found that availability of b-carotene enhanced along with the
increasing DS of OSA modied starches, which was consistent
with previous studies.18,30,45 For example, 5% OSA@PS sample
have the excellent bioaccessibility, due to the DS up to 0.0289.
Compared with OSA@NS samples, the bioaccessibility of
OSA@PS emulsions showed almost twice than that of OSA@NS.
As far as we know, there is still no report on the OSA modied
porous starch. Moreover, OSA modied starch exhibited well-
stabilizing effect for b-carotene. Therefore, OSA modied PS,
which can obtain the higher DS than the native one, indeed was
an excellent alternative for stabilize b-carotene emulsions.

In summary, OSAmodied porous starches with different DS
were synthesized successfully by esterication reaction between
porous starch and OSA groups. The spectra of 13C solid-state
NMR and FT-IR spectroscopy conrmed that ester linkage of
8488 | RSC Adv., 2020, 10, 8480–8489
OSA modied PS was successfully formed. The XRD patterns
and SEM images suggested that the ordered crystalline cong-
uration and porous structure of starch granules were not
destroyed during the OSA modied process. Using the lower
consumptions of PS as materials, the higher DS of OSA@PS with
the DS of 0.0289 was obtained. Furthermore, OSA@PS pos-
sessing the excellent ability of emulsication was applied as an
emulsion of b-carotene for the rst time. In the simulated
gastric juice, we found that the emulsions with the larger DS
exhibited the less occulation and coalescence, and the stability
of the emulsion was positively correlated with the DS of OSA
modied starch. It was also demonstrated that different DS of
samples showed the great inuences on the bioaccessibility of
b-carotene in the emulsion, due to the variation of stability and
particle sizes of the emulsions. Therefore, as a delivery system
of food-grade, OSA@PS with higher DS could be applied as
emulsions for stabilizing bioactive components.
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42 K. Królikowska, S. Pietrzyk, T. Fortuna, P. Pająk and
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