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Various black rice materials (black rice ﬂour, BF; dietary ﬁber-enriched extract, DE; phenolic-enriched
extract, PE) were prepared from black rice, and their effects on in vitro starch digestibility were investigated in a wheat ﬂour gel model. Speciﬁcally, the in vitro digestive behavior of the gel samples was
continuously monitored from a rheological point of view. BF and DE did not inhibit digestive enzymes;
however, PE exhibited IC50 values of 24.12 mg/mL and 0.03 mg/mL against a-amylase and a-glucosidase,
respectively. In addition, the predicted glycemic index (pGI) values of the gels with BF, DE, and PE at 20%
replacement for wheat ﬂour were as follows: control (wheat ﬂour) z BF > DE > PE. Moreover, a signiﬁcant decrease in the in vitro viscosities of gels during intestinal digestion was observed in the order of
BF, DE, and PE. As a result, PE showed the highest suppression effect on starch hydrolysis by inhibiting
digestive enzyme. These results support phenolic compounds as more critical factors compared to dietary ﬁber for retarding in vitro starch digestibility of starch-based foods prepared with black rice.
© 2016 Published by Elsevier Ltd.
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1. Introduction
Black rice (Oryza sativa L., ‘Josaengheugchal’) has a coloring
component (e.g. cyanidin-3-glucoside, malvidin-3-glucoside, peonidin-3-glucoside) and is high in nutritional value as a source of
iron, vitamin E, and antioxidants (e.g. anthocyanins) (Zhang et al.,
2006). Moreover, phenolic compounds and dietary ﬁbers are
much more abundant in black rice than white rice (Shen et al.,
2009). Recently, it has been reported that the essential phytochemicals in grains such as rice have many beneﬁcial effects on
human health such as reducing the risk of cardiovascular disease,
type 2 diabetes, and some cancers (Liu, 2007). Especially, natural
antioxidants including phenolic compounds reduce the risk of
diabetes since they can inhibit the activity of intestinal a-glucosidase and pancreatic a-amylase (Ranilla et al., 2010). On the other
hand, dietary ﬁbers incorporated into starch-based foods increase
the viscosity of food products and delay the accessibility of starch
granules to digestive enzymes in the human digestive system
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(Angioloni and Collar, 2011).
Although the effects of phenolic compounds and dietary ﬁbers
on reducing the risk of diabetes have been reported previously (Bae
et al., 2016; Jun et al., 2014; Liu, 2007), it is important to understand
which components of black rice are more effective in delaying
starch digestibility. Therefore, the objectives of this study were to
investigate the effects of various black rice materials (black rice
ﬂour, BF; dietary ﬁber-enriched extract, DE; phenolic-enriched
extract, PE) on in vitro starch digestibility in a wheat ﬂour gel system and to assess how these materials affect starch-digestive
enzyme activity and in vitro rheology.
2. Materials and methods
2.1. Materials
Black rice (Oryza sativa L., Josaengheugchal) produced in Jindo in
2014 was obtained from the Rural Development Administration
(RDA), Korea. The black rice was stored in a polyethylene bag
(Cleanwrap Co., Gimhae, Korea) at 25  C until analysis. All-purpose
wheat ﬂour (CJ Co. Ltd., Seoul, Korea) was obtained from a commercial source.
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The total dietary ﬁber assay kit (TDF-100A), a-amylase from
porcine pancreas (A3176), pancreatin from porcine pancreas
(P7545), bile extract porcine (B8631), amyloglucosidase (A9913),
soluble starch (S9765), heat-stable a-amylase (A3306), celite
(C8656), 3,5-dinitrosalicyclic acid (D0550), 4-nitrophenyl-alpha-Dglucopyranoside (pNPG, N1377), Folin & Ciocalteu’s phenol reagent
(F9252), gallic acid (G7384), acarbose (A8980), and catechin
(C1788) were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). The total starch kit (K-TSTA) and glucose oxidaseperoxidase assay kit (GOPOD, K-GLUC) were purchased from
Megazyme International Ireland Ltd. (Bray, Ireland). a-Glucosidase
(Bacillus stearothermophilus; E-TSAGL) was purchased from Megazyme International Ireland Ltd. (Dublin, Ireland). Other chemicals
were analytical grade.
2.2. Preparation of DE and PE
Black rice was ground in a blender (Hanil Food Co., Ltd., Korea),
passed through a 100 mesh sieve and was used in further extract
and analysis with the name of BF. DE was prepared according to the
method described by Kim et al. (1997). BF (150 g) was gelatinized
with 0.6% Termamyl (1 L) at 95  C for 1 h to remove starch, followed
by ﬁltration. The residue was then washed three times with four
volumes of heated water (100  C). The residue was then washed
with four volumes of 99.9% ethanol (preheated to 60  C), followed
by ﬁltration. The residue was dried at 50  C (forced convection dry
oven, DAIHAN Scientiﬁc Co., Ltd., Seoul, Korea) overnight, passed
through a 100 mesh sieve, and then stored in a polyethylene bag
(Cleanwrap Co., Gimhae, Korea) at 4  C until use. PE was prepared
according to the method described by Kim et al. (2010a). The BF
(1 g) and 70% ethanol (50 mL) were mixed for 24 h, followed by
ﬁltration. The extraction was then repeated once more. All supernatants were collected and evaporated at 40  C for 1 h, followed by
drying at 60  C (DAIHAN Scientiﬁc Co., Ltd., Seoul, Korea) until all
the solvents were removed and then stored at 4  C until use.
2.3. Dietary ﬁber analysis
The amounts of soluble dietary ﬁber (SDF), insoluble dietary
ﬁber (IDF), and total dietary ﬁber (TDF) were determined according
to the gravimetric enzymatic method as previously described by
Prosky et al. (1988).
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acetate buffer (pH 4.5), and the absorbance was measured at 510
and 700 nm. Data were expressed as milligrams of anthocyanins
(cyanidin 3 glucoside, C3G) per 100 g of the fresh weight of seed
powder using a molar extinction coefﬁcient of 26,900, a molecular
weight of 449, and an absorbance of A ¼ [(A510-A700) at pH 1.0 e
(A510-A700) at pH 4.5].
2.5. a-Amylase and a-glucosidase inhibitory activity
The a-amylase inhibitory activity of the black rice materials was
determined according to a modiﬁcation of the method of Ranilla
et al. (2010). Brieﬂy, 250 mL of sample and 125 mL of 0.02 M sodium phosphate buffer (pH 6.9 with 6 mM NaCl) containing aamylase solution (0.5 mg/mL) were incubated at 25  C for 10 min.
After pre-incubation, 250 mL of 1% starch solution in 0.02 M sodium
phosphate buffer (pH 6.9 with 6 mM NaCl) was added to each tube
at timed intervals. The reaction mixtures were then incubated at
25  C for 10 min. The reaction was stopped with 0.5 mL of dinitrosalicylic acid color reagent. The test tubes were then incubated
in a boiling water bath for 5 min and cooled to room temperature.
The reaction mixture was then diluted after adding 5 mL of distilled
water, and the absorbance was measured at 540 nm. Acarbose was
used as the positive control. The a-amylase inhibitory activity was
calculated as follows:
Inhibition (%) ¼ (1 e Asample / Acontrol)  100
where Asample and Acontrol were deﬁned as the absorbance of the
sample and the control (acarbose), respectively.
The a-glucosidase inhibitory activity of the black rice extract
was determined according to the method described by Kim et al.
(2010b). Sample (50 mL) was mixed with Bacillus stearothermophilus a-glucosidase (50 mL, 0.5 U/mL) and 0.2 M potassium
phosphate buffer (pH 6.8, 50 mL). After pre-incubating at 37  C for
15 min, 3 mM pNPG (100 mL) was added. The reaction was incubated at 37  C for 10 min and stopped with 0.1 M Na2CO3 (750 mL).
4-Nitrophenol absorption was measured at 405 nm. A solution
without sample was used as the control. A solution without substrate was used as a blank. Acarbose was also assayed as a standard
reference. The experiment was performed in triplicate. The percent
inhibition of a-glucosidase was calculated as follows:
Inhibition rate (%) ¼ [1 e (Asample - Ablank) / Acontrol]  100

2.4. Total phenolic, total ﬂavonoid, and total anthocyanin contents
The total phenolic content was determined by the FolinCiocalteu reagent method modiﬁed by Singleton and Rossi (1965).
Brieﬂy, 100 mL of the sample was transferred into a test tube and
mixed with 2 mL of Na2CO3 (5%, w/v). After 3 min, 100 mL of
FolineCiocalteu reagent (50%, v/v) was added to the mixture. After
standing for 30 min at room temperature, the absorbance was
measured at 750 nm. Gallic acid was used for constructing the
standard curve. The total phenolic content was expressed in terms
of gallic acid equivalents.
The total ﬂavonoid content was determined according to the
method modiﬁed by Zhishen et al. (1999). Brieﬂy, 250 mL of the
sample was transferred into a test tube and mixed with 75 mL of
NaNO2 (5%, w/v) and 1.25 mL distilled water. After 5 min, 150 mL
AlCl3$6H2O (10%, w/v) was added. At 6 min, 500 mL of NaOH (1 M)
and 275 mL distilled water was added to the mixture. The mixture
was thoroughly mixed, and the absorbance was measured at
510 nm. Catechin was used for constructing the standard curve.
Measuring the total anthocyanin content was carried out as
previously described by Giusti et al. (1999). Samples were dissolved
in 0.025 M potassium chloride solution (pH 1.0) and 0.4 M sodium

where Asample is the absorbance of the experimental sample, Ablank
is the absorbance of the blank, and Acontrol is the absorbance of the
control.
2.6. In vitro starch digestion
Wheat ﬂour in a gel was replaced with BF, DE, or PE at 10, 20, or
40% by weight, and their effects on in vitro starch digestibility were
evaluated. The mixtures (3 g) of wheat ﬂour and black rice materials (BF, DE, or PE) were dispersed in distilled water (10.71%, w/v).
The suspensions were stirred continuously for 5 min and then
heated in a boiling water bath for 10 min. The starch gels were
placed on a plate in a steam cooker with a lid and steamed over
boiling water for 40 min. These gels were subjected to in vitro starch
digestion according to the method described by Minekus et al.
(2014) with slight modiﬁcations.
The gel sample (5 g) containing the same amount of total starch
was mixed with distilled water (15 mL) and stirred at 700 rpm for
30 min to break the gel structure. Then, 11 mL of SIF, 40 mL of 0.3 M
CaCl2, 0.15 mL of 1 M NaOH, and 1.31 mL of distilled water were
added and incubated at 37  C. Pancreatin and bile salt solution
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(added at concentrations of 2 g (ﬁnal 100 U/mL) of pancreatin and
0.435 g (ﬁnal 10 mM) of bile extract in 12 mL of SIF, 7.5 mL) and
amyloglucosidase (0.2 mL per gram of starch in sample) were
added. Simulated intestinal ﬂuid (SIF) electrolyte stock solution was
made up of 6.8 mL of 0.5 M KCl, 0.8 mL of 0.5 M KH2PO4, 42.5 mL of
1 M NaHCO3, 9.6 mL of 2 M NaCl, and 1.1 mL of 0.15 M MgCl2(H2O)6
in 400 mL of distilled water. The pH was adjusted to 6.0 with 1 N
HCl. Aliquots (0.1 mL) were collected at different times (30, 60, 90,
120, and 180 min) during digestion and mixed with 1.4 mL ethanol.
These solutions were centrifuged (600  g for 3 min), and the
released glucose content of the supernatants was measured using
the GOPOD kit at 510 nm. The levels of rapidly digestible starch
(RDS), slowly digestible starch (SDS), and resistant starch (RS) were
measured after intestinal digestion for 20, 120, and 180 min,
respectively.

basis) are given in Table 1. BF, DE, and PE contained 69.68%, 0.47%,
and 0.69% starch, respectively. DE exhibited the highest TDF and
IDF, whereas PE exhibited the highest total phenolic, ﬂavonoid, and
anthocyanin contents. DE exhibited signiﬁcantly higher TDF and
IDF contents compared to the other materials (P < 0.05). The contents of TDF and IDF in DE were about four- and ﬁve-fold higher
than those in BF, respectively. However, the total phenolic, ﬂavonoid, and anthocyanin contents were not detected in DE. On the
other hand, the amounts of total phenolic, ﬂavonoid, and anthocyanin in PE were drastically increased by ﬁve-fold higher than
those in BF. Zhang et al. (2006) reported that black rice is more
abundant in anthocyanin and other phenolic compounds compared
to that of white rice, and these phytochemical compounds are
generally accumulated in the pericarp or bran of rice kernels.

2.7. Predicted glycemic index (pGI)

a-glucosidase

The digestion kinetics and pGI of the gels were determined ac~ i et al. (1997). The
cording to the procedure established by Gon
starch hydrolysis kinetics was calculated using the equation:
[C ¼ C∞(1 e ekt)], where C, C∞, and k denote the hydrolysis degree
at each time, the extent of maximum hydrolysis, and the kinetic
constant, respectively. The hydrolysis index (HI) was obtained by
dividing the area under the hydrolysis curve of each sample by the
corresponding area of a reference sample (fresh white bread). The
predicted glycemic index (pGI) was calculated using the equation:
pGI ¼ 39.71 þ 0.549HI.

The main source of glucose in the diet is derived from starch
hydrolysis through the human digestive system, and this reaction is
initiated by pancreatic a-amylase (Tarling et al., 2008). In addition,
a-glucosidase has been recognized as a therapeutic target for the
regulation of postprandial hyperglycemia since it acts on the ﬁnal
step of starch hydrolysis, resulting in glucose release (McDougall
and Stewart, 2005). Thus, the inhibitory effects of black rice materials against a-amylase and a-glucosidase were investigated and
compared with those of acarbose (standard reference for the
enzyme inhibitor).
As shown in Fig. 1, the inhibitory effects of PE against both enzymes increased in a concentration-dependent manner (P < 0.05),
whereas BF and DE did not inhibit the enzyme activity (data not
shown). PE had a weaker inhibitory effect in a-amylase; however, it
had a better inhibitory effect in a-glucosidase compared with
acarbose (Table 2). Especially, it should be noted that PE (IC50 of
0.03 ± 0.00 mg/mL) showed much stronger inhibition against aglucosidase compared to that of acarbose (IC50 of 1.40 ± 0.00 mg/
mL). Our results are in agreement with those of previous studies,
which have indicated that plant-derived phenolic phytochemicals
have stronger inhibition activity against a-glucosidase than aamylase (Dong et al., 2012; Yilmazer-Musa et al., 2012). It is wellknow that the plant-derived polyphenol extracts effectively
inhibit a-amylase activity and intestinal a-glucosidase activity
(Matsui et al., 2001). Also, phenolics and ﬂavonoids from a wide
range of food or medical plant sources could be effective a-glucosidase inhibitors (Kwon et al., 2008). Moreover, the high correlation
between a-glucosidase inhibitory activity and phenolic content was
previously reported (Apostolidis and Lee, 2010).

3.2. Inhibitory effects of black rice materials against a-amylase and

2.8. In vitro rheological monitoring during starch digestion
Rheological monitoring during in vitro starch digestion was
performed according to the method by Kim et al. (2015) using a
starch pasting cell attached to a controlled-stress rheometer
(AR1500ex, TA Instruments Co., New Castle, DE, USA).
The mixtures (2.4 g) of wheat ﬂour and black rice materials (BF,
DE, or PE) were mixed with 20 mL of simulated salivary ﬂuid (SSF)
electrolyte stock solution. For cooking, the samples were heated to
90  C at a rate of 12  C/min, held at 90  C for 2.5 min, and cooled to
37  C at a rate of 12  C/min. Then, 0.6 mL of porcine pancreatic aamylase was added at 37  C and incubated for 30 s. Next, 0.3 mL of
pepsin was added, the pH was adjusted to 2.0 with 6 N HCl, and the
mixture was incubated at 37  C for 30 min. Then, 0.6 mL of
pancreatin solution and 311.3 mL of amyloglucosidase per gram of
starch in the sample were added to the mixture, the pH was
adjusted to 6.0 with 1 M NaOH, and the mixture was incubated for
3 h. The reaction of the in vitro starch digestion was carried out in
an aluminum canister surrounded by a temperature chamber
(37  C). The impeller was rotated at a speed of 160 rpm in the
samples, and the viscosity change during the in vitro digestion was
continuously monitored.
2.9. Statistical analysis
All analyses were performed at least in triplicate, and their
values were expressed as mean ± standard deviation. Statistical
analyses were carried out with Duncan’s multiple range test
(P < 0.05) using SPSS statistical software (Version 21.0 software,
Chicago, IL, USA).
3. Results and discussion
3.1. Composition of black rice materials
The chemical compositions of various black rice materials (dry

3.3. In vitro starch digestibility
The effects of BF, DE, and PE from black rice on in vitro starch
digestion in wheat ﬂour gels were investigated by measuring the
released glucose contents during starch hydrolysis. Glucose release
curves measured the reducing sugars degraded from starch due to a
digestive enzyme. Fig. 2 shows the starch hydrolysis curves of BF-,
DE-, and PE-incorporated gels compared with that of the control.
Overall, starch hydrolysis increased sharply up to 30 min and then
gradually increased for 180 min. The amount of released glucose
decreased with increasing level of wheat ﬂour replacement in the
gels. In particular, the amount of released glucose in DE and PE was
signiﬁcantly decreased in a dose-dependent manner (P < 0.05).
Especially, the glucose released content of the gels with BF, DE, and
PE at 20% replacement for wheat ﬂour were as follows: control
lez et al. (2011) re(wheat ﬂour) z BF > DE > PE. Navarro-Gonza
ported that in vitro starch digestibility of dietary ﬁber and phenolic
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Table 1
Chemical compositions (dry basis) of various black rice materials (black rice ﬂour, BF; dietary ﬁber-enriched extract, DE; phenolic-enriched extract, PE).
Content

BF

DE

PE

Starch (%)
TDF (%)
SDF (%)
IDF (%)
Total phenolic (mg GAE/g ﬂour)
Total ﬂavonoid (mg CE/g ﬂour)
Total anthocyanin (mg C3G/g ﬂour)

69.68 ± 2.86a
18.26 ± 2.61b
4.71 ± 2.26ns
13.55 ± 1.31b
105.91 ± 6.32b
94.74 ± 4.89b
72.57 ± 5.14b

0.47 ± 0.17b
69.30 ± 3.30a
2.33 ± 0.00ns
66.97 ± 3.30a
ND
ND
ND

0.69 ± 0.04b
5.78 ± 0.00c
1.23 ± 1.50ns
4.55 ± 1.50c
539.34 ± 32.18a
482.48 ± 24.89a
369.57 ± 26.19a

Mean values with different letters in the same row differ signiﬁcantly (p < 0.05). ND means not detected. TDF, SDF, and IDF mean total dietary ﬁber, soluble dietary ﬁber,
and insoluble dietary ﬁber, respectively.

Fig. 1. Inhibitory effects of phenolic-enriched extract (PE) from black rice and acarbose (standard reference) against a-amylase (A) and a-glucosidase (B).

compounds has been signiﬁcantly reduced. Also, Bae et al. (2016)
showed that the amount of released glucose decreased signiﬁcantly in noodles containing ﬂavonoid extract and rutin-enriched
ﬂavonoid extract compared to those of buckwheat ﬂour and dietary extracts.
The amounts of rapidly digestible starch (RDS), slowly digestible
starch (SDS), and resistant starch (RS) are presented in Table 3. All
black rice material-incorporated wheat ﬂours showed the same

values of SDS with increasing level of wheat ﬂour replacement in
the gels (P < 0.05). Compared to the control gel, BF showed no
signiﬁcant difference in the value of RDS (P < 0.05), but it showed
higher value of RS with increasing level of wheat ﬂour replacement
in the gels (P < 0.05). In addition, DE and PE showed lower values of
RDS but very high levels of RS with increasing level of wheat ﬂour
replacement in the gels (P < 0.05). Speciﬁcally, the 40% DE and PE
gels showed the lowest ratio of RDS (32% and 33%, respectively) and
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Table 2
Values of 50% inhibitory concentrations (IC50) of various black rice materials (black
rice ﬂour, BF; dietary ﬁber-enriched extract, DE; phenolic-enriched extract, PE)
against a-amylase and a-glucosidase.
Sample

50% Inhibitory concentration (IC50)

a-Amylase (mg/mL)

a-Glucosidase (mg/mL)

BF
DE
PE
Acarbose

ND
ND
24.12 ± 0.36a
0.14 ± 0.00b

ND
ND
0.03 ± 0.00b
1.40 ± 0.00a

Mean values with different letters in the same column differ signiﬁcantly (p < 0.05).
ND means not detected.

the highest rates of RS (55% and 56%, respectively). RDS is rapidly
digested and absorbed in the duodenum and proximal regions of
the small intestine, which leads to fast elevation of blood glucose
and insulin levels. This sharp increase in blood glucose is associated
with health complications such as obesity, diabetes, hyperglycemia,
and cardiovascular diseases (Miao et al., 2011). Previous studies
have shown that the added ﬁber reinforcement materials in bread
and cake controlled starch digestibility in a concentrationdependent manner (Angioloni and Collar, 2011; Jun et al., 2014).
In addition, dietary ﬁbers that are combined in the products make it
possible to limit the gelatinization of starch and the hydration,
delaying the degradation of starch hydrolysis by the enzyme
(Thondre et al., 2010). Also, the food-derived active ingredients
such asphenol compounds have the ability to control blood glucose
level (Thondre, 2013).
The pGI values of the gel samples with BF, DE, and PE were
investigated depending on the level of wheat ﬂour replacement. As
shown in Table 3, the calculated pGI values of the BF, DE, and PE gels
changed from 84.81 / 79.23, 80.27 / 70.70, and 77.85 / 69.77,
respectively, with increasing replacement level (10%/40%) of
black rice materials. The pGI values of the gels with BF replacement
of 10%e20% were not signiﬁcantly lower than those of the control
wheat ﬂour gels (p > 0.05). In the DE gels, a signiﬁcant difference in
pGI values was detected when DE was replaced with more than 20%
wheat ﬂour (P < 0.05). However, the pGI values of the PE gels
dramatically decreased for all replacement levels (P < 0.05).
Furthermore, the pGI values of the gels with 20% replacement black
rice materials were as follows: control z BF > DE > PE. Thus, PE had
the highest suppression effect on starch hydrolysis among the black
rice materials used in this study with an in vitro method. Based on
these results, the suppressive effects of black rice materials on
starch digestibility in wheat ﬂour replacement gels is more highly
related to the phenolic content and less to the dietary ﬁber content
of black rice ﬂour. This result was in agreement with the ﬁnding of
Bae et al. (2016), who reported that the RDS amounts and pGI
values of noodles with ﬂavonoid extracts from buckwheat were
more signiﬁcantly reduced compared to those of the noodles with
dietary ﬁber extracts in in vitro starch digestion. However, buckwheat ﬂour and dietary ﬁber extract did not signiﬁcantly decrease
the pGI value of the noodles. As a result, for lowering the pGI with
black rice materials, PE was more effective than DE in this study.
3.4. In vitro rheology during starch digestion
Pasting curves of wheat ﬂour replaced with 20% BF, DE, and PE
are shown in Fig. 3. Fig. 3(a) shows the viscosity of the suspension
during the heating and cooling of the black rice materials. The RVA
curves shifted down, indicating that the decreases in peak and ﬁnal
viscosity
at
20%
replacement
were
as
follows:
Control > BF > PE > DE. Peak viscosity, breakdown, setback, and
ﬁnal viscosity ranged from 0.58 to 2.20 pa$s, 0.09e0.52 pa$s,

Fig. 2. Effects of various black rice materials at different replacement levels (10e40%)
on the glucose release curves of wheat ﬂour gels ((A) black rice ﬂour, BF; (B) dietary
ﬁber-enriched extract, DE; (C) phenolic-enriched extract, PE).

0.09e3.66 pa$s, and 0.03e1.57 pa$s, respectively. BF had a peak
viscosity and ﬁnal viscosity similar to the control, whereas DE
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Table 3
Starch digestion fractions and predicted glycemic indexes (pGI) of wheat ﬂour gels
with various black rice materials (black rice ﬂour, BF; dietary ﬁber-enriched extract,
DE; phenolic-enriched extract, PE) at different replacement levels (10e40%) under
in vitro starch digestion.
Replacement (%) Starch digestion fractions (%)
RDS
BF

DE

PE

Control

10
20
40
10
20
40
10
20
40

44.49
43.86
43.76
42.93
37.42
32.35
41.47
32.84
32.61
47.49

SDS
±
±
±
±
±
±
±
±
±
±

2.51ab
0.31ab
1.97ab
1.57ab
2.78c
0.70d
0.73bc
2.37d
3.14d
3.93a

19.57
14.65
15.03
17.50
14.68
12.38
14.06
13.99
11.17
15.53

pGI
RS

±
±
±
±
±
±
±
±
±
±

1.89a
0.15ab
2.45ab
3.56ab
1.78ab
2.17ab
1.08ab
4.00ab
3.70b
1.29ab

35.94
41.49
41.21
39.57
47.90
55.27
44.46
53.17
56.22
36.98

±
±
±
±
±
±
±
±
±
±

4.32e
0.45cd
2.33cde
2.35de
1.26b
2.27a
0.45bc
1.83a
1.42a
3.11e

84.81
81.76
79.23
80.27
75.00
70.70
77.85
71.92
69.77
83.26

±
±
±
±
±
±
±
±
±
±

0.47a
0.92bc
1.63c
0.56bc
1.71d
2.18e
1.56c
1.68e
1.26e
0.68ab

Mean values with different letters in the same column differ signiﬁcantly (p < 0.05).
RDS, SDS, and RS mean rapidly digestible starch, slowly digestible starch, and
resistant starch, respectively.
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replacement before and after adding a-amylase in the oral step
were as follows: control (3.49 Pa s/0.26 Pa s) > BF
(2.35 Pa s/0.16 Pa s) > PE (0.45 Pa s/0.19 Pa s) > DE
(0.08 Pa s/0.06 Pa s). In the gastric step with pepsin for 30 min, the
viscosities of the samples decreased in the initial period
(PE > DE > BF > control) and then became constant. In the small
intestine, where starch digestion mainly occurs, all samples
showed a decreased viscosity until 22 min after addition of
pancreatic enzymes. The viscosities of the control and BF samples
were further reduced; however, the viscosities of the DE and PE
samples were constant or slightly reduced, showing similar patterns with the glucose release curves in Fig. 2. Moreover, viscosity
crossover was observed in the DE and PE samples during intestinal
digestion, in agreement with the results of Kim et al. (2015). As
demonstrated above, the in vitro viscosities of all of the samples
were reduced under simulated oral, gastric, and intestinal conditions. After cooking, DE and PE containing more non-starch portions were low in viscosity compared to the other samples.

Fig. 3. In vitro rheological changes of wheat ﬂour gels with various black rice materials (black rice ﬂour, BF; dietary ﬁber-enriched extract, DE; phenolic-enriched extract, PE) at a
replacement level of 20% under simulated digestion conditions ((A) before digestion, (B) oral, (C) gastric, and (D) intestinal digestion).

showed the lowest values for all of the pasting parameters
(P < 0.05).
The in vitro rheological behavior in the samples with BF, DE, and
PE replacing wheat ﬂour at 20% by weight was monitored under
simulated oral, gastric, and intestinal digestion (Fig. 3(BeD)). The
viscosities of the samples with black rice materials at 20%

However, viscosity crossover was observed during intestinal
digestion. These results were correlated with the higher amount of
released glucose in the BF. As a result, phenolic compounds were
more effective than dietary ﬁber. Generally, dietary ﬁber appeared
to delay digestion due to the viscosity. However, the dietary ﬁber
derived from black rice extract used in this study had no effect on
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the increase in viscosity, whereas effective digestion was delayed
based on phenolic compounds. Therefore, the suppressive effects of
black rice materials on starch digestibility were more related to
phenolic compounds than dietary ﬁber.
In conclusion, BF and DE did not inhibit digestive enzymes;
however, PE effectively inhibited a-amylase activity and intestinal
a-glucosidase activity. The pGI values of the gels with BF and DE
were not signiﬁcantly different than the control gel; however, PE
effectively inhibited starch hydrolysis in the gels and ﬁnally resulted in a lowered pGI. In addition, the in vitro viscosities of all of the
digested samples were distinctly reduced under the simulated oralgastric-intestinal conditions. After cooking, DE and PE containing
more non-starch portions were low in viscosity compared to the
other samples. However, viscosity crossover was observed during
intestinal digestion. These results were correlated with the higher
amount of released glucose in the BF. Based on these results, PE
showed the highest suppression effect on starch hydrolysis by
inhibiting digestive enzymes. The results support phenolic compounds as more critical factors than dietary ﬁber for retarding
in vitro starch digestibility of starch-based foods prepared with
black rice.
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