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Abstract 

In recent years, due to better life quality, people tend to live a sedentary lifestyle 

and have high-sugar or high-fat diet, which lead to increasing population with 

metabolic disorder, including hyperglycemia, hyperlipidemia, and hypertension. 

According to the top ten causes of death in 2016 reporter by Taiwan food and drug 

administration, metabolic syndrome (MetS) related disease have accounted for 31.2% 

of death, more than the 27.7% caused by cancer, indicating MetS has been a threaten 

for people’s health. Indeed, MetS has been shown to increase 5-fold risk for diabetes 

and 2-fold risk for cardiovascular disease. To decrease MetS, diet control is of 

importance, and starchy foods with more SDS is a good choice to lower the postprandial 

glucose. SDS exhibits lower GI than RDS and can release glucose slowly, thus it can 

decrease hyperglycemia and hyperinsulinermia after meal to improve metabolic 

syndrome. In this study, we aimed to test the influence of different processing 

conditions on starch digestibility and the content of SDS and RDS using Taiwan 

dehulled adlay, expecting to find out a condition that can retain more SDS and then 

adopt this condition to develop products that are suitable for metabolic syndrome 

patients. As the results showed, the amount of water added for steaming didn’t affect 
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starch digestibility of adlay significantly, while SDS content decreased as the steaming 

time prolonged. In addition to that, refrigeration can reduce starch digestibility and 

increase SDS content. Using the content of SDS, RDS and the result of sensory 

evaluation as screening parameters, we selected an optimized process condition to 

obtain the final adlay product, which acquired significantly lower RDS content and 

higher SDS content than cooked rice, indicating the potential to control blood sugar 

after meal.  

 

Key words: adlay, slowly digestible starch (SDS), rapidly digestible starch (RDS), 

metabolic syndrome 
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CVD Cardiovascular disease

GI Glycemic index

MetS Metabolic syndrome

PCA Plate count agar

RDS Rpidly digestible starch

RS Resistant starch

SDS Slowly digestible starch

TCS4 Taichung selective NO.4

TS Total starch

T2DM Type 2 diabetes mellitus 1
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2005 2008 8 19 —
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GI ,

(slowly digestible starch, SDS) SDS “

SDS 8  
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�

�

1.1!

8

)

8

2016 8

31.2%

27.7% 8

1.2!

metabolic syndrome

4

dyslipidemia

glucose intolerance

central obesity

World 

Health Organization, WHO

European Group for the study of Insulin Resistance, EGIR

8 National Cholesterol Education 
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Programme Adult Treatment Panel III, NCEP ATP III

American Association of Clinical Endocrinologists, 

AACE International Diabetes Federation, 

IDF) 1  

    2004

2007 1 18  5

3 : 

1 ( : 	 90cm 	 80cm)   

2 (SBP)	 130mmHg/

(DBP)	 85mmHg   

3 (FG)	 100mg/dl   

4 (HDL-C) <40mg/dl

<50mg/dl  

5 (TG)	 150mg/dl  

1.3! —  

     2 2005-2008 Nutrition 

and Health Survey in Taiwan 19 —

25.7 20.4 65 44.5% 57.3%

45-65 —

3 —  
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1.4     

     1 (type 2 diabetes 

mellitus, T2DM) 3 (cardiovascular 

disease, CVD) (Alberti et al.,2009)

 

     GI

(Jenkins et al., 2002) GI

— “ (McKeown et al., 2004)

1     

       2.1    ;  

Coix lachryma-jobi L. adlay Job’s tears

1 2 3 4 4  

(Taichung selective No.4, TCS4) 

(35.8%) (6.8%) (4.3%)

53.1% 1999
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2.2     

(59.5%) (14.2%) (11.0%) (12.8%) (1.2%)

(1.3%) 3  

Yu et al., 2005 Yeh et 

al., 2006; Yokoi et al., 2009 Wang et al., 2012

(2002) “ (40%

) TCS4

(2002)

.TCS4 ß-sitosterol ;  

2. (coixol)

  

3.TCS4 ferulic acid ,

 

:TCS4

2.3

0.2~3 μm

3-30 µm 12 µm XRD
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A

DP 13~24 A

DP 21 (DP 23.3) (DP 25.7)

(Chaisiricharoenkul et al., 2011; Liu et al., 2016; Kim et al., 2016; Jane et al., 

1999; Ao and Jane, 2007)  

       

    

       3.1     

8

RDS

SDS resistant starch, RS Englyst et al., 1992; Englyst and 

Englyst, 2005 20

20 120 120

4  

       3.2     

     “ SDS GI RDS (Ells 

et al., 2005; Englyst et al., 2003) GI

(Brand et al., 1991; Wolever et al., 1992)

1 “ GI

(LDL cholesterol) B (apolipoprotein B)

(plasminogen activator inhibitor 1, PAI-
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1)(Wolever et al., 1992; Rizkalla et al., 2004) RDS

SDS

 ( 5)  Ells et al., 2005

“

SDS 3 GLP-

1(glucagon-like peptide-1) GIP(glucose-dependent insulinotropic 

polypeptide) GLP-1 GIP L (L-cell) 1

K (K-cell) # β

GLP-1 glucagon

 SDS

Wachters-Hagedoorn et al., 

2006

SDS

β

Bjorck et al., 2000; Aston, 2006

“



doi:10.6342/NTU201703097

! 9!

3.3     

          3.3.1 

     SDS

Oates, 1997

SDS

A

 

Tester et al., 2002 A 50% SDS

20

SDS 50% 10% “

RDS 25% 85% B SDS

15% , 10% RDS 10%

84% A B

“ ,

Hamaker (2006)

SDS RDS

A Zhang et al., 

2006
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3.3.2  

SDS Wolever et al., 1986a, 1986b; Holm et al., 1992; 

Granfeldt et al., 1994; Garsetti et al., 2005

SDS 

(Miao et al., 2015)

3.3.3 (retrogradation) 

retrogradation

2

(resistant starch, RS)

RS 120

RS 3 RS1~RS5

RS1

RS1;RS2 B ;RS3
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;RS4

;RS5

8

 (Grabitske and Slavin, 2009; Sharma et al., 

2008; Scholz-Ahren et al., 2007; Bronus et al., 2002; Nugent, 2005)  

3

5.1    8

# α-amylase

2.6

1 “

8
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5.2    ;

“ — 8

,

GI GI

8

#

8

;

Southgate (1969a; 1969b) /

amyloglucosidase

pullulanase 4

Englyst (1982) / 4 α-amylase

pullulanase amyloglucosidase

1990

8

Granfeldt and Bjorck (1991) /

4

4

 

    1992 Englyst 8 /

20
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(RDS) 20 120 (SDS) 120

(RS) Englyst 8

20 120

#

1997 Goni 8 0

30 180 4

#

C=C∞(1-e-kt)

(C∞) (k)

Englyst 8 1992

5.3    

/ 8

4 ,

5.3.1

Akerberg et al. 1998; Muir et al. 1995; Woolnough et al. 2010)

(chop)
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(mince) (sieve) Woolnough 8(2008) 4

(chew)

( ) #

( 6)

 

/

α-amylase /

4 Brighenti et al., 1995; 

Lebet et al., 1998; Urooj and Puttraj, 1999; Mishra et al., 2008

α-amylase

Woolnough 8 2010 8 0

5 10 15

#  

#

7)

,

“ #

( 8)
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” ”

4 (RDS)

5.3.2

Holm and Bjorck (1988)

2 /

8

pepesin Brennan et al., 1996; Goni et al., 

1997; Lebet et al ., 1998; Weurding et al., 2001)

(Brighenti et al., 1998; Urooj and Puttraj, 1999; Araya et al., 2002)

Woolnough 8(2008) / (pepsin)

30

60 2.5

#

 

9

/ Dartois 8 2010

pH 

1.2 1

# 1

10
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5.3.3

(

pancreatin) α-amylase)

(amyloglucosidase) α-amylase)

α-1.4 1

(amyloglucosidase) α-

1.4 α-1.6 pancreatin) (α-

amylase) (lipase) / ,

2

(Guraya et al., 1997; Fardet et al., 1999)

 

    

pH 6~7

pH 4~5 /

pH 5

(Muir et al., 1995; Akerberg et al., 1998) /

Woolnough 8(2008)
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pH 4.0~6.9

pH 5~6.9 1

“ pH 4 1

/ pH 4 (

11) 5~6.9

 

    (Lifschitz 

et al., 2002; Turnbull et al., 2005) #

: #

Englyst 8(1999) /

Dartois 8(2010)

( 10)

#

/

Dartois

#

, /  

5.4     

/

,
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restricted system non-restricted system

/ #

Goni et al., 1997; Englyst et al., 1992

Grandfeldt et al., 1992 Germaine 8(2008)
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1 �  

�  

 

    — 13.6% 25.5%

26.4% 31.5%  —

/ GI ,

(slowly digestible starch, SDS)

(rapidly digestible starch, RDS)  

    ( 4 )

# “

: 8
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(,� 2

(TCS4) 

 

(TCS4) 

/    

 

  

   

50  
!  

 
! !  

 

 

- 

 

 
“   
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�

�  

1.1     

4  ( ) 

 ( ) 

 ( ) 

 ( ) 

 (S4126, Sigma) 

 ( ) 

1.2

pancreatin (P7545, Sigma) 

amyloglucosidase (A7095, Sigma) 

acetic acid (Macron) 

GOPOD kit (Megazyme) 

Total starch kit (Megazyme) 

KOH 

 1.  

Figure 1. Flowchart of this study. 
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sodium acetate (1.06268.0250, Merck) 

pepsin (1.07185.0100, Merck) 

guar gum (G4129, Sigma) 

benzoic acid 

potato amylose (Sigma) 

Hydrochloric acid (1.00317.2500, Merck) 

Sodium hydroxide ( ) 

Sodium chloride (SO D002.1, BioShop) 

Plate count agar (Becton Dickinson) 

1.3     

ELISA reader (Epoch™ Microplate Spectrophotometer, BioTek 

Instruments) 

100 ml (KIMAX)

(SB301, TKS) 

(2511B-01, WELCH)

(SP131325, Thermo scientific) 

(3500, KUBOTA)
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�

1 �

    -20°C

# -

- 4°C  

�

3.1    

Englyst 8 1992 Goni 8 1997

pancreatin amyloglucosidase

A B

"! A  

1.! - 100 8

 

2.! - 100 50 4 ml acetate 

acid buffer solution (0.1 M, pH 5.2) 3 20

37°C 30  

3.! 1 1 ml

20 60 90 120 180 29.5 µl 1.3 ml 95%

#  

! (1,500×g,10 ) 23.3 µL



doi:10.6342/NTU201703097

! 24!

0.7 ml GOPOD , 0 0.0625 0.125 0.25 0.5 1 

mg/ml 50°C 20

96 ( 510 nm)

"! B  

1.! - 1000 8

2.! - 1000 50 10 ml

5 ml acetate acid buffer solution (0.1 M, pH 5.2) 10 ml (guar 

gum) 20 37°C

20

3.! 1 10 ml

20 60 90 120 180 29.5 µl 1.3 ml 80% #

 

4.! 1,500×g,10 23.3 µL

0.7 ml GOPOD 0 0.0625 0.125 0.25 0.5 1 mg/ml

50°C 20

96 510 nm

5.!

(%)= (mg/ml) ×1.3295×(35/0.0295) ×(162/180) ×(100/TS) 
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"! mg/ml

"! 1.3295 (ml)

"! 35/0.0295

"! 162/180

"! TS (mg) -

6.! kinetics of starch hydrolysis

(C∞) (k)

C=C∞(1-e-kt) 

C: t (%) 

C∞: 180  

k:  

t:  

7.! RDS SDS RS

t

t Englyst(1992) RDS SDS RS

 

RDS (%)=C20 -C0 
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SDS (%)=C120 -C20 

RS (%)=100-RDS-SDS 

 

3.2    

"! A  

    1.2 g (pancreatin from porcine pancreas) 8 ml

10 1500 × g 10 6 ml

0.6 ml (amyloglucosidase)(260 U/ml)

6

 

"! B !

9.9 g (pancreatin from porcine pancreas 66 ml

10 1500 × g 10 52.8 ml

5.07 ml (amyloglucosidase)(260 U/ml) 3.18 ml

6

3.3    

1 L 0.05 M HCl 5g (guar gum) 0.05g

(pepsin) 4°C

3.4 Acetate acid buffer solution (0.1 M, pH 5.2)
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250 ml 13.6g sodium acetate trihydrate

1000 ml 0.1 M acetic acid pH 5.2

1 4 ml 1 M

3.5    80%  

    421 ml 95% 79 ml 500 ml 80%  

3.6    

    1 mg/ml GOPOD (Megazyme Intl. Ltd., Ireland)

0.5 ml 1 mg/ml 0.5 ml 0.5 mg/ml

0.25 0.125 0.0625 mg/ml

�

4.1    

(Megazyme Intl. Ltd., Ireland)

0.5 mm 100 

mg 0.2 ml 80% (v/v)

2 ml 2 M KOH (5×15 mm)# / 20

8 ml 1.2 M sodium acetate buffer (pH 3.8)

0.1 ml thermostable α-amylase 0.1 ml amyloglucosidase

50°C 30 2

100 ml 1800×g,10 0.1 ml
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3 ml GOPOD # 1 mg/ml

50°C 20 510 nm

4.2    KOH (2 M)

500 ml 450 ml 56.1g KOH

500 ml

4.3    Sodium acetate buffer 1.2 M pH 3.8

400 ml 500 ml 34.8 ml

4 N NaOH pH 3.8 500 ml

3 �

1.5 #

50°C 30°C

#

%) *100 

�

#

10 g

“

- #
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�

/

3 (%)= 10 ×100 

�

7.1!  

50

50 50°C 4 -

5 20 45

# 4°C 1 3

50°C 4 -30

 

7.2!  

    40 mesh (0.42 mm)

 

7.3!  

    20 g 1.5  
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7.4!

25 g 1.5 50°C 4 -

40

� -

-80°C - -

- #

� -

100°C #

-

�

    AACC 61-3 (2000) 100 mg  (0

) 100 mL 1 mL 95% 9 mL 

1N NaOH 10 10

100 mL # 100 mL

5 mL 0 50 mL 100 mL

 1 mL 1N acetic acid 2 mL 0.2% I2 2 %KI

100 mL 20

620 nm

 (Sigma-Aldrich)  

1 �

32
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- 50 10 50 15

50 20 10 15

20 .

#

-

21-25 26-30 31-35 36-40 > 41

4 8

1      2     3     4      5      6      7      8      9 
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8.5 g 1000 ml

121°C 15 Plate count agar, 

PCA

# 4°C 10 g 90 

g 10 # 1 ml 10

9 ml 100 1000 10000

0.1 ml

0.1 ml 35°C

48 25~250

CFU/g CFU/ml 25

* #

1*
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3

GraphPad Prism 6 (USA)

(non-linear regression, One phase exponential association)

RDS SDS SDS/RDS

(one-way ANOVA) Tukey's multiple comparisons test

(p<0.05)  
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�

�

TCS4 / 0.77% 99.23%

( 2)  1~12%

 ( 1986) TCS4

, 1 (1.05%) 1 (1.3%)

5 (0.7%) 17 (0.85%) ( 1986; 1995 2009

 2.

Figure 2. The percentage of amylose (black part) and amylopectin (grey part) of 
Taiwan dehulled adlay. 
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1

�

, Englyst 8 1992

# A B

3 1

B (C∞) (k) (Chung et al., 2008)

C∞� SDS 20 180

SDS 180 RS A B

SDS RS “ (Chung et al., 2009)“

B RDS SDS RS B  

    A B

A 4 A

B

 

    B

 

    8 (cutting) (crushing)

chopping

cutting # /

” /
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”

2

( pH 5.2

 1 pH 5.2

“ pH 5.2

(pH 5.2)

pH 2 (Piper 

et al., 1965)

8

37°C Goni 8 1997

Englyst 8 1992 RDS SDS

RS C=C∞(1-e-kt)�RDS C20-C0 SDS C120-C2 RS 100

RDS SDS
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3. A B

Figure 3. The starch hydrolysis curves of corn starch using method A and method B. 

Samples were taken at different time points to calculate starch hydrolysis value (%) 

(mean ± standard deviation). 
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 1. A B RDS SDS RS 

Table 1. The parameter of starch hydrolysis curve of corn starch using method A and 

method B.  

Starch hydrolysis between 20 min and 180 min was used to calculate SDS (%).

 Same as method A and method B, starch hydrolysis between 20 min and 120 min was 

used to calculate SDS (%). 

 

 Method A Method B Chung et al., 2008* Chung et al., 2009# 

C∞ 144.6 83.6 88.3 - 

k 0.013 0.021 0.017  - 

RDS(%) 33.8 29.1 25.6 23.4 

SDS(%) 81.5 48.1 62.8 56.9 

RS(%) -15.3 22.8 11.7 19.7 
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4.

Figure 4. The effect of guar gum on starch hydrolysis curve of dehulled adlay. 

Samples were taken at different time points to calculate starch hydrolysis value (%) 
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� 5. 

Figure 5. The effect of reaction time on total starch of adlay (%) (mean 

± standard deviation) 
1/2 kit time: KOH 10 15  

kit time: KOH 20 30  

2 kit time: KOH 40 60  

3 kit time: KOH 60 90  

4 kit time: KOH 80 120  
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� 6. 

Figure 6. Total starch of corn starch and different species of adlay (%) 

(mean ± standard deviation). 
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 7. 

Figure 7. Moisture content of dehulled adlay during soaking in 30 °C 

or 50 °C water bath. Moisture content (%) results were mean ± 

standard deviation.  
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50°C method 

steaming 

50°C soaking, 4 hr 

Soaking-freezing method 

freezing, 1 day 

50°C soaking, 4 hr 

steaming 

 8. 

Figure 8. Flowchart of two processing methods.  
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(A) 

(B) 

 9. 

A)50  (B)

Figure 9. Steaming time of dehulled adlay using 50 °C method or soaking-

freezing method with different amount of water. 
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(A) (B) 

(E) (F) 

(C) (D) 

 10. 50

A)0  (B)10  (C)21  (D)30  (E)43  (F)45

Figure 10. Cross section photos of dehulled adlays steaming with 50 °C method using the same 

amount of water as adlay weight at different time points. The arrow heads indicated the raw 
parts of the adlay, which were still white. 
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(E) (F) 
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 11. 50

A)0  (B)10  (C)21  (D)30  (E)42  (F)45

Figure 11. Cross section photos of dehulled adlays steaming with 50 °C method using double 

water amount at different time points. The arrow heads indicated the raw parts of the adlay, which 
were still white.
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(A) (B) 

(E) (F) 

(C) (D) 

 12. 

A)0  (B)10  (C)20  (D)30  (E)37  (F)45

Figure 12. Cross section photos of dehulled adlays steaming with soaking-freezing method using 

the same amount of water as adlay weight at different time points. The arrow heads indicated the 
raw parts of the adlay, which were still white.
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 13. 

A)0  (B)10  (C)20  (D)30  (E)37  (F)45

Figure 13. Cross section photos of dehulled adlays with soaking-freezing method using double 

amount of water at different time points. The arrow heads indicated the raw parts of the adlay, 

which were still white.
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 14. 50

Figure 14. The effect of water amount on adlay starch digestibility 

steaming with 50 °C method. 



doi:10.6342/NTU201703097

! 54!
 

15.

Figure 15. The effect of water amount on the starch 
digestibility of adlay with soaking-freezimg method.
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 16. 50  

Figure 16. The effect of steaming time on adlay starch digestibility 

steaming using 50 °C method with the same amount of water as adlay 

weight. 
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 17. 50  

Figure 17. The effect of steaming time on adlay starch digestibility 

steaming using 50 °C method with double amount of water. 
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 18. 

Figure 18. The effect of steaming time on adlay starch digestibility steaming using 

soaking-freezing method with the same amount of water as adlay weight. 
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19.  

Figure 19. The effect of steaming time on adlay starch digestibility 

steaming using soaking-freezing method with double amount of water. 
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 20. 50  

Figure 20. The changes of starch digestibility of adlay that steamed 

with 50 °C method during refrigeration.  
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 21. 50  

Figure 21.�The changes of starch digestibility of adlay that steamed with 

50 °C method during refrigeration.�
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 22.  

Figure 22. The changes of starch digestibility of adlay that steamed with 

soaking-freezing method during refrigeration. 
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 23.  

Figure 23. The changes of starch digestibility of adlay that steamed with 
soaking-freezing method during refrigeration. 
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2. 8

Table 2. Number, sex, age of participants that took part in the sensory evaluation test of 

adlay products.  

 Sex  Age 

 Male Female  21-25 26-30 31-35 36-40 >41 

Number 9 23  24 3 1 1 3 

�

�

�

�

�

�

�

�

�

�

�
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 3. -  

Table 3. Sensory evaluation score of adlay products.Results were mean ± 

standard deviation. 

 258 175 894 606 134 941 

Appearance 5.677 ±1.326 5.581 ±1.285 5.419 ±1.336 5.839 ±1.128 5.355±1.170 5.774±1.283 

Flavor 5.000 ±1.291a 5.581 ±0.886ab 5.871 ±1.118b 5.677 ±1.249ab 5.710 ±1.071ab 5.742±1.264ab 

Texture 4.806 ±1.352a 5.484 ±1.503ab 5.935 ± 1.413b 5.710 ±1.395ab 5.839 ±1.241b 6 ±1.317b 

Hardness 4.935 ±1.548a 5.806 ±1.327ab 6.161 ±1.267b 5.871 ±1.5436ab 6.290 ±1.039b 6.194±1.223b 

Overall 

acceptability 
4.625 ±1.338a 5.625 ±1.289b 5.8125 ±1.223b 5.875 ±1.408b 5.875 ±1.129b 6.031 ±1.282b 

Sample codes of 6 products stands for: 

258: 50 °C method, steamed for 10 min, refrigerated for 1 day and then freeze-dry. 

175: 50 °C method, steamed for 15 min, refrigerated for 1 day and then freeze-dry. 

894: 50 °C method, steamed for 20 min, refrigerated for 1 day and then freeze-dry. 

606: soaking-freezing method, steamed for 10 min, refrigerated for 1 day and then 

freeze-dry. 

134: soaking-freezing method, steamed for 15 min, refrigerated for 1 day and then 

freeze-dry 

941: soaking-freezing method, steamed for 20 min, refrigerated for 1 day and then 

freeze-dry 

�

�

�

�
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 24. -  

Figure 24. Starch digestibility of adlay products. Results were mean ± standard deviation. 
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(A) 

(B) 

 

 

 25. (A) - (B) 

Figure 25. Photos of raw Taiwan dehulled adlay (A) and its final product (B). 

The scale bar indicates 1 cm. 
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 26. -  

Figure 26. Starch digestibility of different species of dehulled adlay 
final products. Results were mean ± standard deviation. 
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 27. -  

Figure 27. Differences of starch digestibility among dehulled adlay final product, raw dehulled 

adlay, dehulled adlay cooking with regular method and cooked rice. Results were mean ± 

standard deviation 
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 4.

Table 3. The results of total plate count of dehulled adlay final product 

 

* Estimated value, calculated as 1 multiply the minimum dilution factor.

# Blank group without diluent, only operating movements.   

CFU/g 

50

15

-

10 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

100 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

1000 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

0 <10* 

0 <10* 
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