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Effect of Pullulanase debranching freeze-
thaw treatments and fatty acid on
functional properties of yam starches
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Ping-Hsiu Huang1,6, Yu-Tsung Cheng2,6, Wen-Chien Lu3, Po-Yuan Chiang4, Chin-Chuan Hsu5,
Chiun-Chuang R. Wang5 & Po-Hsien Li5

This study was performed using yam starches (Tainung No. (TNG)1 and 2), which were modification
throughPullulanasedebranching (PD) or addition of four fatty acids [lauric acid (LA),myristic acid (MA),
palmitic acid (PA), and stearic acid (SA)], followed by one cycle of freeze-thaw synergy treatment. This
study showed that increasing enzyme levels and extending treatment time during the PD synergized
FT process significantly increased the amylose contents of yam starches from 33–36 to 48–65%
(p < 0.05). Notably, the crystalline structure of yam starches changed from B to C-type, while those
treated with fatty acids changed to C+ V-type. This study showed that the glycemic index (eGI) of
adding fatty acids to TNG2 starch treated with PD synergistic FT was consistent with the definition of
low GI foods. Therefore, this study reveals techniques that can enhance yam starch’s functional
properties, which may interest food industry stakeholders.

Yam, a tuber crop, is known for its high mucilage and starch levels1,2. The
starch contents of fresh yam ranges from 16 to 24%, while the dried bases
contain 60 to 89% starch1,3,4. In Asia, Africa, South America, and the Car-
ibbean, traditional medicine is vital for the prevention and treatment of
diabetes and anemia, malaria treatment, and staple food, as well as for
supporting the economies, food, and nutrition security of developing
countries1,2,5–8.Despite extensive researchonyammucilage (polysaccharide)
and steroidal saponins2,3,9, the starch component of this plant species has
remained largely underexplored5. This is probably due to the lack of value-
added research on yam starch, which prevents it from attaining interna-
tional commercial competitiveness5. It is worth considering that native yam
starch exhibits lower water solubility, temperature intolerance, and sus-
ceptibility to gelatinization10. Anotherpossibility is that yamswere primarily
utilized as fresh food, vegetables, and herbs in the past4,11, with only a limited
number of processed food applications.

Starch, a microcrystalline polymer composed mainly of amylose and
amylopectin with unique physicochemical properties, is used in various
industrial sectors and serves as a valuable energy source and functional
ingredient12–14. Following the PD process, starch undergoes enzymatic
cleavage of its α-1,6 glycosidic bonds to produce amixture of long and short
unit chains. This unique property enables the formation of resistant starch
(RS), which is widely utilized in various industries15–17. More specifically,

these modified processes are particularly favored for producing RS, slowly
digested starch (SDS),maltose, dextrins, glucose syrup, oligosaccharides, fat
substitutes, adhesive products, corrugated boards, cardboard boxes, and
paper18–23. This broad range of applications is attributed to the exceptional
functionality of these modified starches. The increasing demand for mod-
ified starches is a testament to their versatility and effectiveness in enhancing
product quality and performance. The drawbacks of the traditional method
of starch modification are challenging to overcome, such as the high tem-
perature required for gelatinization, retrogradation, insolubility, weak
mechanical features, and unusual viscosity13,24–26. Tomitigate these issues, it
is crucial to explore innovative techniques, such as the synergistic utilization
of distinct approaches, including the dual modification of starches. This
approach has createdmore functionalities, such as stable hydrocolloids, RS,
and films18,19,27–29. A feasibility methodology must be comprehensively
developed to identify potential capacities and pave the way for practical
implementation.

This study investigated the physicochemical properties ofTNG1and2,
two yam starches. This will be achieved through the PD synergistic FT
1-cycle dual modification treatment and adding fatty acids with different
processing techniques. This study aimed to provide a more in-depth
understanding of the changes in the properties above and their impact on
thefinal product. In this study,we investigated the changes in the contents of
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RS, SDS, and rapidly digested starch (RDS), including modified yam starch
with its digestibility and estimated glycemic index (eGI). In addition, this
study also examined the molecular weight (MW) distribution, structure,
relative crystallinity (RC), thermal, and pasting properties. The findings of
this study were expected to serve as a significant reference point for
researchers in the development of RS or low-GI foods, paving the way for
innovative research and development in this field.

Results and discussion
Amylose content
This study revealed that gelatinization (100 °C, 1 h) of TNG1 and 2 resulted
in approximately 5.53–5.94% of amylose content following pasting (Table
1). The observed amylose content reduction in the starch solution is
attributed to the structural modification of the starch, which occurs because
of gelatinizationdue to heating. Following gelatinization, PD, andFT1 cycle
treatments, therewas a slight increase in amylose content, ranging from7.87
to 9.90%. Based on the available data, FT treatment positively impacts the
recrystallization of the intermolecular double helix structure. Consequently,
this leads to an improvement in amylose content. However, during PDwith
different enzyme activities (8, 12, 16, 20, and 24U) treated for 24 h, therewas
a discernible relationship between the enzyme activities and amylose con-
tents in pasted yam starches TNG1 and 2. Specifically, the amylose content
increased fromnative levels of 33–36% to approximately 40–50% (p < 0.05).
Notably, the amylose contents of TNG1 and 2 consistently increased as the
PD time progressed to 40 h, ultimately reaching a range of 48–65%, and
there were significant differences for each group (p < 0.05). According to a
report by Shi and Gao30, it was observed that treatment with pullulanase
resulted in a significant increase in the amylose content of glutinous rice
starch, while the observed increase ranged from 21–30%. The research
conducted by Tu et al.31 found that extensive debranching of lotus seed
amylopectin using 8–10 FT treatments increased amylose content. Simul-
taneously, amylose single helices in starch undergo recrystallization and
rearrangement, contributing to a decrease in the hydrophilicity of starch,
namely, weakening of the aggregation interactions within the starch
granules31. However, it has been reported that FT treatment decreases the
amylose contents of potatoes32, pumpkin33, and wheat starches34. In parti-
cular, the decomposition of amylose into shorter ones, with an accom-
panying tendency for increased proportions of amylopectin32. Therefore,
during the process of starch retrogradation, the starchmolecules aggregated
into double-helix form through hydrogen bonding and van derWaals force
to form a three-dimensional (3D) network structure35; namely, the higher
the content of amylose, the starch is easier to age and reduce the rate of
hydrolysis of starch, which is beneficial to lowering glycemic and insulin
responses33.

MW distribution
The findings of this study, as determined by GPC, reveal that the compo-
sitions of native TNG1 and 2 starches exhibit a higher proportion of mac-
romolecule components, with a lesser portion composed of small ones
(Fig. 1A and B). At the same time, it was predicted that following the
gelatinization process, the macromolecular structures of both TNG1 and
2 starches had a lower distribution. This can be attributed to the alteration of
the starch structure by heat. However, the TNG1 and 2 starches underwent
gelatinization (100 °C, 1 h), followed by PD treatment utilizing different
enzyme activities (8–24U). The results of this study revealed an increase in
the distribution of small MW components, with a positive correlation
between enzyme activity and treatment time, with the trend reported by
Zhang et al.36. The conversion of long amylopectin molecules into shorter
amylopectin or amylose molecules with a smaller MW can be attributed to
pullulanase hydrolysis of the α-1, 6-glycosidic bonds in amylopectin, which
reduces the double helix structure of amylopectin, ultimately damaging the
crystalline structure of starch37,38. This enzymecan cleave largermolecules of
long amylopectin, breaking them down into smaller forms12,39. Notably,
starch gelatinization followed by PD leads to the hydrolysis of long amy-
lopectin into shorter ones, contributing to the formation of RS40. However,

this phenomenon in PD treatments has been found to cause an increase in
RDSand adecrease inRS in starch-basedproducts12. Tu et al.31 reported that
increasing the frequency of FT treatment cycles facilitated the continued
smaller size of lotus seed starch particles. Simultaneously, the same authors
also suggested that aggregation of the lotus seed starch particles in the
aqueous phase interrupts the MW-decreasing interaction due to the for-
mation of complexes with lipids.

RDS, SDS, and RS contents
Starch digestibility is influencedby various factors, including but not limited
to the source, composition, size, production process, cooking method, and
chewing level41,42. Enzymatic, physical, or chemical modifications approa-
ches or genetic modifications can increase starch properties and SDS con-
tent, thereby delaying the digestibility of starch in the gastrointestinal tract43.
It is important to note that starchdigestibility is a complex process subject to
multiple variables that must be carefully considered in research studies and
industrial applications. In addition, it is essential to consider theRS type and
food processing method to measure the RS content and formulate dietary
recommendations42. This consideration ensured the accuracy and precision
of the results.

The findings of this study revealed the RDS and SDS contents of two
varieties of yam starch, TNG1 and 2, post-gelatinization (100 °C, 1 h). The
RDS contents of TNG1 and 2were 35.63 and 33.32%, respectively, while the
SDS contents were 39.73 and 35.91%, respectively (Table 1). Moreover, for
the TNG1 and 2 starches, following the sequential treatment of the starch
pastewith PT and FT for one cycle, it was observed that therewas a decrease
in the RDS content to a range of 19–20% and a slight increase in the SDS
content from 42.68 to 40.97%. Starch pasting is a process in which the
crystalline structure of starch is broken down by exposure to high
temperatures44. This results in improved digestibility of starch and altera-
tions in the composition of RDS and SDS45.

Moreover, theTNG1and2 starchesunderwent gelatinizationandwere
subsequently treatedwithvarying levels of thePDsynergizedFT1cycle.The
RDS content remained lower than those in the gelatinized and retrograded
groups. With increasing in PD treatment time, the difference in RDS con-
tent was reduced, and there were significant differences between all groups
(p < 0.05). According to Miao et al.46, waxy maize starch is slowly digested
because of the tight amorphous regions in the dual helices of starch granule
crystallites that develop from imperfect reorganization during gelatinization
and retrogradation. The authors mentioned above reported that treating
starchwith 20or40ASPU/gofPD formore than6 h led to adecrease in SDS
and an increase in RS content. Moreover, they found a negative correlation
with the RDS content. This study was unsuccessful in identifying any dis-
cernible trends,whichmaybedue to thedisparities in the starch content and
treatment. However, FT treatment may also cause starch retrogradation,
thereby decreasing RDS content. This study showed that lower SDS content
could be maintained by utilizing appropriate PD levels (16 and 20 U for
TNG1, 16–24U for TNG2) and synergizing the FT 1 cycle treatment. These
connections were found to be significantly different (p < 0.05) from those of
the others. In addition, Tu et al.31 reported that PD treatment synergized
with FT treatment for 6–10 cycles during the modification period, and the
RDS in lotus seed starch decreased consistently, whereas SDS and RS
increased, indicating that the formation of V-type starch proved to be
resistant to digestive enzymes. At the same time, these results echoed the
XRD results of this study31,47. Therefore, PD treatment in cooperation with
FT treatment helps protect starch granules against the effects of digestive
enzymes, and this structure is stabilized byhydrogenbonding, leading to the
formation of RS48. Afterward, post-paste TNG1 and 2 starches were sub-
jected to different levels of PD, followed by the addition of the four types of
fatty acids (LA, MA, PA, and SA), and then by the FT 1 cycle. The RDS
contents of TNG1 and 2 were 16–19 and 12–17%, respectively (Table 1),
while the SDS contents were 25–34 and 22–25%, respectively. However, the
values shown were not significantly different from the results for the non-
added fatty acid groups. Notably, the inclusion of SA effectively reduced the
SDS content, comparable to the PD mentioned above in the treatments.

https://doi.org/10.1038/s41538-025-00603-8 Article

npj Science of Food |           (2025) 9:269 2

www.nature.com/npjscifood


T
ab

le
1
|E

ff
ec

ts
o
fa

m
yl
o
se

,r
ap

id
ly

d
ig
es

ti
b
le

st
ar
ch

(R
D
S
),
sl
o
w
ly

d
ig
es

ti
b
le

st
ar
ch

(S
D
S
),
re
si
st
an

t
st
ar
ch

(R
S
)c

o
nt
en

ts
vi
a
P
ul
lu
la
na

se
d
eb

ra
nc

hi
ng

(P
D
;4

0
h)
,

sy
ne

rg
iz
ed

fr
ee

ze
-t
ha

w
(F
T
)t
re
at
m
en

t,
an

d
fo
ur

fa
tt
y
ac

id
s’

ad
d
it
io
n
o
n
th
e
tw

o
ya

m
va

ri
et
ie
s
st
ar
ch

es

Y
am

va
ri
et
ie
s

S
ta
tu
s

A
m
yl
o
se

co
nt
en

t
T
o
ta
l

st
ar
ch

R
ap

id
ly

d
ig
es

ti
b
le

st
ar
ch

(R
D
S
)

S
lo
w
ly

d
ig
es

ti
b
le

st
ar
ch

(S
D
S
)

R
es

is
ta
nt

st
ar
ch

(R
S
)

(%
)

01
24

40
0

40
40

40

Ta
in
un

g
N
o.
1
(T
N
G
1)

N
at
iv
e
st
ar
ch

36
.3
7
±
0.
91

ª
-

79
.8

7.
59

±
3.
07

cd
7.
34

±
0.
66

>
g

64
.7
0
±
0.
03

ª

G
el
at
in
iz
e
st
ar
ch

2
5.
94

±
0.
28

d
-

35
.6
3
±
1.
10

b
39

.7
3
±
2.
05

ª
5.
40

±
0.
00

l

R
et
ro
gr
ad

e
st
ar
ch

3
7.
87

±
0.
19

e
19

.4
5
±
0.
41

d
42

.6
8
±
0.
49

g
17

.7
0
±
0.
01

b

P
ul
lu
la
na

se
d
eb

ra
nc

hi
ng

(P
D
)s

yn
er
gi
ze

d
fr
ee

ze
-t
ha

w
(F
T)

1-
cy

cl
e

8U
4

-6
40

.4
1
±
0.
92

d
49

.6
8
±
0.
89

d
13

.1
1
±
1.
84

b
38

.1
3
±
2.
10

ª
29

.6
0
±
0.
04

l

12
U

43
.5
4
±
0.
44

cd
49

.9
4
±
0.
95

d
16

.7
3
±
0.
49

a
32

.7
7
±
3.
26

ab
c

32
.3
0
±
0.
02

h

16
U

45
.2
1
±
0.
34

c
52

.0
4
±
1.
12

e
11

.5
3
±
0.
68

a
29

.2
7
±
1.
98

ab
cd

39
.0
0
±
0.
01

h

20
U

49
.5
1
±
0.
16

b
58

.8
3
±
3.
58

ª
15

.4
1
±
1.
49

b
cd

29
.8
9
±
2.
47

a
40

.8
0
±
0.
05

d

24
U

47
.5
3
±
0.
48

b
64

.0
1
±
2.
16

e
17

.1
7
±
0.
98

b
cd

32
.3
6
±
2.
49

ab
cd

ef
33

.3
0
±
0.
03

c

Li
p
id

LA
5

-
16

.8
9
±
0.
42

b
c

34
.9
4
±
0.
50

f
27

.9
7
±
0.
50

g

P
A

18
.4
6
±
0.
66

a
29

.4
0
±
0.
34

ab
c

31
.9
3
±
0.
98

c

M
A

19
.0
7
±
0.
93

a
28

.1
3
±
0.
60

b
cd

33
.1
0
±
1.
15

d

S
A

16
.7
3
±
0.
35

b
cd

25
.2
0
±
0.
18

ab
c

37
.8
7
±
0.
40

e

Ta
in
un

g
N
o.
2
(T
N
G
2)

N
at
iv
e
st
ar
ch

33
.1
3
±
0.
59

b
-

75
.1

8.
26

±
2.
09

b
cd

5.
47

±
1.
59

d
ef

61
.4

±
0.
03

d
e

G
el
at
in
iz
e
st
ar
ch

5.
53

±
0.
29

c
-

33
.3
2
±
3.
19

b
cd

35
.9
1
±
3.
08

d
ef

5.
90

±
0.
00

d

R
et
ro
gr
ad

e
st
ar
ch

9.
90

±
0.
13

e
20

.1
9
±
0.
92

b
c

42
.0
5
±
1.
68

ab
cd

e
14

.4
0
±
0.
01

d

P
D
sy
ne

rg
iz
ed

FT
1-
cy

cl
e

8
-

41
.5
3
±
0.
48

a
48

.3
9
±
0.
61

b
14

.1
3
±
2.
88

b
cd

35
.8
3
±
2.
53

ab
25

.2
0
±
0.
04

d
e

12
44

.1
3
±
0.
13

c
50

.3
8
±
0.
28

d
14

.3
9
±
2.
42

b
cd

33
.8
8
±
0.
72

ab
cd

e
33

.4
0
±
0.
08

ef

16
47

.6
8
±
0.
42

b
63

.8
3
±
1.
30

c
15

.6
0
±
2.
56

b
cd

23
.9
6
±
3.
11

f
39

.5
0
±
0.
02

d

20
50

.6
7
±
0.
64

a
65

.7
2
±
2.
12

e
13

.1
1
±
1.
31

b
cd

27
.4
0
±
5.
03

ef
44

.9
0
±
0.
09

g

24
48

.9
1
±
0.
91

ab
65

.3
8
±
0.
84

e
17

.8
7
±
1.
34

b
cd

26
.5
0
±
1.
67

cd
ef

24
.0
0
±
0.
0f

g

Li
p
id

LA
-

17
.5
3
±
0.
58

b
cd

25
.9
7
±
1.
08

d
e

31
.6
0
±
0.
92

f

P
A

16
.1
1
±
0.
35

b
cd

25
.9
9
±
0.
30

d
e

30
.7
3
±
1.
63

f

M
A

13
.5
9
±
0.
22

b
cd

26
.3
1
±
0.
48

d
e

35
.2
1
±
0.
26

f

S
A

12
.9
2
±
0.
40

b
cd

22
.6
8
±
0.
55

e
39

.5
1
±
0.
56

f

1
P
ul
lu
la
na

se
d
eb

ra
nc

hi
ng

(P
D
)t
re
at
ed

tim
e
(h
).

2
G
el
at
in
iz
e
st
ar
ch

:n
at
iv
e
st
ar
ch

is
he

at
ed

in
b
oi
lin
g
w
at
er

(1
00

°C
)f
or

1
h.

3
R
et
ro
gr
ad

e
st
ar
ch

:f
re
ez

e-
th
aw

in
g
1
cy

cl
e
fo
r2

4
h.

4
P
ul
lu
la
na

se
ac

tiv
ity

(U
/g

st
ar
ch

).
5
La

ur
ic
ac

id
(L
A
;C

12
);
M
yr
is
tic

ac
id

(M
A
;C

14
),
P
al
m
iti
c
ac

id
(P
A
;C

16
),
an

d
S
te
ar
ic
ac

id
(S
A
;C

18
).

6
N
ot

m
ea

su
re
d
.

D
iff
er
en

tl
ow

er
ca

se
le
tt
er
s
la
b
el
ed

in
th
e
sa

m
e
co

lu
m
n
re
p
re
se

nt
si
gn

ifi
ca

nt
d
iff
er
en

ce
s
(p

<
0.
05

).

https://doi.org/10.1038/s41538-025-00603-8 Article

npj Science of Food |           (2025) 9:269 3

www.nature.com/npjscifood


However, the absence of a significant increase in SDScanbe attributed to the
formation of amylose-lipid complexes. It is worth noting that ascorbyl
palmitate added to native potato starch and high-amylose maize starch was
found to increase RS type 5 (RS5; self-assembled starch-lipid inclusion
complex)49 and decrease SDS and RDS contents due to complex formation,
according to Guo and Kong50. The authors also concluded that the addition
of PA had no significant inhibitory effect. Moreover, PD treatment can
result in the formation of short amylose andbroken amylopectin substances
within starch.Alternatively, adding fatty acids to themix can formadouble-
helix structurewith amylose, allowing for re-condensation of the starch. It is
essential to note that such a structure is often incomplete, resulting in a
starch crystalline structure that is less dense and therefore slower to digest51.
Notably, Guo et al.42 reported that the contribution of the RS type 3 (RS3)
should also be considered alongside discussing the practical, beneficial
effects of the RS5.

The RS content of native TNG1 and 2 yam starches was 64.7% and
61.4%, respectively.However, theRS content decreased to 5.40 and 5.90% in
gelatinized (100 °C, 1 h) TNG1 and 2 yam starches, respectively. The
observed phenomena can be attributed to the rupture of starch particles in
the yam and the reduction in RS content due to the high temperatures.
Furthermore, therewas a decrease in the double-helix structure of the starch
molecules. In addition, Pongjanta et al.52 reported that rice starch (moisture
content of approximately 15%) was treated with pullulanase followed by
placing the starch paste at 4, –10, and 30 °C for 16 h each. The starch
undergoes retrogradation to enhance the RS content, while the trend was
similar to the results of this study.Bodjrenou et al.12 found that extending the
treatment time of purple sweet potato starch with PD from 5 to 20 h,

followed by retrogradation at 4 °C for 24 h, and increased the yield of RS.
However, extending the PD treatment beyond 20 h showed the opposite
effect. The authors also suggested amylopectin production from fewer short,
linear molecules, followed by retrogradation and rearrangement into new
crystal structures. Interestingly, the RS contents of TNG1 and 2 yam star-
ches underwent a substantial increase, ranging from 24.0–44.9%, following
PD synergized FT 1 cycle treatments. This result indicates the potential
efficacy of utilizing PD synergized FT 1 cycle treatments to increase the RS
content of yam starch. PD16 and 20U treatments followed by the FT 1 cycle
treatment exhibited the highest contents, and there were significant differ-
ences (p < 0.05) compared to the other groups. Liu et al.40 reported thatwaxy
maize starch with PD treatment enhanced RS content from 13 to 19%,
attributable to increased amylose content, which was similar to this study’s
results. In addition, the RS content of the groups that were PD-treated for
40 h, followed by the addition of fatty acids, and then FT treatment ranged
from 29.0 to 40.0% (TNG1) and from 12.0 to 39.5% (TNG2) (Table 1). In
particular, the SA-supplemented group exhibited the highest RS content,
which was significantly different from the other groups. However, there
were insignificant differences in the RS content compared to those without
the addition of fatty acids, and the trends were similar to the changes in SDS
content described above. This study indicated that the group that received
SA had similar outcomes to those treated with PD (16 and 20U). Glucan
chains with a degree of polymerization (DP) equal to or less than 10
encounter difficulties in forming crystalline structures, resulting in low RS
content53. Specifically, short linear chains with DP ≤ 13 can be conducive to
a favorable chain rearrangement, resulting in a well-structured RS crystal
with double helices that enhance alignment, molecular mobility, and

Fig. 1 | Molecule weights of starch treated with Pullulanase debranching (PD) synergized freeze-thaw (FT). A Tainung No.1 (TNG1) and B Tainung No.2 (TNG2).
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aggregation51,54. However, Zhang et al.55 reported that amylase mainly dis-
rupts the amorphous regions of the starch during gastric digestion. Mean-
while, an increase in DP > 30 chains promotes the rearrangement of single-
and double-helix starch structures. Moreover, as intestinal digestion con-
tinues, the starch’s single helix and amorphous content decrease with the
digestion duration55. In addition, the physicochemical properties of the
starch, including particle size, composition, and specific surface area, also
influenced digestibility56. The yield of gelatinization PD synergistic FT-
modifiedTNG1and2 yams’RSwas contingent upon the conditions applied
to the modifications. Therefore, it may be associated with the molecular
quality and distribution15, necessitating further investigations.

Thermal properties
This study showed that the gelatinization temperatures (To, Tp, Tc) andΔH
of twonative yam starches (TNG1 and 2)were significantly reducedby FT1
cycle treatment (Table 2). It was assumed that this could be attributed to the
destruction of the double helix structure of partial starch molecules in the
crystalline region of the starch during the gelatinization process. Subse-
quently, starch retrogradation occurred after the FT 1 cycle treatment,
which resulted in lower pasting temperatures and ΔH values of the pasted
starch57. However, the gelatinization temperatures of the pasted yam star-
ches treated with the PD synergized FT 1 cycle showed a decreasing trend
(p < 0.05) compared with the native group. The PD 24U group showed the
smallest decrease, being closest to the native group. Furthermore, it is worth
noting that the ΔH change of all groups subjected to treatment with PD
synergized FT 1 cycle exhibited a significant decrease, and the difference
between the groupswas also significant (p < 0.05). Again, the PD24Ugroup
showed a minimum change in ΔH. On the other hand, higher pullulanase
activity had fewer effects on the gelatinization temperature and ΔH com-
pared to the native group. These phenomena can be attributed to the starch
pasting process resulting in more debranching reactions, that is, more
amylose is released or the formation of more short chains and branching
points with higher enzyme activity54,58. According to several reports, FT
treatment increases the gelatinization temperature of starch, which is
associated with amylose recrystallization59,60. The reduction in ΔH during
the pasting process is closely associated with the proportion of double helix
structures in the crystalline and amorphous regions of the starch
particles57,61. It has been reported that a decrease in ΔH results from the
reductionof double helices in the amylose structure rather than adecrease in
crystallinity46. Wang et al.56 also reported that wet heat treatment promotes
the formation of starch-lipid complexes and restricts the mobility of starch
chains in the amorphous region. Meanwhile, the decrease in ΔH can be
ascribed to the fact that thehigh temperature disrupts thehydrogenbonding
in the crystalline region of the starch56. Furthermore, FT treatment has been
reported to increase the gelatinization temperature of potato starch while
contributing to the formation of a more ordered and compact crystalline
structural region32. Simultaneously, FT-treated potato starch containedhigh
levels of amylopectin, forming a stable structure that led to a larger ΔH32,62.
This phenomenon has also been reported in the dough of steamed buns,
where an increase in the frequency of FT treatment cycles revealed an
increasing trend inΔH63. In practical applications, it is important to carefully
consider the intricate processes of molecular rearrangement and self-
assembly with modifications in the starch64. Low and Liao65 also reported
that the nutritional function of starch could be altered by adding emulsifiers
to the formulation, which also formed a V-type crystalline structure with
starch, thereby enhancing its digestive resistance.

Moreover, this study revealed that including fatty acids led to a sig-
nificant increase in gelatinization temperatures, which were significantly
different (p < 0.05) from those of the groups without such addition. In
addition, the thermal properties of the SA-added groupwere comparable to
those of the PD24U group. This also indicates that an increase in gelatini-
zation temperature can be attributed to amylose and lipid recrystallization
during the pasting process66. It was postulated that the formation of com-
plexes between the amylose double helix and various fatty acids, such as LA,
PA, MA, and SA, may explain the observed changes in the gelatinization

temperature. Moreover, this phenomenon also occurred at another peak at
high temperatures; specifically, Peak I appeared between 52 to 70 °C, while
Peak II occurred at over 90 °C. Peak I was arranged in a more structured
form, resulting in lower gelatinization temperatures, whereas Peak II was a
polycrystalline compound with higher gelatinization temperatures67. It was
hypothesized that this could be due to the effects of the melting point of the
free fatty acids36,68. The phenomenonhas been attributed to the formation of
single amylose helices and lipid complexes69,70. The occupancy of starch
helix cavities by fatty acids is believed to render the starch system stable in a
low ΔH state69,70. This stability effectively prevents starch from being dis-
turbed by external factors69.

Paste properties
Thefindings of this study suggest a drastic decrease in the pasting properties
of yam starch that underwent PD synergized FT treatment (TNG1 and 2)
compared tonative and retrograde starches (Fig. 2).All parameters (Table 3)
exhibited statistically significant differences among all groups (p < 0.05).
Shen et al.32 reported that FT-treated starches can be affected by a decreased
ratio of amylose to amylopectin in the pasting properties. The same authors
reported that potato starches have higher pasting temperatures, troughs,
and final viscosities, with the opposite trend observed for the breakdown
and setback viscosities. However, the variation in the pasting properties of
yam starch in this study could not be explained by compositional changes in
starch. Yam starch was pasted in this study, followed by the PD synergized
FT1 cycle treatments.Moreover, the temperature atwhichpasting occurred
demonstrated a positive correlation with the level of enzyme activity,
peaking at the highest point in the 24U+ FT group (Table 3). It was
hypothesized that the possible reasons might be attributed to the PD
synergized FT treatments altering the structure of the yam starchwith dose-
dependent enzymatic activity. This phenomenon is attributed to the limited
capacity of starch to absorbwater, resulting in decreased swelling71. Another
possible explanation is that the gelatinization process (100 °C, 1 h) and PD
synergized FT treatments employed during preparation could have con-
tributed to the reduced gelatinizing capacity of yam starches. This obser-
vation has also been noted in other published studies15,72. Moreover, the
same results as abovewere presented regarding incorporating different fatty
acidmodifications; namely, all parameters of the pasting properties showed
dramatic decreases. However, further studies are needed regarding the
application of modified yam starch in food products in this study.

Granules morphology
TheSEMresults of this study revealed that thenative yamstarch (TNG1and
2) had round and elliptical shapeswith smooth surfaces (Fig. 3).Meanwhile,
the retrograde starches that underwent gelatinization (100 °C, 1 h) and FT 1
cycle treatment starches with intact particles lost their complete structure
owing to high-temperature pasting and exhibited a continuous and smooth
structure. This phenomenon results from the absorption of adequate
quantities of water by starch particles and the attainment of pasting
temperature73. Subsequently, the starch particles rupture and connect with
theneighboring rupturedparticles, forming a smooth structure74.Moreover,
since recrystallization and freeze-shrinkage occur duringFT, rearrangement
of the starch structure occurs and decreased separation of interstitial regions
of proteins from neighboring ice crystals, contributing to mechanical
damage to themicrostructure75. During retrogradation, starch particles tend
to get closer to each other because of the formation of hydrogen bonds,
leading to the generation of nuclei and the formation of large-sized crystals
post-expansion15. However, the yam starches that underwent treatment
with PT synergized with FT, revealing the presence of tiny pores on the
surface of starch granules (Fig. 3C–G and J–N). The number of these pores
may be positively correlated with enhanced enzyme activity76. It is worth
mentioning that Li et al.54 reported that the rice starch particles might be
insensitive to PD, and no pores were evident on the surface of the starch
particles post-PD treatment. Bodjrenou et al.12 have also reported that PD
treatment, sterilization, and retrogradation altered the starch particle
structure; namely, the surface of the starch particles formed rough,
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collapsed, and irregularly shaped structures, while these results showed
similarities to thoseof this study. Specifically, the starchparticles appeared to
be larger and more tightly packed, with the degree of alteration corre-
sponding to the duration of the PD treatment.

In addition, this study showed an interesting characteristic of starch
granules, which have a smooth network structure that partly covers them.
Furthermore, the report from Tu et al.31 supported the results of this study,
which suggested that attachment occurs because these substances are a
complex formed by lipid molecules with an amylose single helix, either on
the surface or in the cavity of the starch granules. The quantity of these
substances increases with FT cycle frequency and PD treatment effective-
ness, producingmore of these substances and causing them to adhere to the
surface of the starch granules31. Moreover, it has been suggested that these
structures are formed by the retrogradation process of starch, which
increases the density of the crystal structure (ordered and stabilized state)
and imparts hydrolysis-resistant properties to starch52,77.

X-ray diffraction pattern (XRD)
Orderly arranged helices form the crystalline structure of starch, and crys-
tallinity has been suggested to negatively correlate with digestibility64,78.
However, the particle size and morphology of starches have been found to
affect their bulk density and crystallinity, influencing their physicochemical
and functional properties79.

This study showed that native and retrograded yam starches (TNG1
and 2) exhibited absorption peaks at 5.58°, 14.4°, 17.2°, 22.2° and 24° at 2θ
(Fig. 4A and B), which corresponded to the crystalline morphology of the
rhizome starches, known as B-type37,64,76. However, both PD synergized FT-
treated yam starches (TNG1 and 2) in this study showed intense absorption
peaks at 5.5°, 17.2°, and 22.2°, whereas the absorption peaks at 15.10°, 17.2°,
and 23.4° were weaker. It has been suggested that the change in the

crystalline form of yam starch is related to the change of the crystalline form
into the C-type76.

Moreover, weak peaks were observed at 20.1° (Fig. 4C and D) with the
additionof the four different fatty acids. It canbe concluded that the starches
were transformed into a C+V-type crystalline state31,80. Furthermore, PD
treatment can effectively transform non-waxy rice starch from an A- to a
B+V-type mixture81. V-type structures, reduced viscosity, improved
solubility, and water-holding capacity have been reported in PD-modified
maize, wheat, and pea starches37. Specifically, the V-type structure (con-
taining six glucose units per turn (V6)) refers to amylase formation of left-
handed single helices following the complexation of starch with guest
compounds, with a central cavity to accommodate guests50,82,83. During this
process, the crystalline properties of starch undergo a transformation that
forms a V-type crystalline structure; namely, the hydrolysis of pullulanase
leads to a more amorphous crystal structure15,37. This transformation
mechanisms has been attributed to the formation of an inclusion complex
between amylose and lipids (Fig. 5). Moreover, it is formed during food
processing through interactions with non-covalent bonding (including
hydrogen bonding, hydrophobic, and van der Waals forces)84,85.

Regarding RC, the variance among the different types of starches
can be attributed to various factors. These include the size of the starch
crystal, number of crystalline regions, which is influenced by attributes
such as amylopectin content and amylopectin chain length, the orien-
tation of the double helices within the crystalline domains, and the
degree of interaction between double helices46. As stated by Sherin
et al.86, the increased frequency of FT cycles during starch modification
by FT treatment leads to the degradation of the amylopectin chains of
the starch paste into shorter chain molecules. Consequently, this led to
an increase in the water-holding capacity of the starch paste. In addi-
tion, digestive enzymes have fewer enzyme reaction sites for these short

Fig. 2 | Viscoamylograms. ATNG1 treatedwith PD synergized FT,BTNG2 treatedwith PD synergized FT,CTNG1 treatedwith PD synergized FT and fatty acids addition,
and D TNG2 treated with PD synergized FT and fatty acids addition.
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chains than for long chains; namely, a negative correlation between the
percentage of starch hydrolysis and the ratio of short- and long-
branched chains has been reported80,87. During freezing, the water
combines with the degraded amylopectin, expelling water that would
otherwise have been absorbed88. According to Li et al.88, accelerated
starch retrogradation is beneficial for producing pasta, particularly
vermicelli. This observation implies that starch retrogradation can be
used to improve the quality and texture of pasta products through
improved formulation and process optimization.

This study showed that native yam starches TNG1 and 2 were 42.17
and 32.53%, respectively (Table 4), whereas a tendency to increase and
decreaseRCoccurred for PDcombinedwith FT treatments.However, it has
been reported that the increased duration of PD treatment of starch
synergistically with sterilization results in a higher RS content and conse-
quently contributes to the increase in RC12. Nonetheless, this study failed to
reveal any evidence of dose dependence in PD treatment. In particular,
TNG1 (8U) and 2 (8 and 24U) demonstrated a significant increase in RC,
which was not included in the trend, as mentioned earlier, or published.

Table3 | Effectsof pasteproperties viaPullulanasedebranching (PD; 40 h), synergized freeze-thaw (FT) treatment, and four fatty
acids’ addition on the two yam varieties starches

Yam
varieties

Status Peak viscosity Holding strength Breakdown Final viscosity Setback Pasting
temperature

RVU °C

Tainung
No.1
(TNG1)

Native starch 4385.29 ± 65.15a 3559.96 ± 73.25a 826.65 ± 24.12a 5649.75 ± 113.28a 2090.58 ± 34.58b 77.67 ± 2.35e

Retrograde starch1 1188.39 ± 15.78c 902.59 ± 29.38c 286.69 ± 17.16c 1574.59 ± 79.63c 672.66 ± 17.28c 64.62 ± 2.41 g

Pullulanase
debranching (PD)
synergized freeze-thaw
(FT) 1-cycle

8U2 46.21 ± 2.35e 31.15 ± 1.17e 15.23 ± 0.46 h 57.25 ± 2.59 f 26.36 ± 1.92 h 73.95 ± 1.35 f

12U 44.15 ± 2.02 f 28.23 ± 1.12 f 16.63 ± 0.55gh 63.36 ± 3.24e 35.73 ± 1.09e 74.42 ± 1.17 f

16U 30.96 ± 1.02j 13.01 ± 0.26 h 17.36 ± 0.24 g 37.39 ± 1.48j 24.09 ± 1.15i 80.35 ± 2.03 d

20U 36.33 ± 1.12 g 21.15 ± 0.06 g 16.69 ± 0.36gh 50.29 ± 2.56 g 29.03 ± 1.09 g 77.92 ± 1.95e

24U 18.37 ± 1.52 l 1.07 ± 0.07j 17.62 ± 0.25 g 25.17 ± 1.71 l 24.07 ± 1.51i 92.12 ± 1.25a

Lipid LA3 43.46 ± 2.19 h 27.16 ± 2.25 g 16.16 ± 0.52 h 55.29 ± 3.48 h 28.36 ± 1.82 g 76.77 ± 1.17e

PA 57.69 ± 3.42e 29.13 ± 0.46 f 28.14 ± 0.36e 57.58 ± 3.28fg 28.33 ± 1.52 g 71.51 ± 1.41 f

MA 58.18 ± 2.57e 40.33 ± 2.58e 18.36 ± 0.29 g 66.97 ± 3.25e 26.31 ± 1.08 h 76.43 ± 1.25e

SA 49.22 ± 2.35 f 22.31 ± 1.25 h 27.33 ± 0.36e 56.13 ± 1.25gh 34.12 ± 1.79e 81.16 ± 1.52 d

Tainung
No.2
(TNG2)

Native starch 3987.65 ± 71.52b 3328.95 ± 78.47b 659.84 ± 81.26b 5523.79 ± 73.21b 2195.63 ± 74.52a 79.54 ± 1.43 d

Retrograde starch 864.36 ± 13.25 d 596.96 ± 31.25 d 268.15 ± 36.46 d 1229.35 ± 29.24 d 633.39 ± 26.33 d 66.27 ± 1.26 g

PD synergized FT
1-cycle

8 33.12 ± 0.52hi 1.07 ± 0.03 h 20.23 ± 0.86 f 41.36 ± 1.25i 28.31 ± 0.96 g 81.57 ± 2.06 d

12 34.15 ± 0.36 h 12.16 ± 0.23hi 22.19 ± 0.75e 43.33 ± 1.29 h 31.16 ± 1.23 f 86.85 ± 1.15c

16 32.36 ± 0.19 l 12.26 ± 1.07hi 20.33 ± 0.77 f 41.15 ± 1.09i 29.36 ± 1.15 g 87.67 ± 1.75bc

20 33.56 ± 1.07hi 11.06 ± 0.76i 22.16 ± 0.46ef 40.19 ± 1.28i 29.19 ± 1.07 g 87.66 ± 1.78bc

24 23.19 ± 0.34k 2.02 ± 0.06j 21.15 ± 0.62ef 30.25 ± 1.47k 28.32 ± 1.17 g 95.34 ± 1.29a

Lipid LA 36.36 ± 1.82i 16.23 ± 0.36j 20.19 ± 0.37 f 39.53 ± 1.68j 23.33 ± 1.07i 88.37 ± 1.17b

PA 46.36 ± 0.59 g 18.39 ± 1.15i 28.18 ± 0.23e 49.28 ± 1.45i 31.19 ± 1.22 f 81.15 ± 1.52 d

MA 34.63 ± 1.25j 13.03 ± 0.64k 21.16 ± 1.26 f 33.23 ± 1.41k 20.33 ± 1.07j 90.19 ± 1.36b

SA 47.17 ± 0.88 g 30.13 ± 0.26 f 17.13 ± 1.06gh 58.69 ± 1.75 f 28.19 ± 1.15 g 72.77 ± 1.52 f

1 Retrograde starch: freeze-thawing 1 cycle for 24 h.
2 Pullulanase activity (U/g starch).
3 Lauric acid (LA; C12); Myristic acid (MA; C14), Palmitic acid (PA; C16), and Stearic acid (SA; C18).
Different lowercase letters labeled in the same row represent significant differences (p < 0.05).

Fig. 3 | Microstructures of yam starches. TNG1: A native starch; B retrograded starch; C–G: PD (8, 12, 16, 20 and 24 U) synergized FT and TNG2: H native starch; I
retrograded starch; H–N: PD (8, 12, 16, 20 and 24 U) synergized FT.
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This study postulated that potential discrepancies could arise from the
different sources of starch, despite all belonging to B-type rhizomes, which
may affect the outcome of the study. Therefore, it is imperative to consider
these factors when conductingmore profound analyses and interpreting the
results. Another possible reason might be that FT treatment disrupted and
rearranged the amorphous region; thus, the RC of starch increased32,89.
Moreover, the RC of TNG1 showed a significant increase in the presence of
PA and SA, whereas the RC of TNG2 showed a slight increase in the groups
supplemented with LA and PA. Therefore, TNG1 treatment with pull-
ulanase (8U) provided a similar RC-enhancing effect as the addition of PA
or SA, whereas TNG2 using pullulanase (8 and 24U), LA, or PA provided a
similar RC-enhancing effect.

Estimate GI (eGI)
GI is a well-established metric that determines the extent to which food
containing carbohydrates can trigger an increase in blood sugar levels41,78,90.
The reference food for GI is white bread or glucose, with a GI value of 100.
Foods with GI values equal to or greater than 70 are classified as high-GI
foods, those with GI values between 56 and 69 are medium GI foods, and
those with GI foods ≥ 55 are classified as lowGI foods78,82. Furthermore,HI,
a derivative linked to starch digestibility, has been utilized to approximate
GI82,91.

This study showed that the GI of yam starches (TNG1 and 2) treated
with PD combined with FT tended to decrease compared to that of gelati-
nized and retrograded starches (Table 4). The GIs of 20U+ FT of TNG1
(73.856) and 8U+ FT of TNG2 (69.648) exhibited the most significant
decreases. This also means that the GI values of the PD synergized FT-
modified yam starches did not improve, despite previous results showing a
satisfactory digestibility with RS and C+V-type crystalline states. In other
words, yam starches with different treatment conditions would become

high- or medium-GI foods, which could induce postprandial glycemic
spikes. To clarify, yam starches undergoing varying treatment conditions
will likely turn into high- or moderate-GI foods, causing postprandial gly-
cemic spikes82. This situationhasburdened themechanisms regulatingpost-
meal blood glucose levels that are essential for health, particularlymetabolic
diseases (cardiovascular diseases, obesity, type 2 diabetes, and colon
cancer)16,78,92. This issue requires prompt attention to avoid health risks.
However, no dose-dependent effects were observed in this study.While PD
treatment followed by the addition of adding diverse fatty acids produced
parallel results, TNG1 with MA exhibited the most notable decrease in GI
(Table 4). In contrast, TNG2 showed a declining GI trend for all four fatty
acids (LA, PA,MA, and SA). These phenomenamaybe attributed to the PD
treatment, which increased amylose content and decreased RDS and SDS
content, followed by FT treatment, where retrogradation of starch led to an
increase in RS content, thereby affecting the GI of yam starch. It is worth
noting that these results were also echoed in the above study. However,
several studies have demonstrated that in vitro estimates and in vivo ana-
lyses are consistent with each other82,93. These findings support the notion
that in vitro assays canbe reliable surrogates for predicting in vivooutcomes.
The process is challenging and requires further technological innovations to
elevate the current in vitro and in vivo models to a higher level that is more
relevant to the actual94. Moreover, the results of this study demonstrate that
combining TNG2 yam starch with PD, FT treatment, and LA, MA, or SA
produces a definition consistent with low GI foods. However, other treat-
ments did not have a significantmodifying effect. This finding suggests that
a combination of TNG2 yam starch and treatments can be used as an
ingredient in low-GI food products. Further investigation is guaranteed to
determine the factors contributing to these observations.

In conclusion, the results of this studydemonstrate that the inclusionof
fatty acids and gelatinization of yam (TNG1 and 2) starches through PD

Fig. 4 | Crystalline structures of yam starches. ATNG1 treatedwith PD synergized FT;BTNG2 treatedwith PD synergized FT ;CTNG1 treatedwith PD synergized FT and
fatty acids addition and D TNG2 treated with PD synergized FT and fatty acids addition.
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(20U for 40 h) synergized with FT (1 cycle) treatment can significantly
increase the RS content and RC. Furthermore, these processes were
observed to cause a shift in the crystalline morphology of the starches from
B- to C- and C+V-types. These findings suggest that the gelatinization of
yam starch may have potential applications in the development of func-
tional foods and supplements and warrants further investigation. The
practical effect of modified yam starch in reducing GI demands future
in vivo validation, such as through further gastrointestinal digestion mod-
eling or clinical trials. Moreover, this study provides an all-inclusive
understanding of yam starch, which can be used as a reference point in
future researchconcerningdeveloping low-GI foodproducts. The collection
of essential information, such as yam starch, was meticulously and sys-
tematically examined, providing a reliable and comprehensive source of
information for researchers and professionals.

Methods
Materials
Different kinds of yam starches were used in this study, extracted from two
types of yams, TNG1 and 2 yams (Dioscorea alata L.); harvested nine
months post-planting (March–December 2023). The yams were procured
from Ming-Jian Township No.1 Production and Marketing Workshop
farmers (Nantou, Taiwan) and subsequently extracted within our labora-
tory (described in the next section). All chemicals used in this study,
including fatty acids, such as LA (C12),MA (C14), PA (C16), and SA (C18),
were purchased from Sigma-Aldrich® (Merck KGaA, Darmstadt, Ger-
many). Pullulanase (EC 3.2.1.41, Promozyme® D6, 1,496 New Pullulanase
Unit Novo (NPUN)/mL) was purchased from Novozymes A/S (Bagsværd,
Denmark).

Extraction of yam starches
The yam was washed, peeled, cut into cubes, weighed 2 kg, then homo-
genizedwith a sodiumbisulfite solution (0.075%) in a blender, sievedwith a
200-mesh sieve, and the filtrate collected. The residue was collected as
described above. All filtrates were mixed and stored at 4 °C overnight; the
resulting slurry is then filtered and sieved to separate the starch from
other impurities. The residue was mixed with a 5-fold volume of 0.1%

NaOH (w/v) and collected by centrifugation (6000 × g). The above proce-
dure was repeated using distilled water until the pH reached 7.0. Next, the
yam starch was washed with 5-fold volumes of 70% ethanol (v/v), dried at
40 °C, ground, and sieved (100mesh) to obtain the yam starch. All starches
were packed in double zip-lock bags and kept at –20 °C for freezing until
further use.

PD synergized FT treatments of starches
This modification was carried out following the methods depicted by Miao
et al.46 andPongjanta et al.52. Starchwas preparedas a 10%starch suspension
(200mL) and placed in a water bath at 30 °C for 1 h with intermittent
shaking (170 rpm). Then, the starch solution was heated at 100 °C for
30min. Next, at 55 °C, pullulanase enzymes (8, 12, 16, 20, and 24 NPUN/g
starch) were added for the starch debranching treatment. The starch was
then immersed in a water bath at 55 °C with shaking (170 rpm) for 40 h. In
addition, the partially above PD-treated samples (debranched starch solu-
tions) weremixed with four fatty acids: LA,MA, PA, and SA (2% dry starch
base, dryweight basis;w/w). Subsequently, all sampleswere heated at 100 °C
for 30min (to stop the enzymatic reaction and uniformlymix the fatty acids
with the starch paste) and then cooled to 25 °C.

All the above sampleswere subjected to FT1 cycle processing, stored at
–20 °C for 24 h, and thawedat 30 °C for 24 h.The sampleswere thendried in
hot air at 45 °C, for 12 h. Afterwards, the starch granules were manually
reduced to smaller particles with the aid of a mortar and standardized on a
0.250mm sieve supernatant. Similarly, all samples were packed in double
zip-lock bags and frozen until further use.

Determination of amylose content
The method described by Gunaratne and Hoover57 was used to determine
the amylose content of the starches. The starch sample (20mg)was added to
8mL of 90% dimethyl sulfoxide (DMSO) and subsequently immersed in a
water bath at 85 °C and shaken for 15min. The mixture was then cooled to
25 °C. Subsequently, it was diluted to 25mL with distilled water. Next,
10mL of the abovemixturewas added to 5mLof iodine solution (0.0025M
I2 and0.0065MKI),mixed evenly, then the volumewas quantified to 50mL
with distilled water. Finally, it was allowed to stand for 15 minutes until the

Fig. 5 | Mechanism diagrams of yam starches treated with PD, fatty acids and synergized FT.
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color changed. At the same time, the absorbance value was determined by a
spectrophotometer (Model U-2001 Hitachi Co., Tokyo, Japan) at a wave-
length of 600 nm. The amylose content of the samples was calculated by
interpolation against a standard curve prepared from pure amylose from
potatoes.

Determination of MW distributions
The MW distributions of the samples in this study were determined based
on themethod described by Liu et al.37 with somemodifications. A standard
curve was prepared using Pullulan standards (Shodex P-82, Resonac
Holdings Co., Ltd., Tokyo, Japan). Analyses were performed using gel
permeation chromatography (GPC). Subsequently, 15mL of 90% DMSO
was added to 75mgof the sample to create a starch suspension. Themixture
was then heated for 1 h at 100 °C and stirred for 24 h at 25 °C. The super-
natant was thenmixed with a 4-fold volume of 95% ethanol (v/v) and left to
stand for 10min, followed by centrifugation at 6000× g for 10min before
eliminating the supernatant. The residuewasmixedwith 15mLhot distilled
water at 100 °C and placed in a water bath at 100 °C for 1 h. Finally, it was
filtered through a 5 µm polyvinylidene fluoride (PVDF) membrane and
reserved for use. Subsequently, 5 mL of the filtrate sample was loaded into a
SephacrylTM S-400HR 16/60 column (GE Healthcare, Chicago, IL, USA)
and stored at 40 °C for further analysis. The samples were detected using a
refractive index detector (RI-8020, Tosoh Co., Tokyo, Japan). In addition,

the column was equilibrated with a mobile phase of 0.2% NaCl/0.05M
NaOH for elution before application. A standard curve was prepared using
Pullulan standards (Shodex P-82, Resonac Holdings Co., Ltd., Tokyo,
Japan). The interpolation method was employed to calculate the MW dis-
tribution in the sample.

In vitro digestibility
The starchdigestibilitywas determinedusing theMegazyme®Digestible and
RS Assay Kit (Megazyme Ltd., Bray, Ireland). The analysis was performed
following the standard operating procedures (SOP) provided by the man-
ufacturer. Contents of rapidly digested starch (RDS, digested for
20–120min) and SDS (digested for 20min). Briefly, the sample (100mg)
was mixed with 4mL of α-amylase (10mg/mL containing 3 U/mL amy-
loglucosidase (AMG)) and immersed for 20 and 120min at 37 °C in awater
bathwith shaking (200 rpm).Then, 4mLof 99%ethanolwas added, and the
supernatant was collected by centrifugation (6000× g, 10 min). The residue
was added to 4mL of 50% ethanol, centrifuged (6000× g, 10 min), and
repeated twice. All collected supernatants were quantified to 100mL with
0.1M sodium acetate buffer (pH 4.5). Subsequently, 0.1mL of the pre-
viously mentioned mixture was introduced to 3mL of glucose oxidase
peroxidase (GOPOD) solvent, and the resulting mixture was subjected to a
reaction in a water bath at 50 °C for 20min. The absorbance of the final
solution was measured at 510 nm. The RDS and SDS values of the samples

Table 4 | Effects of relative crystallinity, the crystalline type, hydrolysis index (HI), and estimated glycemic index (eGI) via
Pullulanase debranching (PD; 40 h) synergized freeze-thaw (FT) treatment, and four fatty acids’ addition on the two yam
varieties' starches

Yam varieties Status Relative
crystallinity (%)

X-ray pattern Hydrolysis Index (HI) Glycemic Index (GI)

Tainung
No.1 (TNG1)

Native starch 42.17 ± 0.53c B -5

Gelatinized starch1 - 89.66 ± 1.42a 88.44 ± 3.02a

Retrograde starch2 31.38 ± 0.78 f B 72.71 ± 2.03c 79.13 ± 2.58b

Pullulanase debranching (PD) synergized
freeze-thaw (FT) 1-cycle

8U3 45.02 ± 0.63b C 60.91 ± 1.55e 72.65 ± 2.14 d

12U 40.91 ± 0.69c C 77.43 ± 1.37b 81.72 ± 2.15b

16U 40.99 ± 0.71c C 71.31 ± 2.02c 78.36 ± 1.53b

20U 36.02 ± 0.52 d C 63.11 ± 1.39e 73.86 ± 1.28 d

24U 37.01 ± 0.45 d C 67.95 ± 1.15 d 76.52 ± 1.08c

Lipid LA4 40.12 ± 0.39c C+ V 75.74 ± 2.24b 80.80 ± 1.63b

PA 38.37 ± 0.38 d C+ V 69.16 ± 1.36 d 77.20 ± 1.15b

MA 44.89 ± 0.32b C+ V 53.47 ± 1.54 f 68.56 ± 2.21e

SA 49.68 ± 0.34a C+ V 76.10 ± 2.05b 80.98 ± 1.26b

Tainung
No.2 (TNG2)

Native starch 32.53 ± 0.35e B -

Gelatinized starch - 91.35 ± 1.95a 89.36 ± 1.74a

Retrograde starch 32.00 ± 0.25e B 76.86 ± 1.63b 81.41 ± 1.52b

PD synergized FT 1-cycle 8 45.42 ± 0.36b C 69.65 ± 1.26 d 77.45 ± 1.29b

12 30.85 ± 0.38 f C 74.90 ± 1.37b 80.33 ± 1.48b

16 33.25 ± 0.42e C 78.41 ± 1.52b 82.26 ± 1.33b

20 31.25 ± 0.51e C 73.91 ± 1.15b 79.79 ± 2.08b

24 51.92 ± 0.45a C 76.30 ± 1.29b 81.10 ± 1.26b

Lipid LA 45.51 ± 0.41b C+ V 38.24 ± 1.18 g 60.20 ± 1.53 f

PA 39.25 ± 0.24c C+ V 57.02 ± 2.02e 70.51 ± 1.87 d

MA 44.03 ± 0.33b C+ V 31.72 ± 2.14 g 56.62 ± 1.26 f

SA 39.95 ± 0.36c C+ V 35.16 ± 1.55 g 58.51 ± 1.51 f

1 Gelatinize starch: native starch heat at boiling water (100 °C) for 1 h.
2 Retrograde starch: freeze-thawing 1 cycle for 24 h.
3 Pullulanase activity (U/g starch).
4 Lauric acid (LA; C12); Myristic acid (MA; C14), Palmitic acid (PA; C16), and Stearic acid (SA; C18).
5 Not measured.
Different lowercase letters labeled in the same column represent significant differences (p < 0.05).
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were calculated using the following formula:

Rapidly digestible starch RDS;%ð Þ ¼ G20ð � G0Þ× 0:9 ð1Þ

Slowly digestible starchðSDS;%Þ ¼ G120ð � G20Þ × 0:9 ð2Þ

where,G0,G20, andG120represent the glucosepercentage in the enzymatic
hydrolysis at 0, 20, and 120min, respectively.

Determination of RS content and eGI
The RS content of the sample was analyzed using Megazyme® resist starch
kits (Megazyme Ltd., Bray, Ireland), following the SOP provided by the
manufacturer’s protocol. The procedure involved weighing the samples
(100mg) in centrifuge tubes. Subsequently, 4 mL of pancreatic α-amylase
(10mg/mL containing 3U/mL AMG) was added to the tubes to ensure
thorough and evenmixing. Themixturewas immersed for 16 h at 37 °C in a
water bath.Next, 4mLof99%ethanolwas added, the tubeswere centrifuged
(6000× g for 10min) using a highly efficient centrifuge (CR22F, Hitachi
Co.), and the supernatantwas collected. The residuewasmixedwith4mLof
50% ethanol, centrifuged (6000× g for 10min), and repeated twice. Subse-
quently, all supernatants were quantified to 100mL with 0.1M sodium
acetate buffer solution (pH4.5). Subsequently, 2mLof 2MKOHwas added
and mixed evenly. The solution was then stirred for 20min in an ice bath.
Then, 8 mLof 1.2Macetic acid buffer solution (pH3.8) and0.1mLofAMG
(3300U/mL) were added. The solution was then immersed for 30min in a
50 °C water bath before centrifugation (6000× g for 10min). The super-
natant (0.1mL) wasmixed with 3mL of GOPOD reagent and immersed at
50 °C for 20min in a water bath. The absorbance was measured at 510 nm.
The standard was established using 100 μg of glucose, and the steps men-
tioned above were repeated. The RS contents of the samples were deter-
mined using the following formula:

Resistant starch ð g
100g sampleÞ¼Absorbance 510nmof the sample

×Absorbance 510 nmof 100 μg glucose=Sample weight × 90
ð3Þ

The eGI of the sample was determined and calculated using the
method described by Li et al.91, with slight modifications. A solution con-
taining 10% starch was sterilized in an autoclave at a temperature of 105 °C
for 10min. Next, the sample was added with 0.2mL pepsin and 5mL α-
amylase (2.6 U) at 37 °C in a water bath with shaking at 200 rpm for
30–180min. Every 30min, 1 mLwas dispensed, and the sample was heated
at 100 °C for 5min to inactivate the enzyme.Then, 3mLof acetic acid buffer
solution (0.4M, pH 4.75) was added, accompanied by 60 μL of AMG. The
mixture was agitated for 45min at 60 °C to induce the digestion of starch
into glucose. The samples were subjected to serial dilution with deionized
water in the 10–100mL range, followed by 0.5mLof each sample combined
with 3mL of GOPOD reagent. The absorbance of each sample was mea-
sured at 510 nm to determine glucose content. TheGI of the sample and the
hydrolysis index (HI) were determined, and the sample was prepared by
defining the hydrolysis area of 50mg of glucose as 100. The following
equation utilizes this HI value to calculate the GI of the sample:

Estimate of the Glycemic Index eGIð Þ ¼ 39:71þ 0:549ðHIÞ ð4Þ

Thermal properties
The thermal properties of starch were determined according to the method
described by Lin et al.95, with slight modifications. The starch sample
(80mg) was added to distilled water (240mg), sealed, and hydrated for 1 h
before analysis using a micro differential scanning calorimeter (μDSC;
Setaram Model Ⅶ Micro DSC, KEP Technologies, Provence-Alpes-Côte
d’Azur, France). The temperature increased from 25 to 120 °C at a con-
trolled rate of 1.2 °C/min, followed by a decrease back to 25 °C at the same

rate. The onset temperature (To), peak temperature (Tp), and end tem-
perature (Tc) of the paste, along with the calculation of the paste enthalpy
(ΔΗ; mJ/g) from the thermal absorption curve of the sample.

Paste properties
The viscosity of the paste was measured using the method described by
Huang et al.96. The sample was prepared as an 8% starch suspension solu-
tion, and thepaste propertieswere determinedusing aRapidViscoAnalyzer
(RVA; Model RVA-3D, Newport Scientific, Sydney, Australia). Briefly,
starch slurrieswere heated to 95 °C at 6 °C/min andheld at that temperature
for 5min. Then, it was cooled to 50 °C at the same rate and held at that
temperature for 2min, for a total of 24min for the entire trial. At the
beginning of the trial, the slurries were equilibrated at 50 °C for 1min. The
pasting curves of RVA offer a comprehensive range of starch properties,
including but not limited to peak viscosity (PV), final viscosity (FV),
breakdown (BD), hot paste viscosity (HPV), setback (SB), peak time, and
pasting temperature.

Granules morphology
The morphology of the sample granules was determined using the method
described in Huang et al.97, with some modifications. The 0.5 g starch
samplewas platedwith platinum for twominutes under a vacuumdegree of
2.4 Pa. A field emission scanning electron microscope (SEM; JSM-7100F,
JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 3 kV was used. The
SEM observed the starch’s particle size and surface structure at 1,000-fold
magnification.

X-ray diffraction pattern (XRD)
The crystalline structure and crystallinity of the starch samples were
determined according to themethod described by Cheng et al.98, with slight
modifications. The procedure involvedplacing a sample weighing 1.0 g on a
microscope slide (25×35×1mm). Subsequently, the samplewas equilibrated
for 14 days in a closed desiccator filled with a saturated silver chloride
solution. A starch sample weighing 1 g was analyzed by X-ray diffraction
(XRD; Model D5000, Siemens Co., München, Germany). The analytical
conditionswere set at 40 kVand30mAoperating current, and the scanning
speed 0.02°/s. The scanning angle 2θwas varied from 4° to 30° to obtain the
necessary data. To generate an XDR spectrum, the degree of crystallinity of
starch was assessed using the Find Graph software (V2.622, UNIPHIZ Lab,
Greensburg, PA,USA).The crystallinity value of starchwas calculated as the
area between the smooth curve and the baseline, while the area between the
curve and the peak indicated the RC under the peak.

Relativecrystallinity %;RCð Þ ¼ Crystalline area=ðCrystalline area
þAmorphous areaÞ× 100 ð5Þ

Statistical analysis
All the trials in this study had at least three replicates (n ≥ 3). This study’s
results are presented as the average value of the data, known as the
mean ± standard deviation (SD). All data were analyzed for variability
within samples using one-way ANOVA, and Duncan’s multiple range tests
with SAS software (V9.4, SAS Institute, Cary, NC, USA) were used to
determine the significance of the differences between groups. A p-value of
less than 0.05 was considered statistically significant.
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