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Abstract
Green banana fruit with high resistant starch (RS) content has a potential to be a nutraceutical ingredient despite having an 
unpleasant astringency taste and is yet to be fully explored. In this study, the green banana after de-astringency treatment 
was employed for flour production, and the resulting flour was subjected to modification by the combined treatments of pul-
lulanase debranching and annealing. The banana flour (BF) and the modified flour (MF) were compared with each other by 
evaluating their functional, thermal and structural properties. The BF showed a restricted-swelling pasting profile, behaving 
like a slightly chemically cross-linked starch; the MF exhibited less pronounced changes in pasting behavior with increased 
solubility and decreased swelling power and dispersed volume fraction at elevated temperatures. As compared with the 
BF, an enhanced thermal stability of the MF was observed, reflected in the endotherm shifting to higher temperatures with 
increased enthalpy. The BF displayed a  CA-type polymorph, while the MF comprised a mixture of B- and V-type polymorphs 
with increased crystallinity. The MF showed an increased molecular order, reflected in an increase in short-range double 
helical order detected in the starch fingerprint regions of FT-IR spectra, and along with increased crystallinity, underlying 
its enhanced thermal stability. The modification treatment resulted in irregularly shaped flour particles with a more compact 
structure as revealed by morphological characters. The results of this study can provide useful information for the develop-
ment of food products using the modified green banana flour with improved thermal stability and functional properties as 
a health-promoting ingredient.
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Introduction

Green banana has attracted a great deal of attention recently 
[1–9], due to a number of beneficial effects on human health, 
e.g., its physiological fiber-like benefits and improved gly-
cemic and insulinemic responses, a fact often associated 
with its high level of indigestible carbohydrates, largely 
resistant starch (RS). Banana is recognized as one of the 
world’s leading food crops cultivated in large quantities in 
tropical and subtropical areas. About 20% of all bananas 
harvested become culls during commercialization [10], and 

attempts are made to use the culled banana for starch pro-
duction or production of a low-cost banana flour ingredient 
[11]. Research has been conducted regarding the produc-
tion of unripe banana flour and its physicochemical, func-
tional, structural and digestion characteristics [9, 12–17]. 
Although unripe banana exhibits a limited digestibility due 
to its relatively high RS content, it is worth noting that when 
cooked its native RS is very likely to be rendered digestible, 
which poses important limitations to its potential use as a 
RS source in the formulation of thermally processed foods 
[18, 19].

RS has been classified into four general subtypes on the 
basis of the reason for resistance to digestion namely type I 
 (RS1), physically inaccessible starch; type II  (RS2), native 
or incompletely gelatinized starch protected from digestion 
by the conformation or the crystalline structure of granule; 
type III  (RS3), retrograded starch; and type IV  (RS4), chemi-
cally modified starch [20]. Retrograded amylose, short linear 

 * Hung-Ju Liao 
 markliao@mail.ncyu.edu.tw

1 Department of Food Science, National Chiayi University, 
No. 300 Syuefu Road, Chiayi City 600355, Taiwan, 
Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11130-022-01021-x&domain=pdf


53Plant Foods for Human Nutrition (2023) 78:52–60 

1 3

segments of α-1, 4 polyglucans re-associating as double 
helices packed into crystalline arrays, is produced by starch 
gelatinization and subsequent retrogradation, a slow re-crys-
tallization of starch components upon cooling. Formation of 
these structures is influenced by amylose content, polymer 
chain length, process conditions affecting crystallization 
process such as water content of starch gel, process temper-
ature and time with respect to nucleation and propagation, 
and the presence of other components associated strongly to 
amylose [21]. Enzymatic debranching with pullulanase (EC 
3.2.1.41), which can cleave α-1,6 glucosidic bonds from the 
amylopectin molecule and give rise to linear glucans that 
can more readily re-associate, has been employed to fur-
ther increase  RS3 formation [22]. Chain-length distribution 
analysis revealed that banana starch contained long outer 
amylopectin α-1, 6-linked side chains and seemed to be an 
excellent source for the production of  RS3 [22].

Flour production instead of starch isolation from green 
banana fruit can be cost-effective for obtaining a promising 
functional ingredient [10]. Banana flour is a good source of 
several health-promoting ingredients, such as  RS2, dietary 
fiber and antioxidant polyphenol [23]. Based on the low-
cost production and the health-promoting benefits, green 
banana flour can be a better alternative to banana starch. 
Green banana flour can also compete with corn starch due 
to the lack of characteristics of native corn starch, e.g., ther-
mal- and shear-induced loss of thickening power, which 
often requires further modification [10, 19]. Green banana 
flour has unpleasant astringency taste due to the presence 
of the soluble condensed tannins, and  RS2 in green banana 
flour is thermally unstable. Our previous study has success-
fully employed limewater for de-astringency of the green 
banana flour tannin [21]. Little is known regarding  RS3 for-
mation from de-astringent green banana flour and its func-
tional and structural characteristics. In a previous publica-
tion from our laboratory [21], we described observations of 

chemical compositions and in vitro starch hydrolysis kinetics 
of de-astringent green banana flour and its  RS3 product. We 
showed that the rate and extent of starch hydrolysis and the 
glycemic response were different between the  RS3 product 
and its parental flour, and the type and amount of RS in 
these flours had an obvious impact on duration of the glyce-
mic response. To expand the study, the present work aimed 
to evaluate the functional and structural characteristics of 
green banana flour and its modified flour by enzymatic and 
hydrothermal treatments.

Materials and Methods

This section was described in the Supplementary Material.

Results and Discussion

Pasting Properties

Typical RVA pasting profiles of the GBF and the MF at 
4, 7 and 10% concentrations are illustrated in Fig. 1, and 
the corresponding pasting data are given in Table 1. The 
GBF and the MF, containing predominantly starch (68.6 and 
67.4%, respectively), largely in the form of RS (30.3 and 
25.3%, respectively), exhibited variable pasting behaviors. 
The pasting temperature (PT) was 76.5–77.1℃ in the GBF, 
resembling the temperature range of banana starch (Musa 
sp.) reported previously [24]. It showed that swollen gran-
ules of the GBF apparently resisted breakdown with slight 
decrease in viscosity during the 95℃ hold (Fig. 1). This 
corroborates previous findings [19, 24] that green banana 
starch granules belonged to the restricted-swelling type with 
good stability, behaving in ways that are somewhat similar 
to a slightly chemically cross-linked starch. Restricted-type 

a b 

Fig. 1  Typical pasting profiles of the GBF (a) and the MF (b) at concentrations of 4, 7 and 10%
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swelling pattern and a high pasting temperature suggest 
strong bonding forces within the starch granule of the GBF. 
The pasting behavior of the MF was less pronounced than 
that of its parental flour with no detectable pasting tempera-
ture; the pasting viscosities including peak viscosity, hot 
paste viscosity and cold paste viscosity were much lower 
for the MF than for its parental flour. These results sug-
gest that a substantially higher amount of thermally stable 
double helical crystallites in the MF was responsible for its 
resistance to swelling and melting compared to its parental 
flour, in agreement with previous research [21]. A decrease 
in breakdown viscosity for the MF reflects that the structure 
of the MF was thermally highly stable, whereas a marked 
decrease in setback viscosity provides the evidence that the 
chain length of the glucan molecules in the MF could no 
longer be suitable to form double helical crystallites.

Swelling Power, Solubility and Dispersed Volume 
Fraction

The swelling power (G) and solubility (S) of the flours at 
1% concentration during heating from 30 to 90℃ are pre-
sented in Fig. 2a and b, respectively. The swelling-solubility 
behavior of the flours was strongly associated with tempera-
ture. The swelling power and solubility values of the GBF 
remained fairly unchanged at 30–70℃, but increased rapidly 
during heating at 80 and 90℃. This can be ascribed to the 
high amounts of starch in the GBF undergoing gelatiniza-
tion, thus permitting progressive water flux into granules 
with concomitant swelling and amylose solubilization after 
the onset temperature was reached, in rather good agree-
ment with the pasting temperature range obtained from the 
RVA experiments. The swelling-solubility patterns and val-
ues of the GBF were comparable to those reported previ-
ously for banana starch by Kayisu et al. [25] who suggested 
the swelling and solubility values of banana starch were 

comparatively lower than those of other starches, reflecting 
a more ordered, more strongly bonded and denser structure 
within banana starch granule. The swelling power values of 
the MF remained constant at 30–50℃, similar to those of its 
native counterpart, and started to increase at temperatures 
above 60℃. The increases, however, were less pronounced 
for the MF than for its parental flour, suggesting that at the 
elevated temperatures less water was absorbed into the par-
ticles of the MF indicative of excellent heat resistance due 
to greater crystalline areas along with stronger bonds in the 
crystalline domains as a result of retrogradation (Fig. 2a). 
The solubility values of the MF increased with temperature 
and were much higher than those of its parental flour over 
the temperature range investigated (Fig. 2b). These results 
reconfirm the evidence for the presence of high levels of 
thermally stable  RS3 and soluble linear α-glucan in the MF.

It has been proposed by Bagley and Christianson [26] 
that, in excess water, volume fraction of the swollen particles 
in the dispersion can be estimated from cQ:

where c is concentration of the flour and expressed in g/g. 
Figure 2c illustrates the cQ values of the GBF and the MF 
at 1% concentration during heating from 30 to 90℃. The 
cQ values of the GBF and the MF (range, 0.034–0.132 and 
0.031–0.034, respectively) were far less than unity during 
heating at 30–90℃, suggesting that the volume fraction 
occupied by the dispersed phase of deformable particles 
of swollen and fragmented granules still left enough space 
for the particles to swell freely (Fig. 2c). The cQ values of 
the GBF remained nearly constant until 80℃, and started 
to increase rapidly thereafter, a fact associated with starch 
gelatinization in the GBF treated at that temperature; such 
a pattern resembles that obtained for swelling power, thus 
expressing the close link between these two phenomena. 

cQ = (1 −
S

100
) × c × G

Table 1  Pasting characteristics 
of the GBF and the MF

Data are means ± SD; n = 3. Means with different superscript letters withing the same column differed sig-
nificantly (p < 0.05)
Parameters are obtained from Rapid Visco-Analyzer
N.D.: not detected. PT: pasting temperature; PV: peak viscosity; HPV: hot paste viscosity; BD: breaddown 
viscosity (= PV-HPV); CPV: cool paste viscosity; SB: setback (= CPV-HPV)

Sample PT ( ◦C) PV (cP) HPV (cP) BD (cP) CPV (cP) SB (cP)

GBF
  4% 77.1 ± 1.1 a 35 ± 10 a 33 ± 9 a 2 ± 1 a 51 ± 5 a 19 ± 1 a

  7% 76.5 ± 0.2 a 236 ± 12 b 234 ± 11 b 2 ± 1 a 328 ± 25 b 94 ± 13 b

  10% 77.0 ± 0.3 a 1887 ±  21c 1504 ± 69 c 384 ± 47 b 1949 ± 30 c 445 ± 38 c

MF
  4% N.D 7 ± 2 d 5 ± 2 d 2 ± 0 a 11 ± 2 d 6 ± 1 d

  7% N.D 12 ± 3 e 10 ± 2 e 2 ± 1 a 16 ± 2 e 6 ± 1 d

  10% N.D 13 ± 2 e 11 ± 2 e 2 ± 1 a 31 ± 5 f 20 ± 2 a
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Contrastingly, the cQ values of the MF were almost inde-
pendent of the temperature, and remained low and fairly 
constant at 30–90℃ (Fig. 2c), suggesting the dispersion with 
the MF comprised a more rigid dispersed phase during heat-
ing due to the more strongly bonded and denser structure 
within the particles. Figure 2d shows variation of the cQ val-
ues with concentration for the GBF and the MF during heat-
ing at 30 and 80℃. The results suggested that the volume 
fractions occupied by swollen particles increased linearly 
with concentration. From the linear relation shown, the cQ 
corresponding to the 10% GBF when heated at 80℃ approxi-
mately equaled to unity. Thus, 10% can be considered as 
the concentration for which the GBF paste was just full of 
closely packed swollen particles at that temperature. At the 
same concentration the cQ values of the GBF when heated at 
80℃ were higher than those of the GBF when heated at 30℃ 
and those of the MF when heated at 30 and 80℃, indicating 
that the MF was superior to its parental flour for its rigidity 
and thermal resistance as a potentially important RS source 
in the formulation of thermally processed foods.

DSC Thermograms

Typical DSC thermograms of the GBF and the MF are 
shown in Fig. 3a, and the corresponding thermal param-
eters are given in Table 2. The GBF exhibited the endo-
therm between 75.3 (initial temperature,  To) and 87.0℃ 
(conclusion temperature,  Tc) with peak temperature  (Tp) 
of 80.2℃ and enthalpy (ΔH) of 8.0 J/g due to the starch 
gelatinization process (Fig. 3a). No phase transition below 
100℃ was detected for the MF (Fig. 3a), indicating that the 
starch granules in the MF were fully gelatinized and com-
pletely ruptured during the preparation. The MF exhibited 
the endothermic transition between 132.0  (To) and 143.5℃ 
 (Tc) with peak temperature of 136.3℃ and enthalpy of 
29.9 J/g, which was assigned to the melting of double heli-
cal crystallites. It has been reported that the endothermic 
peak in the temperature range 120–165℃ was associated 
with the melting of amylose double helices [27]. These 
results verify the suitability of the MF for commercial 
food application under high-temperature processing due 

a b 

c d 

Fig. 2  Swelling power (a), solubility (b) and cQ (c) at 1% concentration during heating at 30–90℃, and variation of cQ with concentrations at 
30 and 80℃ (d) of the GBF and the MF. Error bars show ± SD (n = 3)
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to its higher thermal stability and resistance to enzymatic 
hydrolysis.

XRD Patterns

X-ray diffraction pattern reflects starch long-range order 
such as the packing of double helices into a periodic array 
called a crystalline lattice [28]. Typical X-ray diffractograms 
of the GBF and the MF are presented in Fig. 3b, and the 
corresponding levels of crystallinity are shown in Table 2. 
The X-ray pattern of the GBF was characterized by strong 
reflections at 15.0 and 17.0º (2θ), a very broad reflection 
centered at 23.3º (2θ) and a weak B-type signature reflection 
at 5.4º (2θ). This revealed the GBF consisted of mixed crys-
tals of A-type and B-type polymorphs but bearing a close 
resemblance to A-type, a pattern referred to as  CA-type, 
in agreement with the results observed by Pelissari et al. 
[28] for the “Terra” variety banana flour. Contrastingly, dif-
fraction pattern of the MF was clearly distinct from that of 
its native counterpart, with the increased intensities of the 
B-type polymorph signature reflection at 5.4º (2θ) and the 
reflection at 17.0º (2θ), the replacement of the reflections 
at 15.0 and 23.3º (2θ) by unresolved doublets at 14.1–15.0º 

a b 

c 

Fig. 3  Typical DSC thermograms (a), FTIR spectra (b) and X-ray diffractograms (c) of the GBF and the MF

Table 2  Thermal parameters from DSC thermograms, level of crys-
tallinity from the X-ray diffractograms and molecular order from the 
FT-IR spectra of the GBF and the MF

Data are means ± SD, n = 3. Means with different superscript letters 
within the same row differed significantly (p < 0.05)
T0: onset temperature;  TP: peak temperature;  TC: conclusion tempera-
ture; ΔH: enthalpy of the thermal transition

GBF MF

DSC
   T0 (℃) 75.3 ± 0.4 a 132.0 ± 5.1 b

   TP (℃) 80.2 ± 1.0a 136.3 ± 3.3b

   TC (℃) 87.0 ± 1.0 a 143.5 ± 4.5 b

  ΔH (J/g) 8.0 ± 0.5 a 29.9 ± 1.1 b

XRD
  Crystallinity (%) 13.2 ± 0.4 a 17.9 ± 0.1 b

  Polymorph type CA B + V
FT-IR

  Ratio 1047/1022  cm−1 0.68 ± 0.01 a 0.73 ± 0.01 b

  Ratio 1047/1035  cm−1 0.88 ± 0.01 a 0.94 ± 0.01b

  Ratio 1000/1022  cm−1 0.90 ± 0.06 a 1.15 ± 0.03 b
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(2θ) and at 22.0–24.0º (2θ), respectively, and the appearance 
of a conspicuous new reflection peak at 20.0º (2θ), indicat-
ing changes in the lattice structure during the process for 
obtaining RS. As for the MF, the signature reflections at 5.4º 
(2θ) implied presence of B-type pattern and the reflection 
at 20.0º (2θ) reflected V-type crystallinity, associated with 
ordered single-helical amylose or amylose complexed with 
lipids (Fig. 3b), but this kind of crystallinity is also charac-
terized by another reflections at 7 and 13º (2θ) [29], which 
were conspicuously absent in the diffractograms of the MF. 
As a consequence, the MF was ascribed to a mixture of B- 
and V-crystalline types. Similar pattern was also observed 
in the RS product obtained from starches/flours from differ-
ent botanical sources treated with pullulanase followed by 
retrogradation at low temperature [30, 31]. The crystallinity 
values were estimated as 13.2 and 17.9% for the GBF and 
the MF, respectively (Table 2). The crystallinity of 13.2% 
corresponded approximately with literature values [28]. An 
increase in the crystallinity of the MF implied the structural 
reorganization encouraging crystal formation and growth, 
and coincided with its high thermal stability.

FT‑IR Spectra

Figure 3c shows the FT-IR spectra in the starch fingerprint 
region 800–1200  cm−1 for the GBF and the MF and Table 2 
presents their absorbance ratios 1047/1022, 1047/1035 and 
1000/1022  cm−1. The infrared spectrum in the starch finger-
print region 800–1200  cm−1 was proposed to be sensitive 
to changes in short-range structural order, in which local 
ordered domains exist, such as chain conformation and 
helicity, as distinct from the long-range order with packing 
of double helices into ordered crystalline arrays detected 
by X-ray diffraction [32]. The ratios of the absorbance of 
the specific bands of infrared spectra of starch samples 
have been used to express the amount of short-range order: 
the ratio 1047/1022  cm−1, where the absorption bands at 
1047 and 1022  cm−1 are respectively associated to crystal-
line domains and amorphous contribution, and the ratio 
1047/1035  cm−1, where the valley at 1035  cm−1 is the char-
acteristic of the presence of short-range order. [32]; the 
former ratio has been used to express the amount of starch 
crystalline domains to amorphous contribution, whereas 
the latter ratio is just a measure of the amount of starch 
crystalline domains [32]. Moreover, the increase of the ratio 
1000/1022  cm−1 has been thought to characterize double 
helices reaching a more ordered structure [29].

As illustrated in Fig. 3c, the MF shows an increase in 
the absorbance of the bands at 1000 and 1047  cm−1 with 
more pronounced increase at 1000   cm−1, but a similar 
absorbance of the band at 1022  cm−1, as compared to its 
parental flour. This suggests that the MF underwent double 
helices reorganization during the preparation with much 

more extensive and stronger intramolecular hydrogen 
bonding of hydroxyl groups in the crystal domains than 
its parental counterpart. The absorbance ratios 1047/1022, 
1047/1035 and 1000/1022  cm−1 of the GBF and the MF are 
presented in Table 2, where it can be observed that the MF 
shows a slight, albeit significant, increase in the absorb-
ance ratios 1047/1022 and 1047/1035  cm−1, and a pro-
nounced increase in the absorbance ratio 1000/1022  cm−1, 
as compared to its parental counterpart. This indicates that 
the MF not only had significantly higher amounts of short-
range order but also exhibited a more ordered structure of 
double helices than its parental counterpart, which could 
account for its enhanced thermal stability and enzyme 
resistance.

Morphological Features

The SEM micrographs of the GBF and the MF are shown 
in Fig. 4. SEM studies revealed that the GBF is mostly 
composed of starch granules and a substantial amount of 
cell wall material (Fig. 4a1 and a2). The material adher-
ing to the surface of the granules is most likely to be 
amyloplast membranes, which enclose starch granules in 
the banana fruit cell. The banana starch granule is highly 
irregular in shape and size and ranged from oval to elon-
gated oval forms (Fig. 4a1), as reported previously [10]. 
The surface of the granules was uneven with small depres-
sions (see arrows in Fig. 4a1 and a2), revealing that some 
areas were easier to hydrolyze than others. This is in line 
with previous research [17], which suggested that although 
the banana fruits were in a mature-green stage, surface 
degradation of the granule starch had already been initi-
ated by hydrolytic enzymes but it has not been established 
yet which structural property of the banana starch granule 
is responsible for its resistance to enzymatic attack. The 
granules appeared to be intact, without fractures, suggest-
ing the adequacy of the process used to obtain the flour. 
The SEM micrographs (Fig. 4b1 and b2) of the MF resem-
ble irregularly shaped particles with some remnants of cell 
wall material and a more compact, layered and plate-like 
structure, leading to the loss of the distinct morphological 
appearance of native granules, in good agreement with 
previous research [33]. The change in appearance from 
granules to irregularly shaped particles is due to the conse-
quence of autoclaving and pullulanase debranching where 
the linear α-glucans with the optimum chain lengths form 
double helices packing to a more compact structure of the 
retrograded amylose during recrystallization. This change 
in the more compact structure leads to highly thermally 
stable and resistant to the attack of amylolytic enzyme on 
the MF particles.
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Conclusions

This study has shown that the de-astringent green banana 
flour when subjected to pullulanase debranching and hydro-
thermal treatments resulted in the formation of a RS-rich 
powder with less pronounced changes in pasting behavior, 
decreased swelling power and volume fraction of dispersed 
phase, and increased solubility, due to the increased levels 
of soluble glucans and  RS3. The enzymatic debranching 
of banana amylopectin led to the formation of linear short 
chain molecules, and the hydrothermal treatment (anneal-
ing) was beneficial for the linear chain rearrangement in 
favor of the formation of double helical crystallites. The 
modification process led to changes in the crystallinity pat-
tern from  CA-type polymorph to a mixture of B- and V-type 
polymorphs and increases in the crystallinity. The modi-
fied flour when compared with its native counterpart have 
shown a better thermal stability and the potential to reduce 

the pasting viscosity as a result of increased crystallinity 
and molecular order due to the double helices reorganization 
during the retrogradation process. The long- and short-range 
structural features underlying the increased thermal stability 
of the modified flour relative to its parental counterpart had 
a major impact on the duration of the glycemic response. 
Our study can provide useful information for the develop-
ment of food products using the modified green banana flour 
with improved thermal stability and functional properties as 
a health-promoting ingredient, especially suitable for incor-
porating the modified banana flour into the formulation of 
thermally processed foods such as canned foods and baking 
products.
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