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A B S T R A C T

Resistant starch (RS), a current health trend, can be obtained from various natural sources. Musa sapientum Linn.,
ABB group, cv. Kluai Namwa Luang is a good source of RS. This is the first study to investigate the physico-
chemical properties, RS contents, and prebiotic properties of unpeeled raw banana powder (URB), peeled raw
banana powder (PRB), and banana starch (BS) from Kluai Namwa Luang. Their physicochemical properties were
characterized by scanning electron microscope, differential scanning calorimeter, and X-ray diffractometer. The
RS contents were determined using the Megazyme Resistant Starch Assay Kit. The prebiotic properties are re-
ported as a prebiotic index (PI). The particle morphology of URB, PRB, and BS granules showed a smooth surface
with irregular size and shape. Their gelatinization temperatures were 74–78 �C. All samples exhibited typical B-
type diffraction patterns. URB contained the highest dietary fiber (9.7 � 0.2 g per 100 g of dried sample), whereas
BS contained the highest RS content (74.1 � 0.1 g per 100 g of dried sample). Both URB and BS possessed
excellent probiotic growth promotion, prebiotic properties with PI values comparable to the commercial inulin,
and were highly resistant to digestive enzymes. Therefore, BS from Kluai Namwa Luang is suggested as functional
nutrient in health promotion products.
1. Introduction

Kluai Namwa or Musa sapientum Linn. (ABB genome type), a herba-
ceous and perennial plant belonging to the Family Musaceae, is an
ancient Thai banana. It is a hybrid strain of two wild cultivars of Musa
acuminate (AA genome) and Musa balbisiana (BB genome) [1, 2]. In
Thailand, the most common cultivars of Kluai Namwa are Kluai Namwa
Daeng (white flesh with red core), Kluai Namwa Khao (white flesh with
white core), and Kluai Namwa Luang (white flesh with yellow core) [2, 3,
4]. Kluai Namwa Luang is the most popular cultivar cultivated
throughout Thailand, because it is most commonly consumed due to the
fact that it is easily obtained, cheap, and simple to cultivate in Thailand.
The ripe fruit of Kluai Namwa are commonly used as the first solid food
fed to infants, as they offer a more balanced diet than any other fruits and
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vegetables nearby. Its flesh is free of sodium but contains various vita-
mins which possesses therapeutic value and health benefits [5].

Raw fruit of banana contains high amount of starch that make it an
excellent resistant starch (RS) [6, 7, 8]. In addition to starch from ba-
nanas, starches with high-resistant starch content also include grain
starches that also show smoother grain surfaces and ordered molecular
structures, for example, the high content of RS found in jackfruit seeds [9,
10, 11]. When comparing banana starch with cereal and grains starches,
it was found that banana starch showed several unique properties
including high amylose content (38.6–43.8%), gelatinization tempera-
ture (72.1–77.1 �C), relative crystallinity (31.3%), and high RS content
(70.1–79.2 %) [12]. Additionally, banana fruit is widely grown and
cheap in tropical countries. RS consumption is now a current health trend
and used as a functional fiber and nutraceutical for colonic functions.
Among five different types of RS (i.e., RS1, RS2, RS3, RS4, and RS5) [13,
ac.th (J. Sirithunyalug).
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14, 15], RS1 represents resistant starch which is physically unable to be
digested by enzymes owing to its enclosure in food structures, for
example, whole grains [12, 16, 17]. RS2 is the most utilized since it is
resistant to enzyme digestion in the gastrointestinal tract. The resistant
nature of RS2 is due to the fact of its granular form and its tight packing in
a radial pattern that results in relative dehydration. This compact struc-
ture limits the accessibility of digestive enzymes, including various types
of amylases. Generally, RS2 is found in ungelatinized starch including
raw bananas and potatoes. The majority of RS2 granules are B-type
structures that are digested more slowly than the others via α-amylase
[12, 15, 16, 17]. RS3 represents retrograded amylose occurring in a
crystalline non-granular starch or processed foods found in cooled and
cooked raw potatoes, potato starch, corn starch, corn flakes, and other
grain starches [13, 15, 17, 18, 19]. RS4 corresponds to highly chemically
modified starch with the cross-linking. Modified starches obtained by
different chemical treatments are contained in this type including
chemically modified and thermally modified (repolymerized) starches
[12, 14, 15]. RS5 refers to amylose–lipid complexes. The linear molecules
of amylose naturally form a single-helical complex with lipids, for
example, free fatty acids, phospholipids, and other molecules with hy-
drophobic moieties [14, 16]. Therefore, RS should be defined as
non-digestible starch over a period of 120 min and which has the ability
to promote the growth of colonic microorganisms. Additionally, pre-
biotics selectively stimulate the growth and/or activity of one or a limited
number of bacteria in the colon, thereby improving the host's health and
providing many health benefits [12, 20, 21]. The breakdown of prebiotic
molecules by bacterial fermentation into short-chain fatty acids (SCFAs),
for example, acetate, propionate, and butyrate, is crucial for intestinal
integrity and function. These SCFAs can modulate the immune system
and absorption of minerals such as calcium and iron [21]. On the other
hand, they can also maintain normal serum lipid–cholesterol levels [20,
21, 22, 23]. The end products of bacterial fermentation, especially
butyrate, are consumed by both bacteria and intestinal epithelium as an
energy source. Therefore, prebiotics can help to reduce pathogenic bac-
teria as well as prevent gastrointestinal diseases and colorectal cancer
[20, 21, 22]. Furthermore, prebiotics promote the body's complete ab-
sorption of food, resulting in fast growth and health [7, 24]. Moreover,
the consumption of RS alters the gut microbial balance (microbiota) and
promotes SCFA production by microbial fermentation, and RS con-
sumption can help to reduce gastrointestinal inflammation and reduce
pathology in inflammatory bowel disease [25].

Currently, RS2 has been reported to be found in significantly highly
amounts in raw banana fruits. However, there has been no studies yet on
the RS contents and prebiotic properties of Kluai Namwa Luang. There-
fore, this study aimed to focus on the physicochemical properties, RS
contents, and prebiotic properties of dry powders from unpeeled raw
banana fruit (UPB), peeled raw banana fruit (PRB), and banana starch
(BS) from Kluai Namwa Luang. This was expected to further support the
research on banana's health attributes as a product.

2. Materials and methods

2.1. Plant materials

Raw Kluai Namwa Luang fruits aged 90–120 days were collected from
the Mae Wang District, Chiang Mai Province, Thailand, from January
2017 to March 2017. The voucher specimen of Kluai Namwa Luang was
recorded as KNL-001 and kept in the herbarium at the Faculty of Phar-
macy, Chiang Mai University, Thailand. Thereafter, the fruit samples
were washed thoroughly and wiped until they were dry.

2.2. Chemical reagents

Sodium hydroxide and hydrochloric acid were purchased from RCI
Labscan Limited, Bangkok, Thailand. Escherichia coli ATCC 25922, Bac-
teroides vulgatus ATCC 8482, Bifidobacterium longum ATCC BAA-999 and
2

Total Lactobacillus (sp.) from Lactobacillus casei subsp. rhamnosus TISTR
047 were purchased from ATCC, Manassas, VA, USA. Lactobacillus aci-
dophilus TISTR 450 was purchased from the Thailand Institute of Scien-
tific and Technological Research (TISTR), Thailand. Megazyme Resistant
Starch Assay Kit (Lot. K-RSTAR 08/16) was purchased from Megazyme
International Ireland Ltd. Bray, Ireland. All other utilized chemicals were
of analytical grade.

2.3. Preparation of URB

Raw Kluai Namwa Luang fruits were thinly sliced, with a thickness of
approximately 1–2 mm. The sliced banana was then placed on a tray and
dried in an oven at 50 �C for 24 h. The dried banana was milled into a fine
powder and passed through an 80 mesh sieve. The URB powder was
obtained and kept in a sealed container at room temperature until used.

2.4. Preparation of PRB

The peels of raw Kluai Namwa Luang fruits were manually removed.
The banana flesh was then thinly sliced, with a thickness of approxi-
mately 1–2 mm. Thereafter, they were placed on a tray and dried in an
oven at 50 �C for 24 h. The dried banana was milled into a fine powder
and passed through an 80 mesh sieve. The PRB powder was obtained and
kept in a sealed container at room temperature until used.

2.5. Preparation of BS

BS was extracted from PRB according to a method previously
described by Nimsung et al. [26] with some modifications. First, the
dried PRB powder was added into a solution of 0.05 N sodium hydroxide
at a ratio of 1:5 by volume and stirred constantly for 20 h. The resulting
suspension was then centrifuged at 3000 rpm at 10 �C for 15 min. Next,
the liquid (supernatant) was decanted and the brown part at the top of
the sediment was scraped. The sediment was then added into a new so-
lution of 0.05 N sodium hydroxide with a ratio of 1:5 by volume and
stirred for a further 3 h. After that, the suspension was again centrifuged
at 3000 rpm at 10 �C for 15 min. The liquid (supernatant) was decanted
and the brown part was scraped off from the top of the sediment. The
precipitation was resuspended in distilled water with a ratio of 1:2 by
volume. The suspension was then filtered through an 80 mesh sieve and
set for precipitation for 45 min. The process was repeated 2–3 times.
Subsequently, the pH was adjusted to a range of 6.5–7.0 with 0.05 N
hydrochloric acid and centrifuged at 3000 rpm at 10 �C for 15 min. The
liquid (supernatant) was decanted, and the brown part was scraped off
the top of the sediment. Following that, the sediment was dried in a
hot-air oven with a temperature of 50 �C for 24 h. Finally, the dried
sediment was milled into a fine powder and passed through an 80 mesh
sieve. The sieved product (BS) was obtained and stored in sealed con-
tainers at room temperature until used.

2.6. Physicochemical properties characterization of URB, PRB, and BS

2.6.1. Morphology
The morphology of URB, PRB, and BS samples were observed by a

scanning electronmicroscope (SEM) (JSM-5910LV, JEOL, Tokyo, Japan).
Each sample was arranged on a metal stub using carbon adhesive tape
and coated with gold under vacuum conditions. The average diameter
and standard deviation were calculated using Image J software version
1.51 K (National Institutes of Health, Bethesda, MD, USA).

2.6.2. Moisture content
The moisture content of the URB, PRB, and BS samples were deter-

mined via the weight loss after drying the samples using a digital Elec-
tronic Moisture Analyzer (MA 50, Sartorius, Goettingen, Germany).
Approximately 2–5 g of the dried powder of each sample was accurately
weighed and transferred to an aluminum pan and held at 60 �C until the
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samples' weight were constant. The moisture content was recorded, and
all experiments were done in triplicate.

2.6.3. Quantification of amylose, dietary fiber, soluble dietary fiber, fat, and
protein

The samples of URB, PRB, and BS were mechanically crushed before
testing. The amylose, dietary fiber, soluble dietary fiber, fat, and protein
contents of URB, PRB, and BS were analyzed according to the standard
method of the Association of Official Agricultural Chemists (AOAC) [27].

2.6.4. Thermal properties
The thermal properties of the URB, PRB, and BS samples were

determined according to the methods previously described by Jaiturong
et al. [28], using a differential scanning calorimeter (DSC8000, Perkin
Elmer, Billerica, MA, USA). Approximately, 2.0 mg of samples were
accurately weighed in an aluminum pan with 6 μl of distilled water. The
pan was hermetically sealed and equilibrated at room temperature for 24
h. After that, it was heated at a rate of 10 �C/min from 30 to 120 �C to
compare it with the reference pan. Onset (T0), peak (Tp), and enthalpy
(ΔH) of gelatinization were recorded.

2.6.5. X-ray diffraction
X-ray diffraction patterns of the URB, PRB, and BS samples were

examined using an X-ray diffractometer (X'Pert Pro MPD, PANalytical,
Almelo, Netherlands). Diffractograms were obtained from 4� to 40� (2θ)
at a scanning speed of 4�/min according to the methods previously
described by Jane et al. [29].

2.6.6. Fourier transform infrared spectroscopy (FTIR)
The functional groups of the URB, PRB, and BS samples were char-

acterized using FTIR. The FTIR measurements were carried out in
attenuated total reflectance (ATR) mode [30]. FTIR was conducted using
a Vertex 70 FTIR spectrometer (Bruker Optics Ltd., Banner Lane,
Coventry, UK), equipped with a MIRacle™ single reflection ATR acces-
sory (Pike Technologies, Fitchburg, WI, USA) fitted with a diamond in-
ternal reflection element. The ATR-FTIR spectra were obtained from a
transmittance mode based on 32 scans from 500 to 4000 cm�1 and the
resolution was 2 cm�1. The spectral analysis was conducted using the
OPUS program version 7.8 (Bruker Optics Ltd., Banner Lane, Coventry,
UK).

2.6.7. Nuclear magnetic resonance spectroscopy (NMR)
The 1H-NMR spectra of the URB, PRB, and BS samples were charac-

terized using a Bruker Neo™ 500 NMR spectrometer (Bruker Ltd., Bill-
erica, Massachusetts, US) [31]. The chemical shifts were reported in parts
per million (ppm) using H2O impurity in D2O resonated at 7.79 ppm as
the internal reference. Coupling constants (J) were reported in hertz
(Hz), and coupling patterns were reported as follows: d (doublet). The
1H-NMR spectra were conducted using MestReNova software (Mestrelab
Research, Santiago de Compostela, Spain).

2.7. Resistant starch determination

The RS contents of the URB, PRB, and BS powders were analyzed
according the AOAC's official method (i.e., 2002.02) with the Megazyme
Resistant Starch Assay Kit [32].

2.8. Determination of in vitro starch digestion using α-amylase and trypsin
hydrolysis

A solution of 1 unit/ml of α-amylase and 90 units/ml of trypsin in 20
mM sodium phosphate buffer was prepared. Three banana resistant
starch samples—URB, PRB, and BS—were prepared as 1% w/v solutions
in 15 ml of 20 mM sodium phosphate buffer. Then, 15 ml of enzyme
solution was added to a sample solution, and the reaction was then
incubated in water bath at 37 �C for 6 h as a control. Each 1 ml of sample
3

was taken at 0, 30, 60, 90, 120, 180, and 240 min to determine the
reduction in sugar content, using a 3,5-dinitrosalicyclic acid (DNS) assay
[33], and total sugar using the phenol–sulfuric acid method [34]. The
sugar concentration in the reaction mixture was determined by a UV
visible method based on the measurement of a formed glucose standard.
Spectrophotometric measurements were performed with a UV/Vis
Spectramax M3. The percentage of hydrolysis of the banana resistant
starches were calculated based on reduced sugar released and total sugar
content of the sample using Eq. (1):

% Hydrolysis ¼ 100A/(B – C) (1)

where A is the final reducing sugar content, B is the total sugar content,
and C is the initial reducing sugar content. All experiments were per-
formed in a triplicate.

2.9. Prebiotic properties of URB, PRB, and BS

The prebiotic properties of URB, PRB, and BS were reported as a
prebiotic index (PI) according to a method previously described by of
Palframan et al. [35] with some modifications. Briefly, the samples were
tested on the growth promotion of representative bacteria in the diges-
tive tract. Lactobacillus paracasei (Lac) and Bifidobacterium longum (Bif)
were used as the representative probiotic cultures, while Escherichia coli
(Ec) and Clostridium perfringens (Clos) were used as the representative
enteric species. All representative strains were obtained from the culture
collection units of the Innovation Center for Holistic Health, Nutraceut-
icals, and Cosmeceuticals, Faculty of Pharmacy, Chiang Mai University,
Chiang Mai, Thailand. Inulin, a commercial prebiotic, was used as the
reference standard for comparison. Each assay was performed in tripli-
cate, measuring the number of viable Log10 colony forming units (Log10
CFU) per ml at T0 for 0 h and at T48 incubation for 48 h, respectively, on 1
% w/v dextrose (standard carbon source in common medium as control),
1 % w/v test banana samples and 1 % w/v inulin as the commercial
prebiotic. The prebiotic index (PI) was then calculated using Eq. (2):

PI ¼ (Bif T48 - Bif T0/Total T48 – Total T0) þ (Lac T48 – Lac T0/Total T48 –

Total T0) - (Ec T48 - Ec T0/Total T48 - Total T0) - (Clos T48 - Clos T0/Total T48 -
Total T0) (2)

where Bif T48 is the number of Bifidobacterium longum at sampling time;
Bif T0 is the number of Bifidobacterium longum at the beginning; Lac T48 is
the numbers of Lactobacillus paracasei at sampling time; Lac T0 is the
number of Lactobacillus paracasei at beginning; Ec T48 is the number of
Escherichia coli at sampling time; Ec T0 is the number of Escherichia coli at
beginning; Clos T48 is the number of Clostridium perfringens at the sam-
pling time; Clos T0 is the number of Clostridium perfringens at the begin-
ning; Total T48 is the numbers of total bacteria at the sampling time; Total
T0 is the number of total bacteria at the beginning. All experiments were
performed in a triplicate.

2.10. The study of prebiotic properties in promoting probiotic growth

The promotion of probiotic growth of URB, PRB, and BS were
recorded as the average number of probiotic bacteria (i.e., Lactobacillus
sp.) according to a method previously described by Palframan et al. [35]
with some modification. Each sample was tested for the growth promo-
tion of Lactobacillus paracasei, which was the representative bacteria from
the digestive tract. The number of viable Log10 CFU per ml at T0 for 0 h
and at T48 after incubation for 48 h was measured on 1 %w/v glucose
(standard carbon source in common medium as control; MRS) and 1 %
w/v sample test. The experiment was performed in triplicate.

2.11. Statistical analysis

The results were determined in triplicates to confirm reproducibility.
The data are given as the mean� S.D. Analysis of variance (ANOVA) was
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performed using statistical SPSS software version 17 (SPSS Inc, Chicago,
Illinois, USA). Duncan's multiple range tests were performed to analyze
the significant differences in physicochemical and prebiotic properties,
and p < 0.05 was considered as significant.

3. Results and discussion

3.1. Physicochemical properties of URB, PRB, and BS

3.1.1. Morphology
The appearance of URB, PRB, and BS granules, observed by scanning

electron microscope (500�), are shown in Figure 1. Various irregular
shapes were observed in each sample. Most of them were rounded or
slightly elongated and had smooth surfaces. However, fibrous elements
were observed in the URB and PRB (fewer) samples but were not
detected in the BS samples. A likely explanation may be due to the
granule washing procedure during the extraction process of BS. However,
the BS granules were not damaged, and the appearance still remained the
same, suggesting that the BS preparation technique used in the present
study was suitable. The results were well in accordance with a previous
study that reported the appearance of banana powder and starch were
somewhat rounded and long [36].

The estimated sizes of URB, PRB, and BS were similar, which were
23.5 � 8.2, 25.7 � 4.6, and 25.7 � 4.9 μm, respectively. This is the first
study to report the appearance and size of starch granules from Kluai
Namwa Luang fruits. It was noted that the granules from Kluai Namwa
Luang fruits were smaller than that from other banana varieties, such as
Kluai Khai, Kluai Hom Tong, Kluai Namwa, White Manzano, Dwarf
Cavendish, green banana (Musa cavendishii) [26, 37, 38]. Additionally,
the appearances of banana starch were different depending on banana
varieties. Some granules of White Manzano banana starch and Dwarf
Cavendish banana starch were oval with ridges or spherical [37],
whereas, some granules of green banana (Musa cavendishii) were flat and
elongated [38]. The differences in sizes and shapes of the starch granules
affected the digestion-resistant properties of the starch [39]. Since larger
surface-area-to-volume ratios are commonly found in smaller-sized par-
ticles, Kluai Namwa Luang fruits, which yield smaller starch granule
sizes, could also yield starch with larger surface-area-to-volume ratios.
Therefore, this point could be an outstanding feature of the starch from
Kluai Namwa Luang fruits.
Figure 1. SEM images of (a) U

Table 1. Amylose, Dietary fiber, Soluble dietary fiber, Fat, Protein and RS.

Sample Moisture content Amylose Dietary fiber Solu

URB 5.5 � 0.1b 25.8 � 0.1b 9.7 � 0.2a 2.6

PRB 5.3 � 0.2b 24.2 � 0.0b 7.6 � 0.2a 2.5

BS 6.8 � 0.3a 35.6 � 0.1a 3.8 � 0.1b 1.2

URB ¼ unpeeled raw banana; PRB ¼ peeled raw banana; BS ¼ banana starch; RS ¼ Re
dried samples.
Values are means of triplicate analysis (n ¼ 3).
In a column, means not sharing a common letter are significantly different at P < 0.0
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3.1.2. Moisture content
To measure the moisture content of URB, PRB, and BS, a convenient

and time-efficient automatic moisture detector was used. BS contained
the highest moisture content (6.8% � 0.3% w/w), followed by URB and
PRB, of which both had comparable moisture content as shown in
Table 1. The results for BS were comparable to that of a previous study by
Nimsung et al., who reported moisture contents of dry banana powder
and banana starch of 6.9 and 7.2, respectively [26]. Interestingly, URB
and PRB had significantly lower moisture content (p < 0.05), which
would be another superior feature of the starch from Kluai Namwa Luang
fruits. Although starch is considered to be chemically and microbiolog-
ically inert under normal storage conditions, excessively dry starches
with a humidity lower than the equilibrium humidity are suggested as
favorable [40]. Therefore, lower moisture content leads to higher sta-
bility, resulting in the longer shelf-life of the starch. Additionally, it is
good for storage because the chances of fungal and other microflora
growth in the samples during storage time will be reduced. However,
protection from high humidity during storage time is also suggested to
maintain the stability of the starch [40].

3.1.3. Amylose, dietary fiber, soluble dietary fiber, fat, protein, and resistant
starch contents

The compositions of amylose, dietary fiber, soluble dietary fiber, fat,
protein, and resistant starch (RS) in the URB, PRB, and BS samples are
shown in Table 1. It is noted that the amounts of amylose, dietary fiber,
and soluble dietary fiber in the URB and PRB samples were significantly
different than those of the BS (p < 0.05). The results were well in
accordance with a previous study that reported the amylose contents of
powder and starch obtained from Kluai Namwa Luang at 25.8 and 43.8 g/
100 g (dry weight), respectively [12]. In addition, another previous study
reported that the amount of amylose in starch obtained from Kluai
Namwa Luang was 28.0 g/100 g (dry weight) [26]. Moreover, research
has suggested a significant linear relationship between the apparent
amylose and the RS content of both Kluai Namwa Luang powder and
starch [12]. This identical relationship was also observed in the present
study, since BS, which contains the highest amylose content (35.6 � 0.1
g/100 g of dried samples), also contained the highest RS content (74.1 �
0.1 g/00 g of dried samples). Therefore, it could be suggested that
amylose plays an important role in resistance to enzymatic digestion of
URB, PRB, and BS.
RB, (b) PRB, and (c) BS.

ble dietary fiber Fat Protein (%Nx6.25) RS

� 0.0a 0.8 � 0.0a 3.7 � 0.0b 34.1 � 0.2a

� 0.0a 0.6 � 0.0b 3.8 � 0.0a 42.0 � 0.1a

� 0.2b 0.3 � 0.1c 3.2 � 0.0c 74.1 � 0.1b

sistant starch. The results were reported as g of analyzed parameter per 100 g of

5.
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On the other hand, this study remarks that the apparent dietary fiber
and soluble dietary fiber content of URB and PRB were significantly
higher than that of BS (p < 0.05). The results were well in accordance
with the SEM images (Figure 1). Dietary fibers are known as non-starch
polysaccharides that are principal components of the plant cell wall such
as cellulose, pectin, hemicellulose, etc. [41]. However, these dietary fi-
bers can be removed by granule washing procedures during the extrac-
tion process and, hence, resulting in the lower dietary fiber content
detected in BS. Therefore, the RS content of BS was significantly
enhanced because the dietary fibers had already been removed.

Similar to the dietary fiber content, the contents of fat and protein
tended to decrease in BS (p < 0.05). The explanation could be the same,
since the granule washing process could not only remove the dietary fi-
bers but also remove the fat and protein from the starch granules.
Therefore, the washing process could purify the RS, resulting in the
significantly increased RS content of the BS sample (p< 0.05). The results
are well in accordance with a previous study that reported the fat and
protein contents of peeled green Musa cavendishii and unpeeled green
Musa cavendishii tended to decrease with increasing RS content [38].

In brief, starch preparation methods used in the present study could
purify and enhance the RS content from Kluai Namwa Luang by
removing other components, including dietary fiber, fat, and protein,
during the washing process. Therefore, Kluai Namwa Luang powder,
especially BS which contained the significantly highest RS content (p <

0.05), is suggested for using as a dietary supplement for enhancing
digestive function. Interestingly, the RS content from BS was much
higher than that of previous studies. Only 14.3–57.2 g of RS per 100 g of
dried samples were detected in the powder and starch from French green
Figure 2. Gelatinization characteristics of UR

Table 2. Thermal properties of URB, PRB and BS.

Sample Gelatinization temperature (�C)

To Tp

URB 75.0 � 0.8a 78.1 � 0.5

PRB 74.3 � 0.5a 77.7 � 0.8

BS 71.3 � 0.7b 74.9 � 0.6

URB ¼ unpeeled raw banana; PRB ¼ peeled raw banana; BS ¼ banana starch; To ¼
melting enthalpy.
Values are means of trilicate analysis (n ¼ 3).
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bananas, Musa cavendishii, Kluai Namwa, Kluai Hom Tong, and Kluai
Khai [6, 38, 42]. Although various factors have been reported to affect
the RS content in banana, including differences in banana cultivars,
agricultural practices, growing seasons, and methods of starch prepara-
tion, the present study highlighted BS from Kluai Namwa Luang as a good
source of RS content.

3.1.4. Thermal properties
The thermal properties of starch are important parameters for further

utilization, since they are related to the gelatinization temperature and
tendency to retrograde properties [43]. The gelatinization characteristics
and the thermal properties of the URB, PRB, and BS samples are shown in
Figure 2. A broad endothermic peak for each sample was defined at the
onset temperature of gelatinization (To), peak gelatinization temperature
(Tp), and conclusion temperature (Tc) as shown in Table 2. The results,
interestingly, show that URB exhibited a significantly higher gelatiniza-
tion temperature (p < 0.05). The thermal behaviors of Kluai Namwa
Luang in the present study related well with those in previous studies
[12, 26]. It is evident that a higher amylose content results in a higher
gelatinization temperature. The reason for this is because of the parallel
linear chains of amylose which are close together and, hence, require
higher temperatures for complete dissociation [43, 44]. On the other
hand, granular shape and size, distribution of starch granules, and
structural characteristics of crystallinity have been reported to affect the
gelatinization temperatures [26, 45, 46]. Since gelatinization signifi-
cantly increases the susceptibility of starch to digestive enzymes because
of the breakage and dissolution of the tight crystalline granular structure,
high gelatinization temperatures hence lead to more stable starch
B, PRB and BS from Kluai Namwa Luang.

ΔH (J/g)

Tc

a 81.8 � 0.8a 10.3 � 3.1a

a 81.3 � 0.6a 13.4 � 2.5a

b 78.9 � 1.0b 19.8 � 4.3b

onset temperature; Tp ¼ peak temperature; Tc ¼ conclusion temperature; ΔH ¼



Figure 3. X-ray diffraction patterns of URB, PRB and BS from Kluai
Namwa Luang.
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granules and higher digestive resistance [47, 48]. However, the degree of
disassembly of the starch structure during thermal processing was not a
major determinant of the digestibility of gelatinized starch.

In a similar way to the gelatinization temperature, BS had a signifi-
cantly higher endothermic gelatinization enthalpy (ΔH) (p< 0.05). Since
enthalpy is the total energy used to break down the crystalline structure
of starch, higher ΔH demonstrated the higher bond strength within the
molecules of the samples. Various factors have been reported to play a
role in bond strength, including the content of amylose, type and
arrangement of the crystalline structure, and interactions with other el-
ements in the starch powder [26]. The present study showed that the
significantly highest ΔH was detected in BS, which contained the
significantly highest amylose content. This was due to the fact that the
higher content of amylose led to a very organized arrangement within the
molecules of BS, resulting in a wide range of gelatinization temperatures,
and a significant amount of energy was needed to break down these
bonds [49]. The results of BS related well with the previous study by
Nimsung et al. (2007), who reported that the enthalpy values of starch
obtained from Kluai Namwa (19.6 J/g) was much higher than that of the
powder obtained from Kluai Namwa (15.5 J/g) [26].

3.1.5. X-ray diffraction
An X-ray diffraction pattern is related to starch digestibility, as an A-

type pattern represents a high level of slowly digestible starch, whereas a
B-type pattern presents high levels of resistant starch content [50].
Figure 4. Fourier transform infrared spectroscopy patte
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Furthermore, a C-type crystalline structure, which is a combination of an
A- and B-type, can also be found. However, C-type starch exhibits a
greater tendency toward a B-type, i.e., the B-type is predominant over the
A-type. Therefore, both B- and C-type crystalline structures are highly
resistant to enzyme hydrolysis [36, 37, 51, 52].

The URB, PRB, and BS samples exhibited the same pattern of X-ray
diffractograms as shown in Figure 3. Typical B-Type diffraction patterns,
with peaks detected around 5.5�, 15�, 17�, and 23� at angle 2θ, were
detected in all samples when the highest intensity was at 17�. The highest
intensity of X-ray diffraction peaks have been detected differently in
different banana starch. The highest peaks were reported to be detected
at approximately 5.6�, 15�, 17�, 18�, 20�, 23�, 24�, and 26� at 2θ in
various banana starch [36, 52, 53, 54]. The peaks detected around 5.5�

and 17� at angle 2θ have been previously defined as fingerprints of B-type
crystals from various banana starch [6, 29, 53]. A distinctive peak at 5.5�

was in accordance with the B-type crystalline structure of banana starch
granules of Kluai Namwa reported by Vatanasuchart et al. (2012) [12]. In
addition, the peak at 15� was in accordance with the characteristic peak
of banana starch reported by Pineda-Gomez et al. (2014) [38]. Banana
powder might be either A-, B-, or C-type crystals, depending on the
species, conditions of growth, etc. The present study revealed that starch
powder from Kluai Namwa Luang was a B-type crystalline structure that
is the most often found in banana powder [6, 51]. Since the resistance of
starch granules from some plants to amylase activities is determined by
the structure of the starch granules, particularly the presence of B-type
crystals [55], URB, PRB, and BS, which exhibited the B-type crystalline
pattern, will be resistant to digestive enzymes as well.

3.1.6. Fourier transform infrared spectroscopy
The FTIR spectra of URB, PRB, and BS are shown in Figure 4. All

samples exhibited similar pattern of FTIR spectra. The ordered structures
of starch can be seen as sharp peaks with maximum absorbance at 1148
and 1076 cm�1. The molecule type was of a short-range molecular order.
This could be supported by the crystallization structure of starch at 1047
cm�1. On the other hand, the molecules also had an amorphous form
illustrated by a board band detected at 1013 cm�1. Additionally, the
band detected at 3385 cm�1 can be attributed to stretching vibration of
the O–H bond and COOH groups. The ratio of 1022/995 cm�1 is widely
used to measure the proportion of amorphous to ordered carbohydrate
structures in starch [56, 57]. The ratio of 1022/995 cm�1 for URB, PRB,
and BS were similar at 0.90, 0.88, and 0.88 μm, respectively. The results
of all the sample agreed well with a previous study by Li et al. (2018),
who reported that for the ratio 1022/995 cm�1, it also had no significant
differences between the flesh starch (0.90) and peel starch (0.88) in other
green banana varieties [55].

3.1.7. Nuclear magnetic resonance spectroscopy
The NMR spectra of URB, PRB, and BS are shown in Figure 5. The 1H-

NMR spectra of polysaccharide URB and PRB displayed overlapping sig-
nals ranging from 3 to 5 ppm belonging to the signals of polysaccharide,
rns of URB, PRB and BS from Kluai Namwa Luang.



Figure 5. Nuclear magnetic resonance spectroscopy patterns of URB, PRB and BS from Kluai Namwa Luang.

Figure 6. Percentage of banana starch hydrolysis after digest with α-amylase
and trypsin enzyme at various times. The values are expressed as mean �
standard deviation (n ¼ 3). The asterisk (*) indicated significantly different at p
< 0.05.

Table 3. Prebiotic index of Dextrose (Control), URB, PRB and BS.

Sample Prebiotic index � SD

Dextrose (Control) 0.17 � 0.0a

URB 0.40 � 0.0b

PRB 0.21 � 0.1a

BS 0.46 � 0.1b

Inulin 0.47 � 0.0b

URB ¼ unpeeled raw banana; PRB ¼ peeled raw banana; BS ¼ banana starch.
Values are means of triplicate analysis (n ¼ 3).
In a column,means not sharing a common letter are significantly different at P< 0.05.
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which were confirmed by the presence of many sugar residue signals.
Anomeric protons were used to classify the type of sugar: α-D-sugar and
β-D-sugar,which resonated at 4.9–5.8 ppmand4.4–4.9 ppm, respectively;
proton signals resonated at 5.42 ppm (d, J¼ 3.8 Hz) and were assigned as
anomeric protons of sucrose portion, 5.23ppm(d, J¼3.7Hz) belonging to
α-D-glucose portion, and 4.65 ppm (d, J¼ 7.9 Hz) assigned as β-D-glucose
moiety.Another anomeric signal resonated at 4.22ppm(d, J¼8.9Hz) and
was assigned as a fructose moiety of sucrose. The results of the URB and
PRB samples were in good agreement with a previous study by Suvakanta
et al. (2014),who reported that 1H spectrumof fromMusa sapientum Linn.
is crowded in a narrow region between 3 to 5 ppm typical of poly-
saccharides [31]. Also, the previous study reported that the anomeric
protons were assigned to α-sugar and β-sugar residues due to the presence
of signals between 5.08–5.14 ppm and 4.49–4.60 ppm, respectively [31,
58]. In addition, the 1H-NMR spectra of polysaccharide BS had the lowest
signals of polysaccharides, because the rapidly digested starch was
removed during the extraction of banana starch.

3.2. In vitro starch digestion kinetics of URB, PRB, and BS

The hydrolysis kinetic of banana starch by α-amylase and trypsin
calculated based on reducing sugar released and total sugar content of
the samples are shown in Figure 6. Both α-amylase and trypsin are
powerful digestive enzymes commonly found in salivary glands, the
midgut, the biliary tract, and pancreas mix in the duodenum. The hy-
drolysis of PRB by α-amylase and trypsin enzymes was significantly
higher than URB and BS (p < 0.05), whereas no significant difference
between URB and BS was detected. After 24 h, PRB was hydrolyzed by
26.8% � 0.3%, whereas only 22.2% � 0.2% and 21.3% � 0.1% of URB
and BS were hydrolyzed. The results show that only a small por-
tion—approximately one-fourth or one-fifth—of banana starch can be
hydrolyzed by digestive enzymes in the upper gastrointestinal track.
Therefore, banana starch can reach the colon to promote the growth and
function of probiotics in the intestine because of their high resistance to
α-amylase and trypsin.

3.3. Prebiotic properties of URB, PRB, and BS

To be beneficial to human health by enhancing digestive function,
prebiotic nutrients should selectively stimulate beneficial intestinal
7

bacteria and be able to reduce the growth of non-beneficial or pathogenic
bacteria at the same time [19, 20, 59]. Prebiotic properties are normally
evaluated and reported as a prebiotic index (PI) that represents their
ability engender better probiotic growth than non-beneficial bacteria
species [32]. The PI of URB, PRB, and BS are listed in Table 3. A



Table 4. The average number of probiotic bacteria (Lactobacillus sp.).

Sample Total probiotic Lactobacillus sp. (log cfu/ml)

Duration of culture (h)

0 h 3 h 6 h 9 h 12 h 18 h 24 h 48 h

DEX 6.2 � 0.1 7.3 � 0.1a 8.4 � 0.1a 8.7 � 0.1a 8.8 � 0.1a 9.6 � 0.2b 9.7 � 0.1c 8.2 � 0.1c

URB 6.1 � 0.1 7.0 � 0.1c 7.7 � 0.1c 8.5 � 0.1c 8.6 � 0.1c 9.8 � 0.1a 10.0 � 0.1a 9.2 � 0.1a

PRB 6.1 � 0.1 7.1 � 0.0bc 7.8 � 0.2bc 8.6 � 0.1b 8.7 � 0.1b 9.6 � 0.1b 9.0 � 0.2d 8.9 � 0.1b

BS 6.1 � 0.1 7.1 � 0.1b 7.9 � 0.1b 8.7 � 0.1a 8.8 � 0.1ab 9.8 � 0.2a 9.9 � 0.0b 9.3 � 0.2a

DEX ¼ dextrose; URB ¼ unpeeled raw banana; PRB ¼ peeled raw banana; BS ¼ banana starch; Values are means of triplicate analysis (n ¼ 3).
In a column, means not sharing a common letter are significantly different at P < 0.05.
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non-prebiotic nutrient (dextrose) and a commercial prebiotic (inulin)
were also investigated for their PI value. The results showed that PRB had
no prebiotic properties since it possessed a comparable PI value to
dextrose (p > 0.05). Interestingly, URB and BS possessed prebiotic
properties with comparable PI values to inulin and that of commercial
prebiotics (p > 0.05). Therefore, they are suggested for use as dietary
supplements to promote the growth of beneficial bacteria. Since both RS
and dietary fiber have been known to selectively support the growth of
probiotic strains, they were mainly responsible for the prebiotic prop-
erties of BS and URB, respectively [59, 60].

3.4. Promoting growth effect of probiotics of URB, PRB and BS

The abilities of URB, PRB, and BS in promoting the growth of Lacto-
bacillus sp., which was used as representative of probiotics in the present
study, are shown in Table 4. Dextrose was used as standard carbon source
of culture media. The initial number of Lactobacillus sp. were approxi-
mately 6 Log10 CFU, which was similar in all samples. During the first 12
h, the significantly highest Lactobacillus sp. level was detected in the
dextrose-treated group. In contrast, BS andURB later increased their levels
of probiotics. BSandURBachieve significantly thehighestLactobacillus sp.
growth stimulation after 9 h and 18 h, respectively. Although all samples
could promote the growth of probiotics, BS and URB possessed the
significantly highest growth promotion ability over 18–48 h. Hence, URB
and BS from Kluai Namwa Luang not only exhibited the prebiotic prop-
erties but also promoted the growth of probiotics. This is consistent with
previous studies reporting probiotics bacterial growth and count effects of
banana powder from other banana varieties [61, 62, 63].

4. Conclusions

URB and BS from Kluai Namwa Luang are essential and potential
sources of nutrients which were beneficial for digestive functions. URB is
a rich source of dietary fiber (9.7 � 0.2 g per 100 g of dried sample),
whereas BS is as a rich source of RS (74.1 � 0.1 g per 100 g of dried
sample). The B-type crystalline structure of powder and starch from Kluai
Namwa Luang resulted in the limitations of various digestive enzymes'
accessibility and led to their digestive resistant properties. Both URB and
BS exhibited prebiotic properties and had the ability to promote the
growth of probiotics which were highly resistance to the hydrolyzation
by α-amylase and trypsin. Since URB and BS possessed excellent prebiotic
properties, which were similar to the commercial inulin, they are sug-
gested to be developed as a health promotion product. However, chain-
length distribution and the molecular weight of banana starch from
Kluai Namwa Luang are suggested for further study.
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