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a  b  s  t  r  a  c  t

The  effect  of  temperature  (T =  55–120 ◦C)  and  water  content  (X1 = 1.4–2.0 kg kg−1 dry  basis)  on  the  gela-
tinization  and  digestibility  of  plantain  flour  (Dominico  Harton  genotype)  were  investigated.  The  degree
of plantain  starch  gelatinization  (˛)  was measured  by DSC  and  modelled  as  a  function  of  T and  X1, using
the  Weibull  model.  Rapidly  digestible  starch  (RDS)  and  resistant  starch  (RS)  fractions  were  evaluated  for
different ˛  values.  An  appropriate  dimensionless  variable  was introduced  to  the  analyzed  and  modelled
eywords:
tarch
hase transitions
elatinization
utritional quality

RDS  and  RS as a function  of ˛. Starch  gelatinization  begins  at  a temperature  above  59.6  ± 0.5 ◦C and  ˛  is
strongly  dependent  on  T in non-limiting  water  conditions.  The  combined  effects  of  T  and  X1 on  the  RDS
and  RS  can  be explained  by  ˛.  We  demonstrate  that  various  heat  treatments  and  water  contents  lead  to
the  same  ˛,  with  the  same  RDS  and  RS values.

© 2014  Elsevier  Ltd. All  rights  reserved.

odelling

. Introduction

Banana (Musa sp.) is a staple food for millions of people world-
ide, particularly in sub-tropical countries, with global production

stimated at 139.1 MT  in 2012 (FaoStat, 2013). The Cavendish
essert banana is by far the most widely produced cultivar (49%). It

s predominantly grown in Asia. Cooking bananas (22% of world
roduction) are largely grown in Asia and Africa, while other
essert banana cultivars (14.6%) are cultivated in Asia and Latin
merica. The plantain group (14.4%), is most common in Africa and
atin America (Lescot, 2013). Most cooking banana varieties require
ooking (boiling, roasting or frying) before they can be eaten.

Banana is a major source of macro-elements and contains resis-
ant starch, dietary fibre, rapidly digestible starch, and slowly
igestible starch. Native banana starch is also known for its high
evel of resistant starch, which remains unhydrolyzed after 120 min
y ˛-amylase with a procedure similar to the in vivo digestion
Bello-Perez, Agama-Acevedo, Gibert, & Dufour, 2012; Englyst,

∗ Corresponding author at: Montpellier SupAgro, UMR  QualiSud, 1101 av. Agropo-
is,  B.P. 5098, 34093 Montpellier cedex 5, France. Tel.: +33 4678740 81;
ax: +33 4676144 44.

E-mail address: philippe.bohuon@supagro.inra.fr (P. Bohuon).

ttp://dx.doi.org/10.1016/j.carbpol.2014.11.016
144-8617/© 2014 Elsevier Ltd. All rights reserved.
Kingman, & Cummings, 1992; Zhang & Hamaker, 2012). Englyst
and Cummings (1986) reported that a fraction of starch resists
˛-amylase in green banana and plantain: 53.6% and 66.7%, respec-
tively. Menezes et al. (2010) thus highlighted the potential of unripe
banana flours and starches as functional ingredients that present
high in vitro fermentability. This is due to the high content of
unavailable carbohydrates (resistant starch and/or dietary fibre),
which, in turn, do not produce a high increase in the postprandial
glycaemic response in healthy volunteers (Miao, Zhang, Mu,  & Jiang,
2010). Faisant et al. (1995) observed intact starch granules in ileal
samples of healthy individuals after ingestion of unripe bananas.
The resistant starch fraction of banana flour seems to be higher at
the green ripe stage of maturity (Tribess et al., 2009).

Starch susceptibility to enzyme digestion varies depending on
the original plant source of the starch. In addition, it is affected
by processing, especially starch thermo-hydric history and storage
conditions in comparison with raw, unprocessed flour. The physical
state of the starch ingested has a major impact on its digestibility,
which is closely linked to the processing techniques (thermal pro-
cessing, such as extrusion cooking, autoclaving, puffing, roasting,

baking, frying) (Singh, Dartois, & Kaur, 2010).

Bahado-Singh, Wheatley, Ahmad, Morrison, and Asemota
(2006) studied the Glycaemic Index (GI) values for fourteen com-
mon Caribbean foods that were carbohydrate-rich and processed

dx.doi.org/10.1016/j.carbpol.2014.11.016
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.11.016&domain=pdf
mailto:philippe.bohuon@supagro.inra.fr
dx.doi.org/10.1016/j.carbpol.2014.11.016
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Abbreviations

a˛ Constant parameter for scale parameter of the
Weibull distribution (Eq. (3))

aY Constant parameter for Y response (Eq. (6))
DSC Differential scanning calorimetry
�He Whole variation of enthalpy (kJ kg−1 db starch)
�Hr Specific residual variations of enthalpy

(kJ kg−1 db starch)
G First endotherm of gelatinization
G20 Glucose hydrolysis at 20 min
G120 Glucose hydrolysis at 120 min
GI Glycaemic index
M1 Starch fusion peak
RDS Rapidly digestible starch (kg per 100 kg of dry

starch)
RDS* Dimensionless rapidly digestible starch
RDS˛ Rapidly digestible starch for  ̨ value (kg per 100 kg

of dry starch)
RS Resistant starch (kg per 100 kg of dry starch)
RS* Dimensionless resistant starch
RS˛ Resistant starch for  ̨ value (kg per 100 kg of dry

starch)
T Temperature (◦C)
Tg Effective glass transition temperature (◦C)
TEG Terminal extent of starch gelatinization
TS Total starch content (kg per 100 kg of dry starch)
uı Uncertainty of identified parameter ı (at a 95% con-

fidence interval)
�1 Water volume fraction (m3 m−3)
X1 Water content (kg kg−1 dry basis db flour)
Y* Dimensionless fraction of RDS* or RS* (Eq. (6))

Greek symbols
˛  Degree of plantain starch gelatinization

 ̌ Shape parameter of the Weibull distribution
� Scale parameter of the Weibull distribution (◦C)
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� Location parameter of the Weibull distribution (◦C)

sing ten healthy subjects. Green banana and green plantain were
ound to have the lowest GI, reducing the incidence of postpran-
ial spikes in blood glucose levels. Foods processed by boiling and
rying were found to have the lowest GI. The greatest increase in
he digestibility of plantain flour was observed with autoclaving at
21 ◦C for 60 min  (Niba, 2003).

During cooking with water, the starch undergoes glass
ransition followed by gelatinization and/or melting transition,
epending on the water content (Donovan, 1979; Lelièvre & Liu,
994; Slade & Levine, 1988). These transitions in turn induce the
welling of granules, leaching of molecular components from the
ranules, and eventually disruption of the granules. A consequence
f crystalline structure loss is an increase in starch digestion (Miao
t al., 2010). The starch gelatinization can be estimated by various
echniques, such as microscopy, X-ray diffractometry, Differential
canning Calorimetry (DSC), and many chemical techniques. DSC in
articular makes it possible to detect heat flow changes associated
o both first-order (gelatinization and melting) and second-order
effective glass transition) transitions (Biliaderis, Maurice, & Vose,
980; Donovan, 1979; Slade & Levine, 1988). A state diagram model
f starch–water mixtures can be established to predict the extent

f starch gelatinization/melting. For instance, few starch state
iagrams have been established using either the Flory–Huggins
quation (van der Sman & Meinders, 2011), or the empirical equa-
ion (Briffaz, Mestres, Matencio, Pons, & Dornier, 2013; Kaletunç
Polymers 118 (2015) 257–265

& Breslauer, 1996). This model could be used as a monitoring
tool to control and optimize the cooking process (Briffaz, Bohuon,
Méot, Dornier, & Mestres, 2014a) with different targets in terms
of texture (Briffaz et al., 2014b) and digestibility. Due to a lim-
ited water content (Briffaz et al., 2013) or an insufficient heating
temperature (Parada & Aguilera, 2009), a fraction of starch can
remain ungelatinized, which leads to significant changes in the
starch’s functional quality, e.g.  nutritional (Holm, Lundquist, Björck,
Eliasson, & Asp, 1988), An incomplete swelling of starch granule will
induce a partial increase in starch susceptibility to enzyme break-
down. Thus, the extent of disruption caused by heat and moisture
will directly impact the ease and extent of enzymatic hydrolysis
of cooked starch as earlier reviewed (Wang & Copeland, 2013). For
raw cooking banana with a water content that ranges between 1.1
and 2.0 kg kg−1 db (dry basis) (Gibert et al., 2009), water content is
not limiting (Gibert et al., 2010).

Given the potential health benefits of cooked banana products,
linked to cooking conditions, this study set out to generate a quanti-
tative relationship between the degree of starch gelatinization (˛)
measured by DSC and digestibility using an in vitro technique. A
state diagram of plantain flour could be a powerful tool for devel-
oping food processing methods that modify starch resistance to
digestion in order to optimize its nutritional quality and enhance
its physiological benefits.

2. Materials and methods

2.1. Material

One bunch of Dominico Harton plantain cooking bananas (AAB
Musa sp.), grown in a non-extensive farming system, was  harvested
at optimal green stage of maturity on a farm in Puerto Tejada (state
of Cauca, Colombia). The second hand of the bunch was always
selected to minimize variability. The cooking bananas from the sec-
ond hand of the bunch were peeled and the pulp was cut into thin
slices, oven dried at 40 ◦C overnight, ground into a fine powder
using a laboratory grinder with a 100 �m opening screen grid, prior
to flour storage at 4 ◦C in an airtight plastic bag for further analysis.
For starch preparation, freshly cut pieces of pulp, randomly sam-
pled from the second hand of the bunch, were suspended in distilled
water and crushed in a 4 L capacity Waring blender (New Hartford,
CT). The slurry was  filtered through a 100 mesh sieve, washed three
times and decanted. After removal of the dark top layer, the starch
was centrifuged three times (17,700 × g per 10 min). The isolated
starch was  oven-dried at 40 ◦C for 48 h, carefully ground in a mortar,
and stored at 4 ◦C in airtight plastic bags for further analysis.

2.2. Methods

2.2.1. Total starch content and free glucose
Total starch content (TS) was  estimated after hydrolysis by incu-

bation with Termamyl 120 L heat-thermostable ˛-amylase enzyme
(Novo Nordisk, Copenhagen, Denmark) and then with amyloglu-
cosidase (Sigma, St. Louis, MO,  USA). The total released glucose was
measured by enzymatic colorimetry at 510 nm after reaction with
glucose oxidase (GOD, Sigma, St. Louis, MO,  USA) and peroxidase
(POD, Sigma, St. Louis, MO,  USA) enzymes (Holm, Björck, Drews, &
Asp, 1986). Free glucose was estimated separately after the extrac-
tion of plantain flour using sulphuric acid (5 mM)  and the GOD-POD
enzymatic system.
2.2.2. Amylose content
The amylose content of plantain starch as a percentage (kg of

amylose per 100 kg db starch) was  determined in duplicate by Dif-
ferential Scanning Calorimetry (DSC) using a Perkin Elmer DSC 7
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evice (Perkin-Elmer, Norwalk, VA, USA) as described by Mestres,
atencio, Pons, Yajid, and Fliedel (1996).

.2.3. Granulometry
The plantain starch granule size distribution was estimated in

riplicate using the Fraunhofer approximation considering opaque
articles by laser diffraction using a Malvern mastersizer 3000
Malvern Instruments Ltd., Worcestershire, UK).

.2.4. Density
The density of dried flour was estimated using the pycnometric

ethod as per Colonna and Mercier (1985) and the water volume
raction (�1) was calculated according to Donovan (1979).

.2.5. Thermal properties and effective glass transition
emperature

The thermal transitions associated with starch gelatinization
ere determined by the variation of enthalpy (�He in kJ kg−1 db

tarch) by DSC. The measurements were carried out at a water con-
ent (noted X1) adjusted to 1.4 and 2.0 kg kg−1 db and with a heating
can from 25 to 140 ◦C at a 10 ◦C min−1 rate using sealed stainless
teel pans as described by Gibert et al. (2010). X1 = 1.4 kg kg−1 db
orresponds to the raw Dominico Harton plantain water content
Gibert et al., 2009) and X1 = 2.0 kg kg−1 db flour corresponds to the

aximum water content after cooking Dominico Harton plantain.
he temperature of the effective glass transition temperature (Tg)
as determined according to Slade and Levine (1988) using the

ame DSC device. The samples were subjected to partial scans at
ntermediate temperatures (55, 60, 65, 70 or 75 ◦C) at 10 ◦C min−1.
mmediately after reaching targeted temperatures, samples were
uench-cooled to 25 ◦C and immediately rescanned to 140 ◦C at a
0 ◦C min−1 rate. The temperature of the effective Tg was  located
omparing thermograms obtained after both intermediate heating
nd complete heating scans.

.2.6. X-ray diffraction
Diffractometry X-ray diffraction (triplicate) was  performed on

ative plantain flour after adjusting the water content to 90% rela-
ive humidity for 20 days under partial vacuum in the presence of a
aturated barium chloride solution. The samples (20 mg)  were then
ealed between two tape foils to prevent any significant change in
ater content during the measurement. The diffraction diagrams
ere recorded using a Bruker (Karlsruhe, Germany) D8 Discover

pectrometer in accordance with Pérez et al. (2011).

.2.7. Degree of starch gelatinization
Plantain-water mixtures were introduced in sealed stainless

teel pans and heated for 10 min  at various temperatures T (55, 60,
5, 70, 75, 80, 90, 100, and 120 ◦C) and various X1 using the same
SC device. After being cooled down to 25 ◦C and held for 1 min,

amples were reheated from 25 to 140 ◦C at a rate of 10 ◦C min−1

o measure the specific residual variations of enthalpy (�Hr). To
alculate thermal transitions, let us consider “starch gelatiniza-
ion” as the sum of the thermal transitions (G, M1). The plantain
tarch gelatinization, noted ˛, for any water content-temperature
ombination (X1, T) is defined by Eq. (1):

 = �He − �Hr

�He
(1)
here �He is the whole enthalpy change of plantain starch and
Hr corresponds to the specific residual variations of enthalpy. The

tarch gelatinization was described in terms of the Weibull cumu-
ative model. When plotted against water content X1, the starch
Polymers 118 (2015) 257–265 259

gelatinization was expressed as a function of temperature T pro-
viding 3 parameters, as follows:

 ̨ = 1 − exp

[
−
(

T − �

�(X1)

)ˇ
]

for T > � (2a)

 ̨ = 0 for T ≤ � (2b)

with �(X1) > 0,  ̌ > 0 and � as the three parameters of the distribu-
tion;  ̌ is the shape parameter assumed to be independent of the
water content (Van Boekel, 2002), � is the location parameter of
the distribution independent of X1 and �(X1) is the scale param-
eter assuming that it is inversely proportional to the X1 value, as
follows:

� = a˛

X1
(3)

where a˛ is a constant parameter. According to the Weibullian
model, the traditional first-order kinetics is a special case of Eq.
(2a), where  ̌ = 1.

2.2.8. Degree of starch gelatinization in a test cell
Plantain flour/water samples were prepared by mixing plantain

flour with deionized water to reach targeted water contents X1, in
the 1.4–2.0 kg kg−1 db range and kept for equilibrium under partial
vacuum conditions in the presence of thymol salts to avoid any bac-
terial or fungal development. Flour/water mixture samples were
introduced into a test cell at room temperature. Flour/water mix-
ture samples were heated in a hermetically sealed test cell (10 mL of
samples) that was custom-designed in stainless steel as described
previously by Jiménez et al. (2010). To achieve the desired tem-
peratures in the 55–120 ◦C range, a 5 L oil bath (Model CC2, Huber,
Offenburg, Germany) was  used. The cooking conditions applied in
the test cell were defined in order to obtain an equivalent extent
of starch gelatinization as per DSC. After each thermal treatment
(analyses were conducted in triplicate), the test cell was immedi-
ately cooled in an ice-water bath. The flour paste was then removed
from the test cell and weighed into stainless steel capsules prior
to the DSC measurement. The DSC heating process was performed
from 25 ◦C to 140 ◦C at a rate of 10 ◦C min−1. The remaining amount
of flour paste in the test cell was the used to measure the starch
in vitro digestibility.

2.2.9. Starch digestibility
The rapidly digestible (RDS) and slowly digestible (SDS) fractions

were measured in triplicate using a standardized procedure as per
Englyst, Veenstra, and Hudson (1996) with slight modifications. The
resistant starch (RS) was  calculated taking into account the TS plan-
tain flour value, with RS = TS − (RDS + SDS). After thermal treatment,
an amount of flour paste (500 mg  of starch on db) was removed from
the cooking device and introduced in a 50 mL polypropylene cen-
trifuge tube with a screw cap. After the addition of 50 mg  of guar
gum and 10 mL  of pepsin solution (Sigma P7000-25g, St. Louis, MO,
USA) at 5 g L−1 in 0.01 mol  HCl L−1 pH 2, the dispersion was homog-
enized for 1 min  using an ultraturrax (Model T18 basic, IKA-Werke,
Staufen, Germany). A mixture of enzymes was  prepared on a daily
basis by mixing 20 ml  of deionized water with 3 g of pancreatin for
10 min  using a horizontal shaker (100 strokes min−1) prior to cen-
trifugation at 3415 rpm for 10 min  at 20 ◦C. A 15 mL volume of the
supernatant was collected and mixed with 0.9 mL  of an invertase
solution (10 mg mL−1) and 0.6 mL  of an amyloglucosidase solution
(AMG 400L type LP, Novo Nordisk Copenhagen). After the addition
of 5 mL  of a sodium acetate buffer (0.5 M pH 6 at 37 ◦C) to reach

a pH of 5.2, 5 mL  of the mixture of enzymes was then added. The
centrifuge tube was immediately capped and mixed gently hor-
izontally in a water bath at 37 ◦C. A continuous shaking motion
(160 strokes min−1) was  applied in the water bath for 20 min to
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was then followed by a small shoulder corresponding to the starch
fusion peak labelled as “M1” by Donovan and Mapes (1980).
With increasing water content, the intensity of the G endotherm
60 A. Giraldo Toro et al. / Carbohy

nsure that the glass balls were crushed effectively. After removing
he centrifuge tube, a volume of 100 �L of the dispersion was  col-
ected and immediately vortexed with 1.5 mL  of ethanol 75%(v/v)
n order to stop the hydrolysis and obtain the RDS fraction (G20).
fter sampling, the centrifuge tube was returned to the shaking
ater bath for a further 100 min. Thus, after 120 min  of incuba-

ion, another 100 �L of dispersion was collected and vortexed with
thanol to obtain the G120 fraction (SDS). The total glucose content
as estimated by spectrophotometry at 510 nm using both G20 and
120 fractions after the reaction with glucose oxidase and perox-

dase. The data are computed in g/100 g starch db excluding free
lucose. We  non-dimensionalize each of the digestibility fractions
n turn. First, we denote the dimensionless quality of the rapidly
igestible starch fraction by RDS*, and define it as follows:

DS∗ = RDS − RDS0

RDS1 − RDS0
(4)

Next, we denote the dimensionless quality of the resistant starch
raction as RS*, and define it as follows:

S∗ = RS − RS0

RS1 − RS0
(5)

For Eqs. (4) and (5), the initial condition (  ̨ = 0), RDS = RDS0 or
S = RS0 is another way of expressing the dimensionless equations
DS* = 0 or RS*  = 0. For  ̨ = 1, the starch digestibility fractions reach
DS = RDS1 and RS = RS1, and the corresponding dimensionless
quations are RDS* = 1 and RS*  = 1. Normalizing data to dimension-
ess digestibility fractions may  be particularly helpful as it makes it
ossible to run multiple transformations (here RDS, RS)  with differ-
nt absolute amounts (RDS0, RS0, RDS1, RS1) that can be compared
n the same plot. Dimensionless data (Y*) were also adjusted as Y*
s the degree of starch gelatinization, ˛, as follows

∗ = 1 − exp(−aY ˛)
1 − exp(−aY )

(6)

here Y* = RDS* or RS* and aY is a constant parameter for the Y
esponse. The Eq. (6) is consistent with the definition of the dimen-
ionless fraction: Y* = 0 when  ̨ = 0 and Y* = 1 when  ̨ = 1.

.2.10. Estimating the model parameters
The shape parameter ˇ, scale parameter � and location param-

ter � were estimated using non-linear regression (TableCurve2D®

2.03, SPSS Inc., Chicago, USA) at each water content from the rela-
ionship Eq. (2), between  ̨ and (T, X1). For Eq. (6), the values of
y, were derived by regression (TableCurve2D® V2.03, SPSS Inc.,
hicago, USA) between 55 ◦C and 120 ◦C. Therefore, uncertainties

n identified parameter values (ˇ, � and a˛), noted as uˇ, u� and ua˛ ,
espectively, were estimated to have a 95% confidence interval.

.2.11. Statistical methods
Data obtained on the shape and location parameters were

ubjected to a preliminary analysis of variance (Statistica® V7.0,
tatsoft Inc., Tulsa, USA). The treatments were compared using the
-test. The joint effect of the uncertainty (at a 95% confidence inter-
al) of three parameters (ˇ, � and a˛), provided an uncertainty u˛ (at

 95% confidence interval) in terms of the degree of plantain starch
elatinization as a function of temperature and water content, ˛
Eq. (2a) with Eq. (3)) by: {

u˛

˛
=

(
1 − 1

˛

)
ˇ2 ln(  ̨ − 1)

(
ua˛

a˛

)2
+

(
u�

T − �

)2
+

[
ln(ln(  ̨ − 1))

ˇ

]2(
In the uncertainty expression, the variables ˇ, � and a˛ were

ssumed to be independent (in which case the covariance was
ero).
Polymers 118 (2015) 257–265

The analysis of variance (ANOVA) and mean comparison (Tukey
post hoc test) were performed to compare estimated RDS* and RS*
fractions at a confidence level of 95% and 99% using Statistica v.10
software package (StatSoft Inc., Tulsa, Oklahoma). The relationships
between the starch gelatinization variable (˛) and hydrothermal
conditions (T, X1) in each dimensionless response type (RDS* and
RS*) were evaluated using a statistical Pearson product-moment
correlation coefficient.

3. Results and discussion

3.1. Material characterization

Total starch content and amylose content of the Dominico Har-
ton landrace were estimated to be about 88.3 ± 1.1% (i.e.  kg starch
per 100 kg flour on dry basis) and 21.9 ± 1.5% (i.e.  kg amylose per
100 kg starch on dry basis), respectively. These results are consis-
tent with some other studies (Dufour et al., 2009; Gibert et al.,
2009). The latter reported a higher amylose content in true plan-
tain, such as Dominico Harton, than in dessert banana genotypes
with about 23.4 ± 1.1% and 17.4 ± 1.9%, respectively. Dominico
Harton starch exhibited an average granule diameter of 27.8 �m
with a broad monomodal distribution (14.6–56.2 �m),  consistent
to previous observations (Eggleston, Swennen, & Akoni, 1992;
Hernández-Jaimes, Bello-Pérez, Vernon-Carter, & Alvarez-Ramirez,
2013). Starch extracted from Dominico Harton exhibited a crys-
talline order of 35% and a mix  population of starch granules with
60% of B pattern and 40% of A pattern, which was consistent with
other research findings on banana starches (Zhang & Hamaker,
2012). The rate and extent of starch hydrolysis are two of the fac-
tors that may  also be influenced by structural features, such as
crystallinity and crystalline type (Englyst et al., 1992; Faisant et al.,
1995; Jane et al., 1999).

With a flour specific gravity estimated to be about
1580.0 ± 0.1 kg m−3, the water volume fraction (�1) in the plantain
flour was estimated to range from 0.67 to 0.75 m3 m−3 for 1.4 and
2.0 kg kg−1 db, respectively.

3.2. Thermal transitions by DSC

Fig. 1 shows normalized and baseline subtracted DSC thermo-
grams for Dominico Harton flour–water mixtures with different
water contents (X1). The onset, peak and end temperatures for
the gelatinization transition were 69.7 ± 0.3 ◦C, 73.7 ± 0.4 ◦C and
79.7 ± 0.8 ◦C, respectively. We  checked that these three temper-
atures were independent of water content according to Cruz-Orea,
Pitsi, Jamée, and Thoen (2002). The whole enthalpy change (�He)
was slightly water content dependent. For example, �He were
19.0 ± 1.1 kJ kg−1 db and 20.5 ± 0.9 kJ kg−1 db, for water content 1.4
and 2.0 kg kg−1 db, respectively. The biphasic endothermic tran-
sition described by Donovan (1979) in the presence of limited
amounts of water was  observed, and corresponds to the limited
water content condition (�1 < 0.75) later reported by Colonna and
Mercier (1985). The first endotherm labelled as “G endotherm”
uˇ

ˇ

)2 1/2

(7)
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ig. 1. Endotherms recorded for Dominico Harton plantain flour mixture with dif-
erent water contents: 1.4 kg kg−1 dry basis ( ), 1.5 kg kg−1 dry basis ( ),
.0 kg kg−1 dry basis ( ).

ncreased whereas its temperature was stable. In the meantime,
he M1  endotherm intensity and transition temperature gradu-
lly decreased with an increase in X1. This progressive shift was
escribed as the variation of the melting point of starch crystal-

ites (Donovan, 1979), identified as the melting temperature by
Biliaderis et al., 1980) and later reported by Colonna and Mercier
1985) as the cooperative processes that occur during crystallite

elting and starch swelling at high water content. DSC thermo-
rams are shown in Fig. 2 for a Dominico Harton flour–water
ixture at 1.4 kg of water per kg of dried plantain flour. A par-

ial heat treatment causes an increase in the onset temperature,
he peak temperature and the end temperature and decreases the
ntensity of the G and M1  endotherms. A partial heat treatment
t 75 ◦C leads to the disappearance of the G endotherm; beyond
0 ◦C, both endotherms had disappeared. These observations are in
ccordance with those previously observed for lower water content
anges (Biliaderis et al., 1980; Briffaz et al., 2013; Donovan, 1979).

A small shift of the baseline was observed at the beginning of
he thermal transition. It could correspond to the glass transition
Tg) and induced an overestimation of �He. The location of the
emperature of the effective Tg was used for computing correspond-
ng �He. Tg was identified below the onset of gelatinization and
anges between 56 ◦C and 60 ◦C. No significant modification of Tg

as observed in the 1.4 and 2.0 kg kg−1 db flour range (data not
hown). In such high water content systems, increasing water con-
ent of the starch mixture should decrease Tg (Slade & Levine, 1991).
he lack of variation of Tg in our case is probably due to the narrow
ater content range used in our study.

�He was thus calculated considering the thermal event ded-
cated to the plantain starch non-equilibrium melting transition.
he computation of the degree of starch gelatinization  ̨ at various
ater contents and temperatures led us to consider variations of

nthalpies for gelatinization according to Eq. (1) while taking into
ccount the sum of all thermal transitions G and M1.  The cumu-
ative Weibull model fits the experimental  ̨ values well on the

hole X1 domain for 1.4–2.0 kg kg−1 db (Fig. 3A). The experimen-
al values obtained with the DSC were adjusted to a 3-parameter
eibull cumulative model using Eq. (2). In a preliminary analysis
data not shown), the 3-parameters ˇ, � and � were identified for
our different water contents. The statistical analysis shows that
he  ̌ and � values do not significantly differ from one another
Fig. 2. Native endotherms and endotherms after reheating registered for Dominico
Harton plantain flour with a water content of 1.4 kg kg−1 dry basis.

between 1.4 and 2.0 kg kg−1 db. � is the location parameter of
the distribution and corresponds to the “start transition temper-
ature”. It is independent of X1 according to previous research
(Baks, Ngene, van Soest, Janssen, & Boom, 2007; Donovan, 1979;
Garcia et al., 1996). However, the �-parameter is strongly depen-
dent on the water content. Thus, the water dependence on � is
assumed to be inversely proportional to water content X1 (Eq.
(3)). This empirical equation was chosen for its simplicity (just
1 parameter and 4 different water contents) and its good data
fitting (R2 = 0.80). The parameter values identified by non-linear
regression are  ̌ = 1.3 ± 0.1, � = 59.6.5 ◦C and a˛ = 19.1 ± 1.0. In the
55–120 ◦C range and 1.4 and 2.0 kg kg−1 db range, the determi-
nation coefficient values (R2 = 0.99) show that the Weibull model
provides quite an accurate reflection of the state diagram for
plantain flour (Fig. 3A). Moreover, with the degree of starch gela-
tinization  ̨ determined for the 3 parameters (ˇ, � and a˛) a close
fit between the experimental and simulated degree of starch gela-
tinization was obtained with a root-mean-square error of starch
gelatinization equal to 3%. � value is located close to the upper limit
of the Tg range (56 ◦C ≤ Tg ≤ 60 ◦C).

Within a limited water system, Fukuoka, Ohta, and Watanabe
(2002) calculated the terminal extent of starch gelatinization (TEG),
equivalent to ˛, from an empirical equation on temperature and
water content. However, this model has a limited validity range

between 0.54 and 1.50 kg kg db and it does not take into account
the endothermic melting of starch crystallites that is predominant
at low water content. Some other authors later considered the
Flory–Huggins free volume theory for predicting the temperature
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Fig. 3. Modelling phase diagram of plantain flour–water mixtures (starch conver-
sion  ̨ vs treatment temperature and water content in db). From the change of starch
gelatinization ˛, the physically modified states of heated plantain flour–water mix-
tures were classified into three states: native state (below line 1: T < 59.6 ◦C), partially
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Table 1
Pearson’s correlation coefficients between the experimental dimensionless rapidly
digestible starch fraction (RDS∗) or dimensionless resistant starch fraction (RS∗) and
starch gelatinization (˛) and hydrothermal condition: temperature (T) and water
content (X1).

Variables RDS* RS*   ̨ T (◦C) X1 (kg kg−1 db)

RDS* 1.00 – – –
˛  0.95*** 1.00 – –
T  (◦C) 0.69*** 0.82*** 1.00 –
X1 (db) 0.02 −0.01 −0.01 1.00

RS*  1.00 – – –
˛  0.86*** 1.00 – –
T  (◦C) 0.59*** 0.83*** 1.00 –
X1 (kg kg−1 db) 0.10 0.08 0.01 1.00

Statistical probability of correlation coefficients: no superscript, P > 0.05.
*Coefficient significant at P < 0.05.
elatinized state (area between line 1 and line 2: 0 <  ̨ < 1) and fully gelatinized state
beyond line 2:  ̨ = 0.99).

f starch gelatinization (onset of gelatinization) and end of melt-
ng (Baks et al., 2007; van der Sman & Meinders, 2011). However,
he authors successfully identified different parameters, such as
he heat of fusion per repeating unit, the melting point of the pure
olymer and Flory–Huggins polymer–diluent interaction param-
ter. However, they failed to build a model taking into account
he end of melting at a water activity above 0.8. In the model
or starch thermal transitions developed by Briffaz et al. (2013)
or a rice flour/water system, data for a double sigmoid fitting

 was expressed over temperature for each water content. This
ouble sigmoid fitting requires 5 parameters for each water con-
ent and an additional 10 parameters to take water content into
ccount. This prohibitive number of parameters (15) was  justi-
ed by the breadth of water content (dry rice to cooking rice).
oreover, the second sigmoid makes it possible to integrate the
elting of the amylose-lipid complex. In our specific case, no sec-

nd sigmoid was necessary. Although the lipid content in unripe
reen banana flour is in the 0.33–0.82% db range (Mota, Lajolo,
ordenunsi, & Ciacco, 2000), no melting of the amylose-lipid com-
lex was observed in our study. Therefore, the degree of starch
elatinization  ̨ was expressed as a function of T, and X1 with just

 parameters. In addition to the experimental data and Weibull
tting model in Fig. 3A, the phase diagram was constructed to

valuate the extent of plantain starch gelatinization over temper-
ture and water content (Fig. 3B). For a given temperature and
specially for the lowest temperatures of the model (below 70 ◦C
**Coefficient significant at P < 0.01.
*** Coefficient significant at P < 0.001.

approximately), we observe an almost horizontal iso-response in
terms of the extent of gelatinization of the plantain starch over
water content. As expected, below the �-temperature, whatever the
water content, no gelatinization occurred. As soon as the tempera-
ture rises, the iso-responses for the extent of starch gelatinization
become more vertical, and there is a potential reduction in the
contribution of water to the phenomenon. It suggests that the
extent of starch gelatinization is very dependent on temperature
in non-limiting water conditions, as was  the case in our study.
The result was  confirmed by a strong correlation between the
extent of starch gelatinization and temperature on experimental
data (Table 1). The phase diagram could then be used to predict
the degree of starch gelatinization according to the processing
conditions, i.e.  water content (1.4–2.0 kg kg−1 db) and temperature
(55–120 ◦C). Three states can be distinguished: native state (below
iso-response line 1 for T < 59.6 ± 0.5 ◦C), partially gelatinized state
(area between iso-responses 0 ≤  ̨ ≤ 1) and fully gelatinized state
(above line 2,  ̨ = 0.99). For the same water content range, the over-
all shape of the plantain flour state diagram is similar to the rice
flour state diagram (Briffaz et al., 2013) and the wheat flour state
diagram (Kaletunç & Breslauer, 1996). To start starch gelatiniza-
tion, the plantain flour/water system requires a higher temperature
(+3.6 ◦C) than rice flour (Briffaz et al., 2013) and a lower tempera-
ture (−4.4 ◦C) than for wheat flour (Kaletunç & Breslauer, 1996). For
the same water content (1.4 kg kg−1 db), the complete gelatiniza-
tion (  ̨ = 1) for wheat–flour/water, rice–flour/water and plantain
flour/water systems, requires an increase in temperature from
the start of starch gelatinization of approximately +6 ◦C, +37 ◦C
and +44 ◦C, respectively (Briffaz et al., 2013; Kaletunç & Breslauer,
1996).

3.3. Degree of starch gelatinization in the test cell

The extent of thermal gelatinization in both the DSC and the
cooking device were evaluated and plotted (Fig. 4) for both 1.4
and 2.0 kg kg−1 db conditions. Some discrepancies in the extent
of starch gelatinization were observed between both cooking
apparatuses in the 55–70 ◦C range. Some slight differences in the
heat temperature inside the devices were indeed observed using
a calibrated temperature control sensor (data not shown). We
observed a slightly lower heating rate within the test cell. This was
probably due to its higher volume capacity (10 mL  vs 60 �L). In
addition, for the DSC, the temperature inside the can is corrected

by the calibration procedure, which takes into account the inertia
of the system. Nevertheless, no significant difference was observed
between ˛(T) for either the test cell or the DSC device above a
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Fig. 4. Comparison between a cooking device and DSC (starch gelatinization  ̨ vs
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Fig. 5. Dimensionless rapidly digestible starch fraction (RDS∗) and resistant starch
fraction (RS∗) of plantain flour as a function of the degree of plantain starch gela-

−1
reatment temperature) for both water contents on dry basis: 1.4 kg kg−1 (A) and
.0  kg kg−1 (B).

tarch gelatinization of about 0.6. Thus, we were able to validate
he use of the test cell to simulate the DSC cooking process.

.4. Relation between the degree of starch gelatinization and
igestibility in vitro

As expected (Chung, Lim, & Lim, 2006), the RDS increased
nd the RS decreased when the extent of thermal gelatinization
ncreased. RDS values for native flour (Table 2) were consis-
ent with those (11.0 ± 0.7%) reported for raw banana flour by
hang and Hamaker (2012). A plantain flour–water mixture cooked
t 100 ◦C or above also exhibited slightly higher RDS values
90.5 ± 3.7% at 2.0 kg kg−1 db) than those reported by previous
uthors (72.8 ± 4.2%). The difference observed between our inves-
igation and those carried out by Zhang and Hamaker (2012) could
e partially attributed to the use of different varieties (unspecified
anana vs plantain cultivar). As far as the resistant starch fraction

s concerned, the investigation carried out by Zhang and Hamaker
2012) reported 83.4% db in raw banana flour. However, in our
tudy no significant difference was observed for native starch, irre-
pective of the water content (with 84.3 ± 3.8% and 81.2 ± 1.0% db),
lthough for full-gelatinized samples, a slight remaining RS fraction
as observed at 1.4 kg kg−1 db whereas no remaining RS fraction
as observed at 2.0 kg kg−1 db (0.0 ± 0.1% db). The normalized RDS*

nd RS* over the extent of starch gelatinization are plotted in Fig. 5.
he model obtained for both RDS* and RS* fitted experimental data
ell for both water conditions. In addition, Table 2 reported the

dentified ay parameters for both dimensionless fittings of RDS*
nd RS*, with a reliable RMSE and an indicative R2, around 6% and
bove 0.96, respectively. No significant differences between exper-
mental RDS over water were observed at either  ̨ = 0 or  ̨ = 1, with

pproximately 11% db and 87–90% db, respectively.

Fig. 5 clearly illustrates the impact of the extent of gelatinization
n the dimensionless digestibility of the starch fractions (RDS* and
S*). A continuous increase of the normalized RDS* fraction was
tinization (˛). Experimental data at different water contents 1.4 kg kg db ( ) and
2.0 kg kg−1 db ( ) and predicted curves: dashed (-·-) line represent the confidence
interval and (–) the predicted interval (P = 0.05).

observed along the starch gelatinization rate (Fig. 5A). RDS* was
positively correlated to  ̨ and to a lesser extent to temperature as
shown in Table 1. While starch gelatinization can explain 95% of
the variation of RDS*, temperature accounted for 69% of the varia-
tion of RDS*. The same results were observed for RS*, however RS
content decreases with extent of starch gelatinization, but as far
as RS* concerned, an increase of RS*  is observed on Fig. 5B with
starch gelatinization. The RS* values are very dependent on starch
gelatinization in the 0.0–0.4  ̨ range (Fig. 5B). Holm et al. (1988)
reported earlier that RS varies proportionally with the degree of
gelatinization for wheat starch. The 0.0–0.4˛  range corresponded
to the highest rate of production of SDS (data not shown). Contrary
to the decrease of SDS with the rise of RDS, a slight modification of
RS is usually observed at an advanced extent of gelatinization (Miao
et al., 2010). Thus, a slight variation of the RS*  was observed for an
advanced rate of starch gelatinization. Accordingly, the latest stage
for starch gelatinization corresponded to the minimal production
of SDS and RS.  Starch gelatinization and temperature accounted for
86% and 59% of the variation of the RS fraction (Table 2), respec-
tively. The dependence of starch gelatinization on temperature
illustrated by the phase diagram (Fig. 3) was  confirmed by the
strong correlation observed between  ̨ and T for RDS* and RS*  as

shown in Table 1.

Based on other resources, Chung et al. (2006) and Miao et al.
(2010) have already reported that thermal treatment has a con-
siderable impact on the extent of rice or maize gelatinization
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Table 2
Parameters aY for the fit of dimensionless Y∗ = (Y − Y0)/(Y1 − Y0) response Y∗ = [1 − exp(− aY˛)]/[1 − exp(− aY)] as a function of starch gelatinization (˛) at different water
contents (X1) with Y∗ = RDS∗ the dimensionless rapidly digestible starch fraction and Y∗ = RS∗ the dimensionless resistant starch fraction.

Y* X1 (kg kg−1 db) Y˛ value (kg/100 kg dry starch) aY R2 RMSE

 ̨ = 0  ̨ = 1

RDS∗ 1.4 11.0 ± 0.7a 86.9 ± 8.8b
1.56 ± 0.2 0.96 0.062.0 11.2  ± 0.4a 90.5 ± 3.7b

RS∗ 1.4 84.3 ± 3.8c 4.3 ± 2.8d
4.30 ± 0.3 0.97 0.062.0  81.2 ± 1.0c 0.0 ± 0.1e
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alue ± confidence interval (P = 0.05).
MSE: Root mean square error of Y∗ between experimental and simulated data.

n  the column Y0 and Y1 values with same letters are not significantly different (P <

nd digestibility. Parada and Aguilera (2009) noted that 100%
elatinized potato starch corresponds to 100% digestible starch.
or plantain flour, it was observed that 100% of starch gela-
inization did not correspond to a 100% level of digestibility. The
ower digestibility of gelatinized plantain starch can be partially
xplained by the amylose content. Amylose is normally associated
ith the less digestible properties of cooked starches. In addition,

mylopectin structures in banana plantain starch have shown dif-
erences to support the theory that it has less good in vitro digestion
roperties. The hypothesis was recently put forward suggesting
hat the high proportion of the long chains of banana amylopectin
educe susceptibility to enzyme attack on cooling after cooking
Zhang & Hamaker, 2012). Indeed, Zhang and Hamaker suggested
hat the complexes formed during starch retrogradation that were
reviously considered to be a retrograde resistant starch type III
ould potentially make a contribution (Englyst et al., 1992).

. Conclusion

Here we have modelled starch thermal transitions. A 3-
arameter Weibull model was fitted with DSC data for any water
ontent (X1). For each water content, the degree of starch gela-
inization  ̨ was expressed as a function of the temperature T. The
ombined effects of temperature and water content on the in vitro
igestibility properties can be summarized by starch conversion
˛) irrespective of the heat-treatment history. So, two  empirical

odels were proposed to predict RDS and RS as a function of starch
elatinization. In the water content range of banana plantain (raw
o cooked), the temperature is the main factor that influences starch
onversion and digestibility. These models (state diagram, RDS and
S response) will now be integrated in a heat and mass transfer
odel with the aim of optimizing the plantain cooking process.
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