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Abstract

Cooking bananas are staple food for million inhabitants worldwide. Starch is the main
component of cooking bananas and plantains at green stage of maturity. The cooking process
needed for the consumption of cooking banana is often applied in excess water, leading to an
irreversible order-disorder transition of starch, namely gelatinization. Both water and thermal
conditions applied are known to affect the functional quality of starch and of the final
product, including its nutritional quality.

Thus, various thermo-hydric conditions were applied to investigate the thermal
transitions linked to starch gelatinization, with temperature and water content ranging 55-
120°C and 1.4-2.0 kgkg' of dry starch. A banana flour-water mixture was characterized
using DSC while taking into account the effective glass transition temperature, and using a
hermetically sealed test cell to get an equivalent extent of starch gelatinization. The
corresponding digestibility was evaluated using an in vitro technique.

A powerful predictive mathematical tool was developed for monitoring the starch
digestibility during process while optimizing its nutritional quality. The degree of plantain
starch gelatinization was revealed being mainly dependent on temperature in non-limiting
water conditions (> 70% moisture content, wet weight basis). Different thermo-hydric
conditions resulted in the same digestibility values, i.e. higher temperatures compensated
lower moisture contents, and vice-versa, to reach similar digestibility properties.

Keywords: Plantain, cooking banana, starch, DSC, digestibility

1. Introduction and objectives

Common in Africa and Latin America (Lescot, 2013), plantain banana (Musa spp.
AAB) classified into the cooking banana group (Gibert et al. 2009) requires a cooking
process before its can be eaten. As a major source of macro-clements, and containing dietary
fibre, native banana starch is known for its resistant starch fraction, higher at the green ripe
stage of maturity (Tribess et al., 2009). Banana resistant starch fraction could remain
unhydrolyzed after 120 min in vitro amylolytic enzyme attack using a similar procedure to
the in vivo digestion one, as earlier mentioned by Giraldo et al. 2015. With a 67% about
fraction of starch resisting to a-amylase activity (Englyst and Cummings 1986), no massive
rise in the postprandial glycaemic response is observed (Miao, Zhang, Mu, & Jiang,2010),
which in turn could be beneficial for nutritional quality and health.

In addition, starch functional properties are known to be affected by processing, and
in particular with starch thermo-hydric history. The physical state of the starch ingested has a
major impact on its digestibility, which is closely linked to the processing techniques (Singh,
Dartois, & Kaur, 2010). A fraction of starch can remain ungelatinized using an insufficient
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heating temperature (Parada & Aguilera, 2009) or a limited water content (Briffaz et al.,
2013), which, in turn will lead to significant changes in the starch’s nutritional quality (Holm,
Lundquist, Bjorck, Eliasson, & Asp, 1988). As earlier mentioned (Wang & Copeland, 2013),
the extent of disruption caused by heat and moisture will directly impact the ease and extent
of enzymatic hydrolysis of cooked starch.

In this study we propose to use Differential Scanning Calorimetry (DSC) and an in
vitro technique to monitor the potential health benefits of cooked banana, while carrying out
investigations in the 1.4-2.0 kg kg db flour range (water/flour), corresponding to a non-
limiting water content range in plantain pulp (Gibert et al. 2010). We propose to establish a
quantitative relationship between the degree of plantain starch gelatinization linked to
thermo-hydric conditions applied, and in vitro digestibility, while constructing a state
diagram of plantain flour. Such powerful tool could help to predict the degree of starch
gelatinization for developing food processing methods with a specific functional quality.

2. Materials and methods
2.1 Raw material and starch extraction

One Dominico Harton plantain bunch harvested at optimal green stage of maturity
was collected in Colombia. The pulp of the second hand of the bunch was cut into thin slices,
oven-drying at 40°C overnight, prior to fine grinding. Starch extraction process was carried
out using freshly cut pieces of pulp being suspended in distilled water and crushed in a
Waring blender. After slurry filtration, washing and decantation, the dark top layer removed,
the starch was centrifuged prior to oven-drying at 40°C for 48h and grinding in a mortar.
Both flour isolated starch were stored at 4°C in airtight plastic bags.

2.2 Total starch content and free glucose

Total starch content (TS) was estimated after hydrolysis by heat-thermostable -
amylase enzyme and then with amylo-glucosidase. The total released glucose was measured
by colorimetry after reaction with glucose oxidase and peroxidase (GOD-POD) enzymes as
per Holm et al. 1986. Free glucose was estimated separately after the sulphuric acid
extraction of plantain flour and the GOD-POD system.

2.3 Thermal properties and effective glass temperature

The measurements of thermal transitions associated with starch gelatinization were
determined by the variation of enthalpy (AH kJ kg_ldb starch) at a water content (noted X,)
adjusted to 1.4 and 2.0 kg kg—1db by DSC, corresponding to the raw plantain water content
and to the maximum cooked plantain water content, respectively (Gibert et al., 2009; Gibert
et al., 2010).

2.4 Degree of starch gelatinization in both DSC and test cell

Plantain-water mixtures were introduced in sealed stainless steel pans, heated for 10
min at various temperatures T and X, cooled down, held for at ambient temperature, prior to
reheating to measure the specific residual variations of enthalpy (AH,) in DSC. Thermal
transitions and respective degrees of gelatinization a (in the 0 to 1 range, namely a, and a;)
were calculated taking into account both whole enthalpy (AH,) and (AH,) as described earlier
(Giraldo et al. 2015).
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In parallel with DSC thermal treatment, plantain flour/water samples were prepared
by mixing plantain flour with deionized water to reach targeted water contents X, in the 1.4—
2.0 kg kg—1db range and kept for equilibrium under partial vacuum conditions. Flour/water
mixture samples were heated in a hermetically sealed custom-designed test cell as described
earlier (Jiménez et al., 2010). The cooking conditions applied in the test cell were defined in
order to obtain an equivalent extent of starch gelatinization as per DSC, and later having
sufficient amount of flour paste for starch digestibility measurements. After each thermal
treatment, the flour paste was then removed from the test cell and weighed into stainless steel
capsules prior to the DSC measurement.

2.5 Starch digestibility

The remaining amount of flour paste from test cell was the used to measure the starch
in vitro digestibility as per Englyst, Veenstra, and Hudson (1996) with slight modifications.
After each thermal treatment, 500 mg of starch db was introduced in a centrifuge tube, prior
to the addition of guar gum and pepsin solution as described by Giraldo et al. (2015). After
dispersion homogenization, a pancreatin-invertase-amyloglucosidase mixture was added prior
to water bath mixing at 37°C for 20 min. An aliquot of the dispersion was collected at 20 min
and 120 min to obtain the both rapidly digestible (RDS) and slowly digestible (SDS)
fractions, respectively. The total glucose content was later estimated by spectrophotometry
after the reaction with glucose oxidase and peroxidase. The data were computed in g/100 g
starch db excluding free glucose. Both rapidly digestible and resistant starch fraction
estimates were later non-dimensionalize (RDS™ and RS") as per Giraldo et al. (2015), which
in turn can be helpful as it makes it possible to run multiple transformations with different
absolute amounts of RDS within the [0 o] range, that can be compared on the same plot.

3. Results and discussion
3.1 Starch thermal transition

After baseline subtraction, DSC thermograms were normalize for Dominico Harton
flour-water mixtures with different water contents, as illustrated in Figure 1. Temperatures
were independent of water content with the absence of shift on onset, peak and end
temperatures for the gelatinization transition at 69.7 + 0.3 °C, 73.7 £ 0.4 °C and 79.7 £ 0.8

°C, respectively. A slight increase in the whole enthalpy change (AH,) was observed

between 1.4 and 2.0 2.0 kgkg ' db, with 19.0+ 1.1 kJ kg™' db and 20.5+0.9kJ kg™ db,
respectively. As earlier described by Donovan (1979), a biphasic endothermic transition was
observed with a first endotherm labelled as “G endotherm™ followed by a small shoulder
corresponding to the starch fusion peak labelled as “M1” as per Donovan & Mapes (1980).

The intensity of the G endotherm increased whereas its temperature was stable with
increasing water content. In the meantime, the M1 endotherm intensity and transition
temperature gradually decreased with an increase in X;. This progressive shift was

successively described as the variation of the melting point of starch crystallites, the melting
temperature, the cooperative processes that occur during crystallite melting and starch
swelling at high water content (Donovan, 1979; Biliaderis et al., 1980; Colonna & Mercier,
1985.

Complementary DSC thermogram for a native flour-water mixture at 1.4 kg of water
per kg of dried plantain flour was compared to endotherm after reheating at 65, 75, and 90 °C
(Giraldo et al. 2015). An increase in the onset temperature, the peak temperature and the end
temperature and decreases the intensity of the G and M1 endotherms was observed, as earlier
reported (Donovan, 1979, Biliaderis et al., 1980, Briffaz et al., 2013).
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Figure 1. Endotherms recorded for Dominico Harton plantain flour mixture with different water
contents: 1.4 kg kg™ dry basis (... ), 1.5 kg kg ' dry basis (wm), 2.0 kg kg™ dry basis (mm).

A small shift of the baseline was observed at the beginning of the thermal transition. It
could correspond to the glass transition (7) and induce an overestimation of AH, Thus, the

location of the temperature of the effective 7, was used for computing corresponding AH,,

after both intermediate heating and complete heating scans as per Slade and Levine (1988).
T, was identified below the onset of gelatinization in the 56 - 60 °C range. However, one
could expect a decrease in 7, while increasing water content of the starch mixture (Slade &
Levine, 1991). The lack of variation of 7, could be hypothesized being due to the narrow

water content range used here. AH_,was thus calculated considering the thermal event

dedicated to the plantain starch non-equilibrium melting transition. The computation of the
degree of starch gelatinization « at various water contents and temperatures led us to
consider variations of enthalpies for gelatinization while taking into account the sum of all
thermal transitions G and M1.

3.2 Modelling phase diagram of plantain flour-water mixtures

A 3-parameter Weibull cumulative model was successfully used to describe the starch
gelatinization. The empirical model fitted the experimental o values on the whole X, domain
as illustrated in Figure 2A. As earlier suggested by (Van Boekel, 2002), the 3 parameters £,
€ and y correspond to the shape parameter, the scale parameter, and location parameter,
respectively. The 3 parameters were identified using non-linear regression. The f and &
values did not significantly differ from one another between 1.4 and 2.0 kgkg™' db. @
corresponds to the “start transition temperature”. It is independent of X; according to some
previous research. However, the yparameter is strongly dependent on the water content
(a,/Xy). The parameter values identified by non-linear regression were f=1.3+0.1,
0 =59.6+0.5°C and a, =19.1 % 1.0. In the 55 — 120 °C range and 1.4 and 2.0 kg.kg™' db
range. The determination coefficient values (R2 = 0.99) showed that the Weibull model
provided quite an accurate reflection of the state diagram for plantain flour. Moreover, with

the degree of starch gelatinization ¢ determined for the 3 parameters a close fit between the
experimental and simulated degree of starch gelatinization was obtained with a root-mean-
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square error of starch gelatinization equal to 3 %. & value was located close to the upper
limit of the 7} range (56 °C < T, £ 60 °C).
A

Starch gelatinization o

B
- _line2 Fully gelatinized state
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Figure 2 Modelling phase diagram of plantain flour-water mixtures (starch conversion @ vs.
treatment temperature and water content db).

The corresponding phase diagram was constructed to monitor the extent of plantain
starch gelatinization over temperature and water content (Figure 2B). Below 70 °C as the
lowest temperatures of the model, an almost horizontal iso-response in terms of a of the
plantain starch over water content was observed. As expected, below the @-temperature,
whatever X, no gelatinization occurred. As soon as the temperature rised, the iso-responses
for the extent of starch gelatinization became more vertical, and there was 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 such non-limiting water conditions. The
result was confirmed by a strong correlation between the temperature and extent of starch
gelatinization on experimental data (data not shown). The phase diagram could then be used
to predict a according to the processing conditions, i.e. water content and temperature. Three
states were distinguished: native state (below iso-response line 1 for 7<59.6 +0.5 °C),
partially gelatinized state (area between iso-responses 0 < @ < 1) and fully gelatinized state
(above line 2, o =0.99).

3.3 Relation between the degree of starch gelatinization and digestibility in vitro

As expected, the RDS increased and the RS decreased when the extent of thermal
gelatinization increased. RDS values for native flour (11.0 £0.7 %) were consistent with
previous works (Zhang & Hamaker, 2012). A plantain flour-water mixture cooked at 100°C
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or above also exhibited slightly higher RDS values (90.5 + 3.7 % at 1.4 kg kg™’ db) than those
reported by previous authors (72.8 + 4.2 %). The difference could be partially attributed to
the use of different varieties. As far as the resistant starch fraction is concerned, the
investigation carried out by Zhang & Hamaker (2012) reported 83.4 % db in raw banana
flour. However, in the present study no significant difference was observed for native starch,
irrespective of the water content (with 84.3 = 3.8 % and 81.2 = 1.0 % db), although for full-
gelatinized samples, a slight remaining RS fraction was observed at 1.4 kg kg ' db whereas
no remaining RS fraction was observed at 2.0 kg kg™ db (0.0 £ 0.1 % db). The corresponding
normalized RDS* and RS* over the extent of starch gelatinization are illustrated in Figure 3.
The model obtained for both RDS* and RS* fitted experimental data well for both water
conditions.

A 10

0.8}

0.6}

RDS*

04} -

7 4
i' P7s
02bF " #
B “
o -

A ' A

0.2 0.4 0.6 0.8 1.0
Starch gelatinization «
Figure 3 Dimensionless rapidly digestible starch fraction (RDS”) and resistant starch fraction

(RS") of plantain flour as a function of the degree of plantain starch gelatinization ( @ ). Experimental
data at different water contents 1.4 kgkg'db (A) and 2.0 kgkg' db (@) and predicted curves:
dashed (-.-) line represent the confidence interval and (--) the predicted interval (P = 0.05).

In addition, the ay parameters were identified for both dimensionless fittings of

RDS* and RS*, with a reliable RMSE and an indicative R?, around 6 % and above 0.96,
respectively. No significant differences between experimental RDS over water were observed
at either ¢ =0 or @ = 1, with approximately 11 % db and 87 % to 90 % db, respectively.
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A continuous increase of the normalized RDS” fraction was observed along the starch
gelatinization rate (Figure 3A). While starch gelatinization explained 95 % of the variation of
RDS*, temperature accounted for 69 % of the variation of RDS* The same results were
observed for RS* however RS content decreased with extent of starch gelatinization, but as
far as RS* concerned, an increase of RS* was observed on Figure 3B with starch
gelatinization. The RS* values seemed very dependent on starch gelatinization in the 0.0 —
0.4 « range. The 0.0 - 0.4 ¢ range corresponded to the highest rate of production of SDS
(data not shown). Thus, cooked plantain starch seems a promising starch ingredient with
relatively balanced energy release, and a good proportion of SDS, and RS fractions. A slight

variation of the RS” was observed for a more advanced rate of starch gelatinization,
corresponding to the minimal production of SDS and RS. The dependence of starch
gelatinization on temperature illustrated by the phase diagram (Figure 2) was confirmed by a

strong correlation observed between ¢ and 7 for RDS" and RS”.

4. Conclusion
As a first stage, starch thermal transitions have been modelled using plantain flour-
water mixture. An empirical Weibull model was fitted with DSC data for any water content

(X;).The combined effects of temperature and water content on the in vitro digestibility

properties can be summarized by starch conversion () irrespective of the heat-treatment
history. So, two empirical models were proposed to predict RDS and RS as a function of
starch gelatinization. In the water content range of banana plantain (raw to water-cooked), the
temperature seems the main factor that influences starch conversion and digestibility. An
investigation is expected to be later conducted between plantain flour and pieces of pulp soon
after cooking aiming at comparing their respective degree of starch gelatinization (&) and in
vitro digestibility, which in turn, could be used to predict the gelatinization and digestibility
behaviour of plantain starch in whole pieces of pulp. Moreover, the state diagram, RDS and
RS response models will be later integrated in a heat and mass transfer model with the aim of
optimizing the plantain cooking process.
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