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Starches were isolated from nonconventional sources (banana, mango, and okenia) and their
characteristics were examined using polarized light microscopy, X-ray diffraction pattern, Fourier
transform infrared (FTIR) spectroscopy, and differential scanning calorimetry (DSC). Banana starch
granules were of an ellipsoidal shape with size between ∼8 and 20 µm; okenia had the smallest
granule size, between ∼2 and 5 µm. The three starches showed the Maltese cross, indicative of an
intact granule structure. Okenia and mango starches had the A-type X-ray diffraction pattern, common
to native cereal starches, whereas banana starch showed a mixture between A- and B-type pattern.
Banana starch had the highest temperature (77.6 °C) and enthalpy (23.4 J/g) of gelatinization in
excess water conditions; okenia had the lowest temperature (71.2 °C) and enthalpy (15 J/g), which
may be related to the X-ray diffraction pattern and its small granule size. Both the okenia and mango
starches had a higher molar mass and gyration radius than banana starch, which may be related to
the differences determined in their crystalline structures.
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INTRODUCTION

Starch is one of the most important biopolymers. It is a
polymeric mixture of essentially linear (amylose) and branched
(amylopectin)R-glucans. Starch owes much of its functionality
and physical organization into a granular structure to these
macromolecules (1). It is of great importance to understand the
molecular and structural characteristics of starches so as to
suggest possible applications of these polymers in diverse
systems. Many different techniques can be used to elucidate
these characteristics. These include X-ray diffraction (XRD),
which measures the long-range order in a sample, that is, the
level of crystallinity. Another technique is Fourier transform
infrared (FTIR) spectroscopy, which can determine the short-
range order in a sample obtaining information on the molecular
bond vibrations, such as the prominent C-O and C-C
stretching vibrations for carbohydrates, yielding both qualitative
and quantitative information, such as that on the amorphous
and crystalline regions of the starch granule. A destructive
technique, such as differential scanning calorimetry (DSC), has
been used to monitor changes occurring upon heating to the
bulk of the sample and is not just a surface technique, as is
FTIR. In native starches, it is possible to obtain a phase transition

that is due to the gelatinization process, this being a function
of the order and chain length distribution of the amylopectin
chain (2). Starch is widely used in many applications after
solubilization or dispersion in aqueous media under nondegra-
dative conditions. The average molecular weights of these two
components influence the functional properties of starch, as
demonstrated in gels (3), extrusion products (4), and starch
pastes (5). It is therefore important to have a reproducible
technique for measuring these macromolecular features. Recent
advances in instrumentation have inspired numerous reports on
the structure and properties of native, nondegraded starch
components, which have been studied by high-performance size-
exclusion chromatography (HPSEC) (6-9), HPSEC coupled
with multiangle laser light scattering (MALLS) (10-16), or field
flow fractionation (FFF) coupled with MALLS (16, 17). A
prerequisite step for determining the molecular weight distribu-
tion of amylose and amylopectin and their average molar mass
by any of these techniques is the complete dissolution of the
starch sample in an appropriate solvent without any degradation
of the constituent macromolecules. The fulfillment of this
requirement is necessary to get information representative of
the initial starch sample. In recent years, nonconventional
starches have become of increasing importance because of their
potential application in the development of new products or
improving their traditional uses. In this sense, okenia (18, 19),
mango (20), and banana (21) starches have been studied to
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determine their chemical, physicochemical, and functional
properties. However, no studies concerning the molecular
characterization have been reported to date. In recent years, the
structure-function relationship of starches has been shown to
be of great importance, as knowledge of the molecular structure
can suggest applications for the starch in products to improve
their functional characteristics.

The present work analyzed the molecular and structural
properties of three nonconventional starches using polarized light
microsocopy, X-ray diffraction, Fourier transform infrared
(FTIR) spectroscopy, differential scanning calorimetry (DSC),
and SEC-MALLS techniques.

MATERIALS AND METHODS

Starch Isolation. Mature seeds ofO. hypogaeawere harvested at a
local experimental farm. The seeds were washed with distilled water
to eliminate dust and other impurities and then were cleaned and stored
at 4°C in a sealed container for further use. Okenia starch was isolated
using the method suggested by Adkins and Greenwood (22) and adapted
by Sánchez-Hernández et al. (18) and Gonzalez-Reyes et al. (19).

Unripened bananas (Musa paradisiaca) from the variety “Macho”
were purchased in the local market in Cuautla (Mexico) immediately
after harvest without any postharvest treatment. The skin color and
size are the parameters used for cutting of the fruit. Unripe mangos
(Mangifera indicaL.) from the cv. Tommy Adkins were also purchased
in the local market. Both starches were carefully isolated using a
modification of the procedure of Kim et al. (23). The fruits were peeled,
cut into 5-6-cm cubes (500 g total wt), immediately rinsed in sodium
sulfite solution (1.22 g/L), and then macerated mildly at low speed in
a Waring blender (500 g fruit: 500 g solution) for 2 min. The
homogenate was consecutively sieved and washed through screens (50
and 100 US mesh) until the wash water (distilled) was free from
impurities; it was then centrifuged (Hermle Labortechnik, Z300K,
Wehingen, Germany) at 10800× g for 30 min. The white-starch
sediments were dried in a convection oven (Lab-Line Instruments, Inc.,
Imperial V, Melrose Park, IL) at 40°C for 48 h, carefully ground with
a mortar and pestle to pass through a U.S. no. 100 sieve, and stored at
room temperature (25°C) in a glass container (21,24).

Amylose Content.The total amylose content was determined using
the colorimetric method suggested by Hoover and Ratnayake (25).

Light Microscopy. A small amount of starch was mixed with
distilled water and mounted onto a microscope slide with a coverslip
and examined by polarized light microscopy (Leitz, Wetzlar, Germany).

Wide-Angle X-ray Scattering (WAXS). A Bruker D5005 wide-
angle X-ray diffractometer equipped with a copper source operating at
40 KV and 30 mA producing a CuKR radiation with a wavelength of
1.54 Å was used. Data was collected over the 2θ range 4-38°at 0.1°
intervals wih a scanning rate of 60 s/deg. The spectra were baseline
corrected over the 4-38°range and vector normalized utilizing the
OPUS 3.0 software (Bruker, U.K.) before calculating the crystallinity
indices using the method of Hermans and Weidinger (26). Triplicate
measurements were carried out. To be able to compare the crystallinity
values obtained from the various starches, the starch samples were
equilibrated to 15% (wet weight basis, w.w.b.) moisture content in an
82% relative humidity environment using a saturated salt solution of
KBr (27). The level of starch crystallinity is dependent on the moisture
content (28-31).

Fourier Transform Infrared (FTIR) Spectroscopy. The mid-
infrared spectra were collected using a Bruker IFS48 infrared spec-
trometer (Bruker, U.K.) equipped with a DTGS detector and a heated
single reflectance ATR cell with a diamond crystal (Graseby-specac
Ltd., U.K.). A sealed sapphire anvil was used that had a rubber O-ring
to minimize moisture loss from the samples during measurements. For
each spectrum, 32 scans were acquired at a resolution of 4 cm-1 and
co-added. All sample measurements were recorded at a temperature of
25 °C. The ATR cell, excluding the sample compartment that was
sealed, was continuously being purged with dry air to minimize the
water vapor contribution to the spectra. Spectra were acquired using

the standard direct mode where the background was recorded with no
sample in the ATR cell.

Data analysis was carried out using the OPUS 3.0 software (Bruker,
U.K.) To analyze the carbohydrate region of the spectra (1200-800
cm-1), baseline correction was applied using a single point at 1900
cm-1. The spectra were then deconvoluted (32) in the above-mentioned
region, where the assumed line shape was Lorentzian, with a decon-
volution factor of 750 and a noise reduction factor of 0.2.

Differential Scanning Calorimetry (DSC). The temperature and
enthalpy of gelatinization of the starches were studied using a
differential scanning calorimeter DSC 7 (Perkin-Elmer, U.K.) calibrated
with indium and cyclohexane. The samples were weighed (between 9
and 11 mg sample, dry basis) in stainless steel pans, adding distilled
water to create excess water conditions (at least 3 times more than the
amount of starch). The pans were hermetically sealed and placed on
mixing rollers overnight to allow homogeneous hydration of the sample
before carrying out the analysis. An empty pan was used as reference.
The samples were heated from 0 to 130°C at a heating rate of 10
°C/min. The gelatinization or peak temperature (Tp) and the transition
enthalpy (∆H) were obtained directly using the accompanying Pyris
software. Duplicate measurements were carried out.

SEC-MALLS Study. The SEC-MALLS procedure, involving an
initial solubilization in dimethyl sulfoxide (DMSO) and then in water
using a microwave oven for different times, provides a representative
sample without altering the degree of polymerization of the polysac-
charides (12).

Dimethylsulfoxide Treatment. The sample (1 g) was first dissolved
in 95% dimethysulfoxide (DMSO) (20 mL) with magnetic stirring for
3 days at room temperature. The sample was then precipitated with
ethanol (60 mL) and stored overnight at 4°C. The precipitate was
filtered over a glass filter (G4) and washed successively with acetone
(10 mL) and diethyl ether (10 mL). The precipitate was air-dried under
a hood for a few hours to eliminate the solvents and finally dried in
vacuo at 45°C and 50 KPa for 18-20 h (12).

Solubilization in Water. The solubilization procedure was begun
by the addition of water (20 mL), which had been filtered through 0.1-
µm filter paper (Anotop, Whatmann, Maidstone, U.K.), to a dried
dispersed starch sample (10 mg), which had been weighed into the
Teflon cup of a model 4782 polycarbonate microwave bomb (total
volume 45 mL) (Parr Instrument Co., Moline, IL). The sample was
maintained for 15 min under nitrogen flow. The capped Teflon cup
was then fitted into the bomb, which had its own pressure cap. This
assembly was centered inside a 900 W Panasonic microwave oven.
The sample was heated for 40, 50, 60, or 70 s at 900 W. The cooling
step was carried out by immersion in an ice bath for 30 min, and the
sample was centrifuged at 31200g for 20 min at 15°C. The supernatant
solution was filtered through a 5-µm filter paper (Millipore, Bedford,
MA) and dilution series were made at room temperature yielding five
or six concentrations. These were injected into the DAWN detector
(MALLS, Dawn DSP-F, Wyatt Technology Corporation, Santa Barbara,
CA) using the microbatch mode. The carbohydrate concentration of
the supernatant solution after filtration was measured by the sulfuric
acid-orcinol colorimetric method (12). The weight average molecular
weight (Mw; g/mol) and z-average gyration radius (RG; nm) were
determined with the second-order Berry plot using the ASTRA software
for Windows, version 4.90.07 (33). Optical alignment was checked over
the angular range described using filtered (0.1-µm) toluene (11, 12).

RESULTS AND DISCUSSION

Light Microscopy. The radial, ordered arrangement of starch
molecules in a granule gives it a quasi-crystalline nature, as is
evident from the Maltese crosses seen using polarized light
microscopy. The center of the cross is at the hilum. Intact
granules exhibit a well-defined birefringence pattern with a dark
cross. Birefringence implies only a high degree of molecular
orientation within the granule and it does not make reference
to any particular crystalline form. Birefringence was observed
under polarized light. The three starches showed the charac-
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teristic Maltese crosses, indicating that the isolation method used
yielded intact native starch granules.

The banana starch(Figure 1a) had granules that were
elliptical in shape whereas those obtained from the mango
(Figure 1b) and okenia(Figure 1c) were more spherical.
Additionally, the okenia granule size was much smaller than
those obtained from banana and mango. The okenia granular
size was∼2-5 µm, whereas the mango was∼5-15 µm and
the banana was∼8-20 µm.

Wide-Angle X-ray Scattering (WAXS). The okenia and
mango starches studied gave an A-type X-ray diffraction pattern
(Figure 2), typically found in native cereal starches. However,
the banana starch gave an X-ray pattern that was a mixture
between the A- and B-type polymorphs, also referred to as the
C-type. In general, legume starches and some tropical tuber
starches display the C-type pattern which represents a mixture
of A- and B-type crystallinity within the granule (34). Some of
the peaks observed with banana starch were similar to those
seen with the okenia and mango starches; however, there were
also differences believed to indicate the presence of the B-type
crystals: the peak observed at a Bragg’s angle value of 2θ )
5.4° (arrow Figure 2) was not observed for the other two
starches, the peak at 2θ ) 17° was much more prominent than
that at 2θ ) 18°, and the peak at 2θ ) 23° was broader. All
these differences indicate that the banana starch was a mixture
of the A- and B-polymorphs.

The level of crystallinity calculated was very similar for all
three starches with values of 36% ((2.5%) obtained for the
banana starch and 35% for the mango ((1.1%) and okenia
((0.3%) starches. Lower percentage crystallinities were obtained
from different varieties of wheat starches (14), and their values
ranged between 13 and 18%. This could be related to the
different botanical source of the starch but will also be dependent
on the method of calculating the percentage crystallinity. Other
authors reported a B-type pattern for banana starch (35,36) and
in another study Jane et al. (37) found that banana starch
presented a C-type diffraction pattern, correlating with the results
found in this study. The variety of banana starch could play an
important role, although the aforementioned authors usedMusa
acuminata, different from theMusa paradisiacaspecies ana-
lyzed in this study, yet the results were the same.

Fourier Transform Infrared (FTIR) Sspectroscopy. The
FTIR spectra for the native starches are shown inFigure 3.
The information obtained from this technique is related to the
short-range order in the starch molecule (38). Information on

Figure 1. Polarized light microscopy of starches from nonconventional
sources: (a) banana, (b) mango, (c) okenia.

Figure 2. X-ray diffraction pattern of starches from nonconventional sources.
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the quantity of ordered and amorphous regions present in the
starches is important for knowing the behavior of the polyssa-
charide when it is being processed, for example, heat treatments,
or to predict the characteristics of the starchy products when
they are being stored. The ratio between the absorbance obtained
at a wavenumber of 1022 cm-1, related to the amorphous
component (39), and that obtained at 1045 cm-1, related to the
ordered component (40), were 1.12, 1.11, and 1.35 for the
banana, mango, and okenia starches, respectively. Banana and
mango starches contained similar amounts of short-range order,
yet they differed from the okenia starch. This could influence
some of the physicochemical, functional, and digestibility
characteristics of these materials.

With ATR-FTIR, the infrared beam only penetrates the first
∼2 µm of a sample; it is a surface measurement technique. The
spectra obtained of native starches with ATR-FTIR differed
depending on the botanical source of the starch (38). Sevenou
et al. (38) found that the band at 1022 cm-1 was less prominent
in B-type starches (potato and amylomaize) than in A-type
starches (wheat, maize, and waxy maize) and the band at 995
cm-1 was more prominent. They stated that FTIR was not able
to differentiate between the A- and B-type crystal polymorphs,
as FTIR was only sensitive to short-range order. They attributed
these differences to the fact that the external regions of the
B-type starches they analyzed were more ordered than those of
the A-type starches. The ratio of the bands 1022:995 cm-1 for
the banana, mango, and okenia starches yielded values of 0.59,
0.51, and 0.50, respectively. From these values, the mango and
okenia starches were very similar. The banana starch was
slightly less ordered in the external region of the granule.

Differential Scanning Calorimetry (DSC). DSC was used
to study the gelatinization behavior of the banana, mango, and
okenia starches (Table 1). Okenia starch had the lowest
gelatinization peak temperature and banana the highest one. In
the gelatinization enthalpy, banana and mango presented the
highest enthalpy values (23.4 and 21.2 J/g, respectively), but
without statistical differences (R ) 0.05). Okenia starch had
the lowest enthalpy value of the three starches studied (15.0
j/g). This single transition corresponds to the dissociation of
the amylose and amylopectin molecules within the starch
granules and leaching out of amylose to the continuous phase
(41-43). For banana starch that had the highest gelatinization
temperature, this behavior can be in agreement with the different

X-ray diffraction pattern (A/B-type) shown, because it was
reported that the level of crystallinity and in consequence the
diffraction pattern is attributed to the chain length of the
amylopectin molecule (44). On the other hand, Yuan et al. (2)
reported that amylopectins present in corn starches with longer
chains had higher gelatinization temperatures than those amylo-
pectins with shorter chains. This may be the cause of the
different pattern observed for the starches analyzed. Addition-
ally, other researchers (45,46) have found that the A-polymorph
was favored by shorter chain lengths, whereas the B-polymorph
was favored by longer chain lengths. Native A-type starches
tend to have shorter average chain lengths than B-type starches
(45-47). As the banana starch was the only starch to show a
mixture of the A- and B-type crystal polymorphs (the mango
and okenia starches only showed the A-type), this could indicate
that it had longer average chain lengths than the other two
starches studied. When the DSC trace was obtained for banana
starch (data not shown), a shoulder was found at a temperature
of 80 °C. This event could be due to the existence of two
different starch granule populations that are gelatinized at
different temperatures. Faisant et al. (36) reported DSC traces
for raw green-banana flour. They found a gelatinization tem-
perature of 69.4°C and a gelatinization enthalpy of 17.1 J/g.
Both values were lower than those found in this work.
Additionally, Bello-Pérez et al. (21) reported gelatinization
temperatures of 74.5 and 75.0°C for two banana starches, close
to that determined in this study, but the enthalpy values were
lower (13.0 and 14.8 J/g). Gonzalez-Reyes et al. (19) reported
a gelatinization temperature of 71.3°C and a gelatinization
enthalpy of 11.9 J/g for okenia starch. Their gelatinization
temperature value was similar to that determined in this work,
but the enthalpy value was lower. For mango starch, until today
there are no reported results of calorimetric studies.

Figure 3. Mid-IR spectra of starches isolated from nonconventional sources

Table 1. Thermal Analysis (Gelatinization) of Starches Isolated from
Nonconventional Sourcesa

sample Tp (°C) ∆H (J/g)

banana 77.6 23.4
mango 73.8 21.2
okenia 71.2 15.0

a Data are means; n ) 2.
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SEC-MALLS Study. The macromolecular characteristics of
the starches using different solubilization times are shown in
Table 2. Generally, as the heating time in the microwave
increased, the molar mass (Mw) and gyration radius (RG)
decreased. This behavior is due to the longer heating times,
where degradation of the molecules occurs. Bello-Pérez et al.
(12) reported a similar pattern for their starch studied, withMw

values for normal maize that ranged between 19× 107 g/mol
for 35 s of heating to 2.7× 107 g/mol at 90 s of heating andRG

ranging from 250 nm at 35 s to 100 nm for 90 s. Banana starch
had the lowestMw andRG values of the starches analyzed. The
starch that had the lowestMw also had the lowestRG. TheMw

andRG decreased as the amylose content increased as banana
had an amylose content of 37%, mango 35%, and okenia 27%.
It has been reported that theMw of amylopectin decreased as
the amylose content increased (13). If the results obtained are
compared with those obtained for yam starches (16) solubilized
for 40 s, theMw andRG values were higher, ranging between
3.41 and 0.75× 108 g/mol and 396 and 170 nm, respectively,
depending on the variety used for starch isolation. The differ-
ences found could be due to differences in the starch source
and the technique used, as they used an HPSEC-MALLS-RI
system. The DMSO treatment for the starches and solubilization
time were similar to those used in this study. TheMw andRG

values obtained for wheat starches determined with an HPSEC-
MALLS-RI system were in the range of 3.10-5.24× 108 g/mol
and 301-328 nm, respectively (13), and for amylopectins
isolated from maize starches, theMw and RG values ranged
between 4.9 and 8.3× 108 g/mol and 312-372, respectively,
showing that amylopectin isolated from waxy maize had the
highest values of these parameters. Another study using the
microbatch mode of the MALLS detector reportedMw andRG

values higher for amylopectins isolated from various wheat
cultivars than those obtained with chromatography (48). These
values were also higher than those found in this work.

Figure 4 shows theMw dependence of theRG for okenia
starch treated for four different time periods. Similar results were
also obtained for banana and mango starches (data not shown).
Within the limits of experimental error, the relationship ofMw

to RG follows a common straight line on a double logarithmic
plot (r ) 0.94), describing the power law behaviorRG ) K Mv,
as already shown by Hanselmann et al. (49), who stated that

theMw dependence ofRG was according to the following power
law:

The calculated slope values (VRG) were 0.27, 0.36, and 0.41 and
df values were 3.74, 2.81, and 2.42 for the banana, mango, and
okenia starches, respectively. Adf value of 3.0 would define a
globular homegeneous structure whereas adf value of 2.0 would
define a planar structure. Bello-Pérez et al. (11,12) founddf

values of 2.77 and 2.70 for corn amylopectin and normal corn,
respectively, and a value of 2.56 for amaranth starch. The values
determined in this study demonstrated structural differences in
the starches from diverse botanical origins.

In Figure 5, the particle-scattering factorP(q), which
describes the angular distribution of the scattered light from
mango starch heated for 60 s, is plotted against the dimensionless
parameteru (≡qRG), whereq is a scattering vector (50): q )
(4πn/λ) sin (θ/2). Information about the structure of polymers
can be obtained fromp(q), which describes the angular
distribution of the scattered light. The theory of fractals (51)
relates this asymptotic slope to a fractal dimension. In this
experiment,d′f is focusing on the internal structure in contrast
to df, which is related to the global structure (49). In both the
mango and okenia starches, these slopes showed a dependence
on the treatment time (Table 2). The values ofd′f for the
samples studied are near to that value characteristic of a particle
that has an internal structure of a fully swollen, randomly
branched macromolecule in a thermodynamically good solvent
(d′f ) 2.0) (49). Bello-Pérez et al. (11) reportedd′f values for
amaranth starch dissolved for 35, 50, 70, and 90 s of 2.44, 2.18,
1.50, and 1.03, respectively. A pattern similar to that was found
in this study, using static light scattering equipment.

Table 2. Macromolecular Characteristics of Starches Isolated from
Nonconventional Sources and Studied by SEC-MALLS

sample
heating
time (s) Mw (×10-6) (g/mol) RG (nm) d’f df

mango
40 13.9 145 1.95 2.81
50 17.8 147 2.17
60 3.9 95 1.27
70 1.3 60 0.82

okenia
40 25.4 186 2.29 2.42
50 9.6 128 1.87
60 7.0 112 1.91
70 2.1 67 0.89

banana
40 6.7 106 1.25 3.74
50 3.4 92 1.27
60 1.9 76 1.32
70 0.2 73 1.16 Figure 4. Molecular weight dependence of the gyration radius (RG) of

okenia starch dissolved for different time periods.

Figure 5. Double logarithmic plot of particle-scattering factor vs the
normalized scattering vector of mango starch dissolved for 60 s.

M ) K′ RG
1/v

RG) K′ RG
df
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Conclusions.The starches studied from banana, mango, and
okenia had differently shaped and sized granules but under
polarized light showed the Maltese cross, indicating that the
isolation procedure yielded intact granules. Banana starch had
an X-ray diffraction pattern that was a mixture between the A-
and B-type, whereas the mango and okenia starches were of
the A-type. Banana starch had the highest temperature and
enthalpy of gelatinization, a parameter important in starch
applications. The molar mass and gyration radius were higher
for mango and okenia starches and the lowest values were
determined in banana starch. These molecular parameters
decreased when heating time increased because of sample
degradation in the microwave. The higherdf values for banana
starch (3.74) showed structural differences between the starches,
as this value would define a globular homogeneous structure,
whereas thedf values obtained for the mango and okenia
starches define a planar structure. The results obtained yielded
information about the possible behavior of these starches when
being used in certain applications.
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G.; Paredes-López, O.; Bello-Pérez, L. A. Isolation and partial
characterization of okenia (Okenia hipogaea). Starch/Staerke
2002,54, 193-197.
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(21) Bello-Pérez, L. A.; Agama-Acevedo, E.; Sanchéz-Hernandéz, L.;
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