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Air Oxidation of Corn Starch: Effect of Heating Temperature
on Physicochemical Properties and In Vitro Digestibility

Isabel Reyes, Carmen Hernandez-Jaimes,* Eduardo Jaime Vernon-Carter,

Luis A. Bello-Perez, and Jose Alvarez-Ramirez

Corn starch is heated (100, 120, 140, and 160 °C) under air convective
conditions for 4 h. Scanning electron micrograph images show that the
treatment produced pores and fractures on the granule surface. Hydroxyl
groups of starch molecules are oxidized to carboxyl and carbonyl groups.
Increasing heating temperature conditions lead to significant increases in the
carboxyl and carbonyl groups contents. Solubility profiles increase while the
apparent viscosity of the starch gels (5% w/v) decreases as heating
temperature increases. X-ray diffraction shows that the modified starch

1. Introduction

Oxidation of starch chains takes place
by conversion of hydroxyls first to car-
bonyls and then to carboxyls via oxida-
tion reactions.l!! Oxidized starch offers sev-
eral advantages over its native counterpart,
including low viscosity of gels, improved
thermal stability, and binding properties.?!
Importantly for food applications, oxidized

heated at 160 °C has a crystallinity of 6.42% and a short-range ordering of
0.14 as revealed by Fourier-transform infrared ratio 1047/1022, which is
significantly lower than the respective values of 24.42% and 0.2 exhibited by
native starch. The onset, peak, conclusion gelatinization temperatures, and
enthalpy of the modified starches tend to decrease slightly with increasing
temperature. The air oxidation treatment affects the digestibility of corn
starch, and as temperature increases, the rapidly digestible and slowly
digestible starch fractions decrease, while the resistant starch fraction
increases significantly. Overall, the results show that heating of corn starch at
mild temperature conditions lead to important modifications of the molecular

organization and to moderate oxidation of starch chains.

Dr. I. Reyes

Departamento de Industrias Alimentarias

Instituto Tecnolégico Superior del Oriente del Estado de Hidalgo,
Tecnoldgico Nacional de México

Apan, Hidalgo 43900, México

Dr. C. Hernandez-Jaimes

Facultad de Ciencias

Campus El Cerrillo

Universidad Auténoma del Estado de México

Toluca 50200, México

E-mail: mdhernandezj@uaemex.mx

Dr. E. J. Vernon-Carter, Dr. J. Alvarez-Ramirez
Departamento de Ingenieria de Procesos e Hidraulica
Universidad Auténoma Metropolitana-lztapalapa
Apartado Postal 55-534, CDMX Apartado 09340, México
Dr. L. A. Bello-Perez

CEPROBI

Instituto Politécnico Nacional

Yautepec Morelos, México

The ORCID identification number(s) for the author(s) of this article

can be found under https://doi.org/10.1002/star.202000237
DOI: 10.1002/star.202000237

Starch - Stérke 2021, 2000237

2000237 (1 of 9)

starch exhibits reduced susceptibility to
amylolytic enzymes, a property linked to
reduced content of rapidly and slowly di-
gestible starch (SDS) fractions.’! Low ret-
rogradation is a further important property
induced by oxidation of starch molecules.*]
It has been postulated that the bulky car-
boxyl and carbonyl groups attached to the
C3 and C4 carbons in conjunction to de-
polymerization of starch chains are respon-
sible of the reduced retrogradation degree
and amylolytic susceptibility of oxidized
starches.l”]

Several approaches have been explored
for the oxidation of starch from differ-
ent botanical sources. Oxidized starch is
obtained by exposing starch to an agent
under certain pH and temperature conditions. Sodium hypochlo-
rite is the most widely used agent for oxidation,!! although
sodium bromide, calcium hypochlorite, gaseous chlorine, and
hydroperoxide have been also explored.l”] However, these chemi-
cal agents pose serious environmental problems, and their appli-
cation in food products has been increasingly limited. Ozone has
emerged as an alternative for oxidation of starch.['¥1% Ozone-
based oxidized starches exhibit properties that are similar to
those obtained by, for example, sodium hypochlorite.[!) Besides,
ozone is a powerful oxidant with clean environmental impact.[!8]
It was reported that ozone oxidation induced a reduction in
the apparent viscosity while raising the gel strength of different
starch sources.l'% Air is also an oxidation agent able to lead to
the formation of carbonyl and carboxyl groups. However, the ox-
idative capacity of air at relatively low temperatures leads to very
low oxidation rates. In this way, air oxidation of starch chains
can be carried by overcoming the thermodynamic barriers due
to thermal and/or catalytic effects. Solid heterogeneous cataly-
sis has been explored as a method for air starch oxidation. In
the past decades, several works have been published on the ef-
fect of the catalyst agent on the oxidation extent of starches.
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Figure 1. SEM images of modified corn starch granules: a) Sqo0, b) S129, €) S140, and d) Sy¢o-

Harmon et al.l'!l studied the air oxidation of corn starch catalyzed
by ammonium meta vanadate at 35-40 °C and pH 9. The oxi-
dized starch contained more carbonyl, but less carboxyl groups
than commercially available oxidized starch. The air oxidation
of potato starch over ammonium vanadate (V), led to a signifi-
cant production of carbonyl and carboxyl groups.[?! Achremow-
icz et al.l'*) showed that air oxidation of potato starch over Cu(II)
catalyst favored the formation of carbonyl derivatives over the ox-
idation to starch carboxylates. Oxidation based on heterogeneous
catalysts is commonly carried out at relatively low temperatures
(about 35-45 °C). However, the use of heterogeneous catalysts
might increase operational costs, as its separation from the prod-
uct and recovery is difficult. An alternative is to dispense with
the use of the heterogeneous catalyst, and to increase the tem-
perature in order to raise the oxidative activity of the air flow.
Besides, high thermal conditions disturb the starch structure,
which eases the action of the oxidation reaction.[®! Air-based oxi-
dation has been used, for instance, for pretreatment of husk for
ethanol production where oxidation reactions take place at tem-
peratures from 100 to 220 °C.['*] Kurdziel et al.l'>] showed that
air thermal treatment of barley and oat starches led to high ox-
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idation levels comparable to that obtained with chemical agents
(e.g., hypochlorite).

Reported results on air oxidation of starches are still scarce.
Information on this line should provide valuable insights on the
viability of the air oxidation approach as an alternative to starch
oxidation based on chemical agents. In this way, the aim of the
present work was to explore the effect of air heating at moderate
temperatures (100-160 °C) on the oxidation of corn starch chains.

2. Results and Discussion

2.1. Morphology

Scanning electron micrographs of treated corn starch granules
are shown in Figure 1. Granules showed a typical polyhedral ge-
ometry, with some face irregularities. In general, the thermal
treatment induced only slight modifications on the granule ge-
ometry. Upon treatment, the surface of the granules presented
visible erosion phenomena, possibly caused by disintegration of
surface layer by thermal and oxidation effects. Similar patterns
were observed in barley and oat starch granules modified with

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.starch-journal.com

ADVANCED
SCIENCE NEWS

Starch

www.advancedsciencenews.com

Table 1. Characteristics of the modified corn starches.
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Reducing sugars[g Amylose content[g

Relative

Crystallinity content

Sample 100 g db™"] 100 g db™"] crystallinity[%] at 20°[%)] Rogs/1022[] Rioe71022]
Sc 1.86 + 0.078 28.34 + 0.61° 24.42 + 0.868 123 + 0.112 0.54 + 0.01? 0.20 + 0.01°
S100 3.76 + 0.09f 28.21 + 0.45° 16.23 + 0.07° 5.47 + 0.87° 0.51 + 0.01° 0.18 + 0.01°
S120 6.52 + 0.13¢ 27.12 + 0.54% 11.67 + 0.11¢ 11.84 + 0.91° 0.48 + 0.01° 0.17 + 0.01°
S1a0 7.86 + 0.16% 26.53 + 0.61° 8.86 + 0.12% 21.26 + 1.01% 0.40 + 0.02¢ 0.15 + 0.02¢
S0 9.73 + 0.13¢ 24.67 + 0.55¢ 6.42 + 0.212 28.97 + 1.02 0.38 + 0.01% 0.14 + 0.01¢

Values are means + standard error, of three replicates; Superscripts with different letters in same column indicate significant differences (p < 0.05); Sc: Control, Sy: Starch

under heat treatment at “X” temperature.

Table 2. Carbonyl and carboxyl contents of modified starches.

Sample Carbonyl(CO/100GU) Carboxyl (COOH/100GU)
Sc 0.003 + 0.001¢ 0.021+0.001¢
S100 0.006 + 0.001¢ 0.043 +0.001
S120 0.013 + 0.002° 0.076 + 0.001°
S0 0.023 + 0.001° 0.142 + 0.002°
S160 0.036 + 0.002 0.193 + 0.001

Values are means + standard error, of three replicates; Superscripts with different
letters in same column indicate significant differences (p < 0.05).

UV irradiation and thermal treatments,["! in potato starch mod-
ified by sodium hypochlorite,’®! and arracacha starch modified
with ozone.l'% The morphology of potato starch granules pre-
sented minor changes after ozonation as reflected by small fis-
sures and pores on the granule surface.®]

2.2. Reducing Sugars and Apparent Amylose Contents

The reducing sugars content in the starch granules increased
significantly with the thermal treatment (Table 1), probably due
to the depolymerization of starch chains by effect of thermal ef-
fects and oxidation. The higher the treatment temperature, the
higher the reducing sugars content. Similar trend was observed
for ozone modification of arracacha starch.[*) Recently, Li et al.(¢]
showed that thermal treatment of starch chains can lead to sig-
nificant generation of reducing sugars (up to 33%) when tem-
peratures are higher than 100 °C. Lima et al.l'% reported that
the apparent amylose content decreased as the treatment tem-
perature increased, an effect that has been ascribed to thermal
depolymerization of short-size amylose chains to give reducing
sugars. These authors postulated that oxidation of starch chains
might result in molecules with a lower affinity to form iodine
complexes, which in turn led to reduced levels of measured ap-
parent amylose content.

2.3. Carbonyl and Carboxyl Contents

The carbonyl and carboxyl contents increased with the treatment
temperature (Table 2). It has been pointed out that the presence of
carbonyl and carboxyl groups are strong indicative of depolymer-
ization of starch chains, which takes place by conversion of hy-
droxyls to carbonyls and carboxyls via oxidation reactions.[!] The
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increased values of the carbonyl and carboxyl contents suggested
that the thermal treatment of starch granules under convective
air flow involves oxidation of starch chains. The results in Table 2
are in line with recent report by Kurdziel et al.,['>] who showed
that direct heating of barley and oat starches for 30 min at 210 °C
led to a marked increase of carbonyl and carboxyl contents rela-
tive to the native untreated starches. In the present study, a pos-
itive Pearson correlation between the carbonyl content and treat-
ment temperature (r = 0.98, p < 0.01) was obtained. Likewise,
a positive relationship between carboxyl content and treatment
temperature (r = 0.94, p < 0.01) was exhibited. Overall, the above
results indicated that the thermal treatment under an air atmo-
sphere resulted in the formation of carboxyl and carbonyl groups,
accompanied by the hydrolysis of glycosidic linkages, promoting
the reduction of the molecular size and the formation of reducing
sugar groups.

The values of carbonyl (0.003-0.036 CO/100 GU) and carboxyl
(0.021-0.193 COOH/100 GU) contents of our corn starch in-
dicate that the oxidation extent of the starch chains was mod-
erate as compared to the values reported for corn starch and
starches from other botanical origin oxidized by different meth-
ods. For instance, carbonyl (0.061 CO/100 GU) and carboxyl (0.27
COOH/100 GU) contents for corn starch oxidized with a 3% so-
lution sodium hypochlorite were reported by Wang and Wang.[2!]
Maximum values of carbonyl and carboxyl contents of the order
0f0.021% and 0.35%, respectively, were reported for potato starch
oxidized by sodium hypochlorite.[* Pigeon pea, lima bean, and
jack bean starches subjected to ozonation at low temperatures
(about 35 °C) had values of carboxyl and carbonyl contents of the
order of 0.07% and 0.25%, respectively.!) Carbonyl levels of up to
0.16% were reported for arracacha starch modified with ozone.!"’

2.4. Rheological Properties

Figure 2a,b show the storage and loss moduli behavior of the NS
and the modified starch gels (5% w/v). The viscoelastic moduli ex-
hibited constant values up to a shear strain of about 10%. G’ stor-
age modulus exhibited monotonous decreasing trend for larger
shear-strain values, indicating the disruption of the gel structure
by effect of the mechanical deformation. In contrast, G” did not
exhibit a monotonous decrease when exceeding a shear strain
of #10%. As a matter of fact, G exhibited an overshoot, which
can be ascribed to jamming effects of insoluble remnants in the
starch gel.[??) The heating temperature at which starches were
treated had an adverse effect in the viscoelasticity of the starch

© 2021 Wiley-VCH GmbH
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Figure 2. a) Storage, b) loss moduli as a function of strain%, and c) apparent viscosity as function of the shear rate for gels (5% w/v) of native and
modified corn starches. d) Variation of the apparent viscosity at shear rate of 0.1s7".

gels as the storage and loss moduli showed a marked decrease,
which was larger the higher was the temperature. Similar trend
was exhibited by the apparent viscosity (Figure 2c) where a typical
shear-thinning behavior was observed for all samples. The appar-
ent viscosity determined at a constant shear rate of 0.1 s7!, which
corresponds to the highest apparent viscosity value exhibited by
all the starch gels, is plotted in Figure 2d. It can be observed
that as air temperature was increased, and the extent of oxida-
tion was increased, the apparent viscosity declined. This behav-
ior has been documented previously.[>1°23] Ozone treated corn
starch gel showed a significant decrease in viscosity, which was
attributed to partial amylose degradation by effect of oxidation
reactions.?! Starch (corn, sago, and tapioca) exposed to ozone for
10 min at different ozone generation times (OGT) exhibited non-
Newtonian shear-thinning behavior.?] Starch viscosity decreased
drastically with increasing OGT. The effect was attributed to oxi-
dation occurring primordially at the amorphous lamellae, leading
to amylose depolymerization.[?3] Ozone-based oxidation of arra-
cacha starch produced large reductions of gel viscosity in pasting
tests.1
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2.5. Solubility

Figure 3 presents the degree of solubility as function of tem-
perature of the native and treated starches. The solubility of the
treated starches was significantly higher than the solubility of the
native starch. It has been argued that the increase in solubility of
starches treated by thermal processing is induced by improved
interactions between amylose-amylose and amylose-amylopectin
chains.**l On the other hand, the formation of carboxyl groups
promotes starch hydrophilicity while facilitating the access of
water molecules to amorphous domains. The breakage of in-
tramolecular hydrogen bonds as caused by oxidative degradation
is also a solubility mechanism induced by oxidative processes.!**!

2.6. X-Ray Diffraction Analysis
The X-ray diffraction (XRD) spectrum of the native and modi-

fied corn starch samples is presented in Figure 4a. All samples
exhibited a well-defined pattern for a typical A-type structure of

© 2021 Wiley-VCH GmbH
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Figure 3. Solubility of native and modified corn starches.

cereal starch. The well-resolved peaks at 15°, 17.5°, 20°, and 23°
were noticeable in all diffractograms. The relative crystallinity
was computed as indicated by removing first the baseline and
second the estimated amorphous region (Figure 4b).2%] The re-
sults are shown in Table 1. The heating process had a negative
effect in the crystallinity content of the corn starch, and the ef-
fect was more pronounced as the heating temperature was in-
creased. In fact, the relative crystallinity was about 24.42% for the
native starch (S.), about 16.23% for S, and decreased to 6.42%
for S,g. Similar trend was reported for barley and oat starches
heated for 30 min at 210 °C.*>] The diminishing of the relative
crystallinity was linked to the reduction of the intensity of the
peaks at 17.5° and 23°, which in turn was ascribed to disassoci-
ation of amylopectin chains. It has been reported that annealing
led to reduced intensities of X-ray diffraction patterns of potato
and cassava starches, an effect that was attributed to disruption
and orientation of crystalline structures in starch granules.[? In
the native corn starch, the well-resolved peak at 20° was almost in-
visible. However, the importance of this peak relative to the other
prominent peaks increased with the heating process. To quantify
this effect, the contribution of the peak at 20° with respect to the
crystallinity content (Figure 4c) was estimated and reported in Ta-
ble 1. The relative contribution of the peak at 20° was about 1.23%
for the native starch, and showed a progressive increase with
the heating temperature to achieve values of about 28.97% for
Si6o- It has been postulated that the XRD peak at 20° reflects the
strong crystallinity structure of amylose-lipid complexes, which
are formed upon heating.[?’! Kurdziel et al.'*] reported the preser-
vation of the peak at 20° for oat starch subjected heating treat-
ment. More detailed information on the effect of the treatment
temperature in the XRD pattern was obtained by a multivariate
analysis via PCA of the diffractograms exhibited in Figure 5a.18]
The PCA revealed that the first principal component (PC1) ac-
counted for 94.01% of the variability of the XRD diffractograms.
Figure 5a shows the variation (i.e., loadings) of the PC1 with re-
spect to the diffraction angle. It is noted that PC1 was negative
over the whole diffraction angle range, meaning that the treat-
ment temperature had an adverse effect in the relative intensity
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Figure 4. a) XRD spectrum of the native and modified corn starch sam-
ples. b) lllustration of the computation of the relative crystallinity. CR and
AR refer respectively to crystalline and amorphous region. The dotted line
corresponds to the baseline. c) Crystallinity peaks resulted from removing
the amorphous region.

of the diffractograms. Interestingly, the largest value was located
at about 17.5°, indicating that this peak exhibited the largest vari-
ability with the heating temperature. Smaller contributions were
displayed by the peaks at about 15° and 20°. In this way, these
peaks can be taken as distinctive indicators to discriminate the
effect of the heating temperature within a 94.01% accuracy. Fig-
ure 5b presents the PCA score plots, from where the distance
from the native starch sample (S.) provides a measure of the ef-
fect of the heating temperature in the XRD pattern. It is noted
that the distance of the score points of the native starch to the
score point of the modified starches increased continuously with
the increasing temperature. The highest increase of distance was
between S,,, and S;,,, which means that temperatures higher
than 100 °C had a marked effect in the internal organization of
the starch granule. It has been pointed out that water mobility
has an important role in the internal granule structure as water
molecules promote the disruption of intra- and intermolecular
hydrogen bonding in granules resulting in this way in decreased
regularity of the starch chain packing.[’]

2.7. Fourier-Transform Infrared Analysis

More detailed information on the order of starch chains
was obtained by conducting a quantitative analysis of the
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Figure 5. a) First principal component as function of the diffraction an-
gle for the XRD spectra shown in Figure 2a. b) Score plot of the first and
second components.

Fourier-transform infrared (FTIR) spectrum. The spectra of na-
tive and modified corn starches showed a typical pattern of
polysaccharides (Figure 6a). A wide band centered at about 3400
cm~! is ascribed to O-H bond stretching. A smaller band located
at 2800-3000 cm™! is linked to C-H bond stretching and lipids
attached to the granule surface.””! On the other hand, the band
at about 1650 cm™! is ascribed to H,O bending vibrations and
reflects water molecules physically absorbed in the amorphous
region of starch granules.*") The large band centered at about
1020-980 cm™! is distinctive of polysaccharides and reflects the
skeletal mode vibrations of C-H functional groups. It has been
reported that the band at 1047 cm™! reflects the amount of short-
range ordered structures (e.g., double-helix), while the band at
1022 cm™ is characteristic of amorphous domains.?!l Also, the
band at 995 cm™! is water sensitive, reflecting intramolecular hy-
drogen bonding of hydroxyl group at the carbon C6 of the gly-
colic ring. In this way, the ratio 1047/1022 is an index of the in-
termolecular short-range order in starch granules, while the ra-
tio 995/1022 quantifies the amount of hydrated structures rela-
tive to amorphous domains. These ratios are obtained by the nu-
merical deconvolution of the FTIR spectrum via three Gaussian
functions (Figure 6b), and the results are presented in Table 1.
Both FTIR ratios decreased with the heating treatment, which
confirms the reducing of the crystallinity and short-range order
of starch granules upon direct heating treatment. In particular,
the progressive reduction of the ratio 995/1022 is linked to the
loss of water molecules by effect of evaporation. Marked reduc-
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Figure 6. a) FTIR spectra of the native and modified corn starch samples.
b) Illustrative deconvolution of the polysaccharides region.

tion of the FTIR ratio 1047/1022 by effect of different oxidation
methods have been reported, and these methods include direct
heating and UV irradiation of oat and barley starches.[' Heat
treatment led to the disruption of the lamellae structure of corn
starch granules, an effect that is probably linked to the reduc-
tion of the short-ranger crystallinity detected by the 1047/1022
ratio.®?] As it was done for the XRD spectra, a PCA of the FTIR
spectra was carried out to quantify the dominant variability com-
ponent. Figure 7a shows that the PC1 accounted for 88.87% of the
total variability, and besides the PC1 contribution was negative
for all wavenumber values. This means that the heating temper-
ature had a negative effect in the molecular organization of corn
starch. The largest effect was exhibited for the polysaccharide re-
gion linked to the C-H vibrations. The score plot in Figure 7b
indicates that the heating temperature had a progressive effect in
the modification of the starch structure. A sharp distancing can
be observed between S,,, and S;,,, which may be reflecting im-
portant losses of water molecules as the heating temperature was
increased beyond 100 °C.

2.8. Thermal Properties
The gelatinization properties of the native and modified starches
are presented in Table 3. It was found that the thermal treat-

ment led to significant reduction of the gelatinization tempera-
tures and enthalpy, an effect that is more noticeable for higher
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0.0

Table 3. Thermal properties of modified starches.

Sample T,[°C] T,[°Cl T.[Cl AH[ g

Sc 58.28 + 0.29*  72.76 + 0.69°  89.43 + 0.73*  13.48 + 0.29*
S100 57.25 + 0.12° 7127 + 0.55%  88.62 + 0.43? 7.76 + 0.16°
S120 56.42 + 0.12°  70.36 + 0.56%°  88.38 + 0.34%° 6.67 + 0.19¢
S0 56.73 + 0.13>  69.78 + 0.57c  87.72 + 0.42° 6.03 + 0.17¢
S0 56.76 + 0.09°  68.69 + 0.53¢  86.96 + 0.39¢ 5.67 + 0.25¢

Values are means =+ standard error, of three replicates; Superscripts with different
letters in same column indicate significant differences (p < 0.05); T,: Onset temper-
ature; T,: Peak temperature; T_: Conclusion temperature; AH: Enthalpy.

temperatures. These results suggest that the disruption of the
native granule integrity by thermal shocks was the main factor
affecting the gelatinization parameters. Oladebeye et al.l'l found
slight variations in the gelatinization parameters for pigeon pea,
lima bean, and jack bean starches upon gaseous ozone treat-
ment. Kurdziel et al.l**] reported similar results for oat and bar-
ley starches heated at 210 °C for 30 min. It was postulated that
thermal treatment led to defragmentation of starch chains. Be-
sides, dehydration of glucose rings at relatively high temperature
might induce destruction of crystalline structures as revealed by
XRD and FTIR analyzes. Thermal effects might be also behind
the reduction of the gelatinization parameters. For instance, Lim
et al.3®] reported reductions of the gelatinization enthalpy with
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Figure 8. Kinetics of the enzymatic hydrolysis of native and modified corn
starch samples.

the severity (e.g., temperature level) of the thermal treatment, an
effect that was linked to partial destruction of crystalline domains
into the starch granule. Similar result was found by Liu et al.,?¥]
who reported that the higher thermal treatment temperature al-
ways decreased all the endotherms below that temperature.

2.9. In Vitro Digestibility

The kinetics of the enzymatic degradation of the native and mod-
ified corn starches is presented in Figure 8. The heat treatment
had a negative effect in the enzymatic hydrolysis of the starch
chains, and this effect was accentuated for high treatment tem-
peratures. Equation (3) was used to fit the experimental data and
the resulting parameters were reported in Table 4. The kinetics
constant kj; exhibited a slight increase with the treatment tem-
perature, although the limiting hydrolysis showed the opposite
trend. In fact, the parameter Coo decreased from 77.42 g per
100 db for native starch to about 53.20 g per 100 g db for starch
treated at 160 °C. The contents of the starch fractions readily di-
gestible starch (RDS), slowly digestible starch (SDS), and resis-
tant starch (RS) are given in Table 4. In line with the kinetics
pattern, the RDS decreased from 29.62 g per 100 db for native
starch to 24.14 g per 100 g db for modified starch at 160 °C. A
more important variation was exhibited by the SDS fraction as
the value decreased from 44.02 g per 100 g db for native starch to
28.52 g per 100 g db for S,4,. On the other hand, the RS fraction
of the modified starches was significantly higher (29.55-47.34 g
per 100 g db) than in native starch (26.36 g per 100 g db). These
results showed that the heating modification led to important re-
ductions in the susceptibility of corn starch to amylolytic reac-
tions. Bean starch subjected to ozone treatment exhibited an in-
crease in RS fraction.[*] The oxidation of potato starch by sodium
hypochlorite at 35 °C led to an important reduction of the di-
gestible starch fractions.*] The reduction of the amylolytic sus-
ceptibility was attributed to the oxidation of starch chains. Oxida-
tion of the hydroxyl groups of the C1 and C2 carbons in glucose
leads to the formation of carbonyl and carboxyl groups, which in
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Table 4. Hydrolysis kinetics parameters and in vitro digestible fractions of the modified starches.

Sample ky x 102[min~1] C.[g 100 gdb™] RDS[g 100 g db™"] SDS[g 100 g db™] RS[g 100 g db™]
Sc 2.73 + 0.11¢ 77.42 + 0.612 29.62 + 0.63° 44.02 + 0.178 26.36 + 0.75
S100 2.78 + 0.09° 73.60 + 0.71° 27.85 + 0.43f 44.60 + 0.238 29.55 + 0.93°
S0 2.69 + 0.11° 69.71 + 0.72¢ 26.96 + 0.34¢ 37.45 + 0.24° 32.59 + 0.83¢
S0 2.89 + 0.12° 61.43 + 0.69¢ 25.76 + 0.42° 33.91 + 0.28° 40.33 + 0.86
S1e0 3.16 + 0.09° 53.50 + 0.74° 24.14 + 0.39< 28.52 + 0.25¢ 47.34 + 0.76%

Values are means =+ standard error, of three replicates; Superscripts with different letters in same column indicate significant differences (p < 0.05); RDS: Rapidly digestible

starch; SDS: Slowly digestible starch; RS: Resistant starch.

turn offer stearic opposition to the active site of the amylolytic
enzymes.[**] Although physicochemical modifications (e.g., sol-
ubility and crystallinity) had some impact, the carbonyl and car-
boxyl groups produced by oxidation reactions are the main re-
sponsible of the modification of the corn starch digestibility.

3. Conclusions

The present work provided information on the effect of air tem-
perature on the functional and digestibility properties of corn
starch. It was shown that the direct heating of corn starch by
means of a convection air flow led to the formation of carbonyl
and carboxyl groups, an effect that was accentuated for high tem-
peratures (up to 160 °C). While reported oxidation processes use
oxidation agents (e.g., sodium hypochlorite, ozone, and UV ir-
radiation), this work showed that heated air was able to lead to
moderate starch oxidation. Corn starch modified by air oxida-
tion showed physicochemical and digestibility properties sim-
ilar to starches oxidized by other oxidation agents. In particu-
lar, the contents of rapidly and SDS fractions showed signifi-
cant decrease, while the resistant starch fraction increased sig-
nificantly as treatment temperature increased, and these changes
are linked with the oxidation extent as quantified by carboxyl and
carbonyl groups.

4. Experimental Section

Materials: Native corn starch (NS; CAS number 9005-25-8, amylose
content 25.3%, moisture content 10.5%, pH 4.8; ash 0.5%, protein 0.1%),
D-(+)-glucose (CAS 50-99-7, purity N 99.5%), a-amylase from porcine
pancreas (CAS A3176, pH 5.5-8.0, 51-54 kDa, 5 IU mg~"), and amyloglu-
cosidase (CAS A3306, > 300 u/mL) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All other reagents used were analytical grade and
purchased from Metroquim (Mexico City, Mexico). All water used in the
experiments was deionized.

Starch Treatment: NS (50 g) was placed in a stainless-steel tray and
thermally treated in a forced-air oven (SW-17TA, Blue-M, New Columbia,
PA, USA) at different temperatures (20 °C taken as control, and 100, 120,
140, and 160 °C taken as treatment temperatures) for 4 h. Each treatment
was carried out in triplicate. The treated sample was washed five times with
distilled water to remove products of the treatment (e.g., reducing sugars).
The resulting pasta was dispersed in water and centrifuged (Model Z 513
K, Hermle Labortechnik, Wehnigen, Germany) at 6000 x g for 10 min. The
supernatant was discarded, and the precipitate was dried in the forced air
oven at 35 °C for 5 h, and finally ground. The modified starch samples were
coded as S, respectively, where “x” stands for the treatment temperature.

Scanning Electron Microscopy: ~ Starch particles were mounted on car-
bon sample holders using double-side sticky tape and were observed us-
ing a JEOL JMS 7600F scanning electron microscope (Akishima, Japan)
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with the GB-H mode at 1 kV accelerating voltage. Micrographs at 2500 x
magnification were presented. Samples were not metalized since the mi-
croscopy equipment operated under ultra-vacuum conditions.

Determination of Reducing Sugars and Amylose Content: The reducing
sugars contained in the native and modified starch samples after treat-
ment (i.e., before washing) were estimated by the 3,4-dinitrosalicylic acid
method using a solution of 10 mm glucose as standard.['®] On the other
hand, the amylose content was determined as follows: The starch sam-
ple (500 mg) was mixed with 1 mL of ethanol and then dispersed in 10
mL of KOH (1 N) for 1 h at 35 °C to achieve complete dissolution. The
volume was adjusted to 100 mL with distilled water in a volumetric flask.
Subsequently, 2 mL of the resulting suspension were taken and 50 mL of
distilled water and 100 pL of alcoholic phenolphthalein solution (1% w/v)
were added. HCl (0.1 N) was added dropwise until a slight pink color was
expressed. Then, 2 mL of iodine solution (2.0 g of potassium iodide and
0.2 g of iodine in 100 mL of distilled water) were added to the neutralized
solution and adjusted to 100 mL in a volumetric flask. The dispersion was
allowed to rest for 30 min for fully color development. The amylose content
was calculated from the ratio of absorbance measurements at 620/510
nm. Scans were performed by 201 UV-vis Spectrophotometer (Spectronic
Genesys 2, Thermo Electron Corporation, Madison, WI, USA).

Determination of the Contents of Carbonyl and Carboxyl Groups: The
carbonyl content of the modified starch was obtained by the titrimetric
method.['”] The content of carbonyl group was given as the number of
carbonyl groups per 100 glucose units (CO per 100 GU):

CO _ (Vb—Vs)xMx 0.028 x 100 "
100 GU w )

Here, V is the volume of HCl required for the sample (mL), V, is the
volume of HCl used for the blank (mL), W is the sample dry basis weight,
and M is the molarity of HCI. The content of carboxyl was estimated by the
method described by Chattopadhyay et al.['8] The content of carboxyl was
expressed as the carboxyl groups per 100 glucose units (COOH per 100
GU):

COOH _ (Vb —Vs) x M x0.045 x 100
100 GU w

)

In this case, V,, is the volume of NaOH used to test the blank (mL), V;
is the volume of NaOH required for the sample (mL), W is the sample dry
basis weight, and M is the molarity of the NaOH.

Rheological Properties: Starch dispersions (5 g per 100 mL) were
heated at 95 °C for 20 min in a water bath, followed by cooling down
at room conditions. The gel formed was allowed to equilibrate for 1 h
prior to undergo measurements in a Physica MCR 300 rheometer (Phys-
ica Messtechnik GmbH, Stuttgart, Germany). Strain sweep (0.1-1000%),
at 1 Hz was applied and the storage (G’) and loss (G”) moduli were ob-
tained. Also the apparent viscosity-shear rate behavior was determined by
applying a shear rate ramp from 0.1-1000 s~'. All the experiments were
carried out at 25 °C, and the experimental data were obtained by means of
the (US200/32 V2.50) equipment’s software.

Solubility:  The starch sample was dispersed in distilled water (1 g per
100 mL), placed in centrifuge tubes and heated to temperatures 30, 40, 60
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and 80 °C for 30 min, in a water bath under intermittent shaking. Afterward,
the tubes were cooled down to room temperature and centrifuged at 3500
X g for 15 min. The supernatant was dried at 95 °C for 8 h. The solubility
was estimated as

%
Solubility (%) = st

S

x 100 3)

Here, Wy, is the weight of the dried supernatant and W, is the weight
of the sample.

X-Ray Diffraction: Measurements were conducted in an X-ray diffrac-
tometer (D8 Advance, Bruker, Germany) operated at 40 kV and 40 mA.
Samples were scanned over an angular range of 4° to 40° (20) at a scanning
speed of 0.05° min~'. Relative crystallinity of the samples was calculated
as follows:

AC
RC(D) = 274
C a

x 100 (4)

Here, A, is the crystalline area and A, is the amorphous area on the
X-ray diffractogram.

Fourier-Transform Infrared: Measurements were obtained from a
Perkin Elmer spectrophotometer (Spectrum 100, Perkin Elmer, Waltham,
MA, USA) endowed with a crystal diamond universal ATR sampling ac-
cessory. The FTIR spectrum was reported as the mean value of five mea-
surements for each sample. A numerical deconvolution procedure with
Gaussian functions (half-width of 15 cm™, resolution enhancement 1.5)
was carried out to obtain individual contributions for distinctive bands.

Thermal Properties: The thermal properties of starch samples were es-
timated by a differential scanning calorimeter equipment (DSC-1 Mettler-
Toledo, Switzerland). The starch sample and distilled water with ratio 1:3
were weighed and placed in a 40 pL DSC aluminum pan. After sealing, the
starch-water mixture was allowed to equilibrate at room temperature for
1 h. The pan was heated from 25 to 100 °C at 10 °C min~' to scan the
thermal changes. An empty pan was used as reference. The gelatinization
parameters (onset temperature T, peak temperature To conclusion tem-
perature T, and enthalpy AH) were estimated by means of the software
of the equipment.

In Vitro Starch Digestibility: The amylolytic hydrolysis of native and
modified starch samples was done following the method of Englyst
et al.l"?l The RDS was the starch hydrolyzed within the first 20 min of in-
cubation, and the SDS the starch digested between 20 and 120 min. Undi-
gested starch after 120 min was considered as the resistant starch (RS)
fraction. The kinetics of in vitro digestion was numerically fitted (i.e., least-
squares) by the following first-order exponential model of Gofii et al.[20]

C (1) = C (1—exp(—kyt)) ©)

Here, C(t) is the total hydrolyzed starch, Coo is the equilibrium concen-
tration, and ky is the hydrolysis rate constant.

Statistical Analysis:  All the experiments were conducted in triplicate.
Experimental data were analyzed by means of analysis of variance and re-
ported as mean value + standard deviation. Significant differences were
estimated via Tukey’s HSD test (p < 0.05) with the SPSS 22.0 statistical
software for Windows (SPSS, Inc., Chicago, IL, USA).
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