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Abstract: The effect of dual modification of corn starch, including hydrolysis and succinylation, were
evaluated through peak viscosity (PV) analysis, differential scanning calorimetry (DSC), scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy.
This dual modification was shown to increase the reaction efficiency (RE) and degree substitution
(DS) compared with starches that were not subjected to acid hydrolysis pretreatment with a 44% and
45% increase respectively. After acid hydrolysis pretreatment, the surface of the corn starch granules
exhibited exo-erosion and whitish points due to the accumulation of succinyl groups. The peak
viscosity was reduced significantly with the acid hydrolysis pretreatment (between 3 and 3.5-fold
decrease), which decreased the pasting temperature and peak time to 20 ◦C and 100 s respectively. In
addition, the dual modification of corn starch altered certain thermal properties, including a reduction
in the enthalpy of gelatinization (∆H) and a higher range of gelatinization (around 6 ◦C), which may
effectively improve industrial applications. Modifications on the FTIR spectra indicated that the
dual modification affected the starch crystallinity, while the Raman spectra revealed that the dual
modification disrupted the short-range molecular order in the starch. Rearrangement and molecular
destabilization of the starch components promoted their granular amphiphilic properties.

Keywords: acid hydrolysis; corn starch; dual modification; succinylation

1. Introduction

Starch is a polymer that is synthesized in the form of a granule and used as a gelling agent,
stabilizer, thickener or emulsifier in the pharmaceutical, food, textile and packaging industries and
for bioethanol production [1–3]. Corn starch is one of the most well-studied starches due to its low
cost, ease of obtaining and availability; however, corn starch has several disadvantages, such as its
large particle size, strong polar surface, high cohesion energy and high soft temperature, generating in
starch dispersion, which limits its use in the new product development area [4,5]. However, it has been
observed that modifications to the granular structure of corn starch promotes other physicochemical
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and functional properties [6]. Modifying corn starch by chemical or physical methods would aid
in overcoming its undesirable characteristics in order to control its chemical-physical properties, in
particular in terms of solubility and gelatinization time.

Acid hydrolysis is one of the commonly used methods for the depolymerization of starch
granules to improve certain physicochemical properties, modifying the cooking and gelatinization
temperatures that permit obtaining gel of higher strength [7]; on the other hand, starches with an
acid treatment show higher solubilities and in long term cold storage shows the higher propensity
for retrogradation. The acid hydrolysis pretreatment of the starch, increases the hydroxyl groups,
which favors esterification with a functional group (acetyl, phosphate or succinate) [8,9]. It has been
observed that the depolymerization of the starch before the succinylation treatment by acid hydrolysis,
pyrodextrinization or enzyme hydrolysis, modifies the degree of substitution (DS), reaction efficiency
(RE) and the amphiphilic characteristics of the starch [10,11]. On the other hand, the derivatization
of starch by introducing succynil groups along the polymeric backbone tends to stabilize starch by
preventing or curtailing starch retrogradation and both the solubility and viscosity of the starch are
modified along with an increasing degree of substitution. In turn, these modifications result in good
gel-forming and emulsifying properties and the capability for film formation [12].

For this reason, dual modified starches are used for the encapsulation of food ingredients,
however, such modifications has been evaluated by means of chromatographic methods [13]; but,
these techniques are destructive and can consume substantial amounts of resources. For this reason,
spectroscopic techniques, such as Fourier transform infrared (FTIR) and Raman (FT-Raman) have been
used to analyze modifications of the starch based on various treatments, ultrasonication, heat-moisture
treatment and type of extraction [14–16].

Several studies have been reported that show that the succinylation process improves starch
characteristics for food applications, nevertheless, for improvement of the starch characteristics,
several changes on the modification conditions have been tested e.g., temperature, pH, time and starch
concentration, with a combined method used in all cases [17–19]. However, it has not been reported if
dual modification of corn starch is better than a single modification for improving their physical and
chemical characteristics.

Few studies have reported the use of FT-Raman and FTIR spectroscopy as tools in the study of
the structural changes of the polymeric components that take place in starch granules as a function
of hydrolysis and esterification. The goal of this study was to evaluate if the dual modification of
corn starch generated the highest difference in their physical and chemical characteristics than a
single modification, for future applications as wall material for food encapsulation. For this reason,
the present study employed both Raman and FTIR spectroscopy in addition to microscopy and
analyses of peak viscosity, thermal properties, and hydrophobicity to investigate the changes occurring
in the starch structure and the characteristics resulting from a dual modification (acid hydrolysis
and succinylation).

2. Materials and Methods

2.1. Materials

Native corn starch (CS) was purchased from the industrial corn company (IMSA, S.A. de C.V.,
Mexico). Hydrochloric acid (37%; J. T. Baker, Phillipsburg, NJ, USA) and 2-octen-1-yl succinic
anhydride (97% purity, Sigma-Aldrich Co., St. Louis, MO, USA) were used for the dual starch
modification as is shown in Figure 1.

2.2. Acid Hydrolysis Pretreatment

A total of 100 g of corn starch was suspended in a solution of hydrochloric acid at 5% (300 mL)
for approximately 5 h at room temperature. Subsequently, the solution was neutralized with NaOH
solution (20%). The neutralized solution was washed three times with distilled water, centrifuged
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at 6000 rpm for 12 min (Hermle Labortechnik centrifuge, model Z300K, Wehingen, Germany), the
supernatant was discarded and the pellet was dried in a forced convection oven (Lab-Line, Ambi-Low
Chamber, Livonia, MI, USA) at 40 ◦C. The dried starch was ground and sieved using a 250 µm mesh.
The dried samples were stored for further analysis [20].

2.3. Succinylation Treatment

A 40% (w/w) starch slurry was prepared in distilled water for both starches (native corn starch
and acid corn starch), and the pH was adjusted to 8.5 using an NaOH solution (3%). Succinic anhydride
(3% w/w based on the dry weight of starches) was gently added to the starch slurry, maintaining the
pH between 8.5 and 9. After the complete addition of the succinic anhydride, the slurry was stirred for
6 h, after which the reaction was terminated by neutralizing the slurry to pH 7 with an HCl solution
(0.5 M). Finally, the slurry was dried in a forced convection oven [21].
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Figure 1. Schematical representation of the dual corn starch modification.

2.4. Degree of Substitution

Samples of octenyl succinate starch (5.0 g) (with or without acid hydrolysis pretreatment) were
suspended in water (50 mL). The starch solutions were heated to 50 ◦C in a water bath and then cooled
to room temperature. Next, 25 mL of NaOH solution (0.5 N) was added to each starch solution with
continuous stirring. The solutions were covered and left for 24 h with occasional stirring and were
subsequently titrated with an HCl solution (0.5 N) using phenolphthalein as an indicator. Native corn
starch was used as the blank. The percent succinyl content and degree of substitution (DS) were
calculated using equations 1 and 2 as follows [21]:

% Succinyl =
(Blank titre − Sample titre)× 0.1 × normality of acid × 100

Weigh of sample (g)
(1)

DS =
162 × (% succinyl/100×)

100 − (99/100 × % Succinyl)
(2)

The reaction efficiency (RE) was calculated using equation 3 as follow:

RE =
Actual DS

Theoretical DS
× 100 (3)

The theoretical DS was calculated assuming that all of the added anhydride reacted with starch to
form the ester derivative.
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2.5. Physicochemical Characterization of the Starches

2.5.1. Peak Viscosity (PV)

Peak viscosity was measured using a Rapid Visco Analyzer (3C, Newport Scientific Pty. Ltd.,
Sydney, Australia). Each sample (2.5 g dry basis) was weighed, and distilled water was added to reach
a total weight of 28 g of suspension. The mixture was placed in the analyzer with stirring at 960 rpm for
10 s before being heated from 25 to 50 ◦C and then held at this temperature for 1 min. Subsequently, the
sample was heated from 50 to 92 ◦C at 5.6 ◦C/min under 160 rpm shearing conditions and maintained
at 92 ◦C for 5 min. Next, the sample was cooled to 50 ◦C at the same rate with the same shearing
conditions, and then the temperature was maintained at 50 ◦C for 2 min [22]. Each sample was
analyzed in triplicate.

2.5.2. Thermal Properties of the Starches

The thermal properties of the starches were determined using a differential scanning calorimeter
(DSC) (DSC-822E; Mettler Toledo AG, Analytical, Schwerzenbach, Switzerland) to evaluate the starch
gelatinization and retrogradation. Starch (4 mg) was weighed directly into aluminum pans, hydrated
with 16 mL of distilled water, hermetically sealed and equilibrated for 2 h at room temperature
prior to the test. The scanning temperature range and heating rate were 25 to 95 ◦C and 5 ◦C/min,
respectively. An empty pan of the same size was used as a reference. The enthalpy of gelatinization
(∆H), gelatinization onset temperature (To), gelatinization peak temperature (Tp), and gelatinization
conclusion temperature (Tc) were measured from the endotherm in the DSC thermograms. Each sample
was analyzed in triplicate.

2.5.3. Scanning Electron Microscopy (SEM)

Samples of native corn starch and octenyl succinate-treated starches (with or without acid
hydrolysis pretreatment) were examined using a JEOL scanning electron microscope (model JEOL
JSM-6300 Akishima, Tokyo, Japan) fitted with a Kevex Si(Li) X-ray detector. The analyses were
performed under vacuum conditions at an accelerating voltage of 15 kV. The samples were mounted on
double-sided carbon tape and covered with approximately 10 nm of gold using a Denton sputter coater.

2.5.4. FTIR Spectroscopy

The FTIR spectra of modified corn starch were acquired with a Perkin Elmer FTIR
spectrophotometer (Perkin Elmer, Inc., Waltham, MA, USA) using potassium bromide (KBr) discs
prepared from powdered samples mixed with dry KBr. The spectra were recorded (16 scans) in
transmittance mode in the range of 4000 to 400 cm−1.

2.5.5. Raman Spectroscopy

The Raman measurements were obtained on a Perkin–Elmer (Perkin Elmer, Inc., Waltham, MA,
USA) 2000R NIR FT-Raman Spectrometer equipped with an Nd:YAG laser emitting at a wavelength of
1064 nm and an InGaAs detector. For the analysis, 180◦ backscattering refractive geometry was used.
The spectrometer was run using Perkin–Elmer Spectrum software (version 3.02.00 [2000]). Spectral
data were obtained at a wavenumber resolution of 4 cm−1 at a nominal laser power of 500 mW.
For each spectrum, 20 scans were accumulated to ensure an acceptable signal-to-noise ratio. All Raman
spectra were collected at room temperature.

2.6. Statistical Analysis

Quantitative data were expressed as the mean ± standard deviation. Analysis of variance
(ANOVA) was performed followed by Tukey’s test with a confidence interval of 95% (p ≤ 0.05).
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Using Origin software v. 8.0 (Origin Inc. Northampton, MA, USA) was employed for the data analysis
and all assays were performed in triplicate.

3. Results and Discussion

3.1. Effect of Dual Modification on the Degree of Substitution

The starches that were subjected to the dual modification exhibited a higher RE compared with
the starches without hydrolysis pretreatment (75.90% and 52.60%, respectively) and consequently,
a higher DS. The acid hydrolysis pretreatment likely generated more available hydroxyl groups in
the starch, which enhanced the succinylation process. However, it was previously observed that the
substitution by succinyl groups is not uniform in all starch granules due to the compact structure
of the starch, for this reason, the OSA groups appear to primarily esterify the glucose at the starch
surface [23,24].

The DS in the starches with dual modification was higher compared with the starches without
acid hydrolysis pretreatment (2.086% and 1.43%, respectively). The conditions used in the acid
hydrolysis pretreatment resulted in the corn starch granule destabilization and exhibited increased
depolymerization increasing polymerization, due to the primary attack of the acid on the amorphous
region of the starch granule, where hydroxonium ions hydrolised the glycosidic linkages, consequently
a decline in molecular weight of chains was observed [7]. These modifications in the starch structure
apparently increased the esterification process of the glucose molecules by the succinyl groups. The acid
hydrolysis pretreatment in the dual modification increased the esterification efficiency up to 64%,
maintaining the morphology and structure of the starch granule.

According to an FDA report, for the modification of starch with OSA, the highest level permitted
is around 3%. Considering that the DS of modified starch with OSA, is influenced by the temperature,
pH and reaction time, the results obtained in this study (0.0208) were consistent with those reported by
other authors who indicated that the DS in modified starch with 3% of OSA, was between 0.0034 and
0.022 [5,19,25,26].

3.2. Effect of the Dual Modification on the Morphology of Corn Starches

SEM images of corn starches with or without acid hydrolysis or succinylation are shown in
Figure 2. SEM revealed that the exposed surface of the native corn starch was principally smooth with
a distinctive polygonal-like shape, similar to the results obtained by Utrilla-Coello et al. [27]. After the
native corn starch was subjected to acid hydrolysis pretreatment, some starch granules presented
slight exo-erosion that generated a rough surface with indentations or pores. Succinylation resulted in
whitish points on the granule surface, which was likely due to the accumulation of succinyl groups,
suggesting a compacting of the polysaccharides on the surface of the octenyl succinate-treated starch.

When the native corn starch was subjected to the dual modification, the number of whitish points
was lower compared with the starch that was subjected to octenyl succinate without acid hydrolysis
pretreatment. This finding indicated a higher degree of incorporation of the succinyl groups into
the starch, which was a consequence of the surface erosion, fracture of the granule and polymeric
decompaction in the starch that resulted from the acid hydrolysis pretreatment [18]. In the corn starch
with dual modification, no wide variations in granule shape and size occurred.
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dual modification.

3.3. Peak Viscosity (PV)

The peak viscosity profiles are presented in Figure 3. The acid hydrolysis pretreatment strongly
affected the peak viscosity of the starches, which decreased considerably to 1269 ± 1.4 cP and
322 ± 1.4 cP in the starches without succinylation (CS and HCS, respectively). A similar trend was
observed for the starch that was treated with octenyl succinate; the viscosity peak values decreased to
1686 ± 4.2 cP and 367 ± 1.4 cP for the octenyl succinate-treated starch without hydrolysis pretreatment
(OSCS) and the starch with dual modification (HOSCS), respectively. The low PV of the starch following
the acid hydrolysis pretreatment was likely due to an increase in the depolymerization process on
the starch, generating weak pastes resulting from hydrolytic effects of the acid modification on the
amorphous regions of starch.

The effect of acid hydrolysis on decreasing the PV in starch has been reported by other authors
who indicated that the dual modification of acid hydrolysis and citric acid substitution generates a
lower PV of the starch extracted from yam cultivars [28].

Acid hydrolysis pretreatment improved the succinylation process, increasing the interaction
between the succinyl groups and molecular components of the starch. Previous studies have reported
that the pasting properties of starches are modified not only by acid hydrolysis but also by the
molecular weight and type of the incorporated ester groups, which potentially promotes cross-linking
or molecular networks with amylose or amylopectin [29]. Evidently, dual modification leads to greater
damage to the starch components compared with the succinylation process without acid hydrolysis
pretreatment. However, some authors have reported that modification with succinyl groups affects the
starch structure and consequently, modifies the physicochemical properties of the starch, decreasing
the gelatinization temperature and modifying the starch viscosity [30,31].
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Figure 3. Pasting properties of corn starch. (CS) Corn starch without treatment; (HCS) Corn starch
with acid hydrolysis pretreatment only; (OSCS) Corn starch with succinylation only; (HOSCS) Corn
starch with dual modification.

3.4. Differential Scanning Calorimetry Analysis

The DSC thermogram is showed in Figure 4. The hydrolyzed corn starch with or without
succinylation treatment differed significantly (p < 0.05) with respect to native corn starch and octenyl
succinate-treated starch without hydrolysis pretreatment. The acid hydrolysis pretreatment of the corn
starch influenced the onset temperature (To), peak temperature (Tp), concluding temperature (Tc) and
the enthalpy for gelatinization (∆H).
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Figure 4. Thermogram of gelatinization of corn starch at 5% (solids), from 35 to 95 ◦C, at 5 ◦C/min
(CS) Corn starch without treatment; (HCS) Corn starch with acid hydrolysis pretreatment only; (OSCS)
Corn starch with succinylation only; (HOSCS) Corn starch with dual modification.

As shown in Table 1, the transition temperature of the corn starches with acid hydrolysis
pretreatment (HCS and HOSCS) were lower than the transition temperature of the corn starches
without acid hydrolysis pretreatment (CS and OSCS). This phenomenon is likely due to the
depolymerization process of the starch. On the other hand, the transition temperatures of the octenyl
succinate-treated starches (OSCS and HOSCS) were lower than the transition temperature of the corn
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starch that was not subjected to succinylation (CS and HCS). This property is one of the advantages
of succinylation, due to the presence of the succinyl groups [32]. These results suggest that both
modification processes (acid hydrolysis pretreatment or succinylation) affect the granule structure,
resulting in alterations to the thermal properties of the starch. The modifications to the thermal
properties of the modified starches allows for the use of these starches in food processing and reduces
the energy required during cooking.

Table 1. Thermal properties of corn starch with or without modifications.

Starch Sample To Tp Tc Tc–To ∆H

CS 76.69 ± 0.18 a 80.45 ± 0.16 a 85.46 ± 0.12 a 8.77 10.94 ± 0.14 a

HCS 65.09 ± 0.28 b 69.45 ± 0.14 c 74.93 ± 0.19 b 9.84 10.57 ± 0.18 b

OSCS 75.91 ± 0.18 a 79.08 ± 0.12 b 84.95 ± 0.16 a 9.04 10.07 ± 0.14 b

HOSCS 60.52 ± 0.27 c 67.09 ± 0.15 d 73.99 ± 0.14 c 13.47 9.14 ± 0.15 c

The means followed by differents letters in the same columns are significantly differents at p < 0.05.

A higher range of gelatinization temperatures (Tc–To) was observed in the octenyl
succinate-treated starches; this increase indicated that the succinyl groups modified the crystalline
structure, interfering with the reassociation of the amylose and amylopectin during the gelatinization
process. It has been reported that succinyl groups weaken the hydrogen bonding of the amylopectin,
leading to an increase in linear segments that ease the absorption of water into the granule, thereby
changing the thermal properties [33–35].

It has been reported that any modification or treatment of the starches modify their thermal
properties compared with native starches [15,16,36,37]. For this reason, alterations to the thermal
properties were more noticeable in the starches that were subjected to the dual modification (acid
hydrolysis pretreatment and succinylation). These results are in accordance with those previously
published by Betancur-Ancona et al. [32] who reported that the succinylation process modifies the
gelatinization temperature of starches, in addition, previous reports have mentioned that the type and
nature of the functional group attachment and the degree of esterification have an important effect on
∆H [8].

The corn starch with dual modification showed significantly lower To, Tp, Tc and ∆H than their
native counterparts, Sharma et al. [18] and Lv et al. [38] have indicated that the lower gelatinization
temperature and enthalpy is due to the reduction of hydrogen bonding by the hydrophobic alkenyl
groups, which allows the swelling of the starch at a lower temperature and hence the enthalpy of the
corn starch with dual modification decreased. On the other hand, the introduction of voluminous
succynil groups into the backbone of the biopolymer enhanced structural flexibility, and contributed
to the reduction of gelatinization temperature of the corn starch with dual modification.

3.5. FTIR Analysis of Structural Alterations due to the Dual Modification of Starch

The FTIR spectra of native corn starch, hydrolyzed corn starch, octenyl succinate-treated corn
starch and corn starch subjected to dual modification are shown in Figure 5. Slight modifications can
be observed at the wide band centered at 3400 cm−1, which corresponds to the stretching vibration
of O–H bonds, which is moisture-content dependent. The smoother 3400 cm−1 band observed for
octenyl succinate-treated starch with or without acid hydrolysis pretreatment suggested the formation
of more hydrogen bonds in the starch, which was attributable to the presence of the succinyl groups,
which generated more linear segments in the starch and facilitated the absorption of water into the
granule [33–35].

All starches exhibited a well-defined band around 2940 cm−1, which was assigned to the stretching
vibration of the C–H bond from the glucose units. A slight modification in the peak intensity of the
band around 1660 cm−1 was observed only in the starch with the dual modification (Figure 5d), which
implies that there were alterations in the crystallinity of the starch. The band around 1660 cm−1

was assigned to the scissor vibrations of –OH groups due to the water hydration on the amorphous
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regions of the starch [39], and the interaction of the starch with the acid and succinic groups apparently
involves the hydrolysis of glycosidic bonds and consequently, a loss of amorphous structure due to
amylose hydrolysis [40].

The octenyl succinate-treated starches exhibited one new band in the FTIR spectra at around
1573 cm−1, which has been related to the asymmetric stretching vibration of carboxylate groups; in
addition, in the FTIR spectra of these starches, a slight shoulder appearing at 1730 cm−1 was assigned
to their carbonyl group. Wang et al. [10] have indicated that the presence of these two new bands
(1573 cm−1 and 1730 cm−1) is indicative that the succinyl group was successfully esterified with the
starch. According to Ye et al. [26], Miao et al. [25] and Zhang et al. [41], the intensity of these peaks
(1573 cm−1 and 1730 cm−1) is enhanced when the DS is increased. For this reason, in this study, the
signal of these bands in the FTIR spectra of the OSA-starches with an esterification level of 3% was
lower than that of OSA-starches with an esterification level of 15%, as reported by Wang et al. [10].
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Figure 5. FTIR patterns of corn starch. (a) Corn starch without treatment; (b) corn starch with
succinylation only; (c) corn starch with acid hydrolysis pretreatment only; (d) corn starch with
dual modification.
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A slight modification was observed in the intensity of the band around 1660 cm−1, which
corresponds to the scissor vibrations of –OH from hydration water on the amorphous regions of
the starch [39]. The dual modification of the starch enhanced the band at 1660 cm−1 (Figure 5d),
which implies alterations to the starch crystallinity that resulted from amylose hydrolysis due to the
interaction of hydrochloric acid-starch-succinic anhydride.

All starches exhibited the characteristic band of the polysaccharides corresponding to the O-H
in-plane bending around 1440 cm−1; however, there were also two bands around 1460 cm−1 and
1380 cm−1, which indicated an angular deformation of the C–H in the starch [39,42,43], and a band
around 1245 cm−1 that is associated with the structural order of starch [42].

The alteration of the crystallinity was confirmed based on the slight change in the ratio of the band
intensities of 1047/1022 cm−1 (1.28 to 1.22) for the starch without modification (CS) and the starch with
the dual modification (HOSCS), respectively; this change indicated a decrease in the crystallinity [44],
apparently due to the loss of amorphous structure of the corn starch by effect of the amylose hydrolysis
and the interactions of the corn starch with succynil groups.

All starches showed bands around 864 cm−1 and 770 cm−1, which were related to the stretching
vibration of C–O–C and C–O–H from glycosidic bonds. This finding confirmed the α–configuration of
the glycosidic linkage in the starch [45]. A well-defined band around 580 cm−1 indicated the skeletal
modes of the pyranose ring.

3.6. Raman Spectroscopy Analysis (FT-Raman) of the Structural Changes of Modified Starches

The Raman spectra of the starch samples are presented in Figure 6. Remarkable differences were
observed in the spectra of the starch with dual modification (Figure 6d), while the spectra of corn
starch without modifications (Figure 6a) and hydrolyzed corn starch (Figure 6c) were very similar.

The FT-Raman spectra of starches indicated the C-H stretching mode around 2930 cm−1, and a
change in the intensity of this band was observed in the starch with dual modification (Figure 6d),
which could be attributed to variations in the amylose-amylopectin interaction caused by the hydrolysis
and succinylation treatments.

The band at around 1700 cm−1 due to the C=O stretch of the succinyl functional group [46] was
only observed in the starch with the dual modification. Evidently, a rearrangement of the amylose and
the amylopectin resulting from the hydrolysis process generated a high succinylation of the starch
on the granule surface. According to Wezel et al. [47] the enhancement of this band is clear evidence
for the presence of the octenyl succinate ester group at the surface of the modified starch granule.
In addition, changes in the Raman spectra resulting from the dual modification of the starches were
observed in the region around 940 cm−1; this change in the spectra is also evidence for the molecular
modification of the starch. These results confirmed that the succinylation of the starch altered the
structure of the starch granule and generated an unflattened octenyl succinate-modified starch, as was
previously reported by other authors [47].

The most intense band at 481 cm−1 that was observed in the starch with dual modification has
been reported to be evidence of a disruption of the short-range molecular order in the starch. The effect
of this disruption of the short-range molecular order was higher when succinylation is the primary
modification (Figure 6b) compared with the acidification pretreatment (Figure 6c). On the other hand,
the succinylation process following the acidification pretreatment further increased the disruption of
the short-range molecular order; some authors indicate that this effect is because the octenyl succinate
derivatization increases the disruption of the short-range molecular order in pretreated corn starch [10].

In general, the bands between 1130 cm−1 and 474 cm−1 were dominated by C–OH and OH
groups, which indicated the intramolecular interactions between polymer chains that are typical in
the crystalline regions of starch [48] generated by hydrogen bonds. For this reason, the results of
the succinylation-treated starch suggest that the structural changes in the starches with or without
hydrolysis pretreatment exhibited an amphiphilic behavior, as the Raman spectra were characterized
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by modifications in the signals (presence or intensity) between the range of 1130 cm−1 and 474 cm−1
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4. Conclusions

The dual modification (acid hydrolysis pretreatment and succinylation) of corn starch generated
alterations on the surface of the corn starch granule, facilitating the succinylation process and thereby
increasing the RE above 50%. The succinylation of the corn starch altered its pasting properties,
thereby lowering the PV and ∆H and increasing the amphiphilic properties through the rearrangement
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of the amorphous and crystalline zones. New bands observed in the FT-IR and Raman spectra
confirmed that these spectroscopic methods are complementary; further, these bands indicated the
presence of succinyl groups in the dual-modified corn starch. This dual modification process may have
relevant and suitable applications in the food industry and for the development of materials for the
encapsulation of bioactive compounds.

Author Contributions: Conceptualization, C.A.G.-A. and J.C.-R.; formal analysis, L.G.-C. and A.B.-N.; funding
acquisition, C.A.G.-A. and J.C.-R.; investigation, U.A.B.-C. and G.V.; methodology, U.A.B.-C.; resources,
L.G.-C., C.A.G.-A. and J.C.-R.; validation, U.A.B.-C. and G.T.-M.; writing—original draft, L.G.-C. and A.B.-N.;
Writing—review and editing, L.G.-C. and A.B.-N.

Funding: This work was supported by the by the Ministry of Education in Mexico through “PRODEP” (Programa
para el Desarrollo Profesional Docente) as part of the project “Desarrollo de estratégias y productos innovadores
que contribuyen a la prevención y control de enfermedades emergentes y de importancia nacional”.

Acknowledgments: Ulin Antobelli Basilio Cortés thanks for the PhD CONACYT-Scholarship No. 387499.

Conflicts of Interest: The authors declare that they have no conflicts of interest. The authors declare that they do
not have any commercial or associative interests that would represent a conflict of interest in connection with the
work submitted.

References

1. Singh, J.; Dartois, A.; Kaur, L. Starch digestibility in food matrix: A review. Trends Food Sci. Technol. 2010, 21,
168–180. [CrossRef]

2. Shi, M.; Gao, Q.; Liu, Y. Changes in the Structure and Digestibility of Wrinkled Pea Starch with Malic Acid
Treatment. Polymers 2018, 10, 1359. [CrossRef]

3. Pradyawong, S.; Juneja, A.; Sadiq, M.; Noomhorm, A.; Singh, V. Comparison of Cassava Starch with Corn as
a Feedstock for Bioethanol Production. Energies 2018, 11, 3476. [CrossRef]

4. Ghanbarzadeh, B.; Almasi, H.; Entezami, A.A. Improving the barrier and mechanical properties of corn
starch-based edible films: Effect of citric acid and carboxymethyl cellulose. Ind. Crop. Prod. 2011, 33, 229–235.
[CrossRef]

5. Liu, C.; Shao, Y.; Jia, D. Chemically modified starch reinforced natural rubber composites. Polym. J. 2008, 49,
2176–2181. [CrossRef]

6. Wang, S.; Copeland, L.; Wang, S.; Copeland, L. Effect of acid hydrolysis on starch structure and functionality:
A review. Crit. Rev. Food Sci. 2015, 55, 1081–1097. [CrossRef]

7. Mehboob, S.; Ali, T.M.; Alam, F.; Hasnain, A. Dual modification of native white sorghum (Sorghum bicolor)
starch via acid hydrolysis and succinylation. LWT-Food Sci. Technol. 2015, 64, 459–467. [CrossRef]

8. Singh, J.; Kaur, L.; McCarthy, J.O. Factors influencing the physico-chemical, morphological, thermal and
rheological properties of some chemically modified starches for food applications—A review. Food Hydrocoll.
2007, 21, 1–22. [CrossRef]

9. Jayakody, L.; Hoover, R. The effect he effect of lintnerization on cereal starch granules. Food Res. Int. 2002, 35,
665–680. [CrossRef]

10. Wang, S.; Li, T.; Wang, S.; Copeland, L. Effects of hydrothermal-alkali and freezing-thawing pre-treatments
on modification of corn starch with octenyl succinic anhydride. Carbohydr. Polym. 2017, 175, 361–369.
[CrossRef]

11. Sweedman, M.C.; Tizzotti, M.J.; Schäfer, C.; Gilbert, R.G. Structure and physicochemical properties of octenyl
succinic anhydride modified starches: A review. Carbohydr. Polym. 2013, 92, 905–920. [CrossRef]

12. Bai, Y.; Shi, Y.C. Structure and preparation of octenyl succinic esters of granular starch, microporous starch
and soluble maltodextrin. Carbohydr. Polym. 2011, 83, 520–527. [CrossRef]

13. Passauer, L.; Bender, H. Functional group analysis of starches reacted with urea-phosphoric acid—Correlation
of wet chemical measures with FT Raman spectroscopy. Carbohydr. Polym. 2017, 168, 356–364. [CrossRef]

14. Flores-Silva, P.C.; Alvarez-Ramirez, J.; Bello-Perez, L.A. Effect of Dual Modification Order with Ultrasound
and Hydrothermal Treatments on Starch Digestibility. Starch-Stärke 2018, 70, 1700284. [CrossRef]

http://dx.doi.org/10.1016/j.tifs.2009.12.001
http://dx.doi.org/10.3390/polym10121359
http://dx.doi.org/10.3390/en11123476
http://dx.doi.org/10.1016/j.indcrop.2010.10.016
http://dx.doi.org/10.1016/j.polymer.2008.03.005
http://dx.doi.org/10.1080/10408398.2012.684551
http://dx.doi.org/10.1016/j.lwt.2015.05.012
http://dx.doi.org/10.1016/j.foodhyd.2006.02.006
http://dx.doi.org/10.1016/S0963-9969(01)00204-6
http://dx.doi.org/10.1016/j.carbpol.2017.08.014
http://dx.doi.org/10.1016/j.carbpol.2012.09.040
http://dx.doi.org/10.1016/j.carbpol.2010.08.012
http://dx.doi.org/10.1016/j.carbpol.2017.03.094
http://dx.doi.org/10.1002/star.201700284


Polymers 2019, 11, 333 13 of 14

15. González-Cruz, L.; Montañez-Soto, J.L.; Conde-Barajas, E.; Negrete-Rodríguez, M.L.X.; Flores-Morales, A.;
Bernardino-Nicanor, A. Spectroscopic, calorimetric and structural analyses of the effects of hydrothermal
treatment of rice beans and the extraction solvent on starch characteristics. Int. J. Biol. Macromol. 2018, 107,
965–972. [CrossRef]

16. Bernardino-Nicanor, A.; Acosta-García, G.; Güemes-Vera, N.; Montañez-Soto, J.L.; Vivar-Vera, M.A.;
González-Cruz, L. Fourier transform infrared and Raman spectroscopic study of the effect of the thermal
treatment and extraction methods on the characteristics of ayocote bean starches. J. Food Sci. Techol. 2017, 54,
933–943. [CrossRef]

17. Liu, Z.; Li, Y.; Cui, F.; Ping, L.; Song, J.; Ravee, Y.; Wang, Y. Production of octenyl succinic anhydride-modified
waxy corn starch and its characterization. J. Agric. Food Chem. 2008, 56, 11499–11506. [CrossRef]

18. Sharma, M.; Singh, A.K.; Yadav, D.N.; Arora, S.; Vishwakarma, R.K. Impact of octenyl succinylation on
rheological, pasting, thermal and physicochemical properties of pearl millet (Pennisetum typhoides) starch.
LWT-Food Sci. Technol. 2016, 73, 52–59. [CrossRef]

19. Chung, H.J.; Lee, S.E.; Han, J.A.; Lim, S.T. Physical properties of dry-heated octenyl succinylated waxy corn
starches and its application in fat-reduced muffin. J. Cereal Sci. 2010, 52, 496–501. [CrossRef]

20. Fonseca-Florido, H.A.; Vázquez-García, H.G.; Méndez-Montealvo, G.; Basilio-Cortés, U.A.;
Navarro-Cortés, R.; Rodríguez-Marín, M.L.; Castro-Rosas, J.; Gómez-Aldapa, C.A. Effect of acid
hydrolysis and OSA esterification of waxy cassava starch on emulsifying properties in Pickering-type
emulsions. LWT-Food Sci. Technol. 2018, 91, 258–264. [CrossRef]

21. Bhosale, R.; Singhal, R. Process optimization for the synthesis of octenyl succinyl derivative of waxy corn
and amaranth starches. Carbohydr. Polym. 2006, 66, 521–527. [CrossRef]

22. Fonseca-Florido, H.A.; Gómez-Aldapa, C.A.; López-Echevarría, G.; Velazquez, G.; Morales-Sánchez, E.;
Castro-Rosas, J.; Méndez-Montealvo, G. Effect of granular disorganization and the water content on the
rheological properties of amaranth and achira starch blends. LWT-Food Sci. Technol. 2018, 87, 280–286.
[CrossRef]

23. Bai, Y.; Kaufman, R.C.; Wilson, J.D.; Shi, Y.C. Position of modifying groups on starch chains of octenylsuccinic
anhydride-modified waxy maize starch. Food Chem. 2014, 153, 193–199. [CrossRef]

24. Bello-Flores, C.A.; Nuñez-Santiago, M.C.; San Martín-Gonzalez, M.F.; BeMiller, J.N.; Bello-Pérez, L.A.
Preparation and characterization of octenylsuccinylated plantain starch. Int. J. Biol. Macromol. 2014, 70,
334–339. [CrossRef]

25. Miao, M.; Li, R.; Jiang, B.; Cui, S.W.; Zhang, T.; Jin, Z. Structure and physicochemical properties of octenyl
succinic esters of sugary maize soluble starch and waxy maize starch. Food Chem. 2014, 151, 154–160.
[CrossRef]

26. Ye, F.; Miao, M.; Huang, C.; Lu, K.; Jiang, B.; Zhang, T. Elucidation of Substituted Ester Group Position in
Octenylsuccinic Anhydride Modified Sugary Maize Soluble Starch. J. Agric. Food Chem. 2014, 62, 11696–11705.
[CrossRef]

27. Utrilla-Coello, R.G.; Hernández-Jaimes, C.; Carrillo-Navas, H.; González, F.; Rodríguez, E.; Bello-Perez, L.A.;
Alvarez-Ramirez, J. Acid hydrolysis of native corn starch: Morphology, crystallinity, rheological and thermal
properties. Carbohydr. Polym. 2014, 103, 596–602. [CrossRef]

28. Falade, K.O.; Ayetigbo, O.E. Effects of tempering (annealing), acid hydrolysis, low-citric acid substitution on
chemical and physicochemical properties of starches of four yam (Dioscorea spp.) cultivars. J. Food Sci. Techol.
2017, 54, 1455–1456. [CrossRef]

29. Ortega-Ojeda, F.E.; Larsson, H.; Eliasson, A.C. Ortega-Ojeda, F.E., Larsson, H.; Eliasson, A.C. Gel formation
in mixtures of hydrophobically modified potato and high amylopectin potato starch. Carbohydr. Polym. 2005,
59, 313–317. [CrossRef]

30. Song, X.; He, G.; Ruan, H.; Chen, Q. Preparation and properties of octenyl succinic anhydride modified early
indica rice starch. Starch-Stärke 2006, 58, 109–117. [CrossRef]

31. Zhu, W.; Xie, H.L.; Song, X.Y.; Ren, H.T. Production and physicochemical properties of 2-octen-1-ylsuccinic
derivatives from waxy corn starch. J. Food Sci. 2011, 76, C362–C367. [CrossRef]

32. Betancur-Ancona, D.; García-Cervera, E.; Cañizares-Hernández, E.; Chel-Guerrero, L. Chemical modification
of jack bean (Canavalia ensiformis) starch by succinylation. Starch-Stärke 2002, 54, 540–546. [CrossRef]

33. Bhosale, R.; Singhal, R. Effect of octenylsuccinylation on physicochemical and functional properties of waxy
maize and amaranth starches. Carbohydr. Polym. 2007, 68, 447–456. [CrossRef]

http://dx.doi.org/10.1016/j.ijbiomac.2017.09.074
http://dx.doi.org/10.1007/s13197-016-2370-1
http://dx.doi.org/10.1021/jf802317q
http://dx.doi.org/10.1016/j.lwt.2016.05.034
http://dx.doi.org/10.1016/j.jcs.2010.08.008
http://dx.doi.org/10.1016/j.lwt.2018.01.057
http://dx.doi.org/10.1016/j.carbpol.2006.04.007
http://dx.doi.org/10.1016/j.lwt.2017.09.004
http://dx.doi.org/10.1016/j.foodchem.2013.12.012
http://dx.doi.org/10.1016/j.ijbiomac.2014.06.061
http://dx.doi.org/10.1016/j.foodchem.2013.11.043
http://dx.doi.org/10.1021/jf5035064
http://dx.doi.org/10.1016/j.carbpol.2014.01.046
http://dx.doi.org/10.1007/s13197-017-2568-x
http://dx.doi.org/10.1016/j.carbpol.2004.10.011
http://dx.doi.org/10.1002/star.200500444
http://dx.doi.org/10.1111/j.1750-3841.2011.02098.x
http://dx.doi.org/10.1002/1521-379X(200211)54:11&lt;540::AID-STAR540&gt;3.0.CO;2-
http://dx.doi.org/10.1016/j.carbpol.2006.11.011


Polymers 2019, 11, 333 14 of 14

34. Lawal, O.S. Succinyl and acetyl starch derivatives of a hybrid maize: Physicochemical characteristics
and retrogradation properties monitored by differential scanning calorimetry. Carbohydr. Res. 2004, 339,
2673–2682. [CrossRef]

35. Bao, J.; Xing, J.; Phillips, D.L.; Corke, H. Physical properties of octenyl succinic anhydride modified rice,
wheat, and potato starches. J. Agric. Food Chem. 2003, 51, 2283–2287. [CrossRef]

36. Klein, B.; Pinto, V.Z.; Vanier, N.L.; da Rosa Zavareze, E.; Colussi, R.; do Evangelho, J.A.; Gutkoski, L.C.;
Dias, A.R.G. Effect of single and dual heat–moisture treatments on properties of rice, cassava, and pinhao
starches. Carbohydr. Polym. 2013, 98, 1578–1584. [CrossRef]

37. Pinto, V.Z.; Vanier, N.L.; Klein, B.; Zavareze, E.D.R.; Elias, M.C.; Gutkoski, L.C.; Helbig, E.; Dias, A.R.G.
Physicochemical, crystallinity, pasting and thermal properties of heat-moisture-treated pinhão starch.
Starch-Stärke 2012, 64, 855–863. [CrossRef]

38. Lv, Q.Q.; Li, G.Y.; Xie, Q.T.; Zhang, B.; Li, X.M.; Pan, Y.; Chen, H.Q. Evaluation studies on the combined effect
of hydrothermal treatment and octenyl succinylation on the physic-chemical, structural and digestibility
characteristics of sweet potato starch. Food Chem. 2018, 256, 413–418. [CrossRef]

39. Pascoal, A.M.; Di-Medeiros, M.C.B.; Batista, K.A.; Leles, M.I.; Lião, L.M.; Fernandes, K.F. Extraction and
chemical characterization of starch from S. lycocarpum fruits. Carbohydr. Polym. 2013, 98, 1304–1310.
[CrossRef]

40. Dutta, H.; Paul, S.K.; Kalita, D.; Mahanta, C.L. Effect of acid concentration and treatment time on acid–alcohol
modified jackfruit seed starch properties. Food Chem. 2011, 128, 284–291. [CrossRef]

41. Zhang, B.; Huang, Q.; Luo, F.X.; Fu, X.; Jiang, H.; Jane, J.L. Effects of octenylsuccinylation on the structure
and properties of high-amylose maize starch. Carbohydr. Polym. 2011, 84, 1276–1281. [CrossRef]

42. Guo, J.; Liu, L.; Lian, X.; Li, L.; Wu, H. The properties of different cultivars of Jinhai sweet potato starches in
China. Int. J. Biol. Macromol. 2014, 67, 1–6. [CrossRef]

43. Parvinzadeh, G.M.; Stir, M.; Bourquin, M.; Hulliger, J. Mineralization of calcium phosphate crystals in starch
template inducing a brushite kidney stone biomimetic composite. Cryst. Growth Des. 2013, 13, 2166–2173.
[CrossRef]

44. Kaur, S.; Kaur, A.; Singh, N.; Sodhi, N.S. Effect of shearing on functional properties of starches isolated from
Indian kidney beans. Starch-Stärke 2013, 65, 808–813. [CrossRef]

45. Capek, P.; Dra’bik, M.; Turjan, J. Characterization of starch and its mono and hybrid derivatives by thermal
analysis and FT-IR spectroscopy. J. Therm. Anal. Calorim. 2009, 99, 667–673. [CrossRef]

46. Phillips, D.L.; Xing, J.; Chong, C.K.; Liu, H.; Corke, H. Determination of the degree of succinylation in
diverse modified starches by Raman spectroscopy. J. Agric. Food Chem. 2000, 48, 5105–5108. [CrossRef]

47. Wetzel, D.L.; Shi, Y.C.; Schmidt, U. Confocal Raman and AFM imaging of individual granules of octenyl
succinate modified and natural waxy maize starch. Vib. Spectrosc. 2010, 53, 173–177. [CrossRef]

48. Mutungi, C.; Passauer, L.; Onyango, C.; Jaros, D.; Rohm, H. Debranched cassava starch crystallinity
determination by Raman spectroscopy: Correlation of features in Raman spectra with X-ray diffraction and
13C CP/MAS NMR spectroscopy. Carbohydr. Polym. 2012, 87, 598–606. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.carres.2004.08.015
http://dx.doi.org/10.1021/jf020371u
http://dx.doi.org/10.1016/j.carbpol.2013.07.036
http://dx.doi.org/10.1002/star.201200040
http://dx.doi.org/10.1016/j.foodchem.2018.02.147
http://dx.doi.org/10.1016/j.carbpol.2013.08.009
http://dx.doi.org/10.1016/j.foodchem.2011.03.016
http://dx.doi.org/10.1016/j.carbpol.2011.01.020
http://dx.doi.org/10.1016/j.ijbiomac.2014.03.002
http://dx.doi.org/10.1021/cg4002434
http://dx.doi.org/10.1002/star.201200180
http://dx.doi.org/10.1007/s10973-009-0194-1
http://dx.doi.org/10.1021/jf9907790
http://dx.doi.org/10.1016/j.vibspec.2010.03.011
http://dx.doi.org/10.1016/j.carbpol.2011.08.032
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Acid Hydrolysis Pretreatment 
	Succinylation Treatment 
	Degree of Substitution 
	Physicochemical Characterization of the Starches 
	Peak Viscosity (PV) 
	Thermal Properties of the Starches 
	Scanning Electron Microscopy (SEM) 
	FTIR Spectroscopy 
	Raman Spectroscopy 

	Statistical Analysis 

	Results and Discussion 
	Effect of Dual Modification on the Degree of Substitution 
	Effect of the Dual Modification on the Morphology of Corn Starches 
	Peak Viscosity (PV) 
	Differential Scanning Calorimetry Analysis 
	FTIR Analysis of Structural Alterations due to the Dual Modification of Starch 
	Raman Spectroscopy Analysis (FT-Raman) of the Structural Changes of Modified Starches 

	Conclusions 
	References

