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Abstract: In this study, rice-phenolic acid complexes were prepared by processing rice kernels
in chlorogenic acid (CGA) solutions of different concentrations, followed by heating at different
adsorption times. An adsorption treatment of 80 ◦C for 3 h effectively enhanced the complexation of
rice samples with CGA (3.86 mg/g) and imparted antioxidant capacities to the complex. An apparent
interaction between CGA and rice starch molecules was suggested by electrospray ionization mass
spectrometry analysis. Our results revealed that rice samples were functionalized with CGA by
modifying their physicochemical properties by increasing swelling ability (9.1%) and breakdown
value (24.7%), and retarding retrogradation (−9.8%). The complexation of rice with a high dose
of CGA could significantly reduce in vitro and in vivo starch digestibility by 41.9% and 23.0%,
respectively, relative to control. This treatment is considered a potential way to confer rice with an
increased resistance to digestion, along with desirable pasting properties.
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1. Introduction

Positive associations between high-carbohydrate diets and increased risk for diabetes
and cardiovascular disease are widely recognized. The effectiveness of various natural
ingredients (e.g., phenolic compounds) to attenuate starch digestion have been accessed
as a potential strategy to reduce glycemic excursions [1]. The consumption of slowly
digestible starch and resistant starch have been shown to delay the increase of postprandial
blood glucose concentration [2]. However, the application of resistant starch in baked goods
is limited because of its adverse quality impacts on texture, softness, gluten network
formation, and other functional properties [3]. The restriction of different physicochemical
properties, such as swelling, viscosity, and degree of gelatinization, might make resistant
starch unfavorable for applications in moisture holding, thickening, and gel forming [4].

Naturally occurring polyphenols, isolated from various plant materials, have been
shown to exhibit an inhibitory effect on a number of digestive enzymes, including amy-
lase, protease, and lipase [5]. The binding of enzyme inhibitors (e.g., tea polyphenols)
with α-amylase would lead to some structural alternations in the enzyme molecules, and
subsequently affect their binding properties with starch [6]. The interactions between
phenolic compounds and starch molecules have gained research focus over the last two
decades due to the possible impacts on nutrition and food properties. Factors affecting the
functional properties of starch-based foods include the type of phenolic compounds and
starch, concentration of phenolic compounds, food processing conditions, and food compo-
sition [7]. Previous studies have shown that different phenolic cinnamic acid derivatives
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might compete with starch molecules for the active sites of amylolytic enzymes, leading to
the suppression of the hydrolytic efficiency of starch [8]. Modulation of the in vitro starch
digestibility could be achieved through modification of starch with phenolic compounds.
The ability of phenolic compounds to form complexes with macronutrients has also been
associated with the reduction in their nutritive values [5].

Recent studies have reported a pronounced increase in resistant starch in rice ex-
trudates obtained by combining rice flour and chlorogenic acid through a twin-screw
extruder [9]. Some recent findings indicate that complexation interactions between rice
kernels and some naturally occurring enzyme inhibitors can be formed and enhanced
under appropriate processing conditions. An apparent reduction in starch digestibility has
been observed under such conditions. Unlike resistant starch, it was observed that some
desirable physicochemical properties (i.e., viscosity) of rice-inhibitor complex remained
unchanged. As such, these observations provide an opportunity to exploit rice that is
resistant to starch digestion, which elicits a low glycemic response, while maintaining
desirable functional properties.

Considering that phenolic compounds or extracts were one of the natural materials
that were able to modify the chemical and functional properties of starch, rice-phenolic
acid complex was prepared by mixing starch and chlorogenic acid (CGA) under different
processing conditions in this present study. Constructed from the background and studies
mentioned previously, the aim of this present study was to investigate the potential of these
rice-CGA complex (RCC) samples to resist amylolysis through interaction with CGA. After
the complexation of rice starch molecules with CGA, changes in some physicochemical
properties and characteristics of the RCC samples were evaluated.

2. Materials and Methods
2.1. Preparation of Rice-CGA Complex Samples

Aqueous solutions of CGA with two concentrations (0.5 and 1.0 g/100 mL) were
first prepared by dissolving 5-caffeoylquinic acid (C3878, Sigma-Aldrich, St. Louis, MO,
USA) in distilled water. According to the methods described by Bermúdez-Oria et al. [10],
with modifications, about 20 g of broken rice kernels (obtained from the local market
in Taichung, Taiwan) that passed through an 8-mesh screen was mixed with the CGA
solutions at a ratio of 2:3 (w/v), and heated at 80 ◦C for 30 min in a water bath. The
samples were then placed in an oven at 80 ◦C for 1–4 h for thermal absorption. The samples
collected at different heating times were washed by stirring with distilled water (1:15, w/v)
for 1 min, followed by centrifugation at 2400× g for 10 min. The washing procedure was
repeated twice, and all supernatants were collected, combined, and assayed for the content
of unbound CGA. Following the above procedure, a control was prepared by cooking the
screened rice powder in distilled water at 80 ◦C for 30 min, and drying in an oven at 80 ◦C
for 3 h in this study. The washed samples were again dried at 80 ◦C to obtain different rice
samples which would be finely ground and stored in a dry cabinet at room temperature
for further analysis.

2.2. Determination of CGA Content in the Complex Samples

During the preparation of RCC samples (obtained from Section 2.1), the supernatants
were collected and then filtered using a 0.45 µm PVDF syringe filter (Acrodisc, Pall Cor-
poration, Ann Arbor, MI, USA). The total content of CGA in the filtrate was measured
spectrophotometrically at 324 nm (Genesys 10S UV-Vis, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) using AOAC method 957.04 [11]. The amount of CGA bound to the
complex sample was determined by subtracting the unbound CGA content in the filtrate
from that in the initial solution.

2.3. Determination of Antioxidant Activity by TEAC Method

Based on the Trolox equivalent antioxidant capacity (TEAC) assay described by
Miller et al. [12], with minor modifications, the total antioxidant activity of rice samples
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was measured relative to the ABTS•+ scavenging ability of 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (Trolox), a hydrophilic analog of vitamin E. ABTS•+ radical
cation was generated by the interaction of ABTS (100 µM), H2O2 (50 µM), and peroxidase
(4.4 units/mL). A mixture of 0.25 mL of sample suspension (0.4 g/mL), with an equal
volume of ABTS, H2O2, peroxidase solution, and 1.5 mL of deionized water, was allowed
to react for 10 min. The antioxidant activity was measured colorimetrically at 734 nm, and
the decrease in absorption at 734 nm was used to determine the TEAC value.

2.4. Determination of Swelling Ability and Water Solubility Index

The swelling abilities of different rice samples were determined by the methods
described by Wu et al. [13], with minor modifications. Sample suspension (2%, w/v) was
heated at 95 ◦C in a shaking water bath (90 rpm) for 30 min, followed by cooling to room
temperature. After sedimentation by centrifugation (8000× g) for 20 min, the precipitate
was weighed (Wp), and the supernatant was dried at 100 ◦C in an oven to a constant
weight (Ws). The water solubility index and swelling ability were determined by the
following equations:

Swelling ability
(

g
g

)
=

weight of precipitate
(
Wp

)
weight of sample − dry weight of supernatant (Ws)

(1)

Water solubility index (%) =
dry weight of supernatant (Ws)

weight of sample
× 100% (2)

2.5. Determination of Pasting Properties

The pasting properties of RCC samples were measured by the methods described
by Wu et al. [4], with slight modifications. The changes in viscosity were analyzed using
a Rapid Visco Analyser (Model RVA-Super 3, Newport Scientific Pty Ltd., Warriewood,
NSW, Australia) equipped with the Thermocline software (version 2.3, Newport Scientific
Pty Ltd., Warriewood, NSW, Australia). Sample suspensions were prepared by mixing
the control and RCC samples in distilled water at a ratio of 1:9 (w/w) in a canister. The
suspension was equilibrated at 50 ◦C for 1 min, heated to 95 ◦C at a rate of 12.2 ◦C per min,
and then held at 95 ◦C for 2.5 min. After being cooled to 50 ◦C at a rate of 11.8 ◦C per min,
the sample was held at 50 ◦C for 2 min. The peak viscosity, trough viscosity, breakdown
viscosity, final viscosity, setback viscosity, and pasting temperature were recorded. The
viscosity was expressed in centipoise (cP).

2.6. Determination of Resistance to Amylolysis

In order to determine the resistance of different rice samples to amylolytic hydrolysis,
rice sample solutions (5 g/100 mL) were first prepared with 0.02 M phosphate buffer
(pH 6.8) and heated in a hot water bath at 80 ◦C for 30 min. Following the methods
described by Chau et al. [14], with slight modifications, the resistance of starch samples
to enzyme hydrolysis were determined. After cooling to room temperature, 10 mL of
starch suspension and 1 mL of 0.02 M phosphate buffer (pH 6.8) containing α-amylase
(Cat. No. 100447, ICN Biomedicals) (0.1 mg/mL) were incubated at 37 ◦C for 30 min. The
enzyme reaction was terminated by boiling for 15 min. After centrifugation (3500× g) for
15 min, the amount of maltose formed was determined colorimetrically at 540 nm by the
3,5-dinitrosalicylic acid assay.

2.7. Determination of In Vivo Starch Digestibility

The animal use protocol was reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) of National Chung Hsing University (IACUC approval
number 109-105). The laboratory animals were cared for in accordance with the institu-
tional ethical guideline. Twenty 8-week-old male Sprague-Dawley (SD) rats weighing
264.3 ± 13.9 g were obtained from BioLASCO (A Charles River Licensee Corp., Taiwan).
The animals were housed in stainless steel, screen-bottomed cages, and placed in a room
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maintained at 22 ± 2 ◦C and 60 ± 5% relative humidity with 12 h light/dark cycle. Food
and water were given ad libitum.

After one week of acclimation, the animals were randomly divided into four weight
groups of five each. The five animals in each weight group were randomly assigned to
one of the four experimental groups including ‘baseline’, ‘control’, ‘RCC-L’, and ‘RCC-H’
groups. After being starved for 12 h, the animals in the control, RCC-L, and RCC-H groups
were given the control, RCC-L, and RCC-H samples at a level of 1 g/kg, respectively.
Blood samples from all groups were then collected via tail vein between 0 and 180 min.
Blood glucose levels were measured by glucometer (AB-103G, Apexbio, Taiwan). The areas
under the curve (AUC) of blood glucose during the 180 min observation were calculated
using the trapezoidal rule method described by Matthews et al. [15].

2.8. Fourier Transform Infrared (FT-IR) Spectroscopy Analysis

According to the method described by Liang et al. [16], FT-IR spectra of control, RCC-L,
and RCC-H samples were obtained and detected the interaction using a PerkinElmer
Fourier transform infrared spectrometer (PerkinElmer, Waltham, MA, USA) equipped with
an attenuated total reflectance accessory. FT-IR spectra was acquired over a scan range of
4000–450 cm−1 with a scan number of 20 and a resolution of 2 cm−1. Spectra were collected
and analyzed using the Origin Pro 8.6 program (Origin Lab Inc., Northampton, MA, USA).

2.9. Electrospray Ionization Time-of-Flight Mass Spectrometry (ESI-TOF-MS) Analysis

After termination of amylolytic hydrolysis by boiling, the hydrolysate mixture (ob-
tained from Section 2.6) was dialyzed against distilled water in the refrigerator for 24 h
using a dialysis membrane with a cutoff molecular weight of 10,000. The dialysate was
further ultrafiltered using a Microsep Advance Centrifugal Device with Omega Membrane
(PALL Corporation, Port Washington, NY, USA) at a molecular weight cut-off of 1 kDa.
Thereafter, the fraction (<1 kDa) was collected for further analysis.

ESI-TOF-MS analysis was performed on a QSTAR Elite System (Applied Biosys-
tems/MDS Sciex, Concord, ON, Canada) coupled with an ESI interface and was operated
in positive ion mode. The MS operating parameters were as follows: flow rate 3 µL/min;
ESI voltage, 1 kV; GS1, 0 psi; GS2, 0 psi; curtain gas, 20 psi; DP, 70 V; focusing potential,
280 V; DP2, 15 V; default energy in collision cell, 5 eV. Data acquisition was performed in
infusion mode with MCA. The mass of TOF ranged from m/z 200–2000. Accumulation
time was set to 1 s. The mass analyzer was calibrated using polypropylene glycol (0.1 mM)
by direct injection at a flow rate of 3 µL/min. The data were acquired and processed using
Analyst QS 2.0 software (Applied Biosystems/MDS Sciex).

2.10. Statistical Analysis

The experimental data represent a mean of three replicates. Statistical differences
among groups were analyzed by t-test or one-way ANOVA with the use of a statistical
analysis system (version 20.0; SPSS, Armonk, NY, USA). Statistical significance difference
was defined at p < 0.05.

3. Results and Discussion
3.1. CGA-Binding Capacity in the Complex

In this study, the proximate composition of protein, carbohydrate, fat, and moisture
of the native rice samples were 6.6 g/100 g, 77.2 g/100 g, 0.74 g/100 g, and 15.5 g/100 g,
respectively. Rice samples were first cooked in a CGA solution at 80 ◦C and subsequently
washed to remove unbound CGA. The binding of CGA to rice starch molecules was further
estimated by measuring the content of water-extractable CGA from different RCC samples.

Table 1 shows the amount of CGA bound to rice samples prepared with CGA solutions
of different concentrations (0.5 and 1.0 g/100 mL), namely RCC-L and RCC-H, respectively.
The freshly cooked RCC-L and RCC-H samples had comparable amounts of CGA (1.88 and
2.00 mg/g of RCC, respectively) initially. Previous studies [17,18] have also demonstrated
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that polysaccharides had the ability to form complexes with phenolic compounds, and to
present an obvious antioxidant capacity.

Table 1. Contents of CGA bound to the complexes (mg/g) after different heating periods.

Samples #
Heating Time (H)

1 2 3 4

RCC-L 2.27 ± 0.13 a,m 2.60 ± 0.05 a,n 2.61 ± 0.23 a,n 2.78 ± 0.20 a,n

RCC-H 3.44 ± 0.91 a,m 3.95 ± 0.13 b,n 3.86 ± 0.14 b,n 3.85 ± 0.27 b,n

# The initial amounts of CGA in the freshly cooked RCC-L and RCC-H samples were 1.88 and 2.00 mg/g of RCC,
respectively. a,b Values (mean ± SD) in the same column with different superscripts are significantly different
(Student’s t-test, p < 0.05). m,n Values (mean ± SD) in the same row with different superscripts are significantly
different (Duncan, p < 0.05).

After further heat treatment in an oven at 80 ◦C for 1 to 4 h, Table 1 reveals that the
level of bounded CGA in the RCC samples increased as the time for thermal absorption
was extended. More specifically, remarkable increases in the CGA contents from their
initial values to 2.60 mg/g and 3.95 mg/g, respectively, were observed for both the RCC-L
and RCC-H samples after 2 h of heating. No further increase in the CGA contents in these
RCC samples were observed beyond 2 h of heating, suggesting that the level of bounded
CGA reached a steady and maximum value. It has been reported that some polyphenols
(e.g., ferulic acids) show good adsorption onto polysaccharides such as cellulose at various
temperatures [19]. Zheng et al. [9] has also reported the occurrence of complexation
between rice flour and polyphenols when a starch gel network was set by hot extrusion.
It was inferred that the increased creation of associations between the rice and CGA
with increasing temperature was likely attributed to hydrophobic interactions, which are
endothermic processes [20].

It was interesting to note that an attempt to heat the RCC samples at a higher tem-
perature (100 ◦C) was tried in some of our preliminary studies. This processing condition
was found to result in an approximately 20–30% decrease in the bounded CGA contents.
This may be attributable to the observation that the quantity of adsorbed phenolic acids
decreased with an elevation of adsorption temperatures, and in general depended on their
structures [21]. Many phenolic acids like CGA were susceptible to pressure, shearing forces,
or high temperature (e.g., 100 ◦C) [22], so an adsorption temperature of 80 ◦C was therefore
used in the present study.

In general, considerably higher amounts of CGA were found in the RCC-H samples
(38.3–97.5%) after two hours of adsorption at 80 ◦C. Based on these findings, a heat treat-
ment of 80 ◦C for 3 h was suggested to enhance the complexation of CGA in both the
RCC-L and RCC-H samples (containing 2.61 and 3.86 mg/g RCC, respectively). These two
samples, prepared accordingly, were used in the subsequent experiments in this study.

3.2. TEAC Value

The antioxidant activity of RCC-L and RCC-H samples was evaluated by the TEAC
assay in comparison with the control (Table 2). The TEAC values of both the RCC-L and
RCC-H samples were comparable (570 and 572 nmol trolox equivalent/g, respectively),
and were significantly (p > 0.05) higher than that of the control. The approximately two-fold
increase in the TEAC values indicated that the potent phenolic antioxidant CGA could
impart its antioxidant capacity to the complex. The findings from Oladele et al. [23] demon-
strated that starch-phenolic complexes which were produced by an interaction between
maize starch and phenolic compounds from grape pomace or condensed tannin sorghum
possessed noticeable antioxidant activity. The results showed that a larger amount of CGA
in the RCC-H sample (3.86 mg/g), relative to the RCC-L sample (2.61 mg/g) (Table 1),
did not incur a correspondingly higher TEAC value. The assessment of antioxidant activ-
ity could possibly be affected by various factors such as structure-activity relationships
among reactants and choice of assay [24]. Considering that starch molecules acted as an
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entrapping matrix in the structure of RCC samples, it was inferred that the comparable
antioxidant activity between RCC-L and RCC-H samples might be associated with their
structure-activity relationships, hindering the activity measurement of small amounts of
CGA entrapped in the polysaccharide matrix.

Table 2. Antioxidant activity, swelling ability, and water solubility index among different rice samples.

Samples TEAC # (nmol Trolox
Equivalent/g)

Swelling Ability (g/g) Water Solubility Index (%)

Control 236 ± 7 a 11.13 ± 0.04 a 8.53 ± 2.04 a

RCC-L 570 ± 3 b 11.93 ± 0.23 b 10.20 ± 1.27 a,b

RCC-H 572 ± 3 b 12.14 ± 0.21 b 12.44 ± 0.68 b

# TEAC, trolox equivalent antioxidant capacity. a,b Values (mean ± SD) in the same column with different
superscripts are significantly different (Duncan, p < 0.05).

3.3. Swelling Ability and Water Solubility Index

The swelling ability and water solubility index of starch molecules provide a basic
understanding of the magnitude of interactions between their amorphous and crystalline
domains. Table 2 presents the swelling ability and water solubility index among the control,
RCC-L, and RCC-H samples. Our results revealed that the swelling ability and water
solubility index of the control were 11.13 g/g and 8.53%, respectively. In some previous
studies, the swelling ability and water solubility index of different rice cultivars varied
from 8.67 to 9.23 g/g and 2.00 to 4.00%, respectively [25]. It was worth noting that the heat
treatment of rice starch during sample preparation would cause partial disintegration of
starch particles and an increase in their solubility. As shown in Table 2, the complexation
of rice starch molecules with CGA (2.61–3.86 mg/g RCC) resulted in an apparent (p < 0.05)
increase in swelling ability (7.2–9.1%). The swelling behavior of starch molecules could
be affected by various factors such as amylose content, molecular structure, and presence
of non-carbohydrate substances [26]. An elevation in swelling might be attributed to
the disruption of starch structure after the complexation with CGA. The inclusion of
CGA within the network of rice molecules at a level of 3.86 mg/g (Table 1) significantly
(p < 0.05) increased their solubility by 45.8% relative to control. An increase in solubility
was associated with a higher amount of amylose leaching out from the starch granules,
as well as increased swelling [27]. It was inferred that the presence of phenolic acids (i.e.,
CGA) might improve the interactions between rice starch and water molecules, leading to
the increased dissolution of soluble starch [7]. The binding of gallic acid to starch was found
to be capable of weakening the inter-chain association between starch chains, resulting in
an increase in its swelling power [28].

3.4. In Vitro and In Vivo Starch Digestibility

The resistances of control, RCC-L, and RCC-H samples to amylolytic hydrolysis are
presented in Table 3. After 30 min of enzyme digestion, the digestibility of the control
sample was 487.2 mg/g. As compared with the control, the in vitro digestibility of RCC-L
and RCC-H samples significantly (p < 0.05) decreased by 36.7% and 41.9%, respectively.
The results indicated that the direct binding of CGA to rice starch molecules at the level of
2.61–3.86 mg/g RCC (Table 1) might be a practical means to reduce the digestibility of rice
starch. The findings from Sun et al. [6] demonstrated that the attachment of polyphenolic
compounds like tea polyphenols to starch molecules could promote the binding of porcine
pancreatic α-amylase with starch; however, the inhibition of α-amylase by polyphenols
still occurred even when the enzyme was bound to starch molecules. This may, in part,
explain the effectiveness of RCC samples in lowering starch digestibility. Other studies
have also demonstrated that phenolic compounds may interact with starch molecules and
modify their physicochemical properties and digestion [23,29].
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Table 3. In vitro and In vivo starch digestibility of different rice samples.

Samples In Vitro Amylolytic Hydrolysis (Mg/g RCC) AUC #

Control 487.2 ± 77.7 a 3920 ± 715 a

RCC-L 308.4 ± 24.5 b 3842 ± 351 a

RCC-H 283.0 ± 35.3 b 3018 ± 293 b

# AUC, represented as arbitrary unit. a,b Values (mean ± SD) in the same column with different superscripts are
significantly different (Duncan, p < 0.05).

In the assessment of in vivo starch digestibility, the basal blood glucose levels of ani-
mals were maintained steadily at 102–110 mg/dL on average between 0 and 180 min. As
can be seen in Table 3, an obvious (p < 0.05) reduction in the AUC value of the plasma glu-
cose response of the RCC-H group (−23.0%) was found as compared with that of the
control (3920 arbitrary unit). These in vivo findings revealed that the complexation with
CGA could render the rice sample at least in part inaccessible to digestive enzymes, leading
to a lower rate of glucose generation. Many natural polyphenolic compounds such as
chlorogenic acid, curcumin, catechins, and procyanidins have been demonstrated to help
lower plasma glucose and improve insulin sensitivity [30,31]. This finding was consistent
with the in vitro amylolytic hydrolysis results, in which the RCC-H sample showed a
relatively higher inhibition of the digestibility of rice starch.

3.5. Characterization of Interactions

FT-IR spectra analysis was applied to investigate the underlying interaction between
the rice samples and the CGA. As compared with the control, no new peaks were observed
in the FT-IR spectra of the RCC-L and RCC-H samples (Figure 1). The FT-IR patterns of all
rice samples were basically comparable, indicating that the control and two RCC samples
had overall similarities in functional groups. Infrared peaks of chlorogenic acid isomer
in coffee occurred at the characteristic regions of 1700–1600 cm−1 [16]. In the fingerprint
region, slight width modifications and band shifts from 1640 cm−1, which was assigned to
hydroxyl groups (O-H) stretching and bending vibration [32], to 1653 cm−1 were observed.
It was inferred that the water content in starch samples was gradually reduced and a slight
intermolecular interaction might be elicited in the complexation between rice sample and
CGA [9,33].
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Figure 2A,B present the mass spectra of the complex formed between 5-caffeoylquinic
acid and glucosyl moiety of hydrolyzed RCC sample in positive ion mode. The peak with
an [M + H]+ ion at m/z 355 ([caffeoyquinic acid + H]+) was identified as caffeoylquinic
acid, while the ion of m/z 377 was caffeoylquinic acid [M + Na]+. The identification of this
molecule was found to be consistent with published data in some previous studies [34,35].
The fragmentation of CGAs, which are the esterified form of caffeic acid and quinic acid,
typically produced intact caffeoyl and quinic acid fragments [36]. The protonated CGA
precursor ion would yield some key fragments at m/z 135 ([caffeic acid-CO − H2O + H]+),
m/z 163 ([caffeic acid-H2O + H]+), m/z 181 ([caffeic acid + H]+), and m/z 193 ([quinic
acid + H]+) via MS2 experiments [34,36]. The presence of distinctive ions at m/z 325, 487,
and 649 suggested that the caffeic acid moiety (m/z 163) was connected with glucose,
maltose, and maltotriose, respectively, by an ether linkage. The peak at m/z 365 was
tentatively assigned as [M + Na]+ adducts of glucosyl caffeic acid.
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With respect to the ion of m/z 181 ([caffeic acid + H]+), the presence of the fragment
ions at m/z 343, 505, 667, and 829 were characterized as H+ adducts of caffeoylglycoside
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of glucose, maltose, maltotriose, and maltotetraose, respectively. Three peaks detected at
m/z 527, 689, and 851 were tentatively assigned as [M + Na]+ adducts of the correspond-
ing glucosyl, maltosyl, and maltotriosyl caffeic acid, respectively.

Based on the above arguments, the presence of glucose, maltose, and maltotriose as
the glycone units of chlorogenic acid glycosides supports the interpretation of apparent
interaction and potential complex formation between CGA and rice starch molecules.

3.6. Pasting Properties

Visco-amylograms of the control, RCC-L, and RCC-H samples are presented in
Figure 3, and their pasting behaviors are summarized in Table 4. As compared with
the control, significant (p < 0.05) increases in peak viscosity (7.4%) and breakdown value
(24.7%) were observed in the RCC-H samples. An apparent decline in final viscosity from
3376 cP (control) to 3288 cP (RCC-H sample) was also noted. These results indicate that the
inclusion of CGA in the rice starch matrix at the level of 3.86 mg/g (Table 1) could affect
the viscosity of rice samples upon complexation.
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Figure 3. Changes in viscosity among different rice samples.

Table 4. Viscosity behaviors of the control and rice-CGA complex samples.

Samples Peak Viscosity (cP) Breakdown (cP) Final Viscosity (cP) Setback (cP) Pasting
Temperature (◦C)

Control 1937 a 316 a 3376 a 1775 a 93.3 a

RCC-L 1997 a,b 322 a 3336 a,b 1661 b 93.4 a

RCC-H 2081 b 394 b 3288 b 1601 b 90.4 b

a,b All means with different superscripts in each column are significantly different (p < 0.05).

As the breakdown viscosity of starch solution was associated with its ability to resist
shear stress during heating [37], the highest breakdown value (394 cP) of the RCC-H
sample showed that the RCC-H sample exhibited a lower resistance to shear-thinning
during heating. It implied that the complexation of CGA in the rice starch network resulted
in a lower ability to withstand heating and shear stress. In Table 4, RCC-H sample had a
relatively lower pasting temperature. Starch molecules with a high pasting temperature
would have a higher resistance towards swelling and rupture [38]. In parallel to the
changes in swelling ability as presented in Table 2, the lower pasting temperature of the
RCC-H sample might explain its remarkably higher degree of swelling ability among the
rice samples.
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Setback value represented a degree of reassociation among amylose molecules and
the tendency of starch paste towards retrogradation [39]. The setback of the control was
1755 cP initially, but remarkably (p < 0.05) dropped by 6.4–9.8% to 1601–1661 cP after the
complexation of rice starch with CGA. As the CGA content increased in the RCC samples,
a reducing trend in the setback values relative to control was observed. Typically, starch
with lower setback value had a decreased tendency towards retrogradation. The addition
of CGA during extrusion would retard starch retrogradation process by interfering with
the arrangement of starch chains [9]. As can be seen in Figure 3, complexation between
rice and CGA might lead to a reduction in the level of retrogradation and enhance the
paste-cooling stability of rice flour.

Unlike most resistant starches, which have their limitations in bakery applications in
terms of sensory properties [3], our results suggested that the complex prepared through
the interaction between rice kernel samples and CGA in this study was capable of rendering
starch sample resistance to amylolytic hydrolysis (Table 3) along with the abovementioned
desirable pasting properties. It could be considered a promising way to modify rice starch
properties, with improved paste-cooling stability and reduced retrogradation.

4. Conclusions

In conclusion, an adsorption treatment of 80 ◦C for 3 h was applied to enhance the
complexation of rice kernel samples with CGA that imparted an apparent antioxidant
capacity to the complex. The inclusion of CGA within a rice starch network at the level of
3.86 mg/g could apparently modify its physicochemical properties by increasing swelling
ability, lowering resistance to shear-thinning during heating, and retarding retrogradation.
The reduction in starch digestibility, both in vitro and in vivo, through the aforementioned
process might be a practical means to reduce the digestibility of rice kernels. An apparent
intermolecular interaction between CGA and rice starch molecules was suggested by ESI-
TOF-MS analysis. All in all, this process was considered a promising way to reduce the
digestibility, as well as to modify the properties, of rice starch, which could be used in
various food products requiring better paste-cooling stability.
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