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White rice is a staple food worldwide, yet its high glycemic index (GI), driven by rapidly digestible starch, raises
significant public health concerns.

This study explores the application of low-acyl gellan gum (LAGG) as a bio-macromolecular strategy to
modulate starch digestibility while preserving desirable textural properties in cooked rice. Two rice types,
jasmine rice (JR, high-GI) and parboiled rice (PR, low-GI), were cooked with 0-3% LAGG and systematically
analyzed using a multi-scale approach, including thermal properties at grain and starch levels, microstructural
features in raw and cooked forms, and texture and digestibility at the whole grain level, reflecting typical
consumption conditions.

Microstructural evaluation of cooked rice revealed that LAGG formed a hydrogel coating on rice grains,
enhanced p-sheet protein structures and promoted the formation of starch-LAGG complexes. These structural
modifications strengthened the protein-starch matrix, particularly in JR. As a result, hardness (8-26%) and
chewiness (1.4-2.3x) increased in JR, while minimal effects were observed in PR. In-vitro starch digestibility
analysis showed that LAGG addition reduced starch hydrolysis, shifting digestion toward slower and resistant
fractions and lowering predicted GI by 10-22% across LAGG levels (1-3%), with JR showing a stronger response.
When integrated with microstructural and thermal observations, these results are consistent with reduced
enzymatic accessibility to starch.

Collectively, these findings offer mechanistic insights into LAGG as a distinct hydrocolloid capable of rein-
forcing rice structure and lowering glycemic impact through multi-scale interactions, supporting its practical and
scalable application in the development of healthier rice-based foods.

1. Introduction

White rice remains a fundamental component of the global diet,
contributing up to 20% of global caloric intake and as much as 50% in
certain Asian regions [1]. However, its high glycemic index (GI), driven
by rapidly digestible starch, is associated with an increased risk of type 2
diabetes and imposes substantial public health pressures and costs [2,3].
As public health strategies increasingly focus on dietary GI reduction,
developing lower-GI rice products without compromising sensory
qualities has become a pressing nutritional challenge [4].

Existing approaches to reduce rice GI — such as genetic, enzymatic,
chemical, and physical modifications [5,6] — often involve high costs,
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complex processing, or undesirable changes in texture and flavor [7,8].
Substituting white rice with lower-GI alternatives like brown rice or
konjac rice, frequently faces low consumer acceptance due to altered
mouthfeel and eating quality [9]. Thus, there is a growing interest in
scalable, ingredient-based approaches that preserve rice's textural pro-
file while improving its nutritional functionality.

Hydrocolloids are widely explored for reducing starch for GI mod-
ulation because their physicochemical and structural behavior within
food matrices can govern starch gelatinization and enzymatic accessi-
bility [10]. Most commonly used hydrocolloids reduce starch di-
gestibility through bulk-phase effects, including viscosity—driven
diffusion control (e.g., xanthan and guar gum) or hydration-induced
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Fig. 1. The methodology employed in the study.

matrix swelling that increases diffusion distances (e.g., konjac gluco-
mannan and carboxymethyl cellulose), thereby delaying enzymatic ac-
cess [11-14]. Gellan gum differs from these hydrocolloids in that its
effect on slowing starch digestibility is associated with localized inter-
facial structuring, involving hydrogel coatings at the grain or starch
surface rather than predominantly bulk—phase viscosity. Within gellan
gums, acyl content further determines gel structure and functionality.
High acyl gellan gum forms soft, elastic gels with high water retention,
which primarily influence food texture and may also provide limited
resistance to enzymatic access. In contrast, low—acyl gellan gum (LAGG),
with fewer O-acyl substituents (and thus reduced interchain steric
hindrance), forms thinner, firmer coating layers structures with pH- and
ion-responsive stability [15]. These properties enable LAGG-derived
interfacial structures to persist under gastric conditions and potentially
limit starch hydrolysis during subsequent intestinal digestion. As such,
LAGG exhibits a distinct structure-function relationship among hydro-
colloids, supporting its selection in this study.

However, the multi-scale interactions between hydrocolloids and
rice components—spanning molecular level bonding, meso—scale matrix
formation, and macro-structural changes in texture and digestibility-
—are still not well comprehended. While the effects of LAGG on isolated
rice starch have been partially characterized, its interactions with the
native protein-starch matrix during and after cooking remain largely
unexplored. Elucidating how LAGG modulates rice structure across hi-
erarchical levels—from molecular organization to whole grain archi-
tecture—may provide a mechanistic foundation for the development of
functional, lower-GI rice products.

This study investigates the functional potential of LAGG in modu-
lating starch digestibility in cooked white rice, aiming to bridge struc-
tural modification with nutritional improvement. We hypothesize that
incorporating LAGG during rice cooking alters the protein-starch matrix
and reduces enzymatic digestibility while maintaining acceptable
textural properties. Two commercially available white rice models with
distinct glycemic characteristics and high market prevalence in the UK
were selected [2,16,17]: jasmine rice (JR; conventual-processed, high-
-GI, 89 > 70) and parboiled long-grain white rice (PR; hydro-
thermal-processed low-GI 47 < 55). The parboiled rice, also marketed
as “easy—cook long-grain white rice,” is produced from the same Indica

cultivar group as JR and has comparable starch content and grain
morphology. The main distinction proposes to its internal organization
and digestibility, as parboiling induces starch retrogradation and pro-
tein—starch reassembly, collectively lowering its starch digestibility and
glycemic response. This makes PR a suitable low-GI comparator for
assessing LAGG effects across rice systems with comparable botanical
origins but distinct intrinsic structures and baseline digestibility. The
selected LAGG range (1-3% w/w) was guided by preliminary formula-
tion trials, in which levels below 1% produced no measurable changes in
starch digestibility, whereas concentrations above 3% substantially
increased cooking medium viscosity, impairing rice immersion and
uniform gelatinization under standard cooking conditions. The 1-3%
range therefore represents a practical formulation window compatible
with conventional rice processing, limited ingredient loading, and
minimal risk of adverse textural effects.

Building on this, the study integrates multi-scale analyses—span-
ning starch, flour, and grain levels—to link LAGG-induced molecular
and microstructural changes with their impact on texture and in-vitro
starch digestibility. This framework provides mechanistic insight into
hydrocolloid-mediated matrix assembly and demonstrates a practical
route for producing lower—GI rice-based foods without compromising
consumer-relevant texture.

2. Materials and methods
2.1. Materials

Jasmine white rice (JR; long-grain Indica variety) and parboiled
long-grain white rice (PR; long-grain Indica variety) were purchased
from Tesco, Nottingham, UK, in November 2022. In-house measure-
ments confirmed the pGI of intact JR (71.5 + 3.8) and PR (50.0 + 1.6)
grains, consistent with reported high- and low-GI classifications,
respectively. Low-acyl gellan gum (LAGG) was obtained from CP Kelco,
UK. Enzymes for in-vitro digestion, including a-amylase (A-1031),
pepsin (P-7000), and pancreatin (P1750), were purchased from Sig-
ma-Aldrich. Enzyme activity validation was performed according to
INFOGEST protocols [18], with detailed procedures provided therein.
All reagents were of analytical grade unless otherwise specified.
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Table 1
Sample codes, material types, and analytical techniques used in the study.

Sample code  Material Type Analyses performed

JRS Jasmine rice isolated starch Starch  DSC, FTIR, XRD

PRS Parboiled rice isolated starch Starch DSC, FTIR, XRD

JRF Jasmine rice flour Flour Microscopy

PRF Parboiled rice flour Flour Microscopy

JR_xLAGG JR grain cooking with 0-3% Grain DSC, microscopy, TPA,
LAGG In-vitro digestion

PR xLAGG PR grain cooking with 0-3% Grain DSC, microscopy, TPA,
LAGG In-vitro digestion

JR_XLAGG_F JR Grain cooked with 0-3% Flour FTIR, XRD
LAGG, then ground to flour

PR _xLAGG_F PR Grain cooked with 0-3% Flour FTIR, XRD
LAGG, then ground to flour

Table 2

Proximate composition of JR and PR flours and their isolated starches (g/100 g,
as—is basis including native moisture).

Moisture content Total starch Amylose Protein
JRS 243 +0.35° 95.60 +1.32° 18.03 £1.79° 0.62 + 0.03 ¢
JR 8.59 +0.04 ° 83.63+1.68"  17.19+0.08°  6.66 = 0.58 "
PRS 2.60 +0.39° 95.02 £ 0.58 2 28.84 +1.68 2 0.65 £ 0.02 ¢
PR 8.24 +£0.02° 81.68 +£1.32° 27.01 +£0.78 % 8.52 +£0.26 *

Values are means + standard deviation. Within each column, values denoted by
the same letter are not significantly different (p > 0.05).

2.2. Methods overview

The study evaluated the impact of LAGG on starch digestibility and
structural properties in two rice types (JR and PR). A schematic over-
view of sample types, treatments, and analytical methods is presented in
Fig. 1. Table 1 summarizes the sample codes used throughout the study.

Each code reflects the rice sample (JR or PR), treatment level (x = 0O,
1, 2, or 3 depending on LAGG concentration), and structural form —
starch (S), flour (F), or whole grain. These designations allow clear
tracking of treatment effects across analytical techniques. Correspond-
ing analyses included thermal (DSC), structural (FTIR, XRD), micro-
structural (microscopy), texture profile (TPA), and in-vitro digestibility
assays.

2.3. Preparation and cooking

2.3.1. Preparation of flour and isolated starch

Cleaned rice grains (100 g) were ground using an electric grinder
(KG49, DeLonghi, Treviso, Italy) and sieved to obtain flour with particle
sizes <500 pm. The resulting samples were labeled as JRF (Jasmine rice
flour) and PRF (Parboiled rice flour), respectively. Starch was isolated
following the method described previously [19]: 50 g flour was
dispersed in 0.18% NaOH (1:15 w/v ratio) at 30 °C for 1 h. After
centrifugation using a benchtop centrifuge (Rotina 380, Hettich GmbH,
Tuttlingen, Germany) at 3100 xg for 15 min, the protein-rich super-
natant was removed. The pellet was neutralized with 0.1 M HCI, washed
with distilled water, and dried at 30 °C to constant weight in a forced-air
oven (MOV-112F, Sanyo, Japan). The dried material was then milled
and sieved (<500 pm). The resulting isolated starches were labeled as
JRS (Jasmine rice starch) and PRS (Parboiled rice starch), respectively.

2.3.2. Preparation of cooked rice grain with LAGG and starch-LAGG
systems

Washed rice grains (100 g) were cooked in a rice cooker (NEDIS,
Karc06wt, 300 W, Leicester, UK) with a 1:1.5 (w/v) rice-to-liquid ratio
for approximately 15 min, followed by a warming phase (10 min) at
65-70 °C. Control samples were cooked in water alone; while treated
samples were cooked in LAGG-water dispersions (1, 2, or 3 g — con-
tained in the 150 mL liquid-/100 g dry rice). Complete cooking was
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verified by compressing 10 randomly selected grains from the center of
the cooking pot between glass slides; the absence of an opaque core
indicated complete gelatinization. Freshly cooked grains were divided
for analysis: one portion was used immediately for TPA, while the
remaining portion was snap-frozen in liquid nitrogen to preserve
microstructure, then freeze-dried, milled (<500 pm), and stored at
—20 °C. Resulting flours were labeled JR_XLAGG_F and PR xLAGG_F,
where x (0-3) denotes LAGG concentration (w/w).

Starch isolates (JRS and PRS) were used to prepare starch-LAGG
systems for comparison. LAGG was incorporated directly into starch
isolates at concentrations equivalent to those used in the rice grain
systems, calculated on a starch-weight basis. Specifically, 1%, 2%, and
3% LAGG relative to total rice weight corresponded to approximately
1.2%, 2.4%, and 3.6% LAGG relative to starch-weight (95% purity),
respectively, based on the assumption that starch accounts for 82-83%
of the dry matter in both JR and PR. To maintain consistency with the
rice grain formulations, starch-LAGG mixtures were labeled using the
same notation), e.g., JRS_1LAGG (eq.), where “(eq.)” indicates equiva-
lent LAGG levels corresponding to the respective rice systems.

2.4. Proximate composition analysis of rice samples

Proximate composition was analyzed using AOAC standard methods.
Moisture content was determined by drying 2 g of each sample at 105 °C
to constant weight (AOAC 934.01). Crude protein was measured using
the Kjeldahl method with a 5.95 nitrogen—to-protein conversion factor
(AOAC 930.29). Total starch and amylose content were quantified using
Megazyme kits (AOAC 996.11 K-TSTA and K-AMYL; Megazyme,
Ireland). All measurements were performed in triplicate and reported as
mean =+ standard deviation.

2.5. Protein extraction and electrophoresis

Protein extraction and electrophoresis were conducted to assess the
extent of disulfide-linked protein crosslinking and its modulation by
LAGG during rice cooking. Freeze—dried rice powder was homogenized
in SDS buffer (50 mM Tris-HCl, pH 7.5, 2% SDS, 10% glycerol, 0.01%
bromophenol blue), with or without 5% B-mercaptoethanol (reducing
vs. non-reducing conditions). After heating at 95 °C (10 min) and
centrifugation (10,000 xg, 10 min), supernatants were loaded onto 12%
SDS-PAGE gels (Mini-PROTEAN, Bio-Rad). Gels were stained with
Coomassie Brilliant Blue and banding patterns compared under
reducing/non-reducing conditions to assess disulfide-linked
crosslinking.

2.6. Thermal properties (DSC)

Thermal transitions of rice grain and starch were analyzed using a
differential scanning calorimeter (DSC3*, Mettler Toledo, Leicester, UK)
adapted from method [20] to simulate the rice cooker condition. 10 mg
rice kernel sections or starch-equivalent to 10 mg rice were mixed with
15 pL distilled water or LAGG dispersion, sealed in pans (40 pL), and
heated from 30 °C to 120 °C at 10 °C/min. After holding at 120 °C (15
min), samples were cooled to 60 °C at 20 °C/min. Thermal parameters —
onset (T,), peak (Tp), end (Te) temperature, and enthalpy changes (AH)
— were calculated using STAR® software (Mettler Toledo, Leicester, UK).
All measurements were performed in triplicate. The AH was normalized
to starch content on a dry-weight basis.

2.7. Microstructural analysis

2.7.1. FTIR spectroscopy

FTIR spectra of raw and cooked samples were obtained using a
Bruker Tensor 27 spectrometer (Graseby Space Ltd., Orpington, UK)
following the method [21]. Spectra were recorded in the 4000-400
em™! range (128 scans, 4 em™! resolution), with ambient air serving as
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Fig. 2. DSC thermograms were obtained for JR (A), JRS (B), PR (C), and PRS (D) heating in 0-3% LAGG-water dispersions. The endothermic heat flow was measured
for samples subjected to heating from 30 to 120 °C at a rate of 10 °C/min, thereby simulating the conditions typically encountered in a rice cooker. Rice flour (either
JR or PR) and starch isolates (designated as JRS or PRS) were incorporated into LAGG aqueous dispersions at concentrations of 0, 1, 2, or 3% (w/w), while
maintaining a mass—to-dispersion ratio of 1:1.5. Starch-LAGG samples are labeled consistently with the grain samples, with “(eq.)” indicating LAGG levels equivalent

to the grain formulations.

the background reference. Data analysis was performed using the
OMNIC software (version 6.2, Thermo Electron Corporation). After
baseline correction and spectral deconvolution, the secondary structure
of rice proteins, including f—sheet, random coil, a-helix and p-turn, was
quantified in the amide I region (1700 cm ™" to 1600 cm™!) by Gaussian
peak fitting [22]. The percentage contribution of each structural
component was calculated by dividing its peak area by the total fitted
peak area. Starch short-range molecular order was evaluated using
absorbance ratios at 995/1022 and 1047,/1022 [23].

2.7.2. X-ray diffraction (XRD)

The crystalline structure was assessed using a Bruker D8 diffrac-
tometer (D8, Bruker Ltd., Coventry, UK) with a Cu-Ka radiation source
(A = 0.154 nm) at 40 kV and 25 mA, as in the method outlined by [24].
Samples were scanned from 4° to 45°(20) with a step size of 0.02° (20)
and a scan speed of 2°/min. Degree of crystallinity (DOC) was calculated
as the ratio of crystalline peak area to total diffraction area using the
DIFFRAC plus EVA® software (Bruker Ltd., Coventry, UK). The loss of
crystallinity was calculated using Eq. (1) as:

Docraw_DOCt_reated

100%
DOCry

Loss of Crystallinity (%) = (¢}

2.7.3. Microstructural and morphological analysis

Brightfield and polarized-light microscopy (Eclipse Ci, Nikon In-
struments Inc., Surrey, UK) were used to observe raw rice flour and
starch suspensions (1% w/v) [25]. Images were recorded at 20x
magnification. Particle size distributions were measured using a laser
diffraction analyzer (LS 13 320, powder system module, Beckman
Coulter, Inc., Buckinghamshire, UK), with a refractive index set to 1.33.
The volume-weighted mean diameter d(4, 3) was reported as the average
of three technical replicates. Grain dimensions (length, width, thickness)
were recorded using a digital caliper (0.01 mm resolution; PGA1001,
Modelcraft, UK). Cryo—embedded samples were prepared as suggested
method [26], sectioned (60 pm) using a Leica CM 3050 s microtome
(Leica Microsystems Ltd., Solihull, UK), and stained with 0.1% fast green
in acetic acid (protein) and 0.2% Lugol's iodine solution (starch). LAGG
was fluorescently labeled with 5-(4,6-dichlorotriazinyl) amino fluo-
rescein (DTAF) labeling [27] and visualized using EVOS™ FL micro-
scope (Mgxcitation = 488 nmM; Apmission = 517 nm). Surface and
cross-sectional morphology was captured using an Environmental
Scanning Electron Microscope (ESEM, FEI Quanta 650, Thermo Fisher
Scientific, Paisley, UK) under the conditions described previously [28].
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Table 3

Thermal properties of rice samples upon heating.
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Rice type To1 °C) Tp1 (°C) Te1 (°C) AHen1 (J/g of To2 (°C) Tp2 (°C) Tez (°C) AHenz (J/g of
starch) starch)
JRS_OLAGG 64.25+0.72°> 71.27+0.80° 83.63+1.01° 9.14+0.42° - - - -
JRS_1LAGG (eq.) 68.69+0.38% 75.06+0.23% 8531+021% 9.27+0.29% - - -
JRS2LAGG (eq.) 68.87+0.14* 7536+0.09° 85.69+0.30° 9.32+0.11° - - - -
JRS_3LAGG (eq.) 68.64+£0.07% 7537+0.10° 8558+0.25% 9.63+0.23° - - - -
JR_OLAGG 63.30+0.78°  70.45+0.94° 7747 +1.20° 7.19+0.41° - - -
JR_1LAGG 65.64+0.15° 72.94+0.68° 7817+1.31° 7.32+035° - - -
JR_2LAGG 65.35+0.79° 7250+0.40° 78.96 +1.54" 7.28 +0.21" - - - -
JR_3LAGG 65.44+0.35° 71.96+059° 7882+1.03°> 7.45+033° - - -
PRS_OLAGG 4953+1.16° 59.51+0.63¢ 71.97+1.37¢ 091+0.11¢ 84.27 £ 0.55"  88.89 +2.98 93.48 + 2.07 0.52 + 0.06 °
ab ab
PRS_1LAGG 51.78 £0.96°  62.25+0.78° 7547 £0.96°¢ 1.22+0.12°¢ 84.63+0.59" 9017 +£1.47%  94.94 +2.27 0.48 +0.02°
(eq) ab
PRS_2LAGG 51.05+0.62° 6230+0.46° 7512+1.71° 1.42+0.33° 86.08 + 0.94 91.68 +2.77*  95.04 £1.29%  0.45 + 0.04 °
(eq.) ®
PRS_3LAGG 52.39+0.81° 63.47+1.29° 7435+0.96°¢ 1.30+0.27° 88.36 +0.97%  93.31 +£2.422%  98.22+2.00%  0.46 + 0.04?
(eq.)
PR_OLAGG 50.79 +1.18° 60.26+1.72¢ 7202+1.72¢ 0.83+0.15¢ 81.68+1.20¢ 8727 +0.72" 91.15+0.75" 0.26 £0.01°
PR_1LAGG 51.77 +1.17°  62.38+1.16° 7454+0.96° 0.89 +0.25¢ 83.21 +£1.25°  88.63 + 1.61 93.70 £1.09°  0.27 £0.02°
ab
PR_2LAGG 51.68 £0.72° 62.50+0.59¢ 73.43 +1.08 1.01 +0.10 * 84.38+1.97" 8950+1.56  94.50 + 1.56 0.26 +0.02°
cd ab
PR_3LAGG 52.08£0.60¢ 63.08+0.34¢ 73.95+ 1.37 1.16 £ 0.14 ¢ 81.12+1.53° 87.08+1.34" 93.08+1.34" 0.30+0.02°

cd

Values are means =+ standard deviation. Within each column, values denoted by the same letter are not significantly different (p > 0.05). To1 o 2: Onset temperature; Tp,
1 or 2: peak temperature; Te 1 o 20 €nd temperature; AHe, 1 or 2: i the enthalpy of gelatinization (J/g of starch on dry-weight basis, dwb). Starch-LAGG samples are
labeled consistently with the grain samples, with “(eq.)” indicating LAGG levels equivalent to the grain formulations.

2.8. Textural profile analysis of cooked rice grain

Textural properties of freshly cooked rice were measured using a

texture analyzer (TA-XT2, Stable Micro System, Surrey, UK) operated in
two—cycle compression mode, following the method [29]. For each
sample, 5 g cooked rice grains were gently spread in a single, non-
—overlapping layer on the sample platform, covering an area exceeding
the probe diameter to ensure uniform compression. Samples were
compressed using a 35 mm diameter aluminum cylindrical probe at a
pre-test speed of 1.0 mm/s, test speed of 1.0 mm/s, and post-test speed
of 1.0 mmy/s, to a target deformation of 75% strain, with a 5 s interval
between compression cycles. A trigger force of 5 g was applied. Ten
technical replicates were performed per sample.

Texture parameters-hardness, adhesiveness, cohesiveness, and che-
winess—-were determined from the resulting force-time curves using
Exponent software (Stable Micro Systems, Surrey, UK). Immediately
after testing, compressed rice samples were collected for post-
—compression particle size analysis (dsg) to characterize structural
fragmentation induced by mechanical deformation, and for subsequent
in-vitro digestion assays. Further procedural details are provided in
Section 2.9 and Supplementary Materials.

Maltose equivalent in the digested supernatant (mg)

2.9. In-vitro digestion, kinetics of protein and starch digestion, and
predicted glycemic indices (pGI)

TPA-tested sample underwent a three—phase in-vitro digestion (oral,
gastric, intestinal) as per the INFOGEST rice-specific modifications
[30]. Supernatant aliquots were collected after gastric phases and at
specific intervals (0, 5, 10, 15, 20, 30, 45, 60, 90, 120, and 180 min)
during the intestinal phase for protein and starch hydrolysis analysis.
Each sample was tested in triplicate, with two technical replicates per
time point. Further procedural details are in the Supplementary
Materials.

2.9.1. Starch hydrolysis quantification in cooked rice

The concentration of reducing sugars in the supernatants was
quantified using the alkaline p-hydroxybenzoic acid hydrazide (PAH-
BAH) method [31], with maltose as the standard. The percentage of
hydrolyzed starch was calculated based on the amount of reducing
sugars released (measured as maltose equivalents) at each time point
relative to the total starch content of the sample, expressed on a dry—
weight basis. Moisture content of cooked rice samples was determined
gravimetrically prior to analysis, and values were used to normalize all
digestion data to eliminate variability due to water uptake during
cooking. This approach ensures comparability across treatments with
differing hydration levels following Eq. (2) [32].

Hydrolyzed starch (%) =

~ Total starch content in the sample (maltose equivalents, mg)

x 100% (2)
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Fig. 3. FTIR spectra and secondary structure analysis of protein in rice samples treated with 0-3% LAGG. (A-C) FTIR spectra of JR, PR, and their starch isolates (JRS,
PRS) and LAGG-treated counterparts in the range of 1800-800 cm™~'. Amide I peak (1637-1647 cm™') indicate protein secondary structure changes, while peaks at
995, 1022, and 1047 cm™! reflect starch short-range order. (D, E) Deconvoluted protein secondary structure profiles derived from amide I band fitting, showing
relative proportions of p-sheet, random coil (RC), a-helix, and f-turn structures. LAGG addition increased f—sheet content and decreased RC and p-turn fractions,
suggesting enhanced protein structural ordering. Starch-LAGG samples are labeled consistently with the grain samples, with “(eq.)” indicating LAGG levels
equivalent to the grain formulations. Bars sharing the same letter within each secondary structure (horizontal comparison) are not significantly different (p > 0.05).

as the standard [33]. Enzyme blanks (enzyme solutions without sam-

ples) were subtracted to ensure accurate measurement of sam-

2.9.2. Protein hydrolysis quantification in cooked rice ple-derived digestion. The percentages of hydrolyzed protein was

Free amino groups were measured using the o-phthaldialdehyde determined using Eq. (3), in accordance with the method described
(OPA) method adapted for 96-well microplates, using L-glutamic acid previously [34].

Amino groups in digested supernatant (pmol L — glutamic acid equivalents)
Total amino groups in the fully hydrolyzed sample (pmol L — glutamic acid equivalents)

Hydrolyzed protein (%) = x 100% 3)
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Fig. 4. XRD diffraction patterns. (A) Untreated samples: JR and PR (starch in
protein matrix), JRS and PRS (native starch), and RSS (rice starch standard as
the reference). (B) Designated as JR and JRS, as well as (C) PR and PRS, were
subjected to cooking processes utilizing a LAGG concentration that varied from
0% (control) to 1, 2, and 3% (denoted as OLAGG, 1LAGG, 2LAGG, and 3LAGG).
Starch-LAGG samples are labeled consistently with the grain samples, with
“(eq.)” indicating LAGG levels equivalent to the grain formulations.

International Journal of Biological Macromolecules 344 (2026) 150373

Table 4

FTIR-derived short-range starch order indicators (995/1022 cm ™! and 1047/
1022 cm ! band ratios), degree of crystallinity (DOC), and DOC loss in JR and
PR treated with 0-3% LAGG.

Rice sample 995/1022 1047/1022 DOC Loss of DOC
Raw JRS 1.31+0.00° 0.37+0.03% 12.4+0.4
a
JRS_OLAGG 1.154+0.02° 0.35+0.02% 88+0.2° 29.03+1.32
ab
JRS_1LAGG 1.06 + 0.01 0.32 + 0.01 85+01% 31.45+0.66°
(eq.) d ab
JRS_2LAGG 1.04 + 0.02 0.28+0.03"> 83+039 33.06+1.98°
(eq)) de
JRS_3LAGG 1.01+£0.02° 0.28+0.01° 80+01° 3548+1.96%
(eq.)
Raw JRF 1.44+0.02% 035+0.01* 11.3+0.2
b
JR_ OLAGG_F 1.27 + 0.03 0.33 + 0.02 83+029 2655+1.45
b ab b
JR_1LAGG_F 1.23 + 0.02 0.290+0.04®> 79+03° 30.09+217°
b
JR_2LAGG_F 1.20 £ 0.03 0.26 +0.02° 7.8+0.2°¢ 30.97 +£1.45°
b
JR_3LAGG_F 1.01+£0.04° 0.24+001°> 76+01F 32.74 +£0.72°
Raw PRS 1.25 + 0.02 0.30 + 0.02 89+0.3°¢
b ab
PRS_OLAGG 116 £0.02° 0.29+0.01° 7.8+02° 12.36+1.83
d
PRS_1LAGG 1.08 + 0.01 0.26 + 0.02 75+03F 15.73 £2.75°¢
(eq.) d be
PRS_2LAGG 1.05 + 0.02 0.26 + 0.01 76+02F 14.61 +1.83
(eq.) de be d
PRS_3LAGG 1.05 + 0.01 0.24+001° 73+01F 17.98 +£1.92°¢
(eq) de
Raw PRF 0.984+0.02¢ 0.25+0.03° 8.0+02°
PR OLAGG_F 0.88 + 0.02 0.20+0.02° 7.4+02F 7.50 + 2.04 ¢
d
PR_1LAGG_F 0.87 +0.01 0.184+0.03¢ 7.3+02F 8.75+1.02 ¢
de
PR 2LAGG_F 0.824+0.07° 0.17+0.03° 714028 11.25+ 2.04
d
PR_3LAGG_F 0.80£0.04° 0.15+£0.02° 69+0.18% 13.75=+1.02
d

Values are mean + SD (n = 4). Within each column, values denoted by the same
letter are not significantly different (p > 0.05). Starch-LAGG samples are labeled
consistently with the grain samples, with “(eq.)” indicating LAGG levels equiv-
alent to the grain formulations.

2.10. Statistical analysis

Data were expressed as mean =+ standard deviation. Statistical sig-
nificance was determined by one-way ANOVA followed by Tukey's post
hoc test (p < 0.05). Starch and protein hydrolysis kinetics were modeled
using first-order equations [35,36]. pGI was calculated from the hy-
drolysis index (HI) using the equation: pGI = 39.71 + 0.549 x HI [37],
with details provided in the Supplementary Materials. Principal
component analysis (PCA) was used to identify key contributors to pGI
variation, with components retained based on eigenvalues >1. All an-
alyses were performed using SPSS version 27 (SPSS Inc., Chicago, IL,
USA).

3. Results and discussions
3.1. Composition and morphology of JR and PR samples

Table 2 summarizes the proximate composition of JR and PR flours
and starch isolates. PR flour exhibited higher protein and amylose

contents than JR, while total starch and moisture were comparable.
Starch isolates (JRS, PRS) showed >95% purity with negligible protein,
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Table 5
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Proximate composition (g/100 g, wet-weight basis) and morphological properties of cooked JR and PR with 0-3% (w/w) LAGG. When normalized to a dry-weight or

solids basis, the protein content is consistent with the values reported in Table 2.

Sample WC (%) TS (%) AM (%) P (%) L w T Sph SA R
JR_OLAGG_F 57.77 + 2.81 35.86 + 1.92 34.26 + 1.06 l?.64 +0.12 1.00 £ 0.03 0.30 + 0.02 0.09 + 0.01 0.29 + 0.02 0.53 + 0.02 0.22 + 0.02
a a a a a a a a
JR_1LAGG_F 60.10 £ 2.06 35.39 £ 2.17 33.73 +0.99 3.65 +0.04 1.03 £+ 0.05 0.30 + 0.02 0.09 + 0.01 0.29 + 0.02 0.57 + 0.05 0.22 + 0.02
a a a a a a a a
JR_2LAGG_F 61.20 £+ 1.54 34.45 + 3.46 ‘}4.12 +2.18 t%.63 +0.40 0.97 + 0.05 0.30 + 0.01 0.09 + 0.01 0.31 £ 0.01 0.54 + 0.05 0.24 + 0.01
a a a a a a a a
JR_3LAGG_F 62.26 +1.43 35.11 £ 2.61 34469 + 1.64 lg.57 + 0.04 1.00 + 0.06 0.32 + 0.04 0.10 &+ 0.02 0.32 + 0.04 0.60 £+ 0.10 0.24 +0.01
a a a a a a a a
PR.OLAGGF  59.54 + 2.60 33.18 £ 2.27 20.19 £0.43 3.42 +£0.12 1.09 £+ 0.03 0.32 + 0.02 0.09 + 0.01 0.29 + 0.02 0.64 + 0.05 0.22 +0.01
a a a a a a a a a a
PR_1LAGGF 61.92+1.85 31.81 £1.56 19.48 + 0.57 3.36 + 0.08 0.98 + 0.07 0.28 + 0.02 0.08 + 0.01 0.29 + 0.02 0.50 + 0.06 0.22 + 0.01
a a a a a a a a a a
PR2LAGGF 61.78 +1.17 32.68 + 2.42 20.13 £1.82 3.50 + 0.09 0.92 + 0.03 0.30 + 0.04 0.10 + 0.03 0.32 + 0.05 0.52 + 0.08 0.25 + 0.05
a a a a a a a a a a
PR_3LAGGF 62.37 +1.81 32.57 + 3.32 18.89 + 2.01 3.44 £ 0.14 0.98 + 0.04 0.28 + 0.03 0.08 + 0.02 0.28 + 0.03 0.50 + 0.06 0.22 + 0.03
a a a a a a a a a a

Values are means =+ standard deviation. Within each column, values denoted by the same letter are not significantly different (p > 0.05). WC: water content (g/100 g);
TS: total starch (g/100 g); AM: amylose (g/100 g); P: protein (g/100 g); L: length (cm); W: width (cm); T: thickness (cm); Sph: sphericity; SA: surface area (cm?); R:

roundness.

consistent with isolation benchmarks [38].

Microscopy revealed distinct granule morphologies between rice
types (Supplementary Fig. 1). JRF displayed compact, polygonal gran-
ules with strong birefringence, indicative of well-ordered crystalline
regions. PRF showed disrupted birefringence and more aggregated
granules, consistent with parboiling-induced structural changes [39].
JRS exhibited discrete angular granules, while PRS retained a clustered
morphology despite protein removal.

Particle size distribution (Supplementary Fig. 1, lower panel)
showed bimodal peaks for JRS, with the main mode at 4-6 pm, reflecting
dispersed granules [40]. In contrast, PRS had a narrower peak and
reduced ds, 3) values (310.3 pm), likely due to retrograded starch ag-
gregation rather than protein encapsulation [41].

3.2. Thermal properties and gelatinization behavior of rice samples

DSC analysis revealed distinct thermal behaviors between JR and PR
(Fig. 2; Table 3). JR and JRS exhibited well-defined gelatinization peaks
between 65 and 84 °C (Fig. 2A, B), while in PR and PRS, no clear melting
peaks were observed in the temperature range 55-70 °C (Fig. 2C, D),
suggesting intensive thermal treatment during industrial parboiling.
This observation aligns with previous findings that higher processing
intensity reduces starch melting enthalpy [42,43]. A secondary endo-
thermic transition between 90 and 100 °C, more pronounced in PRS, was
likely associated with ungelatinized residual starch granules encased
within compact clusters, as shown in Supplementary Fig. 1 (D1 and D2)
and possibly with the dissociation of amylose-lipid complexes formed
during parboiling [44]. These clusters may impede water penetration
and delay the melting of crystalline regions, requiring a higher tem-
perature for gelatinization to occur as observed in the thermographs
(Fig. 2D).

LAGG addition (1-3%) elevated gelatinization temperatures and
AHe, particularly in starch isolates (JRS, PRS), indicating stronger
LAGG-starch interactions when the protein network was absent. No
detectable transitions were observed in LAGG-only controls under the
same conditions (data not shown), indicating that thermal effects arose
from starch-dependent interchain interactions rather than intrachain
rearrangements. These effects were less evident in rice grain level (JR,
PR), likely due to steric hindrance by proteins [45].

Upon cooling, weak exothermic peaks (80-90 °C) were observed in
JRS and PRS, with higher recrystallization enthalpy (AH. = 1.22 and
1.09 J/g, respectively), compared to JR and PR (<0.85 J/g) (Supple-
mentary Fig. 2, Supplementary Table 1). Although starch retrogradation
— particularly in amylopectin-rich varieties like JR — typically occurs at

lower temperatures (<60 °C), the elevated onset here may reflect altered
molecular dynamics in isolated starch systems. The absence of native
structural constraints such as proteins or lipids likely enhances chain
mobility and facilitates earlier molecular reordering [46,47]. LAGG
suppressed starch restructuring in JRS (rendering AH. undetectable)
and reduced AH, in PRS (~0.17-0.20 J/g), while effects in rice grain
were negligible. These findings suggest that LAGG more effectively
disrupts starch self-restructuring in isolate systems, where its action is
less constrained by proteins or structural matrices [48].

3.3. Microstructural properties

3.3.1. Secondary structure of rice protein and short-range starch order

FTIR analysis (Fig. 3) revealed distinct amide I band profiles corre-
sponding to protein secondary structures. PRF had higher random coil
(RC) and lower a-helix content than JRF, suggesting the presence of
denatured protein, likely resulting from parboiling [49,50]. Upon
cooking, amide I peaks shifted from 1637 cm™! to ~1645-1647 cm_l,
suggesting protein fragmentation and reorganization [51,52]. This was
further supported by SDS-PAGE (Supplementary Fig. 3, non-reducing
conditions), which showed high-molecular-weight protein aggregates
(~70 kDa) in raw samples — particularly in JR - that were markedly
diminished after cooking, indicating heat-induced unfolding and ag-
gregation. LAGG treatment increased f}—sheet content while reducing RC
in both JR and PR (Fig. 3), indicating enhanced protein ordering. These
changes suggest that LAGG may stabilize protein structure, potentially
by promoting hydrogen bonding or limiting thermal disruption [53,54].

Starch short-range order was assessed via FTIR band ratios. Higher
995/1022 and 1047,/1022 values in raw and cooked JR (vs. PR) indicate
greater molecular order, likely due to higher native crystallinity [55,56].
LAGG reduced both ratios across samples, implying disruption of dou-
ble-helix reformation and retrogradation inhibition [57]. These effects
were dose-dependent and more pronounced in JRS, consistent with
LAGG interfering more effectively in protein—free systems.

3.3.2. Long-range ordered (crystalline) starch structure

X-ray diffraction (XRD) analysis (Fig. 4) confirmed distinct crystal-
line patterns among the rice samples. JRF and JRS exhibited an A-type
crystalline pattern, indicated by strong diffraction peaks at 15.2° and
23.1°, along with a partially resolved doublet at 17.5° and 18.2°. PRF
and PRS displayed a C-type pattern—a mixture of A- and B-type fea-
tures—with a notably lower DOC than their corresponding JR coun-
terparts, indicating a weaker long-range crystalline order. The
additional peak at 20.2° in PRF and PRS further implies the presence of
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100 pm

Fig. 5.1. Morphology of JR cooked with 0-3% LAGG. Images illustrating the samples containing different percentages of LAGG: (A) 0% LAGG, (B) 1% LAGG, (C) 2%
LAGG, and (D) 3% LAGG. The columns represent visual inspection, fluorescence imaging, surface morphology, and microstructural analysis, respectively.
Morphology of the whole cooked grain (scale bar: 1 cm) (A1-4); Fluorescence observation of cooked rice containing DTAF (5-(4,6-Dichlorotriazinyl) Amino-
fluorescein) labeled LAGG (scale bar: 1 mm) (B1-4). Microtone section of cooked grain viewed under light microscope (C1-4). Protein bodies appeared green with
fast green staining, starch exhibited a blue-purple stain from Lugol's solution, amylopectin-rich regions were purple, and amylose-rich regions were blue (scale bar:
100 pm); cross—section (D1-4) and (E1-4) surface of cooked grain under ESEM (scale bar: 50 pm).

retrograded starch [58].

LAGG-treated samples showed a progressive reduction in DOC
(Table 4), accompanied by shifts in diffraction intensity around 17.5°
and 20.2°, features commonly associated with B— and V-type arrange-
ments. These changes have previously been linked to amylo-
se-hydrocolloid interactions, including the formation of amylose-LAGG
complexes. The linear backbone and low-acyl substitution of LAGG are
expected to facilitate close association with amylose single helices [59].
Specifically, the low-acyl structure of LAGG, with reduced steric hin-
drance compared to branched hydrocolloids and high-acyl gellan gum,
allows its linear chains to closely associate with the hydrophilic exterior
of amylose helices, primarily stabilizing the helical conformation
through hydrogen bonding between hydroxyl groups and, potentially,
weak hydrophobic interactions within the helical cavity [60]. Such in-
teractions may promote the organization of amylose into V-type crys-
talline structures rather than re-formation of native A-type crystallinity.

Free LAGG also exhibits a diffraction peak near 20°, meaning that
part of this signal likely arises from the hydrocolloid itself. White rice
contains very low endogenous lipid (<0.5%), so amylose-lipid contri-
butions cannot be fully excluded but are expected to be minor. Given

these overlapping contributions, the diffraction peaks near 20° are
conservatively interpreted as arising from the combined effects of LAGG
presence, starch-hydrocolloid rearrangements, and minor native lipid
interactions.

The presence of the protein matrix in rice grains (JR and PR)
appeared to attenuate LAGG-induced reductions in starch crystallinity,
with smaller DOC decreases compared with the corresponding starch
isolates (JRS and PRS) (Table 4). This attenuation likely reflects spatial
and interactional constraints imposed by the native protein-starch ma-
trix rather than direct inhibition of LAGG functionality. In isolated
starch, LAGG likely interferes with crystalline ordering by forming
hydrogen bonds with hydroxyl groups, stabilizing the amorphous phase
and impeding recrystallization [61].

3.3.3. Proximate composition and morphological properties of cooked rice
types

As shown in Table 5, PR exhibited significantly higher protein and
amylose contents compared to JR, despite similar total starch levels.
SDS-PAGE analysis (Supplementary Fig. 3) confirmed rice-type differ-
ences in protein aggregation and thermal sensitivity, as previously



Q. Liu et al.

International Journal of Biological Macromolecules 344 (2026) 150373

SR RSN
‘Q\\‘M ‘
R ?‘%’ :“ﬁ ’\"‘ 2
N\

Fig. 5.2. Morphology of PR cooked with 0-3% LAGG. Images illustrating the samples containing different percentages of LAGG: (A) 0% LAGG, (B) 1% LAGG, (C) 2%
LAGG, and (D) 3% LAGG. The columns represent visual inspection, fluorescence imaging, surface morphology, and microstructural analysis, respectively.
Morphology of the whole cooked grain (scale bar: 1 cm) (A1-4); fluorescence observation of cooked rice containing DTAF (5-(4,6-Dichlorotriazinyl) Amino-
fluorescein) labeled LAGG (scale bar: 1 mm) (B1-4). Microtone section of cooked grain viewed under light microscope (C1-4). Protein bodies appeared green with
fast green staining, starch exhibited a blue-purple stain from Lugol's solution, amylopectin-rich regions were purple, and amylose-rich regions were blue (scale bar:
100 pm); cross—section (D1-4) and (E1-4) surface of cooked grain under ESEM (scale bar: 50 pm).

discussed in the FTIR section. Under reducing conditions (Supplemen-
tary Fig. 3B), both rice types displayed typical glutelin and prolamin
bands (15-57 kDa), with no evident dose-dependent changes following
LAGG addition. Together with FTIR results (increased p-sheet content
and reduced RC), suggest that LAGG modulates protein conformation
primarily through non-covalent interactions and/or steric hindrance
effects, likely stabilizing protein structures without altering disulfide
bonding.

Morphological analysis revealed no significant differences in grain
dimensions—length, width, thickness, sphericity, or surface area-
—between JR and PR, nor among LAGG-treated and untreated samples
(Table 5, Figs. 5.1-5.2). These results indicate that LAGG incorporation,
up to 3% (w/w), does not affect the external size or geometric parame-
ters of cooked rice grains. However, at concentrations of 2-3%, the grain
surface exhibits fabric-like string structures, which are likely attribut-
able to the self-assembly properties of LAGG hydrogels [62]. In addi-
tion, microscopy uncovered distinct microstructural disparities between
cooked JR and PR. PR showed a dense, continuous, green-stained matrix
enveloping compact, purple-stained starch granules (Fig. 5.2C1). The
green-stained regions, observed under light microscopy following Fast

10

Green FCF staining, likely represent protein-rich domains, though
non-protein components such as structural polysaccharides may also
retain the dye [63]. This tightly organized matrix aligns with prior de-
scriptions of cohesive starch-protein-cell wall domains in cereals such
as brown rice and sorghum [64]. In contrast, JR exhibited a more
fragmented matrix (Fig. 5.2C2), with discontinuous, green-stained re-
gions and loosely arranged starch granules, suggesting inferior network
formation and structural cohesion. ESEM corroborated these observa-
tions. JR displayed axial fissures, deformed granules, and a flaking outer
layer, revealing disaggregated starch granules (Fig. 5.2D1, EI1).
Conversely, PR exhibited more cohesive fracture planes and fused
granule agglomerates (Fig. 5.2D2, E2), indicative of enhanced internal
bonding and structural integrity.

Although LAGG treatment did not significantly affect bulk morpho-
metric properties, notable differences in internal microarchitecture
emerged, particularly at higher LAGG concentrations (2-3%). Fluores-
cence microscopy revealed increased, green—stained intensity and sur-
face localization at 1% LAGG (Figs. 5.1B and 5.2B), forming a
discernible surface coating. At 2-3%, the stain penetrated deeper pe-
ripheral domains. Corresponding cross-sectional views of JR_1LAGG
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Fig. 6. Textural properties of JR (A) and PR (B) cooked in 0-3% (w/w) LAGG
dispersions in water. Textural attributes including hardness (HAD), cohesive-
ness (COH), chewiness (CHE), and adhesiveness (ADH) were normalized on a
parameter-specific basis. Each value represents the ratio of the sample mea-
surement to the highest value recorded for that parameter (normalized to 1.00).
Results are presented as mean (n = 10). Samples sharing the same letter and
enclosed within the same statistical circle are not significantly different (p
> 0.05).

and PR_1LAGG (Figs. 5.1C and 5.2C) revealed more cohesive matrix
encapsulation of starch granules compared to untreated controls, which
showed disrupted organization and diffuse starch domains. At elevated
LAGG concentrations (2-3%), structural disintegration became
apparent. The protein-starch matrix showed fragmentation, with
reduced granule packing and the emergence of filamentous gel struc-
tures (Figs. 5.1D and 5.2D). These observations align with the fabric—
like structures seen at grain surface, suggesting that while lower
concentrations may reinforce matrix stability, excessive inclusion can
disrupt starch-protein interactions. This concentration—dependent
structural modulation implies potential applications in tailoring rice
texture and digestibility via controlled hydrocolloid incorporation.

3.4. Textural profile

The radar plots (Fig. 6) summarize the instrumental textural prop-
erties of JR and PR cooked with 0-3% LAGG. Without LAGG, PR
exhibited greater hardness, chewiness, and lower adhesiveness than JR,
consistent with its inherently firmer texture, as reported in previous
studies [65,66]. LAGG incorporation progressively increased JR

11
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hardness and chewiness while reducing adhesiveness. Significant
changes occurred only at >2%, while 1% LAGG did not differ from the
control (p > 0.05). These effects align with microstructural observations
showing surface hydrogel formation at 1% and a denser interfacial
network at 2-3% (Fig. 5.1), which likely restricted water mobility,
starch swelling and amylose leaching [67,68], and reinforced the pro-
tein-starch matrix [69]. PR showed minimal changes in texture, with
only a slight increase in chewiness, likely due to its pre-existing struc-
tured protein—starch matrix, which was less affected by LAGG treatment.
Overall, the observed instrumental texture values remained within
ranges reported for conventionally cooked long-grain rice, suggesting
that LAGG incorporation up to 3% does not induce extreme textural
deviation. While texture profile analysis provides objective parameters
related to sensory perception, formal sensory evaluation would be
required to directly assess consumer acceptability.

3.4.1. In-vitro starch digestibility of post-textual analysis samples

The in—vitro digestibility of starch and protein in JR and PR—treated
with varying concentrations of LAGG—was assessed post-TPA using
in—vitro enzymatic hydrolysis coupled with kinetic models (Fig. 7).
While TPA is not a direct simulation of oral processing, it provides
insight into how textural properties influence the structural integrity of
rice matrices and their susceptibility to enzymatic breakdown during
digestion [70,71].

Starch digestograms followed a biphasic kinetic pattern (Table 6),
characterized by an initial rapid phase, observed within the initial 20
min, followed by a gradual progression toward a plateau (k; > kg). This
reflects heterogeneous accessibility of starch fractions—characterized
by an initial rapid hydrolysis of accessible starch, followed by a slower
phase involving enzyme-resistant or structurally constrained starch
fractions. JR demonstrated significantly higher starch digestibility than
parboiled rice (PR), with a faster rate (k; = 0.096 min~! vs. 0.061
min 1), greater initial hydrolysis (Co = 7.31 & 1.46% vs. 3.87 + 0.28%),
and higher final extent at 180 min (84.62 + 2.13% vs. 73.77 + 1.86%,
Fig. 7C, D). JR also had a greater proportion of rapidly digestible starch
(RDS = 67.40 &+ 1.15%) and a higher predicted glycemic index (pGI =
81.6 + 2.0) compared to PR (RDS = 41.84 + 1.93%, pGI = 66.1 + 2.5).
These findings support the classification of JR as a high-GI food (>70),
while PR remains in the moderate-GI (55-70) range [72].

LAGG addition progressively reduced Cy, k;, and Cj, while
increasing Cae, particularly in JR. For example, in JR samples Co,
decreased from 7.31% (JR_OLAGG) to 2.85% (JR_3LAGG), k; declined
from 0.096 to 0.057 min_l, Ci0 dropped from 66.70% to 47.18%.
Concurrently, the slowly digestible fraction (Cy,) increased sub-
stantially—from 25.70% to 49.98% —indicating a shift in the digesto-
gram profile toward a larger slowly digestible fraction, particularly in
JR. Consistent with this shift, the transition time (tj5;) was increased
from 19 to 21 min, and digestibility at transition (Ci,) declined from
62.56% to 35.44% with increasing LAGG levels. These trends suggest
that LAGG addition may reduce enzymatic hydrolysis of starch by
potentially promoting the formation of a denser, more cohesive matrix
and reduced porosity. This interpretation is consistent with the micro-
structural observations (Fig. 5.1-5.2) and textural changes (Fig. 6). Post-
TPA particle size (dso; median fragment diameter) increased (Table 6; e.
g., JR.BLAGG = 1.23 + 0.01 mm vs. JR OLAGG = 1.16 + 0.01 mm).
These larger fragments may also lower surface area-to-volume ratios,
limiting enzyme diffusion and delaying digestion onset. Similar but less
pronounced effects were observed in PR, where Cy decreased from
3.87% (PR_OLAGG) to 2.18% (PR_3LAGG), k; from 0.061 to 0.050
min~}, and C;o, from 54.76% to 49.06%, while Cy, increased from
41.37% to 48.76%.

Protein digestion followed a single-phase first-order kinetic model
(R? > 0.90, Table 7), with no inflection points observed in LoS analysis,
indicating uniform hydrolysis kinetics. This likely reflects the more
homogeneous distribution and structural accessibility of proteins in the
cooked rice matrix compared with starch's granular and hierarchical
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Fig. 7. In-vitro protein and starch digestibility, starch fractions, and predicted glycemic index (pGI) of cooked rice samples treated with 0-3% LAGG. (A, B) Protein
digested (%) is over 180 min for JR and PR samples. (C, D) Starch digested (%) over 180 min for JR and PR samples. Digested (%) denotes hydrolysis extent (starch:
reducing sugars; protein: free amino groups) (E) Nutritional starch fractions: rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch (RS).
(F) pGI. Data represents mean + SD (n = 4). Samples sharing the same letter within each panel (vertical comparison) are not significantly different (p > 0.05).

structure. Protein hydrolysis by pepsin and trypsin—targeting specific
residues (pepsin: hydrophobic/aromatic; trypsin: basic)—may also be
less dependent on matrix swelling or enzyme diffusion.

JR exhibited higher protein digestibility than PR, reflected in greater
initial hydrolysis (Yo = 19.2%) and hydrolysis rate (k = 0.043 min~1)
than PR_OLAGG (Yo = 16.4%; k =
heat-induced aggregates and more exposed cleavage sites. In PR,

0.028 min’l). It is likely due to fewer

12

parboiling promotes protein-starch interactions and aggregation, which
can shield pepsin- (Phe, Leu) and trypsin-specific (Lys, Arg) peptide
bonds from enzymatic access [73]. LAGG addition likely reduced pro-
tein digestibility parameters (Yo, k, and Y,,) by reinforcing a denser,
acid-stable matrix that limited pepsin access during gastric digestion.
Final digestibility remained moderate (48-56%) as gel relaxation at
intestinal pH allowed trypsin access to protein substrates.
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Table 6

Kinetic parameters of in-vitro starch digestion of cooked rice with 0-3% LAGG.

dso (mm) Co (%) ki (min~") Cioo (%) ky (min~") Caoo (%) tine (min) Cint (%) R?

JR_OLAGG 1.16 £ 0.01 € 7.31+£1.46%  0.096 + 0.003 ° 66.70 +3.51*  0.016 + 0.002 ¢ 25.70 + 2.13 ¢ 19+1%  6256+331%  0.9494
JR_1LAGG 1.22 +0.01 ¢ 3.18 +0.51° 0.067 + 0.003 ° 59.78 £2.23°  0.030 + 0.002? 36.41 + 4.02° 25+3%  51.86+500°  0.9047
JR_2LAGG 1.224+0.02"  284+051"  0.062+ 0.004" 54.45+3.11°  0.030 + 0.004 2 42.71 + 3.54 " 16+1°¢ 37.63 +3.87 ¢ 0.9484
JR_3LAGG 1.23+0.01° 2.85+0.55%  0.057+0.003>  4718+1.56°  0.020 £0.003° 4998 +0.52% 21+2°  35444+230°  0.9304
PR_OLAGG 1.29 +£0.01° 3.87 +0.28° 0.061 + 0.003 ° 54.76 +£3.32°  0.022 + 0.002 " 41.37 £3.25° 25+2% 4626 +3.32°  0.9447
PR_1LAGG 1.30 £ 0.01 2 2.81+051°  0.052+0.002°¢ 57.59 +1.46°  0.020 + 0.002 " 39.60 +1.83> 28+1°% 46.65 +1.92°  0.9479
PR_2LAGG 1.28 £ 0.01? 317 +0.29°  0.056 + 0.002° 58.05+1.44°  0.025 + 0.001 " 3878 £1.65° 26+1°%°  47.48+276°  0.9426
PR3LAGG  1.30 +£0.02? 218 £0.64°  0.050 + 0.002 49.06 +2.24°  0.018 + 0.003 48.76 +3.22° 28 +2° 39.03+3.36°  0.9051

Values are means =+ standard deviation. Within each column, values denoted by the same letter are not significantly different (p > 0.05). 1LAGG, 2LAGG and 3LAGG
indicated the cooked JR and PR with 1, 2 and 3 g LAGG per 100 g rice, respectively. dsq is the median particle size after TPA tests; Co is initial digested starch
percentage at the beginning of intestinal phase; k; and k; arethe apparent first-order rate constants (min™?) for the rapid and slow phases, respectively; C; and Cathe
expected digestion extent (%)for the rapid and slow phases, respectively. ti, is the transition time (min) between phases, and C;y, is the digested starch (%) at t;,. R? is

the coefficient of determination for the model fit.

Table 7
First-order kinetic parameters for in-vitro protein digestion of JR and PR rice
samples treated with 0-3% LAGG.

Yo (%) k (min~1) Yo (%) Span (%) R?

JROLAGG  19.16 + 0.043 + 53.07 + 33.91 + 0.9360
1.96 2 0.007 2 1.38° 2.29°

JRILAGG  13.11 + 0.034 + 48.77 + 35.66 + 0.9434
1.90° 0.005 ° 1.48 ¢ 2.26 "

JR2LAGG  13.74 + 0.022 + 50.50 + 36.76 + 0.9430
1.85° 0.004 ¢ 2.00 ¢ 2.39°

JR3LAGG  13.75 + 0.018 + 49.69 + 35.93 + 0.9576
3.32" 0.007 © 4.44 % 4.72°

PROLAGG  16.41 + 0.028 + 55.80 + 39.39 + 0.9531
1.76 0.004 ° 1.82° 2.24 %

PRILAGG 11.51 + 0.016 + 55.16 + 43.65 + 0.9656
1.56 ° 0.003 ¢ 2522 2482

PR2LAGG  11.47 + 0.015 + 53.50 + 42.03 + 0.9771
1.21° 0.002 ¢ 2.05 % 1.99 2

PR3LAGG 11.67 & 0.013 + 52.10 + 40.43 + 0.9844
0.64° 0.004 ¢ 1.45° 1.33°

Values are means =+ standard deviation. Within each column, values denoted by
the same letter are not significantly different (p > 0.05).0LAGG, 1LAGG, 2LAGG
and 3LAGG indicated the cooked JR and PR with 0, 1, 2 and 3 g LAGG per 100 g
rice, respectively. Yo: initial hydrolysis (%), k;: rate constant (min’l), Y. final
extent of hydrolysis (%), Span: difference between Y, and Y.

LAGG addition modulated the digestibility profiles of both starch and
protein, notably shifting starch digestion toward a slower, more sus-
tained pattern—particularly in JR. These changes were associated with
increased resistant starch (RS; 12.63% to 34.26%) and reduced pre-
dicted glycemic index (pGI; 81.6 to 63.8). PR exhibited a similar, though
less pronounced, trend, with RS increasing from 27.62% to 42.26% and
pGI decreasing from 66.1 to 55.2. Notably, PR_3LAGG showed the
highest RS content (42.26 + 3.36%) and the lowest pGI (55.2 + 2.6),
highlighting the potential of LAGG for developing functional rice
products for glycemic management.

3.5. Discussion: multivariate analysis of factors influencing PGI of rice

PCA (Fig. 8) explained 91.4% of the total variance in pGI, with PC1
(69.23%) and PC2 (26.28%) capturing key structural and digestive
contributors (Fig. 8). Variables loading positively on PCl—including
f-sheet content, post-compression particle size (dsg), chewiness, RS,
and LAGG incorporation—were associated with slower starch digestion
and lower pGI values, indicating a close association between
LAGG-related structural attributes and reduced pGI.

These observations can be interpreted within a hierarchical struc-
ture—function framework. At the molecular level, LAGG addition was
associated with modest increases in p—sheet content without substantial
shifts in amide I peak positions, consistent with previous reports that
gellan gum does not fundamentally alter protein secondary structure but

13

1.0
4)\ ¢O A
%, & [ ]
N 4
Ciny o
e
C. 1pGI &
c '.:‘ ¢ e s
0.5 X .
pGI ¥
~ " @
o 4
B s
1
g u-HeIix{‘
$ 0 o
S
~ @< 4711022
®)
2
= |

o

O5F o é
«?ﬂe ’
[ J
A
-1.0 1 !
-1 -0.5 0.5 1

PC1 (69.23 %)

Fig. 8. Principal components analysis: loading plot of PCs illustrating re-
lationships among physicochemical, structural, textural, and digestive proper-
ties of TPA-tested rice samples. RDS, rapidly digestible starch; SDS, slowly
digestible starch; RS, resistant starch; pGI, predicted glycemic index; T,: onset
temperature; Tp,: peak temperature; T.: end temperature; AHe, is the enthalpy
of gelatinization; protein digestibility parameters (Yo, kp, Yo, and Span); AM:
amylose content; Pro: protein content; starch digestibility parameters of rapid
(Co, ki, Ci) slow (kop, Co.) phases and intersect-phase point (T Cind;
Textural profile parameters includes hardness (HAD), cohesiveness (COH),
chewiness (CHE), and adhesiveness (ADH); and median particle size after TPA
compression (dso)

may stabilize ordered conformations through hydrogen bonding and
steric effects [74]. At the meso—structural level, microscopy revealed
semi-translucent, LAGG-enriched interfacial coatings and a denser
protein-starch-LAGG matrix. This compact architecture is likely to act
as a diffusion barrier, limiting enzyme penetration and slowing both
starch and protein hydrolysis. At the macro-structural scale, LAGG
incorporation was associated with increased hardness, chewiness, and
dso, particularly in JR. These effects were concentration-dependent: 1%
LAGG produced no significant textural changes relative to the control,
while >2% resulted in moderate increases that remained within ranges
comparable to PR hardness, alongside elevated SDS and RS levels. In
contrast, untreated controls exhibited a more disrupted matrix structure
and greater enzymatic accessibility, consistent with higher pGI values.

PC2 differentiated samples primarily by digestion kinetics. Higher
gastric protein hydrolysis (Yo), faster proteolysis (kp), and accelerated
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starch digestion during the rapid phase (k;, Ci.), together with higher
RDS, were aligned with increased a-helix and RC content. This associ-
ation suggests that protein conformations more susceptible to proteol-
ysis may weaken matrix integrity during digestion, indirectly enhancing
starch accessibility and contributing to higher pGI. The observed
alignment between higher protein digestibility parameters (Yo, Y,) and
elevated RDS and starch hydrolysis metrics (Co, C1o) underscores the
interdependence of protein and starch breakdown. LAGG-treated sam-
ples, by contrast, retained more resistant protein conformations, which
may have contributed to preserving matrix integrity and concurrently
limiting both protein and starch digestibility.

In addition to protein conformation and structural-mechanical at-
tributes (e.g., chewiness and dsp), compositional factors (protein and
amylose content), and thermal properties (T, Tp, Tc, and AHen), exert
dual roles in modulating pGI. Their positive association with PC1 sug-
gests a contribution to digestion resistance, likely through enhanced
protein barriers and amylose—driven resistant starch formation [47].
Meanwhile, their alignment with PC2 may reflect conditions under
which these advantages are lost during cooking or digestion, as reported
previously [75].

Overall, the PCA results suggest that pGI modulation arises from
coordinated effects across molecular, meso—, and macro-structural
scales rather than from a single dominant parameter. From an applica-
tion perspective, variables associated with reduced pGI clustered
consistently at LAGG concentration levels of 1-3%, suggesting that this
range enables sufficient matrix reinforcement to slow enzymatic hy-
drolysis without major disruption to grain integrity or instrumental
texture. This balance between digestion resistance and texture preser-
vation underscores the practical relevance of the optimal formulation
window identified in this study.

In terms of industrial feasibility, the low concentration levels (1-3%)
are advantageous as they minimize ingredient loading and avoid
excessive viscosity increases that could compromise mixing, hydration,
or uniform cooking. Concentrations above 3% could lead to practical
limitations during cooking, including reduced rice immersion and less
uniform gelatinization, which informed the upper boundary of the
formulation range evaluated. Importantly, LAGG can be applied as a
pre-hydrated dispersion in the cooking medium, which is compatible
with existing wet—processing practices and does not require modifica-
tion of the rice grain or specialized equipment. While sensory evaluation
and cost analysis were beyond the scope of this study, the moderate use
levels and preserved textural properties suggest a formulation strategy
that is technically implementable and compatible with consumer-
-relevant quality attributes.

4. Conclusions

This study demonstrated that incorporating low-acyl gellan gum
(LAGG) during rice cooking modifies the protein-starch matrix and re-
duces enzymatic starch digestibility while maintaining acceptable
textural properties, thereby supporting the study hypothesis. LAGG
reduced starch digestibility through multi-scale structural effects,
including interfacial hydrogel coating, suppression of starch recrystal-
lization, and stabilization of protein-starch networks, leading to lower
rapidly digestible starch fractions and reduced predicted glycemic
index—particularly in jasmine rice—while only moderate and accept-
able textural changes were observed within a practical formulation
range (1-3% w/w).

While this study focused on freshly cooked rice systems, the stability
of LAGG-induced structural modifications during storage, reheating,
and application in complex food formats (e.g., ready-to—eat rice or set
meals) remains to be established. Future studies incorporating sensory
evaluation and shelf-life assessment will be essential to support trans-
lation into commercial products. Overall, these findings highlight LAGG
as a promising hydrocolloid for glycemic modulation via interfacial
matrix engineering without major disruption to processing or texture.
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