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The current study presents a sustainable mechanochemical method for synthesizing starch nanoparticles
from underutilised yams Dioscorea bulbifera and Dioscorea esculenta. The starch nanoparticles were
prepared via wet ball-milling (BM) of Dioscorea bulbifera starch (DBS) and Dioscorea esculenta starch
(DES). The influence of mechanochemical alteration upon the structural and techno-functional attributes
of DBS and DES was analyzed. SEM revealed that BM resulted in the fragmentation and surface
roughening of DBS and DES. The FTIR and Raman spectra confirmed that the BM disintegrated DBS and
DES, as evidenced by an increase in the intensity of the FTIR signal at 2932 cm™ and a decrease in the
Raman band at 480 cm™L. 33C NMR and XRD results showed that BM increased the amorphous nature of

Received 13th 202 DBS and DES. BM significantly improved (p < 0.05) apparent amylose content, digestibility, oil absorption
Aig:g@% ;itth?/\r;L:cal':yZOO266 capacity, water absorption capacity, and significantly reduced (p < 0.05) gelatinization enthalpy of DBS
and DES. Rheology evaluation showed that BM enhanced the viscoelasticity of DBS and DES.

DOI: 10.1035/d6ra00315b Collectively, these results demonstrate that BM altered the structural and techno-functional attributes of
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1. Introduction

Starch is an abundant, eco-friendly, and natural carbohydrate
polymer alternative to existing petroleum-based plastics.* It is
intrinsically biodegradable due to the presence of glycosidic
bonds, which can be broken down with natural enzymes, such
as amylase, or other hydrolases.>™* As the food industry focuses
on reducing its carbon footprint to comply with environmental
regulations, the use of starch for sustainable packaging is on
the rise.” Native starch granules are water-insoluble, largely
inert, have limited resistance to shear forces,*” and are also
hydrophilic.® Thus, starch needs to be modified to be employed
in food packaging.

One strategy to surpass these limitations inherent to native
starch is to convert the starch into starch nanoparticles (SNPs).
SNPs are particles of starch that have a size smaller than
1000 nm.” They have already been widely used in food pack-
aging, bioactive compound encapsulation, nanocomposite
films, and pickering emulsion stabilizers.” The nanoscale
fabrication of starch decreases its agglomeration and improves
the mechanical attributes of the packaging.® They are promising
fillers in food packaging, as they enhance the barrier, physical,
and mechanical properties, as well as the biodegradability of
food packaging.' SNPs prepared through jet cavitation followed
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DBS and DES, thereby enabling them to be employed as fillers in sustainable edible packaging.

by enzymolysis were reported to augment the impermeability
and flexibility of food packaging.'® SNPs exhibit increased water
absorption capacity due to their increased surface area.”® SNPs
exhibit high encapsulation effects and bioavailability.” Nano-
particles prepared from renewable biopolymers such as cellu-
lose and starch facilitate the fabrication of eco-friendly food
packaging.'

The starch is mainly modified through physical, chemical, or
enzymatic methods.”>** There is a marked rise in consumer
preference towards environmentally friendly and clean-label
products.** Physical modifications of starch are generally
more cost-effective and safer than alternative treatments.'>'®
BM exerts mechanical forces that change the molecular size and
crystalline nature of starch. These modifications enhance the
digestibility and solubility of starch.'” Physical modification
also displays similar changes in functional groups of starch,
avoiding chemical reagents, which can often be toxic, and does
not produce effluents with unwanted reagents or by-prod-
ucts."' Green nanoparticle synthesis is gaining popularity due
to its sustainability and diverse applications in medicine and
food technology.” Commonly used green techniques for the
preparation of SNPs are ball-milling (BM), high-pressure
homogenization, mini emulsion cross-linking, cold plasma
treatment, electrospraying, and electrospinning.”*->*

BM of starch is reported to be a mechanochemical modifi-
cation process, since the mechanical forces of BM bring about
various structural and physicochemical transformations in
starch. BM alters the properties of starch through
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fragmentation and amorphization of starch.**** Juarez et al
observed that BM mechanolysed potato starch, cleaving the
glycosidic bond of potato starch.”® The effectiveness of mecha-
nolysis of polymer chains during BM, depends on the occur-
rence of weak chemical bonds, configuration of the polymer,
and strength of the polymer chains.”” BM alters the morphology
and ordered structure of the starch molecule, thereby tailoring
the functional attributes of starch.”® BM reduces the final
sample size by the collision of the blending balls.*® Increasing
the milling energy decreases the particle size, crystallinity
degree, and gelatinization enthalpy.** BM reduces the gelatini-
zation enthalpy of starch, thereby enabling the modified starch
to form a thin, flexible film.** Physical modification techniques
were employed in earlier studies to improve the functional
characteristics of starch from water chestnut, lotus stem, horse
chestnut,?® pearl millet, proso millet.*? foxtail millet, sorghum,*
and corn® for enabling their application as functional food
additives. Wet BM uses surface-active media to inhibit the
formation of aggregates.** Wet BM is efficient in modifying
starch granules.*® Wet BM mitigates dust and heat generation
and makes finer particles.** BM provides a simple, cost-
effective, and sustainable physical approach for starch modifi-
cation that facilitates convenient scaling up from the laboratory
to commercial applications."** The BM technique has
a distinctive characteristic: scaling up samples for large-scale
manufacturing is not challenging. The mechanochemical
modification of starch affects both the fragmentation and
accumulation properties of starch. BM enhances the chemical
reactivity of the sample, which ultimately determines the
product and its characteristics. A critical physical factor in both
lab-scale and commercial BM is the kinetic energy of the balls
with a known weight, moving at the agitation velocity. The
kinetic energy affects the efficacy and the overall time required
for particle comminution.?*

Diverse milling equipment is used for different-scale mech-
anochemical modification of biomass. The mixer mills are used
for mechanochemical modification at the gram scale and are
appropriate for lab-scale studies. For larger quantities, plane-
tary BM is employed. On the other hand, stirred media BM are
employed for commercial-scale mechanochemical modification
of biomass. For instance, the Outotech HIG mill handle quan-
tities greater than 1 tonne.*”

Potatoes, rice, wheat, and corn are the primary sources of
starch. However, the rising commercial need for starch has
prompted the exploration of underexploited starch sources,
such as rhizomes, tubers, and seeds.*® Leveraging underused
starch sources offers an opportunity to expand the range of
plant sources for SNP synthesis," hence minimizing global
dependence on commonly used raw materials and promoting
food security.*

The air potatoes (Dioscorea bulbifera) are a type of underused
yam.*® D. bulbifera exhibits distinctive, irregularly shaped starch
granules with a triangular and oval morphology.**~** It has an
average starch content of 62.70%, which includes an average of
19.53% amylose and 43.17% amylopectin.** It shows a B-type
crystalline pattern, with a hexagonal lattice framework.*"*>¢
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Dioscorea esculenta is an underused yam," and it has an
average starch content of 59.8% that comprises an average of
9.73% amylose and 50.07% amylopectin.** It also shows a B-type
crystalline pattern, with a hexagonal lattice framework.*>*¢
Currently, there is no research on the sustainable nanoscale
fabrication of DBS and DES.

Yam (Dioscorea spp.) starches have higher gelatinization
enthalpy and temperatures than wheat, potato, tapioca, and
corn starches, possibly due to variations in size, morphology,
and amylose content.*® In this context, modification of DBS and
DES is necessary to reduce their gelatinization enthalpy, and
thereby enhance the processability to form homogenous,
transparent edible films with improved flexibility. In contrast to
commonly used starch sources such as potato, corn, taro, and
millet, the utilization of underutilized starch sources Dioscorea
bulbifera and Dioscorea esculenta provides a sustainable source
of starch, contributing to a resilient food supply by diversifying
starch sources.

In this study, it is hypothesized that the sustainable mech-
anochemical modification of starch extracted from Dioscorea
bulbifera and Dioscorea esculenta via planetary wet BM may
enhance the structural properties, dispersibility, viscoelasticity,
amorphicity, digestibility, and processability of DBS and DES,
thereby improving their potential as fillers for flexible edible
packaging. This is the pioneering study that focuses on the
effect of sustainable mechanochemical modification of starch
from underutilized yams (DBS and DES) using BM on their
microstructural and functional properties. The outcomes of this
study will add to the growing research on green and sustainable
approaches to modify starches and offer insights into the
potential of nanoscale-fabricated yam starches for flexible
edible packaging.

2. Materials and methods

2.1. Materials

Fresh tubers of air potato (Dioscorea bulbifera) and lesser yam
(Dioscorea esculenta), exhibiting uniform size and shape (SI
Fig. 1), devoid of any mechanical or pathological injuries, were
procured from a local farm in Kottayam, Kerala, India. The
tuber samples were peeled, sliced, rinsed in 0.02% w/v sodium
metabisulfite solution for 15 minutes, air-dried, and refriger-
ated. Analytical grade reagents were utilized in the study.

2.2. Extraction of starch from Dioscorea bulbifera and
Dioscorea esculenta

Starch extraction from Dioscorea spp. was carried out as
described in the literature with slight modifications.*” Dioscorea
bulbifera was ground for 1.5 minutes. Twenty-five percent w/v of
crushed Dioscorea bulbifera was dispersed in a 0.02% w/v
sodium metabisulfite solution and filtered through cheese-
cloth. The filtrate was refrigerated at 4 °C for 3 hours to promote
sedimentation, then washed twice with distilled water. Subse-
quently, the suspension was refrigerated for 30 hours to allow
the starch to settle completely, oven-dried at 50 °C, ground for 2
minutes to obtain a fine powder, and sieved through a 60 mesh

© 2026 The Author(s). Published by the Royal Society of Chemistry
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screen (250 um pore size) to obtain Dioscorea bulbifera uniform-
sized finer starch powder (SI Fig. 2). The same procedure was
used to extract starch from Dioscorea esculenta.

2.3. Preparation of starch nanoparticles by wet ball-milling

Dioscorea spp. starch nanoparticles were synthesized in a BM
equipment (planetary mono classic line Pulverisette 6, Fritsch
GmbH, Germany). The parameters of ball-milling of DBS and
DES, such as starch: ball weight ratio, ball-milling speed, and
duration, were chosen based on the literature.*® The prior
optimization was using the one-factor-at-a-time technique (SI
Fig. 3 and 4). DBS was comminuted with 10 mm tungsten
carbide balls at 1:10 DBS: ball w/w ratio, at 300 rpm for 3 h,
whereas DES was ball-milled at 1:12 DES: ball w/w ratio, at
300 rpm for 3 hours. Ethanol was used to uniformly disperse
starch during ball milling at a 1:10 starch-to-ethanol ratio.*
The procedure was halted for fifteen minutes every thirty
minutes. For future analysis, the ball-milled DBS (SI Fig. 2), and
ball-milled DES (SI Fig. 2) were preserved at 4 °C.*

2.4. Structural analysis of raw and nanoscale fabricated DBS
and DES

2.4.1. Morphological characterization

2.4.1.1. Scanning electron microscopy. The morphological
characterization of raw and ball-milled DBS and DES were
performed using a scanning electron microscope (SEM, TES-
CAN, X-FLASHR 6/30 SDD Detector, VEGA-3-QUANTAX 2000,
Berlin, Germany) at 10 kV. Samples were laminated with a thin
chromium film using plasma sputtering for improved conduc-
tivity during examination. A high-resolution camera installed in
the SEM captured the images.>

2.4.1.2. Transmission electron microscopy. The morpholog-
ical characteristics of the raw and ball-milled DBS and DES were
verified by TEM (JEOL, JEM-1200 Plus, Japan) on Cu grid at 300
kV. The sample images were taken using a CCD camera, and the
statistical dimensional analysis of the DBS, DES, DBNS, and
DENS was done using Image] software and Origin software.*

2.4.2. Measurement of particle size and polydispersity
index (PDI). The particle size and PDI of 0.01% w/v each of DBS,
DBNS, DES, and DENS dissolved in de-ionized water were
evaluated using Zeta sizer (Malvern/Nano ZS-90) at neutral pH
and 25 °C.*

2.4.3. X-ray diffraction analysis. The XRD pattern of raw and
ball-milled DBS and DES was obtained using an X-ray diffrac-
tometer (XRD, XPERT-PRO, Copper Ko, 30 mA, 40 kV). The XRD
investigations were conducted within 26 (angular region) from 5
to 100°, using a step increment of 0.0110° with a duration of 97
seconds for each step. The Rietveld refinement technique was
done using the GSAS-II software to refine crystallographic
parameters obtained from XRD patterns.” The Rietveld refine-
ment technique was used to determine the crystallinity and
apparent crystallite size, in accordance with Pinto et al.>*

2.4.4. Fourier transform infrared (FTIR) spectroscopy and
Raman spectroscopy (RS). Fourier transform infrared (FTIR)
spectroscopy (Agilent Cary 660/670, Santa Clara, United States of
America) with 4 cm™' spectral resolution and a spectral

© 2026 The Author(s). Published by the Royal Society of Chemistry
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frequency of 4000-400 cm ' range was used to identify the
organic functional groups of raw and ball-milled DBS and DES.*

The structure and composition of raw and ball-milled DBS
and DES were further examined using a high-resolution laser RS
(LABRAM HR Evolution, Horiba, Kyoto, Japan), at a wavelength
of 633 nm, and a scanning range of 500-4000 cm™*.%

2.4.5. 3C cross-polarization/magic angle spinning nuclear
magnetic resonance (CP/MAS NMR) spectroscopy. The solid-
state >C NMR studies of the raw and ball-milled DBS and
DES were performed using the spectrometer (AVANCE III HD
400 MHz, Bruker, Karlsruhe, Germany), employing the CP/MAS
method, with a cross-polarization contact duration of 1.2 ms,
acquisition period of 25.17 ms, and more than 1000 scans per
spectrum.”” Origin software (Origin Pro 2021) was used to
deconvolute and evaluate the relative amounts of amorphous
portions and single- and double-helix components in the raw
and ball-milled starch samples.

2.5. Evaluation of techno-functional properties of raw and
nanoscale fabricated DBS and DES

2.5.1. Colour analysis. The color of the raw and ball-milled
DBS and DES was measured utilizing a Hunter Lab colorimeter
(Color Quest Di8-XE; Hunter Associates Laboratory, USA). The
lightness (L*), red-green (a*), and yellow-blue (b*) were analyzed
using the CIE lab-scale.** Whiteness index of the samples was
evaluated using L*, a*, and b* readings.*®

2.5.2. Thermal analysis. The thermal characteristics of raw
and ball-milled DBS and DES samples were evaluated with the
help of a differential scanning calorimeter (PerkinElmer,
Simultaneous Thermal Analyzer STA 8000—USA) under N,.
10 mg of the raw and ball-milled starches were placed in plat-
inum pans, along with deionized water (8 pL), and heated from
an initial temperature of 10 °C to a final temperature of 240 °C,
at a constant temperature gradient of 10 °C min~*.%

2.5.3. Apparent amylose content (AAC). The AAC of the raw
and ball-milled DBS and DES was determined using iodine and
spectrophotometric techniques.** 0.1 g of the raw and ball-
milled starch samples was dispersed in 1 mL of ethanol, and
10 mL of 1 N NaOH was added, heated for 10 minutes, and
diluted. 3 mL of this test sample mixture was mixed with 20 mL
of deionised water, a few drops of phenolphthalein solution,
and 1 mL of I, solution. It was then diluted to 50 mL. The
spectrophotometric reading of these samples was taken at
590 nm. The amylose in the raw and ball-milled samples was
quantified using the standard curve of amylose using the
following equation as described in the literature.>

% Amylose = {é} x 100% (1)

where “¢” is the concentration of amylose of test samples ob-
tained from the standard curve of amylose, based on their
absorbance readings at 590 nm.

2.5.4. Rheology evaluation. Starch gels were prepared by
gelatinizing 6% (w/v) each of raw and ball-milled DBS and DES
in water for 20 minutes at 90 °C with continuous stirring. The
Antonpar rheometer (MCR 502, Anton Paar GmbH, Austria) was
utilized to find out the viscosity of the gels at 25 °C on a parallel
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plate (PP 25, diameter 25 mm, gap 1 mm) after it had cooled to
room temperature. The frequency test of the starch gels was
performed at a strain of 1%, at 25 + 0.1 °C, and an angular
frequency of 0.1 to 100 rad s . The shear stress sweep test of
the starch gels was done at 25 £ 0.1 °C, at a steady frequency of
1 Hz, and shear rate from 0.1 to 100 s~ ' to find out the visco-
elastic range of the starch gels.”

2.5.5. Water absorption capacity (WAC) and oil absorption
capacity (OAC). Raw and ball-milled starch from DBS and DES
(5% w/v) were blended with distilled water/sunflower oil, and
uniformly mixed. They were centrifuged at 5000 rpm for 15
minutes (5810R, Eppendorf, Hamburg, Germany). The super-
natant was gradually emptied. The WAC and OAC were evalu-
ated by measuring the weight gain of the sample after
centrifugation.?

2.5.6. Evaluation of digestive properties. In vitro digestion
studies of raw and ball-milled starch were done for quantifying
Rapidly Digestible Starch (RDS), Slowly Digestible Starch (SDS),
and Resistant Starch (RS) in accordance with Englyst et al.®*
400 mg of DBS, DES, DBNS, and DENS were taken in separate
centrifuge tubes, pretreated with pepsin at 37 °C, and neutral-
ized. Then the pH of the samples was adjusted to 5.2 and di-
gested with a-amylase (290 units per mL)/glucoamylase (50
units per mL) at 120 rpm at 37 °C. During enzyme digestion, at
regular intervals (0, 20, and 120 minutes), 1 mL of enzyme-
digested solution was collected, and inactivated with ethanol.
This solution was then centrifuged for 10 minutes at 4000 rpm.
The glucose present in the supernatant from each sample was
measured spectroscopically using the DNS (dinitrosalicylic
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acid) technique. The amount of RDS, SDS, and RS present in the
raw and ball-milled samples was evaluated using the equations
below.*

RDS = [(GLUs — GLUp)/my] x 0.9 x 100% )
SDS = [(GLU 2 — GLUs)/my] x 0.9 x 100% 3)
RS = 100 — (RDS + SDS)% (4)

GLU,, GLU,,, and GLUj,, denote the amount of glucose
present in the samples after 0, 20, and 120 minutes of enzymatic
digestion, respectively. mg is the mass of the sample taken for
digestion. 0.9 is the coefficient that corresponds to the trans-
formation of glucose into starch. It is obtained by dividing the
molecular weight of starch (162 g mol) monomer by that of
glucose (180 g mol ).3°

2.6. Application study of DBNS and DENS in potato starch-
based edible films and characterization of its mechanical
properties

Edible films were prepared by mixing 5% w/v potato starch and
plant-based glycerol (30% w/w of potato starch) in distilled water,
then placed on a hot plate magnetic stirrer and stirred at 65 °C
and 800 rpm for 30 minutes to ensure complete gelatinization.
This edible film-forming solution was then cooled to 40 °C before
starch nanoparticles were incorporated. Subsequently, each of
DBNS and DENS was added at concentrations of 1, 2, and 3% w/w
of potato starch, respectively, to the potato starch-based edible

Fig.1 SEM images depicting the effect of BM on DBS and DES. (a) Raw Dioscorea bulbifera starch, (b) raw Dioscorea esculenta starch, (c) DBNS,

and (d) DENS.
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film-forming solution, stirred at 800 rpm for 20 minutes to
ensure uniform mixing. The edible film-forming solution without
starch nanoparticles was used as the control sample. Then,
50 mL of each edible film-forming solution was poured onto
casting plates of diameter 15 cm, and dried at 33 = 1 °C over-
night. The dried edible films were then peeled off the casting
plate and stored at ambient temperature for characterization
studies. The tensile strength and elongation at break of the
prepared edible films were tested using ASTM D882.>

2.7. Statistical analysis

Data analysis was conducted using one-way analysis of variance
(ANOVA) in the SPSS statistical package (SPSS Statistics for
Windows, version 29) to identify significant differences in the
parameters. The values are specified as the means + standard
deviation of triplicate readings. Tukey's Honest Significant
Difference test was employed for multiple comparisons at a 0.05
significance level.®

3. Results and discussion

3.1. Structural analysis of raw and nanoscale fabricated DBS
and DES

3.1.1. Morphological characterization
3.1.1.1. Scanning electron microscopy. The effect of BM on
the morphological characteristics of DBS and DES was studied

i
i
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using SEM. Fig. 1 displays the results of SEM of raw and ball-
milled DBS and DES. The raw DBS were triangular, and the
raw DES were polygonal. BM altered the shape of both raw
starches. SEM images showed that the mechanical forces of BM,
led to fragmentation and increased surface roughness in DBS
and DES. BM altered the microscopic morphology of starch
through various mechanical forces, including shear, friction,
impingement, and impact.”® These mechanical forces involved
in BM rupture the integrity of DBS and DES and reduce their
particle size. The grinding forces of BM break up bigger starch
particles and create reactive contacts between the sample
particles. Then the kinetic energy of the balls activates the
reactive contacts, which will disrupt the intermolecular
hydrogen bonds of DBS and DES, resulting in sample defor-
mation.”® BM enhances the surface area/volume of the starch
and thereby alters its physicochemical and functional attri-
butes."” It has been reported that BM resulted in the fragmen-
tation and roughening of proso and pearl millet starch,** wheat
starch,* and taro starch. The reduced particle size of SNPs
improves their barrier properties, mechanical properties, and
biodegradability, making them promising candidates for use in
edible packaging."

3.1.1.2. Transmission electron microscopy. The size and
morphology of raw DBNS and DENS were confirmed using TEM
analysis. Fig. 2 depicts the TEM images of DBS, DBNS, DES, and
DENS. The average particle size (APS) of DBNS and DENS was
evaluated using the Image] software. The data obtained from

Fig.2 TEM images depicting the effect of BM on DBS and DES (a) raw Dioscorea bulbifera starch, (b) ball-milled Dioscorea bulbifera starch, (c)
raw Dioscorea esculenta starch, and (d) ball-milled Dioscorea esculenta starch.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Particle size distribution for (a) ball-milled Dioscorea bulbifera
normal distribution function.

the Image] software was analyzed by plotting on a histogram
using the Origin software. SNPs were randomly measured
throughout the TEM images of DBNS and DENS using the
Image] software. The diameter lengths were noted in Microsoft
Excel. The histogram with a log-normal distribution curve
plotted using Origin software with the data set is shown in
Fig. 3. From the data set, the APS of DBNS and DENS were
calculated using the statistics tool in Origin, and the values of
APS obtained for DBNS and DENS were 44.15 & 1.15 nm and
67.99 £ 1.26 nm, respectively.

TEM results showed that the mechanical forces of BM led to
the rupture and surface roughening of DBS and DES, thereby
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Average size= 67.99 nm
Standard Deviation= 1.26 nm)

Length (nm)

starch, and (b) ball-milled Dioscorea esculenta starch fitted with a log

improving their dispersion. During the BM of DBS and DES, the
kinetic energy from the collision between the ball, starch, and
the ball milling equipment wall gets converted into mechanical
forces such as shear and frictional forces. These mechanical
forces selectively disrupt a-1,6 glycosidic bonds of amylopectin
subunits within the starch molecules.®® Previous studies re-
ported that BM led to fragmentation, surface roughening, and
enhanced dispersion of waxy corn starch,* and potato starch.”
Consequently, it became apparent that BM fragmented DBS and
DES and improved their dispersion.

3.1.2. Measurement of particle size and polydispersity
index (PDI). A Zeta sizer assessed the random Brownian motion

Table 1 Physicochemical, functional, thermal, and digestive properties of raw and ball-milled DBS and DES“

DBS DBNS DES DENS
Parameter
Average particle size (nm) 1019 + 32.5° 243 + 15.5¢ 1413 + 33.5% 641 + 24.5°
PDI 0.746 + 0.05" 0.479 + 0.06" 0.908 + 0.05° 0.614 + 0.04°
Techno-functional properties
WAC (g2 1.18 + 0.08" 1.46 + 0.06" 1.23 £ 0.04° 1.54 + 0.11°
OAC (g g™ 1.43 + 0.06° 1.78 + 0.19? 1.21 + 0.05° 1.48 + 0.14°
Colour
L* 78.84 + 0.68° 71.69 + 0.33° 92.35 + 0.87° 69.53 + 0.56"
a* 0.44 + 0.04° 0.76 + 0.07° —3.61 + 0.09¢ —0.93 + 0.19°
b* 17.03 £ 0.18" 20.08 + 0.77° 4.39 +0.36% 9.29 + 0.74°
WI 72.83 + 0.55" 65.28 + 0.709 90.47 + 0.87° 68.13 + 0.67°
Thermal
Onset temperature (°C) 48.8 + 0.45° 45.7 + 0.53¢ 62.3 + 0.38° 54.2 4 0.65°
Peak temperature (°C) 84.29 + 0.31° 78.9 + 0.22¢ 101.9 + 0.57° 81.78 + 0.19°
Conclusion temperature (°C) 146.4 + 0.57¢ 140.5 + 0.43¢ 164.9 £ 0.62° 149.6 + 0.35°
Enthalpy (J g7) 206.1 + 0.62° 194.5 + 0.83° 290.4 + 0.47° 174.9 + 0.35¢
Apparent amylose content (%) 17.85 + 0.36° 25.64 =+ 0.45° 9.21 + 0.50¢ 15.36 + 0.28°
Digestive properties
RDS (%) 23.76 + 0.85¢ 47.56 + 0.47° 50.18 + 0.92° 67.86 -+ 1.09°
SDS (%) 18.53 + 0.68° 6.83 & 0.48° 15.87 + 0.45° 3.28 + 0.21¢
RS (%) 57.71 + 0.56 45.61 + 0.76" 33.95 + 0.58° 28.85 + 0.67¢

“ DBNS and DENS represent starch nanoparticles, while DBS and DES represent native starch from Dioscorea bulbifera and Dioscorea esculenta,
respectively. Data are expressed as mean =+ the standard deviation. In each row, each value followed by a different superscript is significantly
different (P < 0.05) as determined by Tukey's test.

17272 | RSC Adv, 2026, 16, 17267-17282

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00319b

Open Access Article. Published on 30 March 2026. Downloaded on 6/16/2026 6:29:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of the sample particles to determine the mean hydrodynamic
particle size.®® Table 1 provides the mean hydrodynamic particle
size, ZP, and PDI of raw and ball-milled DBS and DES. The mean
particle size of DBS and DES reduced from 1019 nm and
1413 nm to 243 nm and 641 nm, respectively. The hydrody-
namic size of the sample particles may appear bigger than the
actual particle size because of particle swelling and surface
charge of particles.*> BM has been reported to fragment and
reduce the size of starch extracted from water chestnut, lotus
stem, horse chestnut,®® pearl millet, proso millet, foxtail,
sorghum,* and corn.*® SNP with reduced particle size is
promising as a reinforcement filler in food packaging.*®

The PDI of DBS and DES decreased from 0.870 and 0.704 to
0.641 and 0.580, respectively. The reduction in PDI of DBNS and
DENS shows that BM produced smaller particles with better
dispersion and a narrow size distribution.” A similar reduction
in PDI was observed during BM of starch extracted from pearl
millet, proso millet,** and waxy corn.*® The improved dispersion
of nanofabricated starch enables promising use as fillers in
edible packaging.®

View Article Online
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3.1.3. X-ray diffraction analysis. The results of XRD analysis
for raw and nano-reduced DBS and DES are shown in Fig. 4,
which displays the Rietveld refined XRD images of raw and ball-
milled DBS and DES with indexed peaks. The peaks in the XRD
patterns are indexed with the Miller indices (#,k,/). DBS and DES
exhibited a typical B-type pattern with crystalline and amor-
phous regions of starch. The prominent peaks at approximately
15°,17°, and 23° indexed with Miller indices (1,2,0), (0,1,2), and
(1,3,1), respectively represent a starch of B-type crystallinity.
Hao et al., reported B-type crystallinity with XRD peaks at 18°
and 23° for starch.®® Starch of B-type crystallinity features
a hexagonal unit cell.”* SI Fig. 5 shows the results of Rietveld
refinement generated for raw and ball-milled DBS and DES by
GSAS 1I software. The Rietveld refinement quality factor Ry,
(weighted profile R factor) was 0.04167, 0.03754, 0.03849, and
0.05385 for DBS, DBNS, DES, and DENS, respectively. R, value
below 0.1 indicates high-quality refinement.*® The Rietveld
refinement of XRD of raw and ball-milled samples shows that
the crystallinity of DBS and DES reduced with BM, as tabulated
in Table 2. After Rietveld refinement, the apparent crystallite
size of DBNS and DENS was found to be 3.8 nm and 3.38 nm,
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Fig.4 Rietveld refined XRD spectra showing the effect of BM on raw Dioscorea bulbifera starch (DBS), and raw Dioscorea esculenta starch (DES).
In the figure, the difference depicts the difference between the calculated values and observed values.
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Table 2 Relative crystallinity, molecular order, FWHM of raw and ball-
milled DBS and DES, quantified by XRD, FTIR, Raman spectroscopy,
and % amorphous, % single helix, and % double helix conformations
present in raw and ball-milled DBS and DES*

Parameter DBS DBNS DES DENS
Crystallinity (%) 37.0 30.75 42.29 28.5

Rioa7/1018 (cm™ ) 0.650 0.627 0.582 0.577
Roos/1015 (cm ™) 1.218 1.177 1.267 1.164
FWHM at 480 cm ™ * 20.72 38.77 20.39 29.36
Amorphous (%) 54.79 76.64 55.62 78.33
Single helix (%) 13.94 14.88 13.61 14.43
Double helix (%) 31.27 8.48 30.77 7.24

“ DBNS and DENS represent starch nanoparticles, while DBS and DES
represent native starch from Dioscorea bulbifera and Dioscorea
esculenta, respectively. R: ratio of absorbance at wavenumbers 1047/
1018 cm ™' and 995/1018 cm ™.

respectively. The crystallinity of starch depends on granule
dimension, amylopectin content, interactions in the crystalline
region, and double helix orientation. Crystallinity of starch is
attributed to the three-dimensional structure of amylopectin.
When subjected to BM, starch is disrupted, and amylopectin
adopts a single-helical form, making it less crystalline.”” The
mechanical forces during BM distort the inherent configuration
of starch. This process weakens the intermolecular and intra-
molecular bonds within starch.®® The impact force, shear force,
and collisions involved in BM generate mechanochemical
modifications in starch that rupture glycosidic bonds and
hydrogen bonds, and break down the crystalline portions of
starch.”” The amorphous nature of DBNS and DENS is directly
associated with the increased amylose content due to BM. The
increased amylose content reduces the scattering intensity for
almost all diffraction peaks of DBNS and DENS.”> BM was also
reported to reduce the crystallinity of waxy maize starch,” pearl
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Fig. 5
Raman spectra depicting the impact of BM on DBS and DES.
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millet starch, proso millet starch,®* and taro starch." Barros
et al., reported that ball-milled cornstarch with reduced crys-
tallinity formed a thin, brittle film without the incorporation of
plasticizers.*

3.1.4. Fourier transform infrared (FTIR) spectroscopy and
Raman spectroscopy (RS). The structural alterations induced by
BM on DBS and DES were studied using FTIR spectroscopy. The
interferogram is given in Fig. 5a. The unique bands of starch are
generated because of the vibrations of amylose and amylopectin
molecules. All the raw and nano-fabricated starch samples
exhibited peaks at 3200-3300 cm ™', because of the OH
stretching in starch. The peak width denotes the total quantity
of hydrogen bonds.*” DBNS and DENS had a more intense FTIR
band at 3296 cm ™" than raw starch samples. From this, it can be
inferred that the intermolecular hydrogen bonds of DBS and
DES became stronger after BM.*® This was due to the decrease in
the size of DBS and DES following BM. The FTIR peak at
2932 cm™ " denotes the asymmetric C-H vibration of ~CH,-.
This vibration is affected by bound water molecules within
starch.®® The bands at 1147 and 1076 cm ™' denote the C-C and
O-H bond vibrations and asymmetric stretching of the glyco-
sidic bond in starch.”® The absorption bands at 1147 and
1076 cm™ ' represent the stretching of C-O and C-O-H anhy-
drous glucose rings within the starch molecule. The peaks near
990 cm " correspond to the vibrations of a-1,4 glycoside bonds,
which became less intense for DBNS and DENS, indicating that
BM disintegrated glycosidic bonds of DBS and DES.** Juarez
et al. observed that BM mechanolysed potato starch, cleaving
the glycosidic bond of potato starch.”® The alterations in the
FTIR spectrum from 950 cm™ " to 1050 cm ™" of DBNS and DENS
demonstrate that the shear, impact, and frictional forces of BM
disrupted the crystalline portions of DBS and DES.” The FTIR
peak at 1654 cm ', representing the scissoring vibrations of
hydroxyl groups from hydration water on the non-crystalline
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(a) FTIR interferograms depicting the effect of BM on raw Dioscorea bulbifera starch (DBS) and raw Dioscorea esculenta starch (DES), (b)
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region of starch, increased for ball-milled samples due to an
increase in the amorphous property.®® The functional groups of
raw and ball-milled DBS and DES showed minimal variation.
Hence, BM is a promising physical technique for comminution
of starch.®” During the BM of DBS and DES, the kinetic energy
from the collision between the ball, starch, and the ball milling
equipment wall gets converted into mechanical forces such as
shear and frictional forces. These mechanical forces selectively
disrupt a-1,6 glycosidic bonds of amylopectin subunits within
the starch molecules.®

Furthermore, during BM, the rotation of the balls within the
BM equipment facilitates rapid particle movement, enabling
thorough blending of the sample particles. The grinding action
fragments larger sample particles and creates reactive contacts
between sample particles. Then the impact force of the moving
balls will activate the reactive contacts and thereby rupture the
intermolecular hydrogen bonds within the sample molecules
and thereby create sample deformation.*

In this research study, planetary ball milling equipment was
used for the mechanochemical modification of DBS and DES.
The planetary BM involves the combination of two distinct
rotational motions. The BM jars rotate along the planetary axis,
while concurrently rotating around their respective Z-axis,
usually in the alternate direction. This counter rotation of the
BM equipment produces substantial impact and shear forces
upon the balls as they encounter the walls of the BM vessel. This
brings about attrition of starch samples. Planetary BM energy is
predominantly regulated by rpm and the running time of the
BM.™

An increase in peak intensity of FTIR at 2932 cm ™' of DBNS
and DENS illustrates an increase in the disruption of intermo-
lecular hydrogen bonds of amylopectin subunits of the starch
molecule by the mechanical forces of BM. Kiymaz et al., also
observed a similar increase in the peak intensity of FTIR at
2943 cm ™" for ball-milled taro starch, indicating the breakdown
of the starch molecule by the mechanical forces of BM.** This
fragmentation of starch (DBS & DES) due to BM is also seen in
SEM and TEM images.

The absorbance ratio of FTIR signals on 995/1018 cm™
(Roos/101s), and 1047/1018 ecm ™" (Ryo47/1018),>>*" was used to
determine the change in the crystalline structure of DBS and
DES due to BM. There was a decrease in Rggs/1018 and Riga7/1018
of DBS and DES after BM, as tabulated in Table 2. The result
shows that BM disrupted the crystalline structure of starch after
BM. The XRD measurements of the crystallinity index of DBNS
and DENS aligned with these findings of FTIR. Ahmad et al.,
reported a reduction in the absorbance ratio Rip47/1018 and
Roos/1015 Of starch extracted from horse chestnut, lotus stem,
and water chestnut and after BM, depicting an increase in their
amorphous nature.”®

RS was used to investigate the alterations in the molecular
structure of DBS and DES after BM. The Raman spectra of raw
and nanoscale-fabricated DBS and DES are given in Fig. 5b. The
RS image of nano-reduced DBS and DES exhibited similar
bands, attributed to amylose and amylopectin.”* RS images of
raw and ball-milled DBS and DES show a complex set of vibra-
tions at the wave number region below 800 cm ™, revealing the

1
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vibrational motion of the pyranose ring in glucose. The Raman
band at 480 cm ™' serves as a marker for amylose and amylo-
pectin in the samples. The Raman signal intensity at 480 cm ™"
for DBNS and DENS was less compared to DBS and DES. This
reduced intensity indicates that BM disintegrated the ordered
configuration of the starch matrix.” The spectral peak at
480 cm ' in the Raman spectra of the samples is responsive to
the molecular arrangement of double helices within the starch
molecules. The wavenumber shift can be due to external or
internal influences on the starch bond length. BM decreased
the Raman band intensity at 480 cm™ ' for DBNS and DENS,
corresponding to the alterations in the particle size and crys-
tallinity of DBS and DES. Kumar and Kumar also observed
a similar reduction in the intensity of the 480 cm ™" peak within
the Raman spectra of ball-milled pink potato starch and ball-
milled maize starch, denoting that BM resulted in an increase
in its amorphous nature.”

The vibrational characteristics of starch, predominantly
derived from glucose monomers, are depicted in the Raman
spectra in the region 800 to 1500 cm ™. These bands associated
with skeletal vibrations of glucose units within starch under-
went noticeable changes following BM.”> The bands at 480, 861,
943, and 1127 cm ' represent C-C-O-, C1-O-C5, C-OH, and
(C-O-H + C-OH) vibrational motion of the glucose pyranose
ring, respectively. The Raman spectral bands at 480 cm ',
861 cm ™', 943 cm™ ', and 1127 cm ™" shifted to higher wave-
numbers, which depict an alteration in the length of the
glycosidic bond of DBS and DES because of BM.”>7®

The prominent bands in the Raman spectra of DBNS and
DENS, at wavenumbers from 900 to 960 cm ™, associated with
C-0-C of the o-1,4 and o-1,6 glycosidic bonds, exhibited
remarkable alterations in the intensity, owing to the breakdown
of a-1,6 glycosidic bonds of amylopectin subunits DBS and DES
following BM. This increased the amorphous nature of DBS and
DES.” The spectral bands of DBS and DES at 1262 cm ™" and
1466 cm ™' seem almost to disappear after BM, owing to the
reductions in their crystallinity because of BM. These results
agreed with the results of XRD analysis and FTIR analysis.
Numerous studies reported that the FWHM of the 480 cm™*
peak within the Raman spectra correlates with the overall
length of the double helix.”»”””® The half-width of the Raman
peak at 480 cm ™" is directly associated with the starch crystal-
linity. The higher the FWHM, the higher the amorphous nature
of starch.®® The FWHM of DBS and DES increased upon BM, as
shown in Table 2. This result shows that BM altered the struc-
ture of DBS and DES. Hao et al. reported a reduction in the
FWHM at 480 cm ™' for ball-milled high amylose corn starch
ferulic acid complexes, denoting an increase in their
crystallinity.*

3.1.5. 3C cross-polarization/magic angle spinning nuclear
magnetic resonance (CP/MAS NMR) spectroscopy. The *C CP/
MAS NMR analysis was employed to study the helical confor-
mations of raw and ball-milled DBS and DES, using potato
starch (analytical grade) as the reference. Fig. 6 depicts the NMR
spectra of DBS, DES, DBNS, and DENS. The NMR spectra of
starch were grouped into four sections, depending upon the
chemical shifts: C; (94 ppm to 105 ppm), C,, Cs3, C5 (66 ppm to
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Fig. 6 *C NMR spectrum showing the effect of BM on the structural properties of DBS and DES, taking potato starch as reference sample. Raw
Dioscorea bulbifera starch (DBS), ball milled Dioscorea bulbifera starch (DBNS), raw Dioscorea esculenta starch (DES), and ball milled Dioscorea

esculenta starch (DENS).

78 ppm), C, (80 ppm to 84 ppm), and C, (58 ppm to 65 ppm).”
The alterations in the starch double helix corresponded to the
C; peak intensity (Fig. 5). The C; signal (93-103 ppm) in **C
NMR of starch provides details about the amorphous and
crystalline components of starch. The threefold symmetry of
adjacent helices in B-type starch creates two equivalent resi-
dues. The C; part, on the other hand, has two peaks that overlap
at roughly 103 and 101 ppm.** There were no remarkable
differences observed in the **C chemical shift among DBS, DES,
DBNS, DENS, and potato starch. C; signals and C, signals in *C
NMR of starch denote ordered crystalline structure and amor-
phous structure within starch. >*C NMR of DBNS and DENS
exhibited blurred C; signals, indicating disintegration of crys-
talline portions of DBS and DES due to the impact of BM.** The
comparative amounts of amorphous portions, single helices,
and double helices in raw and ball-milled starch samples after
deconvolution of C, peaks (90-110 ppm) are given in Table 2. It
was observed that the mechanical forces of BM enhanced the
relative amounts of amorphous portions and led to a mild
increase in the comparative amounts of single helices and
a reduction in double helices. The kinetic energy of balls in BM
disrupts the intermolecular hydrogen bonds and a-1,6 glyco-
sidic bond within amylopectin subunits of starch, and thereby
reduce the crystallinity of DBS and DES. Sun et al., observed
areduction in the intensity of the C; peak and an enhancement
in the intensity of the C, peak of waxy corn starch when sub-
jected to BM and ultrasonication, depicting a reduction in
crystallinity.®® Zhang et al., also observed an increase in the
relative amount of the amorphous portion of ball-milled rice
starch samples.*

These results are at par with the results of XRD analysis, FTIR
absorbance ratios R;447/1018 and Roos/1018 Of nanofabricated DBS
and DES, and FWHM at 480 cm™ " of Raman spectroscopy, and
denote a destruction of crystalline portions of DBS and DES
following BM.
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3.2. Evaluation of techno-functional properties of raw and
nanoscale fabricated DBS and DES

3.2.1. Colour analysis. The colour analysis data of raw and
ball-milled DBS and DES are tabulated in Table 1. Native
starches DBS and DES, with higher L* values, and lesser a* and
b* values, indicate their superior colour quality.** DBNS and
DENS exhibited significantly lower (P < 0.05) L* and signifi-
cantly higher (P < 0.05) a* and b* than DBS and DES, respec-
tively. As a result of BM, amylopectin was disintegrated. These
fragmented amylopectin forms complexes with various other
small constituents found in the starch samples. These changes
led to an increase in a* and b* of ball-milled DBS and DES.*?
Jhan et al., observed a decrease in L* value and a rise in a* and
b* values of ball-milled pear]l millet starch and proso millet
starch.?” Dey and Sit, observed an improvement in L value for
foxtail millet starch modified using physical, chemical, and
enzymatic methods.*?

3.2.2. Thermal analysis. The DSC thermogram of DBS,
DBNS, DES, and DENS is represented in the SI Fig. 6. The
gelatinization temperatures of the samples (T, Tp, T.) and
gelatinization enthalpy (AH) are tabulated in Table 1. The
results of the DSC analysis indicated that the temperatures at
which gelatinization occurred in DBNS and DENS were signifi-
cantly (p < 0.05) lower than those of DBS and DES, respectively.
BM makes DBS and DES less crystalline and more accessible to
water.** This reduces the thermal gelatinization temperatures.
In addition to that, the gelatinization enthalpy of DBNS and
DENS was significantly (P < 0.05) lower than DBS and DES,
respectively, because gelatinization of starch is influenced by
the mean degree of polymerization (DP) of amylopectin within
starch. BM reduces the DP of amylopectin in DBS and DES and
makes double helical structures less stable, which in turn
reduces the heat required for gelatinization.* The mechanical
forces involved in the BM transform the double helical forms of
raw DBS and DES into single helical forms. This transformation
increases the susceptibility of DBNS and DENS to melting,
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thereby reducing their gelatinization enthalpy.®* The relative
amounts of the crystalline portion of starch constitute an
essential factor in determining the thermal stability of starch.*®

Earlier studies reported that BM reduced the thermal
stability of waxy corn starch,*® sorghum starch, foxtail millet
starch,® and corn starch.** The reduction in the crystallinity of
starch by BM enhances the accessibility of water to starch,
which facilitates the starch gelatinization at a lower tempera-
ture than raw starch. Hence, less energy will be needed to
gelatinize nano-reduced amorphous starch.** The ball-milled
corn starch with reduced gelatinization temperatures was re-
ported to form thin and brittle films without the incorporation
of plasticizers.>*

3.2.3. Apparent amylose content. The Apparent Amylose
Content (AAC) of DBS, DES, DBNS, and DENS is tabulated in
Table 1. DBS and DES had an apparent amylose content of 17.75
+ 0.58% and 9.54 £ 0.50%, respectively. Previous studies have
reported an average amylose content of 19.53% and 9.73% for
DBS and DES, respectively.** Amylose content depends upon the
source, structure, and starch extraction methods.?®* There was
a significant rise (P < 0.05) in the AAC of DBS and DES following
BM, as shown in Table 1. The mechanical forces of BM disin-
tegrate o-1,6 glycosidic linkages of branched amylopectin of
DBS as well as DES and thereby convert it to amylose.®

A similar increase in amylose content was reported for ball-
milled wheat starch,” high amylose corn starch,*** foxtail
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millet starch, and sorghum starch.* In the current study, DBNS
exhibited a significantly (P < 0.05) higher apparent amylose
content compared to DENS, which may be attributed to the
smaller APS of DBNS, as observed in the results of TEM and zeta
analysis. The higher amylose content in the nano-reduced
starch enhances its film-forming capacity.*® Hence, DBNS and
DENS can be used in edible packaging applications.

3.2.4. Rheology evaluation. The rheological properties of
starches are crucial in the food industry because of their
thickening nature.*® Fig. 7 depicts the rheological properties of
raw and ball-milled DBS and DES. The storage modulus denotes
the energy retained by the starch gel during deformation, and
the loss modulus is the energy dissipated to overcome viscous
force.®” The plot of the storage modulus (G') and loss modulus
(G") of DBS, DES, DBNS, and DBNS versus angular frequency is
given in Fig. 7a. G’ of all the samples was predominant over G”,
throughout the frequency sweep test, implying the elastic
property of starch.* The greater magnitude of G’ than G” indi-
cates weak gel rheology, characteristic of pseudoplastic fluids,
demonstrating enhanced viscoelasticity of the gel.*® The G’
values of gels of raw as well as ball-milled DBS and DES were
consistently greater than G”, indicating starch gels remained
viscoelastic fluid.®® DBNS and DENS exhibited enhanced visco-
elastic properties compared to DBS and DES. They exhibited
strong gel behavior upon slight deformation, but the starch
network degraded as strain increased. The mechanical forces

Viscosity (Pa.S)

20 40 60 80
Shear rate (1/s)

40 60 80 100
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Fig. 7 Rheological evaluation results depicting the effect of BM on storage modulus, loss modulus, damping factor, and viscosity of DBS and
DES. (a) Storage modulus G’ and loss modulus G” of ball-milled DBS and DES in comparison with raw DBS and DES against the frequency sweep,
(b) viscosity of raw and ball-milled DBS and DES against shear rate (0.01-100 s%), and (c) damping factor of raw and ball-milled DBS and DES

against angular frequency.
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during BM transform the structure of starch and thereby
enhance the viscoelasticity of DBNS and DENS (Fig. 7b).*> When
DBS and DES were subjected to BM, the impact, shear, and
frictional forces developed because of the collision between
starch, balls, and walls of the BM vessel, disrupting the inter-
molecular hydrogen bonds of amylopectin subunits of starch.
This makes the starch amorphous, and this enables the starch
chain mobility, improving the accessibility of the starch to
water. This, in turn, reduces the gelatinization temperature of
starch. Hence, the viscosity of starch increases. During hydra-
tion, the amorphous regions of starch swell with greater ease,
which enables increased polymer chain fragmentation and
positioning upon the application of shear force. This enhances
the viscosity and storage modulus of starch.** Furthermore,
DBNS exhibited improved viscoelasticity compared to DENS,
which might be owing to the smaller APS of DBNS. Jhan et al.,
reported that nano-reduced millet starches exhibited enhanced
viscoelastic properties than raw millet starches.** Ahmad et al.,
reported that nano-reduced water chestnut, horse chestnut, and
lotus stem starches exhibited improved viscoelasticity than
their raw counterparts.”® DBNS and DENS had higher viscosity
than DBS and DES, respectively, as depicted in Fig. 6b. This
improved viscoelasticity of DBNS and DENS was due to the size
reduction and changes in molecular interactions of DBS and
DENS induced by ball-milling. The rheology of starch depends
upon its morphology, amylose content, and molecular
interaction.?®

Nanoscale fabricated starch suspensions prepared from corn
and cassava starch were also reported to have greater viscosity
than their raw starches.*** The viscosity of all the samples
reduces with increasing shear rate, as seen in Fig. 6b. The
orientation of starch molecules changed upon the application
of stress; hence, their viscosity became stable. This experiment
demonstrated shear thinning behavior of the samples. The
mechanical forces of BM disintegrated the molecular arrange-
ment of starch, which in turn decreased the entangling points
in the starch gel. Hence, the starch gel is susceptible to
destruction, which leads to lower viscosity.*”

The damping factor represents how a system behaves phys-
ically by depicting the ratio of viscous to elastic sections of
viscoelastic deformation. Gels of DBNS and DENS exhibited
a higher damping factor than DBS and DES (Fig. 7c). For starch
gels with a damping factor (tan 6) less than 1, the elastic char-
acteristics dominate the viscous characteristics of the gel.**
Starch gels with a greater damping factor tend to be more
viscous, less rigid, less elastic, and simpler to process. This
contributes to the commercial application of starch as fillers
and thickeners.”” Wang et al. documented that acrylic acid-
methyl acrylate modified starch with enhanced viscoelasticity
was able to form films with improved flexibility.>* Hence, DBNS
and DENS with enhanced viscoelasticity can be used to fabricate
flexible edible packaging.

3.2.5. Water and oil absorption capacity. WAC and OAC of
starch represent the potential of starch to absorb and hold
water/oil under specific conditions. WAC and OAC of the raw
and nanoscale fabricated DBS and DES are given in Table 1. The
WAC of DBS and DES significantly (p < 0.05) increased upon
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nano-reduction. Ahmad et al. reported that BM significantly (P <
0.05) improved the WAC of starch extracted from horse chestnut
starch, lotus stem, and water chestnut starch.?® Chen et al. also
observed that the WAC of quinoa starch increased as the starch
became amorphous due to the BM.** Higher WAC of nano-
reduced starch might be owing to the greater surface area and
vulnerability of hydrophilic granular regions of the sample.
WAC depends on the relative amount of amorphous, crystalline
regions and hydrophilic groups present in the starch.” BM
breaks the amylose and amylopectin chains of starch, thereby
exposing amylose regions of starch that possess multiple water-
binding sites.**

The OAC of DBS significantly (p < 0.05) increased with BM, as
tabulated in Table 1. Kiymaz et al. reported an improvement in
the OAC of taro starch after BM. Capillary force is the physical
basis for the binding of oil onto starch.** This significant
increase in the OAC resulted from the enhanced surface area of
DBS and DES, which resulted in the formation of a steric
hindrance across the oil interface.®® Sun et al. also observed an
enhancement of OAC of waxy corn starch after BM.*¢

The higher WAC of starch nanoparticles renders them
appropriate for manufacturing food packaging that prevents
moisture loss and effectively prolongs food shelf-life.?® Sharma
et al. found that the OAC of the kidney bean SNP was signifi-
cantly (P < 0.05) greater than raw starch.’” The higher OAC of
nanostarch will be beneficial for the retention of flavor and
essential o0ils.®” Therefore, DBNS and DENS can be used to
encapsulate flavor and essential oils.

3.2.6. Evaluation of digestive properties. The results of the
digestibility study of raw and ball-milled DBS and DES are given
in Table 1. BM significantly increased (P < 0.05) RDS and
significantly decreased (P < 0.05) SDS and RS of DBS and DES.
The SPSS Box plot for Rapidly Digestible Starch (RDS), Slowly
Digestible Starch (SDS), and Resistant Starch (RS) is given in SI
Fig. 7. BM greatly improves the enzymolysis of starch during in
vitro digestion.*® BM impaired the starch bonds, thereby
transforming a portion of SDS and RS to RDS. The in vitro
digestion of starch depended greatly on the interaction and
binding capacity of amylase and glucoamylase with starch.®®
The mechanolysis of starch by BM enhanced the surface area of
DBS and DES. This enhanced the contact area of DBS and DES
for the enzymolysis by amylase during in vitro digestion. This
facilitates the formation of increased quantities of RDS.* The
damage to the helical structure of starch by BM affects the pace
of in vitro digestion of starch samples.®* The mechanical forces
during BM decrease the crystallinity of starch and enhance the
digestibility of starch, thereby improving the utility of starch.”

During in vitro digestion, amylase and glucoamylase break
down the a-1,4 glycosidic linkages present within starch. Starch
digestion comprises three steps. First, the movement of amylase
and glucoamylase to starch (substrate), then the formation of
enzyme-substrate complexes, and finally the hydrolysis of the
glycosidic linkages.** The efficiency of starch digestion by
enzymes depends on the surface characteristics and crystal-
linity of starch molecules. BM generated cracks in Dioscorea
bulbifera starch and Dioscorea esculenta starch, as revealed by
SEM and TEM. This facilitates the easier penetration of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Results of (a) tensile strength, and (b) elongation at break evaluation of starch-based edible film made from 5% w/w/potato starch (PS) and
glycerol (30% w/w of starch) incorporated with different concentrations of DBNS (1, 2, and 3% w/w), and DENS (1, 2, and 3% w/w).

enzyme into starch during its in vitro digestion. In short, BM
increased the void index of the glucan chains in starch mole-
cules, facilitating faster amylase action on starch.** Previous
studies reported that BM increased the digestibility of wheat
starch,® and foxtail millet flour.*® The enhanced digestibility of
DBNS and DENS makes them appropriate candidates to
manufacture edible films that are eaten with the food.'*

3.3. Application study of DBNS and DENS in potato starch-
based edible films and characterization of its mechanical
properties

The results of testing the tensile strength and elongation at
break of the prepared edible films are given in Fig. 8. The
incorporation of DBNS and DENS (up to 1% w/w and 2% w/w,
respectively) in potato starch-based edible film significantly (p
< 0.05) enhanced the tensile strength and reduced the elonga-
tion at break of potato starch-based edible film. DBNS and
DENS are predicted to have interactions with -OH groups or van
der Waals bonds of potato starch, hence enhancing the
molecular interactions between potato starch and starch
nanoparticles.” The incorporation of 2% w/w DBNS, 3% w/w
DBNS, and 3% DENS, respectively, was found to reduce the
tensile strength and increase the elongation at break of the
potato starch-based edible films. The reduction in tensile
strength of starch-based edible film is associated with the
accumulation of starch nanoparticles within the film.®

4. Conclusion

A green technique, such as wet BM, was used for the nanoscale
fabrication of starch from two underutilized yams, Dioscorea
bulbifera and Dioscorea esculenta, to address consumer demand
for natural and eco-friendly starch modification techniques.
The techno-functional attributes were employed as evaluation
indices to study the impact of nanoscale fabrication on DBS and
DES, assess the processing adaptability of DBNS and DENS, and
broaden their application avenues in flexible edible packaging.
Starch nanoparticles with enhanced dispersibility were
successfully prepared using wet BM. The smaller size and better

© 2026 The Author(s). Published by the Royal Society of Chemistry

dispersibility enable them to be used as reinforcement filler in
flexible edible food packaging. The incorporation of DBNS/
DENS into potato starch-based edible films improved the flexi-
bility of the potato starch-based edible films. The mechanical
forces involved in the nanoscale fabrication resulted in the
formation of fractured DBNS and DENS with rougher surfaces,
as depicted by the results of SEM and TEM analysis. BM di-
srupted DBS and DES as implied by the increase in FTIR peak
intensity at 2932 cm™' and reduction in the Raman band
intensity at 480 cm ' of DBNS and DENS. The nanoscale
fabrication increased AAC and reduced the gelatinization
enthalpy of DBS and DES, which can potentially improve their
film-forming capacity. Rheology evaluation revealed that
nanoscale fabrication improved the viscoelasticity of DBS and
DES, making them promising materials in the preparation of
flexible edible films. Nanoscale fabrication significantly
improved the RDS, WAC, and OAC of both DBS and DES. The
enhanced dispersibility, viscoelasticity, digestibility, and
reduced gelatinization enthalpy of DBNS and DENS may
improve their effectiveness as fillers as well as packaging
material in flexible edible food packaging. The enhanced di-
spersibility, viscoelasticity, digestibility, and reduced gelatini-
zation enthalpy of DBNS and DENS validated the hypothesis of
this study. Further, the DBNS and DENS need to be incorpo-
rated into edible films and extensively assessed under real-time
storage conditions for their effectiveness in altering the barrier,
thermal, biodegradable, and digestible properties to confirm
their practical applicability. At present, the use of starch in the
fabrication of edible packaging is constrained by its low mois-
ture-barrier properties. The starch nanoparticles derived from
underutilized Dioscorea species may be employed as fillers in
edible packaging to enhance flexibility, oxygen barrier capacity,
and moisture resistance due to enhanced techno-functional
attributes. Furthermore, these starch nanoparticles may be
used to deliver antimicrobial and antioxidant agents, thereby
prolonging the shelf life of dairy, perishable, and minimally
processed foods.

Additional studies are recommended to evaluate the
economic feasibility and process optimization required for
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commercial-scale ball milling. Further research is necessary to
address the regulatory compliance for the safe and large-scale
applications of these materials in edible packaging.
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