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Abstract

Fresh ginseng contains physiologically relevant bioactives but has limited application in texture-controlled systems due to
its weak intrinsic network and processing-sensitive compounds. This study establishes a concentration-driven formulation
framework in which ginseng starch powder functions as the primary structural variable governing physicochemical compo-
sition, antioxidant retention, rheological behavior, and deformation mechanics. Increasing powder concentration increased
solids loading and promoted concentration-dependent network reinforcement, forming the structural basis for a controlled
fluid—solid transition. Crude saponins and ginsenosides also increased with concentration, indicating improved retention
within the denser paste matrix under the tested formulation conditions. Steady-shear and oscillatory tests showed reinforced
shear-thinning behavior, greater elastic dominance, and enhanced dissipation capacity with increasing concentration. Ten-
sile and compressive deformation results further demonstrated higher stiffness, reduced ductility, and intensified adhesion,
reflecting network densification. IDDSI-based deformation tests supported these mechanical transitions under standardized
low-stress loading, differentiating GP50 (Level 5), GP60 (Level 6), and GP70 (Level 7 easy-to-chew) textures. Sensory scores
remained within a comparable perceptual range across formulations despite substantial differences in instrumental behavior.
Multivariate analysis confirmed powder concentration as the dominant factor linking structural assembly to functional and
sensory attributes. Overall, this concentration-driven strategy provides a formulation-level, structure—function-based and
potentially scalable approach for designing soft-solid ginseng pastes tailored for dysphagia-oriented applications.

Keywords Solid loading - Soft-solid structuring - Fluid—solid transition - Rheology and mechanical properties - Ginseng
starch paste - Dysphagia-friendly formulation

Introduction

Fresh ginseng (Panax ginseng C. A. Meyer) is widely rec-
ognized for its physiologically active constituents, including
saponins and ginsenosides, which contribute to antioxidant,
immunomodulatory, and anti-inflammatory functions (Lee
et al., 2015; Sharma et al., 2023). These bioactivities high-
light ginseng’s potential as a functional ingredient for older
adults and clinical populations experiencing oxidative stress
and chronic inflammation (de Oliveira Zanuso et al., 2022).
Despite this promise, the fibrous structure of ginseng tissues,
heterogeneous particle distribution, and limited intrinsic gel-
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forming ability restrict its use in texture-controlled formula-
tions. Furthermore, ginsenosides and related glycosides can
degrade during heat and acid exposure (Zhao et al., 2019),
complicating efforts to maintain both bioactivity and desir-
able structural performance during processing.
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Dysphagia management requires foods that flow predict-
ably under low shear, deform cohesively under tongue—pal-
ate compression, and maintain bolus integrity during oral
processing (Merino et al., 2020). Conventional approaches
to designing such foods rely on multi-component systems
incorporating potato, corn, or rice starches and hydrocol-
loids (Dick et al., 2021; Fiszman & Laguna, 2023; J. Kim
et al., 2024a, 2024b). Although effective, these systems often
involve multiple interacting variables, making it difficult to
isolate mechanistic contributions of composition and pro-
cessing. Consequently, rheology, structural reinforcement,
and swallowing performance can become decoupled, posing
challenges for process optimization and predictable behavior
across batches.

For plant- and starch-based dispersions, solid loading,
hydration patterns, and particle network development are
known to dictate viscoelastic and mechanical properties.
However, these process—structure—function relationships
have not been mechanistically clarified in ginseng-based
matrices (Zhuang et al., 2022). Rather than addressing this
gap through molecular-level elucidation or starch-type com-
parative analyses, the present study approaches, this issue
from a formulation-level perspective, focusing on macro-
scopic structure—function behavior within a single starch
system. Native ginseng starch exhibits fine granule size,
moderate swelling, and stable viscosity (Koo et al., 2005a,
2005b), indicating its potential to act simultaneously as a
structural scaffold and functional carrier. Yet, most prior
ginseng food studies have focused on extracts, encapsulated
compounds, or complex formulations (Pan et al., 2021),
leaving a gap regarding simplified model systems in which
formulation behavior can be systematically evaluated with-
out introducing starch-type comparison or multi-component
interactions.

Recent advances in soft-solid mechanics further suggest
that solid concentration can strongly influence formulation-
level crowding, network connectivity, and energy dissipa-
tion pathways in semi-solid matrices. In this context, powder
concentration represents an engineering-relevant parameter
capable of simultaneously modulating compositional enrich-
ment and structural development (Costa et al., 2026). By
using ginseng starch pastes as a single-starch model system
within a fixed carrier matrix and without starch-type com-
parison or process-driven modifications, it becomes possible
to evaluate how solid loading alone governs fluid-to-solid
transitioning, nonlinear rheology, large-deformation behav-
ior, and swallowability.

Importantly, the present study does not aim to prescribe
texture thresholds for specific dysphagia subpopulations or
to serve as a clinical swallowing assessment. Instead, it is
designed as a formulation-level investigation that defines
how solid loading governs mechanical transitions relevant
to oral processing behavior. Such a framework is intended to

@ Springer

function as a pre-formulation reference that can inform sub-
sequent product-specific or clinically targeted optimization.
Therefore, this study examines concentration-driven struc-
turing in fresh ginseng starch pastes using a single-starch
model system, by treating powder concentration as a single
formulation control variable. By holding all other formula-
tion parameters constant, this work establishes a formula-
tion-level framework that links solid loading to fluid—solid
transition behavior, mechanical performance, and IDDSI-
classified swallowing functionality, without aiming to elu-
cidate molecular-level mechanisms or comparative starch-
type effects. Through integrated steady-shear and oscillatory
rheology, tensile and compressive texture analysis, sensory
evaluation, and multivariate statistics, this work proposes a
structure—function-informed, formulation-focused strategy
for creating texture-adapted, nutritionally enriched ginseng-
based semi-solid foods intended for dysphagia-oriented
applications. Within this framework, bioactivity-related
composition was included not as an independent therapeu-
tic endpoint, but to determine whether concentration-driven
structuring could be achieved without compromising the
functional value of the ginseng-based matrix. The findings
further provide a formulation-level framework that can be
extended to plant-based pastes in which solid loading is used
as a primary driver of structural and functional performance.

Materials and Methods
Materials

Fresh ginseng (Panax ginseng C.A. Meyer, 6 years old)
was purchased from a local market in Yeongju, Republic of
Korea. Resistant maltodextrin, fructooligosaccharides syrup,
and xanthan gum (food grade) were obtained from Samyang
Corp. (Seoul, Republic of Korea). All chemicals used for
compositional and antioxidant analyses were of analytical
grade.

Extraction and Characterization of Native Ginseng
Starch

Native starch was isolated following the method of Koo
et al., (2005a, 2005b) with minor adjustments to improve
yield and purity. Fresh ginseng roots were blended with dis-
tilled water (1:1, w/v) for 5 min, and the slurry was filtered
through double-layered cheesecloth. The filtrate was centri-
fuged at 6000 X g for 10 min at 4 °C (Continent 512r, Hanil
Science Industrial, Korea), and the resulting sediment was
washed twice by resuspension in distilled water and recen-
trifugation. The repeated aqueous washing and sedimenta-
tion steps were designed to remove water-soluble proteins
and low-molecular-weight components co-extracted during
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Table 1 Formulation of ginseng starch pastes with different powder
concentrations

Weight (g)

Ginseng Paste gel
powder

(GP)

Water Nondigesti-  Fructoo- Xanthan gum
blemaltodex- ligosaccha-
trin rides

GP40 24
GP50 30
29 15 15 1
GP60 36
GP70 42

GP40, GP50, GP60, and GP70 denote formulation codes indicating
increasing ginseng powder levels across the concentration gradient

homogenization. Given the low solubility of starch granules
under neutral aqueous conditions, residual protein content
in the isolated starch fraction was considered minimal. The
pellet was washed with 99% ethanol (2 X 500 mL), air-dried
at 40 °C for 12 h, milled, and sieved through a 100-mesh
screen. Starch was stored at—20 °C until use. Moisture
content and starch yield were determined according to
AOAC (1984). The moisture content of fresh ginseng was
73.3+2.4% (wet basis), and starch yield was 13.2+4.8%
(dry basis). Proximate composition analysis confirmed
negligible protein content in the isolated starch fraction
(Table S1), supporting its use as a starch-dominant model
material.

Preparation of Ginseng Starch Paste Formulations

To prepare the carrier matrix, distilled water and fructoo-
ligosaccharides were homogenized at 14,900 rpm for 10 s
(HR2535/00, Philips, Netherlands). Maltodextrin (Fiber-
sol-2) and xanthan gum were progressively dispersed under
homogenization for an additional 2 min. The mixture was
heated to 85 °C for 30 min to ensure complete hydration,
then cooled to ambient temperature. Extracted ginseng
starch was subsequently incorporated into the pre-hydrated
matrix according to the formulation ratios listed in Table 1.
This sequence was intentionally selected to ensure homo-
geneous dispersion of starch particles within a stabilized
viscous medium, thereby minimizing sedimentation or
phase separation during equilibration. Importantly, starch
gelatinization was not treated as a primary variable in this
study. Instead, starch was introduced after matrix hydration
to isolate the effect of powder concentration on macroscopic
structure—function behavior under identical processing con-
ditions. The resulting formulations generated a controlled
concentration gradient spanning fluid-like dispersions,

semi-solid systems, and soft-solid pastes. All samples
were equilibrated at 4 °C for 24 h prior to testing to stabi-
lize hydration and network development. The formulations
were coded as GP40, GP50, GP60, and GP70 to indicate
increasing ginseng powder levels across the concentration
gradient. These sample names are formulation codes and do
not represent exact percentages of ginseng powder based on
the total paste weight.

Physicochemical Characterization

Moisture content was determined by AOAC (1984). Solu-
ble solids were measured using a refractometer (Master-a,
Atago, Japan) and recorded as °Brix. Color values (L,
a’, and b") were measured using a calibrated colorimeter
(CR-400, Konica Minolta, Japan). These parameters were
included to contextualize formulation effects on matrix
hydration and compositional density.

Quantification of Total Sugars, Crude Saponins,
and Ginsenosides

Total soluble sugars were measured using the phenol—sul-
furic acid method (Dubois et al., 2002) with glucose as a
standard. Crude saponins were quantified using the vanil-
lin-sulfuric acid assay (Mursaliyeva et al., 2023). Ginseno-
side profiling (Rg, and Rb;) was performed using HPLC
(LC-20A, Shimadzu, Japan) equipped with a C18 column
(250 x 4.6 mm, 5 um; Phenomenex, USA). A water—ace-
tonitrile gradient was applied at 1 mL/min, and eluted com-
pounds were detected by UV absorbance. These meas-
urements provided compositional markers for evaluating
concentration-dependent retention of bioactive functionality
in the paste matrix.

Antioxidant Properties

Total phenolic content (TPC) was quantified using the
Folin—Ciocalteu assay (J. S. Kim et al., 2024a, 2024b) and
expressed as mg gallic acid equivalents (GAE) per 100 g
of paste. Radical scavenging capacity was evaluated using
DPPH (Brand-Williams et al., 1995) and ABTS (Ren et al.,
1999) assays, and results were expressed as percentage inhi-
bition relative to the control. These antioxidant indices were
included to determine whether the concentration-driven
structural changes in the starch matrix influenced the reten-
tion or degradation of ginseng-derived bioactive compounds.

Rheological Measurements for Fluid-Solid
Transition Characterization

Rheological behavior was measured using a controlled-
stress rheometer (HR-10, TA Instruments, USA) equipped
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with a 20 mm parallel plate and a 1 mm gap at 25 C.
Steady-shear apparent viscosity was recorded over a shear-
rate range of 1-100 s~!. Apparent viscosities at 10 and
50 s~! were extracted from the viscosity curves to represent
deformation conditions relevant to oral processing (Liu
et al., 2023). Dynamic oscillatory tests were performed
to characterize both linear and nonlinear viscoelasticity.
After sample loading, the samples were allowed to rest for
3 min before measurement to minimize loading-induced
structural disturbance and to ensure equilibration at 25 C.
Frequency sweeps (0.01-100 rad s™') were conducted at
1% strain, which was selected within the linear viscoelas-
tic region based on a prior strain-sweep test. The storage
modulus (G"), loss modulus (G"'), and complex viscosity
(17*) were recorded. Amplitude sweeps (0.01-100% strain,
1 Hz) were then performed to evaluate nonlinear viscoe-
lastic behavior and to identify the strain corresponding to
maximum viscous dissipation (G"'max), which was used as
the apparent yield criterion based on established nonlinear
viscoelastic analysis (Hyun et al., 2011). Apparent yield
stress (z,) was subsequently estimated from 7= G"-y at the
strain corresponding to G"max. This analytical framework
enabled evaluation of the concentration-dependent transi-
tion from flow-dominated to soft-solid behavior.

Tensile Deformation and Fracture Analysis

Tack-adhesion and tensile fracture behavior were ana-
lyzed using a texture analyzer (Compac-II, Sunscientific,
Japan) fitted with a 20 mm cylindrical probe. Samples
(1.5 g) were equilibrated at 25 °C for 15 min, placed on
the base plate, and stretched at 1 mm s~! until rupture. The
force—time curves were used to determine maximum ten-
sile force (gf), rupture distance (mm), and optical fracture
characteristics. Rupture distance was defined as the probe
displacement at the point of sample fracture and was used
as the primary indicator of extensibility/ductility under
tensile loading.

Texture Profile Analysis (TPA)

TPA was performed using the same texture analyzer
equipped with a 25 mm cylindrical probe. Samples were
compressed twice to 50% height at I mm s™!, and hard-
ness, cohesiveness, adhesiveness, and springiness were
calculated from the force—time curves. Ten replicates were
conducted. These parameters were used to evaluate con-
centration-dependent changes in structural reinforcement
and to interpret how the pastes progressed from deform-
able fluid-like gels to cohesive, soft-solid matrices.
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IDDSI Level Classification

Swallowability assessment followed the International Dys-
phagia Diet Standardisation Initiative (IDDSI, 2019). For
each sample, 15 g of paste was evaluated using spoon tilt,
fork drip, and fork pressure tests to classify IDDSI Levels
5-7, corresponding to Minced & Moist, Soft & Bite-Sized,
and Easy to Chew, respectively. Spoon-tilt testing assessed
geometric retention and cohesive sliding; fork drip evaluated
flowability through tines. Fork-pressure resistance was inter-
preted relative to the approximate 17 kPa tongue-pressure
benchmark (Steele et al., 2015). IDDSI outcomes were com-
pared with rheological and TPA results to contextualize how
concentration-driven structural transitions altered the paste’s
deformation behavior under simulated oral conditions.

Sensory Evaluation

Sensory evaluation was conducted to capture perceptual
descriptors associated with oral processing behavior under
controlled conditions, rather than to perform clinical swal-
lowing assessment. Thirty trained panelists (15 males and 15
females; aged 25-35) from Kyungpook National University
participated after completing two training sessions focused
on attribute definition and scale calibration. Samples (20 g)
were served at room temperature under controlled lighting
conditions, with palate cleansing between samples. Three
attributes were evaluated using a 10-point structured scale:
ease of oral transport (0= very difficult; 10=very easy), ease
of palatal release (0 =highly adhesive; 10 =non-adhesive),
and overall acceptability (0=very low; 10=very high).
Sensory measurements were used to examine perceptual
responses related to oral transport and oral adhesion behav-
ior across formulations. The study protocol was approved
by the Institutional Review Board of Kyungpook National
University (KNU-2023-486) and conducted in accordance
with the Declaration of Helsinki.

Integrated Correlation and Multivariate Analysis

To investigate structural-functional coupling, Pearson’s
correlation analysis was conducted using triplicate means.
Instrumental color parameters (L*, a’,and b*) were excluded,
as they served as quality indicators rather than structural var-
iables. Principal component analysis (PCA) was performed
after z-score normalization as a descriptive multivariate tool
to examine whether independently measured compositional,
rheological, mechanical, and sensory variables aligned
coherently along the imposed concentration gradient, rather
than to derive predictive or causal relationships. Analyses
were conducted in Python v3.14 using pandas, scikit-learn,
scipy, and matplotlib, and seaborn was used for heatmap
visualization.
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Table 2 Physicochemical characteristics and antioxidant capacities of ginseng starch pastes with different powder concentrations

Physicochemical characteristics

Antioxidant capacitiesAQ

Moisture Soluble solids Color values Total phenol content DPPH radical ABTS radical
content (%) (°Brix) (mg TAE/kg) scavenging activ-  scavenging activity
ity (%) (%)
L* a* b*
GP40 39.0+0.2a 5.0+0.0a 58.0+04a 42+02b 284+05c 842.7+21.7c 2.0+0.1d 24+0.1d
GP50 37.7+0.3b 5.2+0.0a 554+0.6b 48+04a 29.5+0.2a 882.1+8.2c 23+0.1c 29+0.1c
GP60 34.8+0.1c 5.1+0.0a 559+0.5b 49+02a 28.8+0.4b 956.5+10.9b 3.1+0.1b 3.8+0.1b
GP70 33.8+0.3d 5.2+0.0a 554+03b 5.1+0.2a 28.9+0.1b 1042.5+35.8a 3.8+0.1a 5.0+0.1a

GP40, GP50, GP60, and GP70 denote formulation codes indicating increasing ginseng powder levels across the concentration gradient. Values
are expressed as mean +standard deviation (n=3, color values; n=>5). Different superscript letters (a—d) indicate significant differences among

sample groups according to Duncan’s multiple range test (p < 0.05)

Statistical Analysis

All experiments were performed in triplicate unless other-
wise noted. One-way ANOVA with Tukey’s post hoc test
(p <0.05) was used to evaluate differences among formula-
tions. Pearson’s correlations quantified relationships among
compositional, structural, and sensory variables.

Results and Discussion

Physicochemical Characteristics
and Concentration-Dependent Compositional
Patterns

The physicochemical properties of ginseng starch pastes pre-
pared at different powder concentrations are summarized in
Table 2. Moisture content was highest in GP40 (39.0+0.2%)
and decreased progressively with increasing solid loading.
This trend is consistent with increasing solid content and
effective crowding in the matrix, which accompanied the
development of more cohesive and deformation-resistant
structures under the present formulation conditions. Solu-
ble-solid content remained statistically unchanged across
formulations. This pattern may be attributable to the lim-
ited solubility of the added ginseng powder, which likely
contributed predominantly to the insoluble fraction rather
than to the dissolved fraction measured by refractometry.
Color parameters showed a consistent concentration depend-
ence: lightness (L") decreased while redness (a*) and yel-
lowness (b") increased as powder concentration increased.
These chromatic shifts correspond to the higher pigment
density associated with greater ginseng solid incorpora-
tion and are consistent with the optical behavior of con-
centrated ginseng matrices reported in freeze-dried sys-
tems (Xiang et al., 2024). Although color is not a structural
variable and does not directly reflect bulk microstructure,

the concentration-dependent chromatic shifts indicate for-
mulation-level consistency in ginseng solid incorporation
across samples prepared under identical mixing and equili-
bration conditions. In this context, surface color parameters
are interpreted as a qualitative indicator of concentration
tracking rather than as direct evidence of bulk dispersion or
microstructural uniformity.

The physicochemical features of the native ginseng starch
used in this study—moderate amylose content (~34%), lim-
ited swelling power, and narrow granule size distribution
(Koo et al., 2005a, 2005b)—provide a structural basis for
the cohesive, weak-gel-like networks observed throughout
the concentration gradient. Overall, increasing powder con-
centration systematically decreased moisture, intensified
chromatic density, and preserved soluble-solids uniformity.
These compositional conditions define the baseline from
which the concentration-driven fluid—solid transition behav-
iors described in subsequent sections emerge.

Functional Composition and Antioxidant Retention
in a Concentration-Dependent Ginseng Starch
Matrix

The functional components of the ginseng starch pastes,
including total sugars, crude saponins, ginsenosides, and
antioxidant capacities, exhibited clear concentration-
dependent trends (Table 2, Fig. 1). Total sugar content
was highest in GP40 (960.4 mg mL™") and decreased
with increasing powder concentration. This trend may
reflect a combination of formulation-level compositional
displacement and methodological factors associated with
sugar extraction and quantification in highly concentrated
starch matrices. As powder concentration increased, the
relative proportion of insoluble starch granules increased
while soluble carbohydrate components, including resist-
ant maltodextrin and fructooligosaccharides added at fixed
levels, constituted a smaller fraction of the total matrix.
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Fig. 1 Concentration-dependent changes in functional components
and antioxidant capacities indicating matrix-mediated biochemical
retention. GP40, GP50, GP60, and GP70 denote formulation codes
indicating increasing ginseng powder levels across the concentration

In addition, increased solid crowding at higher concentra-
tions may limit extraction efficiency or assay accessibility
for soluble sugars, potentially contributing to an apparent
decrease in measured total sugar content. Similar analyti-
cal constraints have been reported in concentrated car-
bohydrate systems, where particle-dominated matrices
reduce the effective recoverable soluble fraction (Oberoi
& Sogi, 2015). Accordingly, the observed decline in total
sugar content is interpreted as a formulation-level trend
reflecting increased solid dominance rather than as a defin-
itive measure of absolute compositional loss.

Crude saponins and the representative ginsenosides Rgl
and Rb1 increased proportionally with powder concentra-
tion, reaching 25.9 mg g~!, 8.2 mg g7, and 5.0 mg g7/,
respectively, in GP70. These values correspond to approxi-
mately 60-70% retention relative to the native powder, align-
ing with the stability typically observed under minimal ther-
mal and acidic stress (Cho et al., 2014; Sharma et al., 2023).
The monotonic increase across formulations suggests that
structurally denser matrices may provide a more protective
matrix environment during paste formation. Importantly, the
observed stabilization is interpreted at the formulation level
and not as evidence of specific molecular interactions or
binding between ginsenosides and starch chains. Within the
scope of the present study, no attempt was made to resolve
hydrogen bonding specificity, hydrophobic interactions,
or complex formation at the molecular scale. Instead, the
results indicate that native ginseng starch pastes can provide
a sufficiently dense matrix environment to support reten-
tion of bioactive components during processing. Compara-
ble stabilization trends associated with matrix densification
and restricted mass transfer have been reported in starch-
polyphenol and carbohydrate-phytochemical systems (Cui
et al., 2024), supporting the formulation-level interpretation
adopted here.
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gradient. Values are expressed as mean +standard deviation (n=5).
Different superscript letters (a—d) indicate significant differences
among sample groups according to Duncan’s multiple range test
(»<0.05)

Antioxidant properties measured via TPC, DPPH, and
ABTS assays also increased with solid loading. TPC rose
from 842.7+21.7 mg TAE kg~! (GP40) to 1042.5+35.8 mg
TAE kg~! (GP70), while DPPH and ABTS scavenging activi-
ties nearly doubled over the same concentration range. These
trends parallel the increased retention of saponins and gin-
senosides and further support the interpretation that denser
matrix organization may contribute to improved retention. The
enhanced antioxidant capacity cannot be explained solely by
higher solid mass; instead, it may reflect matrix-associated
retention within the hydrated starch-rich network, which
reduces exposure to oxygen and reactive species. Similar
protective interactions have been documented for gelatinized
starch systems forming weak complexes with polyphenolic
molecules, thereby enhancing radical-scavenging performance
(Buetal., 2023; Liu et al., 2020).

From a formulation-level process—structure—function per-
spective, these results indicate that powder concentration
influences both compositional enrichment and the retention
of ginseng-derived functional components. Increasing solid
loading increased the density of bioactive compounds and
was associated with improved retention under the denser
matrix conditions examined in this study. Within the scope
of the present work, these concentration-dependent trends
provide a supportive functional context for evaluating how
structural transitions are related to rheological behavior,
mechanical deformation, and swallowing-related perfor-
mance in the subsequent sections.

Rheological Behavior and Concentration-Dependent
Modulation of Flow, Viscoelasticity,
and Swallowing-Related Mechanical Performance

The rheological profiles of the ginseng starch pastes showed
a clear concentration-dependent modulation of flow and
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Fig.2 Steady-shear and oscil-
latory rheology illustrating

the concentration-governed
fluid—solid transition. GP40,
GP50, GP60, and GP70 denote
formulation codes indicating
increasing ginseng powder
levels across the concentration
gradient. Mean values (n=10)
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viscoelastic behavior (Fig. 2; Table 3). All samples exhib-
ited pronounced shear-thinning behavior over the shear-
rate range of 1-100 s7h confirming their non-Newtonian
character. Apparent viscosity at 10 s~ (1,0) increased

Table 3 Steady-shear,
oscillatory, and non-linear
rheological parameters of
ginseng starch pastes with
different powder concentrations
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progressively from GP40 to GP70, indicating greater low-
shear flow resistance as powder concentration increased
(Singh & Kaur, 2017). In contrast, apparent viscosity at
507! (150) decreased markedly in all formulations, and the

Parameter GP40 GP50 GP60 GP70
Steady-shear rheology

Mo 99.9+12.5°  126.1+£2.2° 157.6+8.8"  168.7+15.6°
150 173+0.6°  17.0+0.8*  132+04"  12.6+0.7°
Oscillatory rheology

G' at 100% strain (kPa) 16.53 33.80 60.63 82.80

G" at 100% strain (kPa) 8.33 17.24 34.08 46.41
Complex modulus G* (y=100%) (kPa) 18.47 37.95 69.46 94.66
Non-linear rheology

Apparent yield stress (z,) (kPa) 18.47 37.95 69.46 94.66
Yield strain criterion G"max G"max G"max G"max
G'-G" crossover within 0.01-100% strain ~ No No No No

GP40, GP50, GP60, and GP70 denote formulation codes indicating increasing ginseng powder levels
across the concentration gradient. Steady-shear apparent viscosities at 10 and 50 s™! (17,4 and 775,) were
extracted from viscosity curves measured over 1-100 s~! and are reported as mean values. Oscillatory and
non-linear rheological parameters were obtained from amplitude sweeps conducted at 1 Hz over 0.01-
100% strain after a 3-min equilibration period following sample loading. Apparent yield stress (z,) was
determined at the strain corresponding to the maximum loss modulus (G"max), because no G'-G" crosso-
ver was observed within the tested strain range. Values are presented as mean values, and oscillatory/non-
linear parameters were reported without statistical comparison
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concentration-dependent separation observed at low shear
became substantially reduced at higher shear rates. This pat-
tern suggests that the more concentrated systems were more
shear sensitive under elevated shear conditions, consistent
with greater flow-induced structural disruption (Stading,
2021).

Dynamic oscillatory measurements further showed that
G' remained higher than G” across the measured frequency
range, indicating weak-gel-like viscoelastic behavior in all
formulations. Both moduli increased with powder concentra-
tion, demonstrating progressively greater elastic resistance
and structural reinforcement in the more concentrated pastes
(Guan et al., 2024). Complex viscosity (") decreased with
increasing frequency, consistent with frequency-dependent
structural relaxation in semi-solid viscoelastic systems.
These results collectively indicate that increased solids
loading shifted the system toward a more elastic and more
deformation-resistant state at the macroscopic level (Li
et al., 2023).

Amplitude sweep analysis provided additional insight
into non-linear deformation behavior. No G'-G" crossover
was observed up to 100% strain in any formulation, indicat-
ing that classical crossover-defined yielding did not occur
within the tested range. Therefore, the strain correspond-
ing to the maximum loss modulus (G"max) was used as the
apparent yield criterion, following established LAOS-based
interpretation. Based on this criterion, apparent yield stress
(ty) increased sharply from 18.47 kPa in GP40 to 94.66 kPa
in GP70, representing a more than fivefold increase in resist-
ance to large-deformation breakdown. This trend supports
the interpretation that increasing powder concentration pro-
gressively strengthened the macroscopic resistance of the
paste matrix to imposed strain. In formulation terms, the
decrease in 75, across the concentration range indicates that
all samples remained shear-responsive under elevated defor-
mation, whereas the marked increase in apparent yield stress
from GP40 to GP70 reflects progressively greater resistance
to structural breakdown. When considered together with the
IDDSI outcomes, these rheological shifts support the tran-
sition from more easily deformable pastes (GP50, Level 5)
toward increasingly deformation-resistant soft solids (GP60,
Level 6; GP70, Level 7).

It should also be noted that ginseng starch was incor-
porated after thermal preparation of the carrier matrix.
Accordingly, classical heat-induced starch gelatinization
was not treated as an independently controlled variable in
this system. Although post-addition hydration and swelling
of starch granules during equilibration may have contributed
to the measured rheological responses, these effects were
intrinsically coupled to powder concentration under identi-
cal processing conditions. Accordingly, the concentration-
dependent rheological reinforcement is interpreted here at
the formulation level as reflecting increased solids loading
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and denser matrix development, rather than direct evidence
of a specific microscopic mechanism. Overall, increasing
powder concentration shifted the ginseng starch pastes from
more flow-dominant dispersions toward more elastic and
deformation-resistant soft-solid systems. In this study, pow-
der concentration is therefore interpreted as a formulation-
level control variable that integrates concurrent changes in
solids loading, hydration, and macroscopic structural devel-
opment, rather than as a single mechanistic determinant.

Mechanical Deformation Behavior and Texture
Profile Characteristics Relevant to Swallowing
Performance

Tensile Deformation and Fracture Behavior

Tensile deformation analysis (Fig. 3) revealed distinct
concentration-dependent transitions in the extensional
mechanics of ginseng starch pastes. Maximum tensile force
increased markedly from GP40 to GP70, indicating that
greater solid loading enhanced resistance to applied tensile
stress through strengthened granular-polymeric connectiv-
ity. In this system, starch hydration and structural contri-
bution are better considered as a concentration-governed
continuum rather than as discrete fractions of ungelatinized
and fully gelatinized starch. Such behavior is consistent
with soft-matter systems in which particle crowding and
closer matrix association promote tighter network entan-
glement and stronger probe—matrix interactions (Gibouin
et al., 2022; Methacanon et al., 2023). Conversely, rupture
distance decreased significantly with increasing concentra-
tion, and high-solid formulations exhibited sharper, brit-
tle-like fracture surfaces. This behavior indicates reduced
deformation capacity prior to failure and reflects increasing
structural restriction under tensile loading. As solid loading
increases, the matrix becomes less capable of large-scale
rearrangement, leading to earlier fracture under extensional
stress, characteristics commonly observed in concentrated
starch or hydrocolloid systems (Nishinari et al., 2019). These
patterns parallel the increased elastic dominance observed
in oscillatory rheology (Sect. "Rheological Behavior and
Concentration-Dependent Modulation of Flow, Viscoelas-
ticity, and Swallowing-Related Mechanical Performance"),
demonstrating that starch concentration governs structural
consolidation across both shear- and extension-based defor-
mation pathways.

Texture Profile Characteristics

Compression-based texture profile analysis (Table 4)
further illustrated the mechanical evolution induced by
concentration. Hardness and gumminess increased sub-
stantially from GP40 to GP70, reflecting progressive
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Fig.3 Tensile deformation and fracture behavior of ginseng starch
pastes at different powder concentrations. GP40, GP50, GP60, and
GP70 denote formulation codes corresponding to increasing ginseng
powder levels. Values are expressed as mean=standard deviation
(n=10). Different superscript letters (a—d) indicate significant dif-
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ferences among sample groups according to Duncan’s multiple range
test (p<0.05). The solid line indicates the initial reference position,
while the dashed line represents the fracture point. Rupture distance
was defined as the probe displacement between these two positions

Cohesiveness (%) Adhesiveness (gf) Gumminess (%)

Tablg 4 Texture profile an.alysis Samples Hardness (gf/cm?)

of ginseng starch pastes with

different powder concentrations GP40 161.1+40.4¢
GP50 278.2+85.9°
GP60 511.4+61.8°
GP70 1129.9+200.8*

123.3+18.9° —83.4+22.0° 287.2+44.2°

118.8+£13.7% —154.0+£49.4° 465.5+108.5°

111.4+5.9%® —254.3+33.5° 837.3+150.0°
97.5+1.4° —543.3+79.8° 1606.0 +294.7*

GP40, GP50, GP60, and GP70 denote formulation codes indicating increasing ginseng powder levels
across the concentration gradient. Values are expressed as mean=standard deviation (n=5). Different
superscript letters (a—c) indicate significant differences among sample groups according to Duncan’s multi-

ple range test (p <0.05)

reinforcement of the semi-solid matrix and reduced abil-
ity of the network to dissipate energy under compressive
strain. Cohesiveness decreased with concentration, indi-
cating reduced internal continuity as solid—solid contacts
dominate and the capacity for structural recovery dimin-
ishes (Rahman & Al-Farsi, 2005). This trend was also in
line with the reduced ductility and more brittle fracture
behavior observed in the tensile test, suggesting progres-
sively greater fragility as powder concentration increased.
Adhesiveness increased significantly at higher concen-
trations, likely due to stronger surface interactions and
reduced surface lubrication under the more concentrated

conditions (Lee & Rhee, 2007). These compressive trends
align with the increased low-shear viscosity (7,,) and the
marked rise in apparent yield stress (t,), indicating pro-
gressive structural reinforcement with increasing solid
loading (Guan et al., 2024; Witt & Stokes, 2015). Impor-
tantly for food-processing applications, this stiffening tra-
jectory implies that formulation adjustments based solely
on powder concentration can be used to tune handling
behavior, depositional stability, and deformation resist-
ance during portioning or packaging.

@ Springer
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Implications for Swallowing Safety and Oral Transport
Efficiency

Integrating tensile, compressive, and viscoelastic results
provides a quantitative basis for understanding how con-
centration modulates oral-processing mechanics. Lower-
concentration samples (GP40-GP50), characterized by
greater ductility and moderate compressive resistance,
are more capable of forming cohesive boluses under
tongue—palate compression thresholds (~ 17 kPa), aligning
with mechanical conditions recommended for dysphagia-
oriented foods (Steele et al., 2015). Intermediate concentra-
tions (GP50-GP60) achieved a balance between deformation
resistance and matrix integrity, supporting controlled oral
transport while maintaining adequate flow response under
IDDSI-style compressive loading. In contrast, GP70 exhib-
ited markedly higher hardness, reduced cohesiveness, and
brittle fracture behavior—mechanical traits that increase
structural stability during handling but may exceed the
deformation tolerance of individuals with impaired swal-
lowing efficiency (Merino et al., 2020). From an engineering
standpoint, these results confirm that powder concentration
serves as a single, effective structural variable that modulates
both manufacturability (portioning, shaping, and handling)
and oral-processing performance. Together, these findings
demonstrate that powder concentration governs both man-
ufacturability-related deformation mechanics and in-mouth
transport behavior through a shared structural mechanism,
reflecting a coherent process—structure—function relationship
characteristic of semi-solid food systems.

IDDSI-Based Swallowability Validation
of Concentration-Modulated Ginseng Starch Pastes

To determine how the concentration-dependent mechani-
cal transitions described in Sect. "Mechanical Deformation
Behavior and Texture Profile Characteristics Relevant to
Swallowing Performance" translated to practical deforma-
tion performance, the ginseng starch pastes were evaluated
using the International Dysphagia Diet Standardisation
Initiative (IDDSI) testing protocol. Although originally
developed for clinical assessment, IDDSI tests operate as
quasi-static deformation procedures that approximate con-
fined compression, cohesive sliding, and shape retention
under low-stress loading (Steele et al., 2015). As such, they
provide a complementary engineering-based validation of
soft-solid mechanics and bolus deformability in semi-solid
food matrices.

In the spoon-tilt test, GP40 displayed strong surface adhe-
sion and insufficient structural release, consistent with its
high cohesiveness and ductile fracture behavior (Table 5).
These characteristics prevented compliance with Level 5
criteria, as excessive surface tackiness limited controlled
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sliding (Yu et al., 2023). GP50, however, maintained geo-
metric stability while detaching cleanly from the spoon,
meeting Level 5 specifications. Fork-pressure testing con-
firmed that GP50 deformed fully under minimal force,
remaining below the approximate 17 kPa threshold com-
monly associated with tongue—palate compression (Steele
et al., 2015).

With increased concentration, the pastes exhibited more
elastic resistance and partial shape retention. GP60 quali-
fied as Level 6, undergoing smooth deformation without
structural collapse, indicative of a moderately elastic soft
solid (Bitencourt et al., 2023). GP70, the most concentrated
formulation, fractured cleanly under fork pressure with-
out crumbling and met Level 7 easy-to-chew requirements
(Kim et al., 2025). These behaviors correspond well with
the increased hardness, reduced ductility, and brittle fracture
patterns observed in mechanical tests (Sect. "Mechanical
Deformation Behavior and Texture Profile Characteristics
Relevant to Swallowing Performance") and reflect the denser
networks described in concentrated biopolymer systems
(Nishinari et al., 2019).

Overall, IDDSI outcomes showed strong agreement with
shear rheology and large-deformation mechanics, confirming
that powder concentration functions as a primary structural
parameter governing the transition from cohesive, ductile pastes
to rigid, shape-retaining soft solids. The alignment across inde-
pendent deformation modes demonstrates that concentration-
driven modulation enables predictable structural performance
under standardized low-stress loading. From a methodologi-
cal perspective, the IDDSI framework is inherently threshold-
based rather than continuous, classifying materials according
to discrete deformation and shape-retention criteria rather than
enabling regression-based prediction. Accordingly, the pre-
sent analysis emphasizes formulation-level mapping between
concentration, mechanical response, and IDDSI classification,
rather than quantitative predictive modeling.

Importantly, these concentration-dependent transitions are
consistent with behaviors previously reported for potato- and
corn-starch-based dysphagia-oriented systems (Dick et al.,
2021; Fiszman & Laguna, 2023), indicating that the observed
responses primarily reflect a general starch behavior governed
by solid loading rather than starch-type-specific phenomena.
Accordingly, the absence of direct starch-type control groups
represents an intentional formulation design choice aimed at
isolating powder concentration as the dominant structural vari-
able while minimizing confounding effects associated with dif-
ferences in starch morphology or hydration kinetics. By adopt-
ing a single-starch model system, the present study establishes
a concentration-driven formulation framework applicable to
semi-solid starch-based matrices, rather than demonstrating
material-specific functional advantages of ginseng starch.

Although GP70 met IDDSI Level 7 criteria, its markedly
increased hardness and reduced ductility indicate that such
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Table 5. Classification of ginseng starch pastes based on the IDDSI (International Dysphagia Diet Standardisation Initiative) framework tests

IDDSI TEST
Sample
Fork pressure test Fork drip test Spoon tilt test Level
GP40 &n @ P @ s T Notolassified
g
G. = Level 5
GP50 a=q B P D (Minced &
é moist)
Fork pressure test Spoon pressure test Level
P Level 6
GP60 B=q & ; J (Soft & Bite-
< sized)
Fork pressure test Spoon pressure test Cut or break apart Level
| y”
- ' 5 Level 7
z 4
GP70 E ",‘ ‘ é (/’ ig/ % (Easy to
= £ chew)

GP40, GP50, GP60, and GP70 denote formulation codes indicating increasing ginseng powder levels

across the concentration gradient.

high solid loadings may exceed the safe deformation toler-
ance for individuals with impaired swallowing function. From
a dysphagia management perspective, formulations at this
concentration may pose increased risks related to bolus frag-
mentation or esophageal obstruction, particularly in popula-
tions with reduced tongue—palate strength or delayed swallow
initiation. Accordingly, GP70 is discussed as an upper-bound
structural reference defining the limits of concentration-driven
reinforcement, rather than as a recommended formulation for
dysphagia-oriented applications. The combined rheological
and IDDSI results indicated that increasing solids loading was
associated with a progressive shift from more easily deform-
able pastes toward more deformation-resistant soft-solid struc-
tures across the observed Levels 5-7.

Sensory Evaluation of Oral Comfort
and Acceptability

Sensory evaluation was conducted to examine how the
concentration-dependent mechanical transitions described
earlier were perceived during oral manipulation, with
emphasis on ease of oral transport, ease of palatal release,

and overall acceptability. These sensory attributes were
intended to provide supportive perceptual descriptors
of oral processing behavior under controlled conditions,
rather than to serve as a clinical swallowing assessment.

No statistically significant differences were observed
among formulations for any of the evaluated sensory
attributes (Fig. 4). Accordingly, the sensory results were
interpreted only as supportive perceptual observations
and were not used to rank the formulations. Within this
scope, the sensory scores generally indicated that the for-
mulations remained within a comparable perceptual range
despite substantial differences in instrumental rheological
and mechanical properties (Nishinari et al., 2019).

Taken together, these findings suggest that although
powder concentration strongly influenced macroscopic
deformation behavior, the trained panel did not distinguish
the formulations as significantly different in the evaluated
sensory dimensions under the present test conditions.
Therefore, the sensory results are discussed here as com-
plementary observations that accompany, but do not inde-
pendently determine, the formulation-level interpretation
of structural transition.

@ Springer
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Fig.4 Sensory scores for ease of oral transport, ease of palatal
release, and overall acceptability of ginseng starch pastes. GP40,
GP50, GP60, and GP70 denote formulation codes indicating increas-
ing ginseng powder levels across the concentration gradient. Mean
values (n=30). No significant differences were observed among sam-
ples (p>0.05)

(A) Clustered Pearson Correlation Heatmap (ginseng paste) (B)

behavior, large-deformation mechanics, and sensory vari-
ables exhibited coherent co-variation across the imposed
concentration gradient. Pearson correlation, hierarchical
clustering, and PCA were used to examine concentration-
aligned associations among independently measured vari-
ables in the semi-solid matrix (Pan et al., 2021).

Correlation analysis revealed two dominant clusters
exhibiting strong antagonistic trends (Fig. 5SA). Moisture
content, adhesiveness, ease of oral transport, and overall
acceptability were strongly positively correlated (r>0.70),
representing lubrication-dominated, fluid-like systems typi-
cal of GP40-GP50. In contrast, soluble solids, total sugars,
saponins, ginsenosides (Rg;, Rb,), and antioxidant indices
(TPC, DPPH, and ABTS) formed a second cluster negatively
associated with the first (r< —0.60). This pattern is con-
sistent with concentration-dependent solid-loading behavior
in hydrated biopolymer systems, in which increasing solid
content is associated with greater compositional density and
altered macroscopic structural behavior (Bu et al., 2023;
Jiang et al., 2021).

Mechanical parameters, including hardness, gumminess,
adhesiveness, cohesiveness, and rupture distance, occupied
intermediate positions between the compositional and sen-
sory clusters. This pattern is consistent with a formulation-
level association between concentration-dependent structural

Scores (samples only) Loadings (correlation circle — directional, colored)
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Fig.5 Integrated multivariate analysis revealing concentration-driven
structure—function relationships in ginseng starch pastes. GP40,
GP50, GP60, and GP70 denote formulation codes corresponding to
increasing ginseng powder levels. Pearson’s correlation coefficients
(r) are represented by color intensity (red, positive; blue, negative),
with values ranging from—1 to+ 1. Hierarchical clustering was per-

Integrated Multivariate Interpretation
of Concentration-Driven Structure-Function
Transitions

Multivariate analyses were conducted to descriptively
examine whether physicochemical composition, rheological

@ Springer

0 2
PC1(89.4%)

formed using Ward’s linkage method with Euclidean distance to iden-
tify variable associations. All variables were standardized (z-scored)
prior to PCA. PC1 and PC2 explained 89.4% and 10.8% of the total
variance, respectively, indicating that concentration-driven variation
was the primary source of system differentiation

reinforcement and perceptual observations, without imply-
ing a direct mechanistic linkage. As concentration increased,
mechanical resistance also increased, reflecting the progres-
sive reinforcement of the paste matrix under deformation.
PCA further resolved these patterns into a coherent con-
centration axis (Fig. 5B). PC1 explained 89.4% of the total
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variance and represented increasing solid content, with
positive loadings for saponins, ginsenosides, antioxidant
capacities, and large-deformation resistance. GP40—GP50
mapped to high-moisture, low-rigidity regions characteristic
of fluid-dominant pastes, whereas GP60-GP70 were posi-
tioned in regions of high compositional density and strong
mechanical reinforcement, consistent with soft-solid behav-
ior in concentrated starch matrices (Zhuang et al., 2022).
PC2 (10.6%) captured variation related to deformation con-
tinuity and cohesive behavior, differentiating GP50 from
GP60 within the intermediate concentration range, where
several instrumental properties showed transitional behav-
ior. Importantly, this outcome supports that independently
acquired variables co-varied consistently with concentration,
supporting the internal coherence of the formulation-level
structure—function framework rather than implying emergent
or independent multivariate relationships. Given the lim-
ited number of formulation levels, the multivariate analyses
were not intended for statistical inference or model gener-
alization, but rather to visualize concentration-aligned co-
variation among independently measured properties. Within
this context, powder concentration should be interpreted as
a formulation-level variable that integrates multiple concen-
tration-dependent changes, rather than as an isolated mech-
anistic determinant of hydration, gelatinization, or matrix
interactions.

Overall, the multivariate results support a coherent
formulation-level pattern in which powder concentration
is associated with compositional enrichment, mechanical
reinforcement, and supportive sensory observations across
the concentration gradient. Within the defined scope of this
study, powder concentration can be interpreted as a key
formulation-level variable linked to nutritional density,
macroscopic deformation behavior, and sensory variables,
without implying isolation of underlying physicochemical
mechanisms.

Conclusions

This study establishes powder concentration as a single,
formulation-level control parameter governing the pro-
cess—structure—function behavior of fresh ginseng starch
pastes. Increasing powder concentration was associated
with enhanced network densification and a progressive
transition from cohesive, flow-dominated pastes to increas-
ingly elastic and shape-retaining soft solids. These structural
transitions were reflected consistently across steady-shear
flow behavior, viscoelastic spectra, and large-deformation
responses, demonstrating that concentration regulates both
the energy-storing and dissipative capacities of the system

at the macroscopic level. Higher solid content also improved
functional retention, with saponins and ginsenosides exhibit-
ing greater stability within denser starch matrices. Mechan-
ical deformation tests and texture profile analysis further
indicated that concentration-driven densification increased
hardness and adhesiveness while reducing ductility, collec-
tively shaping oral-processing behavior. The combined rheo-
logical and IDDSI results indicated that increasing solids
loading was associated with a progressive shift from more
easily deformable pastes toward more deformation-resistant
soft-solid structures across the observed Levels 5-7. Mul-
tivariate analysis demonstrated coherent clustering among
compositional, theological, mechanical, and sensory attrib-
utes along the concentration gradient. It should be noted that
the present work was intentionally framed as a formulation-
level investigation rather than a translational or clinical vali-
dation study. Because direct water-state measurements such
as LF-NMR were not performed, mechanistic interpretation
of water redistribution within the matrix remains limited and
should be addressed in future work. Accordingly, shelf-life
stability during storage, concentration uniformity control
under large-scale processing, and cost benchmarking against
commercial dysphagia foods were beyond the scope of this
study and warrant systematic investigation in subsequent
translational research. Within these defined boundaries,
the present findings demonstrate that powder concentration
alone can function as a simplified and effective design vari-
able for texture-adapted, nutritionally enriched semi-solid
foods intended for dysphagia-oriented applications.
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