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ABSTRACT: The texture of soft materials, such as yogurt, emerges from the complex interplay of their constituent
molecules. While polysaccharides are widely used to modulate texture, achieving predictable outcomes is hindered by
their structural heterogeneity. Here, we demonstrate that pectin molecular weight (Mw) acts as a master regulator for
designing customizable yogurt textures through precise control of casein network assembly. By fractionating lemon
pectin into discrete MW fractions, we achieved distinct viscoelastic landscapes in yogurt systems: intermediate Mw
(20.01 kDa) induced weak, flowable gels by disrupting optimal pectin-protein interactions (electrostatic and
hydrophobic interactions), whereas high and lower Mw (40.09 and 7.77 kDa) reinforced the network through
enhanced protein-protein binding (disulfide bonding). This reveals a non-monotonic (U-shaped) dependence of gel
strength on pectin chain length. Our findings provide a mechanistic framework for Mw-directed texture engineering,
offering practical guidelines for developing texture-tunable foods tailored for vulnerable populations, such as the
elderly and individuals with dysphagia. This work thereby advances the intersection of food science and human
wellness.

Keywords: Yogurt texture customization, pectin—protein interactions, stability enhancement, functional foods, and
dysphagia nutrition.

1. Introduction

Yogurt is a highly nutritious dairy product widely consumed worldwide, valued for its health benefits
including probiotic delivery and improved nutrient bioavailability [1,2]. Nevertheless, the yogurt industry
faces dual challenges: internally, technological limitations such as syneresis (whey separation) during
fermentation and storage compromise product stability and consistency [3,4]; externally, evolving consumer
preferences demand diverse textural experiences beyond conventional set-type and stirred-type yogurts,

including products tailored for specific dietary needs like dysphagia or healthy aging [5]. Enhancing yogurt
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stability is therefore crucial for sustainable industry development and for meeting broad consumer health
expectations [6]. Therefore, developing a versatile strategy to precisely tailor yogurt texture is essential to
address both technical stability and personalized consumer requirements. The fundamental mechanism
underlying instability involves casein aggregation and rearrangement, which drive serum expulsion from the
gel network [7,8]. Current research shows that various additives can improve stability through casein
interactions: Ca?* reinforces gel structure via electrostatic screening and calcium bridging [9,10]; whey protein
and gelatin stabilize the matrix through disulfide bonds and hydrogen bonding [11,12]; while chitosan and soy
protein fibrils enhance stability via electrostatic interactions [13]. Although these additives effectively
promote gelation and mitigate stability concerns, achieving targeted texture diversity while upholding
consumer-friendly formulations and health-oriented formulations remains a significant challenge to satisfy
increasingly heterogeneous market and wellness demands.

Compared to salts and proteins which can induce texture hardening and allergenic responses,
polysaccharides represent more consumer-friendly modifiers [14,15]. Among them, pectin, with its inherent
attributes as a natural, soluble dietary fiber, demonstrates unique advantages in developing yogurt with
enhanced stability, reduced caloric content, and improved nutritional value, aligning more closely with
modern health-conscious dietary preferences [16,17]. However, the application of pectin is constrained by its
significant structural heterogeneity, which includes variations in backbone configuration (primarily HG,
RG-I, and RG-II) [18] and degree of esterification (high-methoxyl >50% vs. low-methoxyl <50%) [19]. These
structural divergences lead to unpredictable textural outcomes: for instance, RG-I and low-ester pectin can
form stable gels via interactions with casein, whereas high-ester pectin often results in liquid yogurt [4,20].
Despite the profound impact of these structural features, their inherent complexity often leads to convoluted
structure-function relationships, making it difficult to use them as simple engineering handles. Consequently,
the precise engineering of gel macroscopic properties by tuning a single molecular parameter remains a
critical challenge for achieving precision nutrition and personalized diets [21-23]. Within this context, the role
of MW, a more readily tunable parameter, has been largely overlooked. However, we propose that Mw could
serve as a singular governing parameter for texture design, offering higher predictability than complex
chemical substitutions. Previous studies hint at its potential; for example, ultrasonically modulating the
molecular weight of chitosan enables texture customization of yogurt for 3D printing applications [24].
Similarly, the MW of pectin directly governs its viscosity and gelling properties [25-27].

This study establishes MW as a primary determinant for customizing yogurt texture, thereby introducing
a novel paradigm for developing functional foods tailored to specific health needs. We challenge the
prevailing complexity in pectin structure-function relationships by hypothesizing that Mw serves as a more
robust predictor of texture modality than fine structural parameters like degree of esterification, enabling the
construction of a texture design framework aligned with precision nutrition. Our work seeks to isolate and
highlight the dominant effect of Mw by minimizing the covariation of other structural parameters, thereby

establishing a principal control parameter for personalized yogurt texture customization (Scheme 1).
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Critically, our investigation uncovers a non-monotonic, U-shaped relationship between pectin Mw and key
yogurt texture parameters, where both high and low Mw fractions promote firm gel formation through distinct
mechanisms, while an intermediate Mw results in a notably weaker, more fluid structure. By systematically
fractionating lemon pectin (LP20-LP80), we not only evaluated its macro-properties but also mechanistically
decoded their differential regulatory effects on yogurt quality. This establishes a clear logical progression
from molecular fractionation to mechanistic understanding and final functional application, especially those
meeting rheological criteria for dysphagia diets, suggest potential for developing personalized dairy products

for vulnerable populations, though clinical and sensory validation remains necessary.
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Scheme 1. Conceptual framework for MW-based texture customization in yogurt. Lemon pectin (LP) was fractionated by
ethanol precipitation (yielding LP20, LP40, LP60, LP80). Yogurt fortified with these fractions is termed LPY, with
corresponding labels (e.g., LPY20).

2. Materials and methods

2.1 Materials

Lemon (Citrus Eureka) fruits were sourced from supermarkets in Hunan, China. The peels were
extracted, dehydrated, and processed to a 60-mesh consistency. The peel powder was then macerated in a 95%
ethanol solution at a 1:20 (w/v) ratio for 12 h, repeated thrice. The insoluble residues were subsequently

air-dried at 50 °C for 24 h. All reagents were of analytical grade and used as received. All aqueous solutions
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were prepared using ultrapure water (organic-free, 18.2 MQ cm resistance) from a Milli-Q system (Millipore,
Billerica, USA).

2.2 Yield and purity of LP fractions

The protein content of the four fractions was assessed by coomassie brilliant blue staining (with bovine
serum albumin as a reference)[28]. The uronic acid content was determined using the carbazole-sulfuric
method with glucuronic acid as a standard (530 nm) [29]. The total sugar of samples was measured by
phenol-sulfuric acid (with Glucose as a standard)[30]. Moreover, the total polyphenol of samples was assessed
by Folin-Ciocalteu (with Gallic acid as a standard)[31]. The UV—vis spectrum was measured on a UV—visible
spectrophotometer (UV2600, Shimadzu, Kyoto, Japan). The yields of four LP fractions were calculated
according to Eq.

Yield% = ml/m x 100%

where m was the dry weight of LP before separation (g) and m1 was the dry weight of the individual LP
fractions (g).

2.3 Preparation of pectin by gradient ethanol precipitation

The crude pectin was first extracted from dried lemon peel with acidified water (pH adjusted to 3.0 using
citric acid) at 85 °C for 2 h, followed by filtration, alcohol precipitation, and drying. The LP fractions were
isolated using an established ethanol fractionation method [32]. Briefly, 500 mL of LP solution (10 mg/mL)
was placed in a constant-temperature magnetic stirring bath. Anhydrous ethanol was added dropwise
(approximately 2 mL/min) under constant stirring until a final concentration of 20% (v/v) was reached. The
mixture was allowed to equilibrate at 4 °C for 24 h to ensure complete precipitation of the first fraction. The
precipitate was collected by centrifugation at 4 °C (6,000 xg, 30 min) and labeled as LP20. Subsequently, the
resulting supernatant was further adjusted to 40% (v/v) ethanol concentration following the same procedure to
yield LP40. This sequential process was repeated to achieve final concentrations of 60% and 80% (v/v),
yielding LP60 and LP80, respectively [33] (Figure S1). All collected precipitates were redissolved in
ultrapure water, dialyzed (MWCO: 3,500 Da) against distilled water for 48 h to remove residual ethanol and

salts, and finally lyophilized to yield four distinct pectin fractions.
2.4 Molecular weight analysis

The molecular weights of the LP fractions were precisely determined using gel permeation
chromatography (GPC), integrated into a high-performance liquid chromatography (HPLC) system
(Shimadzu, Kyoto, Japan). The analytical setup was equipped with a differential refractive index detector
(RI-10A, RefractoMax520, Thermo Fisher, MA, USA) and utilized an Ultrahydrogel linear column (7.8 mm X
300 mm) in conjunction with an Ultrahydrogel Guard Column (6 mm X 40 mm). The elution was facilitated by
a 0.1 mmol/L NaCl solution, which was delivered at a flow rate of 0.6 mL/min, with the system temperature
consistently maintained at 35 °C. The aliquot volume for sample injections was standardized to 10 pL at a

concentration of 2 mg/mL. For the construction of the calibration curve, a series of dextran standards with
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molecular weights ranging from 5, 15, 270, 410, 670 kDa was employed. The reported molecular weights are
relative values based on dextran calibration and are used for comparative analysis within this study. A linear
regression equation, Log MW =-1.773 x X + 23.300, was formulated for the estimation of molecular weights,
where X denotes the peak elution time, achieving a coefficient of determination (R?) of 0.9943 (Figure S2).
The polydispersity index, which is the ratio of the weight-average molecular weight (Mw) to the
number-average molecular weight (Mn), was calculated to provide insights into the molecular weight

distribution of the pectin samples (Mw/Mn).
2.5 Determination of esterification degree

As previously reported, the degree of esterification of LP can be preliminarily estimated using FT-IR
spectroscopy, which is the ratio of the peak area at 1740 cm™ (A1740) to the sum of the peak areas at 1740 cm™
and 1610 cm™ (Ais10) [34]. The formula for calculating the degree of esterification (DE) is as follows:

DE% = A1740/(A1740 + Ai610) X 100%.

2.6 Monosaccharide composition

The method for monosaccharide analysis was based on a previously published protocol with slight
modifications(Chen et al., 2021). To summarize, a 10 mg sample was solubilized in 4 mol/L TFA (10 mL),
homogenized, and incubated for 3 h at 120 °C. Afterward, the reaction mixture was evaporated under nitrogen
and methanol. The decomposed sample was resuspended in distilled water. An aliquot of this solution (400
pL) was then mixed with 0.3 mol/L NaOH solution (450 puL) and 0.3 mol/L PMP-methanol solution (450 pL),
and the blend was heated at 70°C for 30 min. Once cooled, 0.3 mol/L HCI (450 pL) was introduced. The
treated sample solution was extracted with chloroform to isolate the upper aqueous layer, which was then
filtered through a 0.45 pm water membrane prior to injection. Each solution (10 puL) was analyzed using an
HPLC system (Shimadzu, Kyoto, Japan) with a photodiode array detector and a C18 column (4.6 mm x 250
mm, 5 um, Shimadzu, Kyoto, Japan). The chromatographic separation was conducted at 25 °C with a mobile
phase comprising solvent A (15% v/v of 0.05 mol/L phosphate buffer in acetonitrile) and solvent B (40% v/v
of 0.05 mol/L phosphate buffer in acetonitrile) at a flow rate of 1.0 mL/min. The gradient elution began at 0%
solvent B, rising linearly to 15% over 10 min, then to 25% over the subsequent 20 min, and held at 25% for an

additional 25 min. Detection was set at 250 nm wavelength.
2.7 Zeta potential and particle size analysis

The colloidal properties of LP fractions and yogurt samples were evaluated using a Zetasizer Pro
(Malvern Instruments Ltd, Worcestershire, UK). For LP fractions, the zeta-potential was measured at 1
mg/mL in ultrapure water. For yogurt samples, 10 mg of yogurt was homogenized in 10 mL of deionized
water via sequential vortex mixing (30 s, 700 x g) and ultrasonic processing (20 kHz, 3 times 10 s pulses at 50
W). The particle size in the fluid phase was determined by dynamic light scattering and is reported as the
Z-average particle size based on the intensity distribution of scattered light. The refractive index was

calibrated to 1.33. Both particle size and zeta-potential were determined via Dynamic Light Scattering (DLS).
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Samples were allowed to equilibrate for 2 min before testing. The physical stability of the yogurt was
monitored at 1, 7, and 14 days of storage under identical conditions. All measurements were conducted under

ambient temperature conditions.
2.8 FT-IR spectral analysis

The Fourier transform infrared (FT-IR) spectroscopic analysis of the pectin samples was carried out
using a Nicolet-iS5 spectrometer from Thermo Fisher Scientific, located in the United States. A 1.5 mg
portion of the sample was combined with 198.5 mg of potassium bromide (KBr) and compacted into a tablet
under a pressure of 25 MPa for a duration of 30 s. The spectral data were acquired over the wavenumber range

extending from 4000 to 500 cm™ with 32 scans per spectrum at a resolution of 4 cm™.
2.9 Apparent morphology

Pectin solutions at a concentration of 5 pg/mL were applied to newly cleaved mica surfaces and allowed
to dry naturally at ambient temperature. Atomic force microscopy (AFM) was employed in the tapping mode
to visualize the samples using a Dimension Icon instrument from Bruker, based in Rheinstetten, Germany.
The microstructural analysis of the samples was performed using a scanning electron microscope (SEM),
specifically a Merlin Compact model from Zeiss EVO/LS10, Germany. For SEM examination, LP samples
weighing 2 mg were coated with a thin layer of gold and then attached to an aluminum stub, operating at a
voltage of 5.0 kV.

2.10 Rheological measurements

The method for assessing the apparent viscosity and viscoelastic behavior of pectin samples was slightly
modified [36]. Flow curves for the LP fractions (10 mg/mL, w/v) were generated at 25 °C on a rheometer
(DHR-2, TA Instruments) using a C35 cone-plate (35 mm, 1.99°, 46 um gap) across a shear rate (y) range of
0.1 to 100 s™". The shear stress (1) data were fitted to the Herschel-Bulkley model:

T = 10+Ky"!,

to determine the yield stress (), consistency index (K), and flow behavior index (n).

Additionally, the dynamic oscillatory properties of LP fractions were evaluated via frequency sweeps
(0.1-100 rad/s) at 25 °C using the same cone-and-plate geometry to determine their storage modulus (G'), and
loss modulus (G").

Measurements for yogurt were conducted at 4 °C to maintain gel structural integrity. Steady-state flow
behavior (apparent viscosity and shear stress) was measured over a shear rate range of 0.1 to 100 s using a 40
mm parallel-plate geometry with a 1000 um gap. Subsequently, the viscoelastic behavior of the yogurt matrix
was assessed at 4 °C using the parallel-plate geometry (40 mm diameter, 1000 pm gap). Frequency sweeps
were performed from 0.1 to 100 rad/s to quantify the storage modulus (G'), loss modulus (G"), and loss
tangent (tan 0 = G"/G").

2.11 Thermal gravimetric analysis
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The thermal and differential scanning calorimetric characteristics of the pectin samples were investigated
using a TA Instruments Universal V4.5 A TGA, located in New Castle, USA. The samples were subjected to
a temperature ramp from 27 °C to 600 °C at a uniform rate of 10 °C per minute in an atmosphere of dry

nitrogen.
2.12 Antioxidant analysis
2.12.1 ABTS free radical scavenging activity

To determine the scavenging ability of the polysaccharides against ABTS" [37], 100 pL of the
polysaccharide solution was mixed with 1 mL of an ABTS<" working solution for 6 min. The ABTS+" working
solution was obtained by mixing a 7.4 mmol/L ABTS" solution and a 2.6 mmol/L K2S20s solution and then
incubating the mixture for 12—16 h. The solution was diluted with phosphate buffer (pH 7.4) to an absorbance
value 0of 0.70 = 0.02 at 734 nm. Vitamin C (Vc¢) served as the positive control, and the scavenging capacity was
calculated using the following formula:

Scavenging ability (%) = (1-(A1+A2)/Ao) X 100%,

where Ao, A1, and Az are the absorbances of the blank, sample or V¢, and control, respectively.

2.12.2 DPPH scavenging activity

To evaluate the scavenging potential of the samples on DPPH" [23], the polysaccharides at various
concentrations were mixed with the same volume of a 0.2 mmol/L DPPH-ethanol solution. The absorbance at

517 nm was measured after 30 min of reaction in the dark.
2.12.3 Ferric-reducing antioxidant power (FRAP) test

To evaluate the reducing ability of the polysaccharides [38], The FRAP working solution comprised 25
mL of acetate buffer (pH 3.6), 2.5 mL of 10 mmol/L TPTZ solution, and 2.5 mL of 20 mmol/L FeCls. The
sample supernatant (10 pL) was added to 190 uL of the working solution, followed by incubation at 37 °C
for 20 min. A spectrophotometer was used to measure the absorbance at 593 nm. Trolox was used as a
positive control standard. The reducing power was calculated and expressed as micromoles of Trolox

equivalent per gram of dry weight (umol Trolox/g DW).
2.13 Preparation and characterization of lemon pectin yogurt (LPY)
2.13.1 Preparation of yogurt

Yogurt was prepared according to a published method [4] with minor modifications. Commercial whole
milk (protein content 3.4 g/100 mL, fat content 3.5 g/100 mL) was used as the base. Briefly, milk
supplemented with 0.5% (w/v) of LP20, LP40, LP60, or LP80 pectin powders was homogenized in glass
bottles. The mixtures were sterilized at 85 °C for 30 min, then cooled to 43 °C. A commercial yogurt starter
culture (a 1:1 mixture of Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus) was
inoculated at 0.1% (w/v) into the cooled mixtures, followed by fermentation at 43°C for 6 h in a
constant-temperature incubator until the pH reached 4.6. Control yogurt was prepared identically, without the

addition of pectin. All samples were refrigerated overnight at 4 °C before analysis.
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2.13.2 Water-holding capacity

The water-holding capacity was determined using the established centrifugation method [39]. Briefly,
gel samples (10 + 0.5 g) were centrifuged at 1,000 x g for 10 min at 4°C. The exudate was carefully removed
with absorbent paper, and WHC was calculated using the equation:

WHC (%) = (Winitial— Wexpelled/ Winitial) X 100

Where Wexpelled represents the weight of expelled water, and Winitiai denotes the initial weight of the gel

prior to centrifugation.
2.13.3 LPY strength measurement

The textural properties of homogenized yogurt systems, either without additives or supplemented with
distinct LPY fractions, were measured using a texture analyzer (CT3, Brookfield, USA). A cylindrical probe
(type P/0.5, 15 mm diameter) was used to penetrate yogurt samples (25 mm diameter, 20 mm height) under
standardized conditions: a trigger force of 8 g, a constant penetration speed of 2 mm/s, and a target depth of 10
mm. Gel hardness was defined as the peak force during the first compression cycle. Gel strength was

quantified as the maximum force (expressed in grams, g) recorded by the probe at the 10 mm penetration
depth.

2.13.4 Microscope of LPY measurement

For microstructural characterization, 10 mg aliquots of distinct yogurt formulations were dispersed in 10
mL deionized water through sequential vortex mixing (30 s, 1,000 x g) and ultrasonication (20 kHz, 3 X 10 s
pulses at 50 W) to achieve colloidal homogeneity. This sample preparation focuses on the size and
morphology of primary protein-pectin aggregates rather than the intact three-dimensional gel network. The
primary microstructure was examined using an optical microscope (Zeiss Primostar 3, Carl Zeiss (Suzhou)
Co., Ltd., China) at 20 x magnification with phase-contrast illumination. Note that dispersion may alter the
native network. Observations thus reflect dispersed microstructural features for comparative analysis, not the

pristine gel structure.
2.13.5 Fluorescence microscopy measurement of LPY

Based on previous reports, the relationship between LP components and the dispersion of yogurt proteins
was investigated with slight modifications [40]. A yogurt sample (0.2 g/mL) was mixed with an equal volume
of rhodamine B (10 pg/mL) and incubated in the dark for 1 h. The sample was then washed twice with PBS
until the supernatant became clear. The stained sample was observed under a fluorescence microscope
(Eclipse Ti2-U; Nikon, Tokyo, Japan), with red areas indicating the protein phase stained by rhodamine B.
Note that dispersion may alter the native network. Observations thus reflect dispersed microstructural features

for comparative analysis, not the pristine gel structure.
2.13.6 Measurement of molecular interaction forces in LPY

Based on previous reports, the interaction between LP components and yogurt proteins was evaluated

[41]. The following solvents were prepared: (i) S1, distilled water; (ii) S2, 0.086 mol/L Tris, 0.09 mol/L
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glycine, and 4 mmol/L Na:EDTA (pH = 8.0); (iii) S3, S2 supplemented with 0.5% SDS; (iv) S4, S3 with 8
mol/L urea; (v) S5, S4 with 2% f-mercaptoethanol. 500 mg of gel was thoroughly mixed with 10 mL of
solvent and incubated in a water bath at 25 °C for 2 h. The mixtures were then centrifuged at 4,000 x g for 15
min. Protein content in the supernatant was quantified using the Bradford method. Protein solubility was
expressed as the ratio of supernatant protein content to total protein content. Differences in solubility between
S2 and S1 reflect electrostatic interactions; between S3 and S2, hydrophobic interactions; between S4 and S3,
hydrogen bonding; and between S5 and S4, disulfide bonds. These chemical treatments, while selective, may
not exclusively target single interactions in complex gels. Consequently, solubility changes reflect the relative

contribution or network sensitivity to each condition, not absolute interaction energies.
2.14 Statistical analyses

Experiments were conducted with three independent biological replicates for the core fermentation and
textural studies, with each replicate representing a separately prepared batch. Technical replicates were used
only for specific analytical procedures, as noted in the relevant method descriptions. All data are expressed as
mean + standard deviation (SD). One-way ANOVA was performed using SPSS 26.0 software, and Duncan's

multiple range test was used at a 5% confidence level.

3. Results and discussion
3.1 Physicochemical characteristics of LP fractions

Pectin was isolated from waste lemon peels by leveraging the differential ethanol solubility of pectin with
distinct MW and lyophilized samples were successfully obtained, confirming the feasibility of this strategy
(Figure 2A). The yield and purity of the isolated LP fractions were subsequently analyzed (Table S1). The
yields were ranked as follows: LP40 (38.64%) > LP60 (25.75%) > LP20 (18.81%) > LP80 (12.23%), while
the maximum protein and polyphenol contents were 0.38% (w/w, LP20) and 0.54% (w/w, LP20),
respectively. Furthermore, the weak UV absorbance of the LP fractions at 260 nm and 280 nm indicated
minimal nucleic acid and protein contamination [27] (Figure S3). Notably, all LP fractions exhibited total
sugar contents exceeding 85%, with acidic sugar contents of LP40 and LP60 surpassing 60%, meeting
commercial pectin standards. These results demonstrate that the solubility-based separation method achieves
high efficiency and purity.

MW is the most critical physicochemical parameter of polysaccharides, typically determining their
bioactivity and gelling properties. As shown in Figure 2B and Table S1, the MW of the four fractions were
determined as: LP20 (45.33 kDa) > LP40 (40.09 kDa) > LP60 (20.01 kDa) > LP80 (7.77 kDa). This data
confirms the method's efficacy in separating pectin fractions by MW and demonstrates significant differences
among LP fractions. Moreover, LP fractions exhibited the narrowest MW distribution (1.15-1.86), which may
contribute to the formation of its homogeneous (Table S1). Furthermore, since particle size is closely related
to polysaccharide MW [42,43]. The Z-average particle size distribution of the pectin fractions, which

significantly decreases as the ethanol precipitation concentration increases. The observed particle size
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dropped from approximately 811.5 nm for LP20 to 334.15 nm for LP80. This trend is highly consistent with
the descending order of MW shown in Figure 2B (from 45.33 kDa to 7.77 kDa), providing strong evidence for
the positive correlation between particle size and the MW of polysaccharides (Figure 2C). Collectively, LP
fractions exhibit distinct MW and particle sizes.

Polysaccharides possess diverse functional groups, the variations of which can be utilized for
polysaccharide classification and characterization of their gel properties. As shown in Figure S4, FTIR
spectroscopy revealed distinct functional groups in LP fractions. Typically, the broad and intense peak
observed around 3429 cm™ in all four pectin samples corresponds to O-H stretching vibrations, characteristic
of polysaccharides [44]. Absorption bands at 1727 cm™ and 1610 cm™ indicate C=0 stretching vibrations of
esters and asymmetric stretching of COO-, respectively, confirming the presence of uronic acids in all LP
fractions [45,46]. FTIR spectroscopy revealed that LP20, LP40, and LP60 exhibited esterification
degrees >50% with no significant differences among them, whereas LP80 showed <50% esterification
(Figure 2D), classifying LP20-LP60 as high-methoxyl pectin and LP80 as low-methoxyl pectin. Previous
studies have demonstrated that low-esterified pectin, exposing more carboxyl groups, can form superior
"egg-box" gels through Ca?* crosslinking [47]. Furthermore, absorption peaks between 1200-800 cm
represent the polysaccharide "fingerprint region", with 1076 cm™ indicating pyranose and 895 cm’!
corresponding to f-pyranose [48,49]. These results demonstrate that LP fractions share similar functional
group profiles, suggesting ethanol precipitation preserves the native glycosidic bond types in pectin.

Zeta potential measurements showed values of -19.13 mV (LP20), -17.69 mV (LP40), and -12.78 mV
(LP60), contrasting with -22.98 mV for LP80 (Figure 2E). The universal negative charges originate from
galacturonic acid residues[50]. Intriguingly, LP80 with the lowest esterification degree (30.13%) displayed
the highest absolute potential (-22.98 mV). However, the expected correlation between decreasing
esterification and increasing potential magnitude was absent in LP20-LP60, suggesting structural
determinants beyond simple charge density. We propose two potential mechanisms: (i) molecular
conformation may affect charge exposure, where larger molecules could extend more effectively. (ii)
interfacial steric effects from varying adsorbed layer thickness could alter the slipping plane position. Thus,
zeta potential reflects combined effects of charge density, conformation, and interfacial structure.

Monosaccharide composition analysis elucidates the primary structure of pectin[51]. As shown in Table
S2 and Figure S5, all LP fractions comprised seven monosaccharides: mannose (Man), rhamnose (Rha),
galacturonic acid (GalA), glucose (Glc), galactose (Gal), arabinose (Ara), and fucose (Fuc). Despite variations
in monosaccharide ratios, all LP fractions shared identical sugar species. GalA dominated the composition
(>60%), with Gal, Ara and Rha being the major neutral sugars. Notably, homogalacturonan (HG)
constituted >50% of all LP fractions, peaking at 68.12% in LP20. The zeta potential trends of LP20-LP60
correlated with HG content (Figure S6). It is important to note that these key structural parameters, Mw, DE,
and HG content, naturally co-vary across the fractions. The observed co-variation of Mw with DE and HG

content provided a rigorous test for our hypothesis. It allowed us to determine whether Mw could predict
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texture across a naturally occurring spectrum of pectin structures, thereby assessing its real-world utility as a
design parameter. Collectively, as schematized in Figure 2F, the LP fractions exhibit similar primary

structures, and our results establish molecular weight as the primary control variable that dictates the transition

of interaction forces in the yogurt matrix.
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Figure 2. Isolation and physicochemical characterization of lemon pectin (LP) fractions. (A) Schematic of molecular
weight (MW)-based LP fractionation using a sequential ethanol gradient precipitation (20%-80%, v/v). (B) MW
distribution profiles of LP fractions determined by HPLC-GPC; peaks are labeled with their respective weight-average MW.
(C) Particle size distributions, expressed as the z-average hydrodynamic diameter (Dz), measured by Dynamic Light
Scattering (DLS). (D) Degree of esterification (DE) quantified by FT-IR; the red dashed line at 50% distinguishes between
high-methoxyl pectin (HMP, DE > 50%) and low-methoxyl pectin (LMP, DE < 50%). (E) Zeta potential measurements at
pH 7.0, representing the surface net charge density. (F) Schematic structural model illustrating the MW-dependent
variations in monosaccharide composition and esterification patterns. Data are presented as mean + SD (n = 3). Different
lowercase letters (a—d) within each panel indicate significant differences (P < 0.05) based on one-way ANOVA followed by
Duncan’s multiple range test.
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3.2 Structure and function characteristics of LP fractions

The conformation of polysaccharides is generally categorized as being spherical, helical, rod-shaped, or
irregularly coiled [52]. Red-shift in Amax indicates Congo red-polysaccharide triple-helix formation. The
decrease in Amax at NaOH concentrations > 0.19 mol/L signifies the transition to random coil structures
following hydrogen bond cleavage [53,54]. Figure 3A demonstrates that the maximum absorption peaks of
LP pectin-Congo red complexes in NaOH (0-0.5 mol/L) systems remained lower than that of free Congo red,
with no significant red shift observed. This observation indicates the absence of tertiary helical structures in
LP pectin components.

The microscopic and surface morphology of LP fractions were observed by SEM. As illustrated in
Figure 3B, all LP samples exhibited irregular surface architectures under low-magnification SEM.
Specifically, LP20 showed a multi-layered, stacked morphology (Figure 3B1), whereas LP80 displayed a
more exfoliated, flake-like structure (Figure 3B4). The suggests that ethanol fractionation promotes structural
disintegration from aggregated multilayers toward isolated fragments. Higher-magnification images revealed
that these coarse features arose from the folding and aggregation of sheet-like substructures, particularly
evident in LP20 and LP40 (Figure 3B1-B2), indicating that higher MW facilitates the formation of dense
multilayer aggregates [55]. AFM topography images provided complementary insight into surface roughness
and nanoscale organization (Figure 3C). LP20 exhibited a network of interwoven linear structures with
uniform layer distribution (Figure 3C1), a morphology potentially conducive to enhanced viscosity[56]. In
contrast, LP40 showed granular features with limited branching (Figure 3C2), and both LP60 and LP80
displayed increased aggregation (Figure 3C3 and 3C4) [57]. The measured average roughness (Ra) values
were 0.234 nm (LP20), 0.184 nm (LP40), 0.276 nm (LP60), and 0.228 nm (LP80) (Figure S7). Variations in
Ra reflect the MW-dependent organizational tendencies of pectin fractions, where chain flexibility and
entanglement dictate the transition from tight molecular packing in LP40 to the aggregation of
high-surface-energy species in LP60 and LP80.

The variation in MW of pectin is typically accompanied by shifts in physicochemical properties and
biological activities, which indirectly influence the sensory and nutritional value of yogurt. As shown in
Figure 3D, initial viscosity followed the order of LP20 > LP40 > LP60 > LP80, with all LP fractions
exhibiting shear-thinning behavior (measured at a shear rate of 0.1 s™'), indicating a clear positive correlation
between viscosity and MW. Rheological analysis revealed that all LP fractions exhibited near-Newtonian
flow behavior (flow index n = 11, negligible yield stress) according to the Herschel-Bulkley model (R* >
0.98), with the consistency index (K) of LP20 being an order of magnitude higher than the other fractions
(Table S3 and Figure S8) [58]. TGA analysis identified a three-stage thermal degradation profile (Figure 3E
and Table S3), where initial hydration capacities (mass loss: 4.86%—18.72%) displayed a clear MW
dependency [59,60]. As ethanol fractionation progressed, the maximum decomposition temperatures during
pyrolysis increased significantly; notably, LP80 demonstrated superior thermal resistance and enthalpy

changes (4Hd), suggesting that a hydrogen-bond-stabilized structural network enhances its overall integrity
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[61]. The antioxidant capacity of LP fractions exhibited a consistent MW-dependent trend across all assays
(Figure S9). In ABTS assays (Figure S9A), the scavenging efficacy at 4 mg/mL followed the order: LP80
(78.23%) > LP60 (63.12%) > LP40 (58.89%) > LP20 (42.54%). Consistently, ferric reducing power analysis
showed that LP80 (0.98 mV) significantly outperformed LP20 (0.45 mV) (Figure S9B). DPPH assays further
confirmed this pattern, with LP80 exhibiting the highest activity (58.66%) and LP20 the lowest (38.10%)
(Figure S9C). These results indicate that lower-MW fractions possess superior antioxidant potential due to
their enriched reducing sugar content. The standardized heatmap reveals a functional divergence where LP20
dominates rheological parameters, while LP80 excels in antioxidant capacity (Figure 3F). This distinct
"structural-bioactive" trade-off suggests that selecting specific LP fractions will differentially impact yogurt

quality, modulating either textural thickness or nutritional stability.
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Figure 3. Morphological architectures, physicochemical properties, and structure-function correlations of LP
fractions. (A1-A4) Congo red assays illustrating the triple-helix conformational stability of LP fractions under varying NaOH
concentrations, (B1-B4) Scanning electron microscopy (SEM) images revealing the surface topography of LP fractions at 500

x magnification (scale bars = 50 um). (C1-C4) Atomic force microscopy (AFM) height images (2D) showcasing the chain
aggregation and molecular height distribution (scale bars = 600 nm). (D) Apparent viscosity (Pa-s) as a function of shear rate
(s at 25 °C, demonstrating the non-Newtonian flow behavior of the fractions. (E) Thermogravimetric (TG) thermograms
showing the weight loss rate (w/w %) from 27 °C to 600 °C to evaluate thermal degradation stability. (F) Standardized
Heatmap illustrating the integrated correlations between MW, rheological parameters (viscosity), thermal stability, and
multi-faceted antioxidant activities (ABTS*», DPPHe, and FRAP assays); the color scale from blue to white represents
standardized Z-scores from high to low.
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3.3 Effects of LP components on yogurt

The incorporation of pectin effectively improves its textural properties. As a natural soluble dietary fiber,
pectin also confers multiple health benefits, including gut health regulation and blood glucose control [62,63].
The final pH of all yogurt samples was tightly controlled, ranging from 4.55 to 4.65 (Table S4), confirming a
uniform fermentation endpoint prior to texture and rheological analysis (Figure 4). Figure 4A illustrates the
preparation protocol of five yogurt formulations: one LP-free control group and four experimental groups
supplemented with distinct LP fractions (LP20, LP40, LP60, LP80). Microscopic analysis (Figure 4B)
revealed distinct structural organizations: controls displayed viscous fluidity, whereas the addition of LP20
caused visible whey separation (synersis), likely due to macromolecular exclusion-induced osmotic imbalance
[64,65]. Notably, LP40 and LP80 formed continuous gels, whereas LP60 maintained homogeneous non-gel
states, potentially through facilitating globular protein assembly [4]. Quantitative texture analysis revealed
distinctive rheological modifications imparted by different LP fractions (Figure 4C-F). Both LP80Y and
LP40Y significantly enhanced hardness, springiness, and chewiness (P < 0.05), forming elastic gels with
multilayered mouthfeel characteristics. In contrast, LP60Y maintained native hardness while optimizing
springiness and cohesiveness with reduced chewiness, resulting in rapid melt-in-mouth properties particularly
suitable for dysphagia diets. Although LP20Y exhibited syneresis-mediated reduction in hardness and
cohesiveness, it developed unique textural complexity through elevated chewiness and springiness. Critically,
the observed syneresis in LP20Y led to a reduction in its macro-stability, which suggests that excessively high
Mw may disrupt the optimal arrangement of the casein network [66]. These differential effects originate from
MW-dependent pectin-casein interactions.

Yogurt stability, a crucial parameter determining shelf life and consumer acceptance, was systematically
investigated through zeta potential analysis [67]. Initial fermentation yielded more negative potentials in
control (-13.8 mV) and LP20Y (-16.2 mV) samples, attributable to charge superposition between casein and
pectin (Figure 4G). Throughout storage (Figures 4H-I), control and LP20Y exhibited substantial potential
reduction within 7 days with progressive drift over 14 days, whereas LP40Y, LP60Y and LP80Y maintained
remarkable stability (A < 5 mV). Comparative analysis demonstrated 80% potential variation in control,
significantly surpassing the <50% change observed in LP-modified samples (Figure 4J). Particularly, LP40Y
and LP80Y showed minimal drift (<5%), while LP60Y displayed intermediate stability (~10%). Notably,
stability enhancement relative to control followed the order: LP80 (12.0-fold) > LP40 (10.1-fold) > LP60
(8.6-fold) > LP20 (1.6-fold). These results reveal how lower-Mw pectin fractions achieve superior
stabilization through efficient adsorption on casein micelles, whereas the longest chains (LP20) fail to
stabilize the network due to bridging flocculation or depletion effects. This is a key insight for developing
consumer-friendly yogurts with extended shelf life.

Building on the finding that pectin functionality is closely linked to its MW, we propose a novel strategy:
the targeted use of specific pectin fractions could be developed into a reliable method for designing yogurt

with customizable stability and textural profiles (Figure 4K). Consistent with the rheological and syneresis
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results presented above, the microstructure analysis revealed a clear non-monotonic relationship between
pectin MW and gel network integrity (Table S1). Rheological characterization revealed a systematic
MW-texture gradient, with LP60Y exhibiting low chewiness/high cohesiveness, a combination of textural
parameters that aligns with the rheological criteria often recommended for dysphagia diets, while LP40Y and
LP80Y displayed contrasting high chewiness/low cohesiveness profiles. Fundamentally, MW governs the
primary texture formation mode, while secondary structural parameters such as degree of esterification
fine-tune texture intensity within each mode. Although LP40 and LP80 differ substantially in esterification
degree, both generated solid gels through distinct mechanisms. The exceptional gel strength of LP80Y reveals
a unique synergistic mechanism, low MW enables efficient cross-linking and dense integration within the
casein network. Simultaneously, its reduced esterification exposes additional carboxyl groups. These groups
enhance both hydrogen bonding and calcium-mediated bridging, even under acidic yogurt conditions. This
cooperative interaction produces a uniquely reinforced yet homogeneous gel architecture (Table S1). It is
important to note that the indicated suitability of LP60Y for dysphagia management is based on instrumental
texture and rheological profiles matching theoretical guidelines. Its practical efficacy and acceptability for

target populations require future validation through clinical studies and sensory evaluation.
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Figure 4. Multimodal yogurt modulation by LP fractions of distinct molecular weights. (A) Schematic representation of
the yogurt fermentation process supplemented with 0.5% (w/v) LP fractions. (B) Visual appearance of final yogurt products:
Control (pectin-free), LP20Y, LP40Y, LP60Y, and LP80Y, prepared using pectin with MW of 45.33, 40.09, 20.01, and 7.77
kDa, respectively. (C—F) Textural profile analysis of yogurt samples: (C) Hardness (peak force during the first compression,
g), (D) Springiness (ability to recover after deformation, %), (E) Chewiness (work required to masticate the sample, mJ), and
(F) Cohesiveness (ratio of the second to first compression area). (G-I) Long-term stability assessment via zeta-potential
measurements monitored at (G) Day 1, (H) Day 7, and (I) Day 14 of storage at 4 °C. (J) Variation proportion (%) representing
the relative percentage change in zeta-potential after 14 days to evaluate electrostatic stability. (K) Physical appearance and
phase separation of yogurts texture. Data are expressed as mean + SD (n = 3). Different lowercase letters within each panel

indicate significant differences (P < 0.05) among groups as determined by Duncan’s multiple range test.



Z.P. Su et al. / Food Science and Human Wellness 16 (2027)

3.4 Physical properties of yogurt

The particle size distribution directly reflects the dynamics of protein-polysaccharide interactions in
yogurt [68]. While LP20Y showed a negligible impact on particle size compared to the control (Figure 5A), it
induced pronounced phase separation, reflecting a physically unstable system (Figure 4B). This apparent
contradiction suggests a mechanism dominated by depletion flocculation; the ultra-high-MW chains of LP20
are excluded from the inter-particle space of casein micelles, creating an osmotic pressure gradient that drives
rapid, unstable aggregation into a heterogeneous network without significantly altering primary aggregate size
[69]. In contrast, LP60Y and LP80Y significantly reduced the average particle size, while LP40Y resulted in a
slight yet statistically significant reduction. This trend indicates that lower-MW chains, characterized by
higher molecular mobility and reduced steric hindrance, can penetrate the casein matrix more effectively to
coat protein surfaces. This uniform coating provides superior electrosteric stabilization, effectively limiting
uncontrolled protein-protein aggregation during fermentation. Diverging from established reports of larger
aggregates in low-ester pectin (DE<50%), LP80Y unexpectedly exhibited smaller particle sizes [70,71].
These findings conclusively establish MW, rather than esterification degree, as the dominant determinant of
particle size in this system, as the physical constraints of short-chain length override the chemical propensity
for calcium-induced cross-linking.

Water-holding capacity analysis revealed significantly improved water retention in all samples except
LP20Y, which exhibited the lowest WHC due to the heterogeneous network (Figure 5B). The reduced WHC
and severe syneresis in LP20Y are primarily attributed to depletion flocculation induced by its high MW. The
large pectin chains are excluded from the volume surrounding casein micelles, creating an osmotic pressure
that drives the micelles into dense, heterogeneous aggregates prone to whey expulsion. Within this dominant
depletion framework, strong local pectin, casein interactions, possibly mediated by hydrogen bonding or
electrostatic attraction, may further promote inhomogeneous aggregation and thus contribute to network
instability [72]. LP80Y exhibited the highest WHC (82.45%), representing a 1.39-fold increase over the
control. Both LP40Y and LP60Y also showed significantly higher water-holding capacity (70.56% and
72.13%, representing 1.31-fold and 1.24-fold increases, respectively) compared to the control, although no
significant difference was observed between these two groups. Viscosity profiles demonstrated substantially
higher initial viscosities in LP-fortified yogurts (Figure 5C). All formulations displayed characteristic
shear-thinning behavior, consistent with shear-induced disruption of pectin-protein networks. As summarized
in Table S5, the consistency index (K), showed a pronounced dependence on MW: LP40Y (32.0 Pa-s») >
LP60Y (18.3 Pa-sm) > LP80Y (8.46 Pa-s). This inverse relationship suggests that, within this concentration
regime, shorter pectin chains (higher yield fractions like LP40Y)) contribute more effectively to the formation
of a dense, viscous network, thereby serving as the dominant control variable for textural and organoleptic
modification.

Rheological characterization via small-amplitude oscillatory shear revealed that all yogurt samples

exhibited typical weak gel behavior, with the storage modulus (G’) consistently surpassing the loss modulus
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(G") across the measured frequency range (1-100 rad/s). The incorporation of LP fractions significantly
enhanced the viscoelasticity of yogurt, as evidenced by the markedly higher G’ and G” values of all
LP-fortified yogurts compared to the control (Figure SD-5H). The loss factor (tan 6 = G"/G’) served as a key
indicator of gel strength [73]. LP40Y (tan 6 =0.22) and LP80Y (tan 6 = 0.19) formed strong gels characteristic
of set-style yogurt, whereas LP60Y (tan 6 = 0.35) produced weaker gels typical of stirred-style yogurt, as its
specific Mw inhibits large-scale casein aggregation (Figure 5I). Crucially, while LP20Y exhibited the highest
moduli, this does not represent true structural strengthening; rather, it reflects the mechanical resistance of a
collapsed, compacted protein matrix caused by severe phase separation. The enhanced viscoelasticity and
variable gel strength induced by the LP fractions suggest that pectin MW modulates the electrostatic and
hydrophobic interaction-driven assembly of a casein-pectin composite network, ultimately enabling the
precise customization of yogurt texture.

Optical microscopy confirmed enhanced microstructural homogeneity, correlating with improved
colloidal stability [74]. Optical microscopy revealed that the incorporation of LP components shifted yogurt
from a heterogeneous to a homogeneous state. The transition from LP20Y to LP60Y visualized a systematic
reduction in aggregate size, correlating with improved colloidal stability through enhanced particle dispersion:
(1) from LP20Y to LP60Y, yogurt particles gradually decreased in size and became more uniform (Figure
5J2-5J4); (i1)) While both the Control and LP80Y exhibited large protein aggregates, the nature of these
aggregates was fundamentally different. The aggregates in the Control were coarse, disconnected, and prone
to collapse, leading to syneresis. In contrast, LP80Y formed a continuous, space-filling network where the
aggregates were firmly cross-linked, likely by the low-Mw, low-DE pectin, resulting in a rigid, stable gel
(Figure 5J1 and 5J5). Further analysis of protein aggregation via protein localization showed that LP20Y
exhibited a higher degree of protein aggregation, likely due to disordered rearrangement of casein induced by
high-molecular-weight pectin, which also accounts for the observed whey separation in this group (Figure
5K). Both LP40Y and LP60Y displayed homogeneous protein distributions, suggesting that such uniformity
may contribute to enhanced stability. It is noteworthy that LP60Y also exhibited finer particles and linear
structures, distinct from those of other groups, leading to the inference that LP60 inhibits casein aggregation,
resulting in a stirred-yogurt (liquid) consistency[75]. LP80Y exhibited strong, uniform fluorescence,
indicating that low-MW pectin promotes a highly ordered, space-filling assembly of casein micelles. In
conclusion, the MW of LP components modulates the size and dispersion state of yogurt protein particles,

thereby influencing the textural properties of yogurt.
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Figure 5. Physicochemical and microstructural characterization of yogurt modified with LP fractions. (A) Particle size
distribution of yogurt samples, defined as the z-average hydrodynamic diameter (Dz), measured by DLS. (B) Water-holding
capacity (WHC, %) representing the gel's ability to retain the aqueous phase under centrifugal force. (C) Apparent viscosity
(Pa-s) at 4 °C, demonstrating shear-thinning behavior. (D—H) Dynamic oscillatory frequency sweeps (1-100 rad/s) at 4 °C
illustrating the storage modulus (G’, Pa) and loss modulus (G”, Pa) for: (D) Control, (E) LP20Y, (F) LP40Y, (G) LP60Y, and
(H) LP80Y. (I) Loss factor (tan = G"/G’) calculated at an angular frequency of 1 rad/s; values < 1 indicate dominant elastic
(gel-like) behavior. (J1-J5) Optical micrographs (scale bars =40 um) visualizing the morphology of dispersed protein-pectin
aggregates. (K1-KS5) Fluorescence microscopy images (scale bars =20 pm) with protein phases stained by Rhodamine B (red
fluorescence); imaging was evaluated the spatial distribution of the protein matrix. Data are presented as mean = SD (n = 3).
Means labeled with different lowercase letters (a—d) within each panel differ significantly (P < 0.05) according to one-way



Z.P. Su et al. / Food Science and Human Wellness 16 (2027)

3.5 The formation mechanism of the yogurt

The physicochemical properties of yogurt are closely correlated with the structure of polysaccharides
[76]. To elucidate the effects of LP with different MW on the properties of yogurt (LPY), we further
investigated the polysaccharide—protein and protein—protein interactions within the yogurt system (Figure 6).
Figure 6A illustrates the structural similarity and distinct MW of LP, along with a schematic representation of
their interactions with major milk proteins (casein and whey protein). Previous studies have shown that
casein—polysaccharide interactions are influenced by electrostatic interactions, hydrogen bonding, and
hydrophobic effects, while casein—whey protein interactions are strongly associated with disulfide bonds
(Figure 6B). As shown in Figure 6C—6F, LP interactions with proteins were primarily mediated by
electrostatic forces, hydrophobic interactions, and disulfide bonds, while hydrogen bonding played a
secondary role. However, the impact of these interactions on the physical state of the yogurt is highly
dependent on the pectin MW. It has been reported that while electrostatic interactions can support stable gel
formation, an imbalance of these forces, particularly an excess of hydrophobic interactions in ultra-high MW
samples like LP20Y, can promote protein over-aggregation and network collapse, leading to the macro-phase
separation observed in the photographs. In contrast, the enhanced contribution of disulfide bonds in LP40Y
and LP80Y serves as a critical covalent stabilizing factor, facilitating a robust and homogeneous solid gel
network. In our study, LP40Y and LP80Y were highly dependent on disulfide bonds, which stabilized the gel
network. This suggests that low-MW pectin effectively "unmasks" protein reactive sites or reduces steric
barriers, facilitating covalent cross-linking between casein and whey proteins. In contrast, the stirred-yogurt
characteristic of LP60Y was more reliant on electrostatic and hydrophobic interactions that maintained a
balanced repulsion-attraction state, preventing rigid gelation. Based on these findings, we propose a
four-phase MW-dependent regulation model (Figure 6G): (i) Ultra-high-MW pectin may trigger excessive
aggregation and phase separation via strong depletion flocculation effects, leading to a physically unstable
network and severe syneresis; (ii) High-MW pectin forms a continuous gel matrix via its backbone structure,
effectively binding casein and whey protein to establish a stable solid gel; (iii) Medium-MW pectin
co-assembles with proteins into a cohesive but flowable framework where balanced interactions contribute to
a smooth, liquid-like yogurt texture; (iv) Low-MW pectin incorporates as fine particles within the
casein—whey protein network, enhancing protein—protein interactions (particularly disulfide bonds) and

modifying gel microstructure.
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Figure 6. Analysis of the molecular interaction forces between pectin and yogurt protein. (A) Chemical structures and
MW variations of LP fractions (LP20 to LP80), accompanied by a schematic legend for pectin and primary milk proteins
(casein and whey protein). (B) Schematic illustrations of four key non-covalent and covalent interactions: electrostatic
attractions, hydrogen bonding, hydrophobic effects, and disulfide linkages. (C—F) Quantification of relative interaction
strengths in different yogurt matrices based on differential protein solubility in selective dissociating buffers: (C) Electrostatic
interactions (solubility difference between S2 and S1); (D) Hydrogen bonding (solubility difference between S4 and S3); (E)
Hydrophobic interactions (solubility difference between S3 and S2); and (F) Disulfide bonds (solubility difference between
S5 and S4). Bar heights reflect the sensitivity of the protein network to each disruptive agent, representing the relative
importance of that interaction to gel integrity. (G) Unified structural model illustrating the MW-dependent "multimodal"
regulation mechanism, transitioning from physical intertwining to specific chemical bonding as pectin chain length decreases.
Data are expressed as mean £ SD (n = 3). Different lowercase letters (a—e) indicate significant differences (P < 0.05) among
groups.
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4. Conclusion

This study establishes that the molecular weight (MW) of pectin is a critical structural parameter
governing yogurt texture through the precise modulation of casein-whey protein interactions. By employing
ethanol fractionation to obtain pectin fractions with distinct MW values, we identified a non-linear, U-shaped
textural evolution within the yogurt matrix. Specifically, the system transitions from firm gelation (Phase I,
LP40) to flowable sol formation (Phase III, LP60), before returning to solid-like re-gelation (Phase IV, LP80).
This U-shaped behavior is mechanistically driven by a strategic rebalancing of molecular forces: while the
firm gels at the MW extremes (LP40 and LP80) are stabilized by enhanced disulfide bonding, the intermediate
LP60 maintains its smooth, flowable consistency through dominant electrostatic repulsion. These findings
demonstrate that ethanol fractionation provides a precise 'textural tailoring' toolkit. By strategically selecting
the optimal pectin MW, it is possible to develop personalized dairy products, such as smooth-style yogurts for
populations with dysphagia, with precisely tuned rheological properties. Ultimately, this work bridges the gap
between polysaccharide molecular architecture and macroscopic food performance, advancing the integration

of food science with human wellness.
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