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ARTICLE INFO ABSTRACT

Keywords: Fusarium venenatum represents a nutritionally rich and sustainable mycoprotein (MP) source with considerable
Fusarium venenatum mycoprotein promise for functional food development. However, its ’chitin-glucan’ cell wall architecture restricts interfacial
Chitin

migration of intracellular proteins. While conventional physical disruption effectively reduced p-glucan content,
chitin degradation remained limited. To specifically assess the critical role of chitin in modulating MP interfacial
functionality, chitinase was employed to generate chitinase-treated mycoprotein (CMP). Remarkably, chitin
removal enhanced protein solubility by 106.7% and surface hydrophobicity by 68.7%. Interfacial engineering
analysis was performed to elucidate how residual chitin governs the emulsifying performance of MP. The
adsorption kinetics at the oil-water interface indicated that MP and CMP formed interfaces with significantly
lower interfacial tension than conventional protein emulsifiers soy protein (SP) or whey protein (WP). Critically,
interfacial rheological measurements demonstrated that MP, due to the presence of residual chitin, exhibited
superior deformation resistance compared to CMP. Moreover, Lissajous plots and S-factors demonstrated more
pronounced strain softening behavior in MP, indicating its interfacial film possesses greater repair capability.
Furthermore, MP- and CMP-stabilized emulsions exhibited similar droplet size, which were significantly smaller
than those of SP and WP. Notably, MP-stabilized emulsions demonstrated superior stability compared to CMP,
while performing comparably to WP-based systems. These results revealed that residual chitin in MP acted as a
natural interfacial modifier, synergistically interacting with proteins to enhance interfacial film mechanical
strength and emulsion stability. This study reveals the exceptional emulsification potential of F. venenatum
mycoprotein, positioning it as a highly promising, sustainable alternative to conventional protein emulsifiers.

Interfacial engineering
Dilatational rheology
Emulsion stability

1. Introduction

Global population growth has driven a surge in protein demand, yet
conventional production methods remain inefficient (Pastrana-Pastrana
et al., 2025). Humans urgently needed to explore efficient and sustain-
able alternative proteins. (Pulji¢ et al., 2025). Fusarium venenatum is a
mycoprotein (MP) source approved for human consumption by regula-
tory agencies including the Food and Drug Administration and European
Food Safety Authority (Ahmad et al., 2022; Derbyshire & Ayoob, 2019).
Recognized as a promising alternative protein, it exhibits meat-like
sensory attributes, high production efficiency, and a nutritionally

complete profile (Wood & Tavan, 2022). Nevertheless, MP is encapsu-
lated by a rigid ’chitin-glucan’ cell wall, which is a polysaccharide outer
wall that inhibits the hydration capacity and interfacial migration ac-
tivity of intracellular proteins (Garcia-Rubio et al., 2020). This limits its
application in emulsion food systems. Therefore, breaking down the cell
wall structure and developing efficient protein extraction techniques are
crucial for advancing the use of MP in liquid systems.

Current cell wall disruption strategies include bead milling, high-
pressure homogenization, ultrasonication, and enzymatic lysis.
Notably, Zeng et al. (2023) demonstrated that high-pressure homoge-
nization coupled with pH-shifting achieved superior cell wall removal
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efficiency compared to individual enzymatic or ultrasonic treatments.
However, chitin is predominantly localized in the inner cell wall layer
(Garcia-Rubio et al., 2020), making complete removal difficult through
physical methods alone. Previous studies confirmed that poly-
saccharides could interact with proteins, thereby modifying interfacial
and emulsion properties. For example, Ma et al. (2025) systematically
demonstrated that diverse polysaccharides modulate protein interfacial
behavior differently through specific molecular interactions. Similarly,
Wang et al. (2020) demonstrated that chitin nanofibrils-protein in-
teractions enhanced emulsion stability, whereas excessive chitin nano-
fibrils induced protein aggregation and subsequent flocculation. To
investigate the effects of residual chitin on the oil-water interfacial and
emulsifying properties of MP, this study introduced chitinase to specif-
ically hydrolyze chitin in the MP.

Interfacial engineering was employed to systematically evaluate the
properties of oil-water interfaces. During emulsion formation, proteins
migrate from the aqueous phase to the oil-water boundary and structural
reorganization (Cai et al., 2025). This interfacial behavior under static
conditions can be quantitatively monitored through interfacial adsorp-
tion kinetics (Garcia-Moreno et al., 2021). However, during emulsion
processing, the interface is often subjected to external disturbances and
exhibits significant deformation. To accurately assess the nonlinear
viscoelastic properties of interfacial layers, large-amplitude oscillatory
dilatational rheology becomes essential (Sagis & Fischer, 2014; Yang
et al., 2024). Quantitative analysis of interfacial film nonlinear re-
sponses under oscillatory and large shear deformations via Lissajous
plots and S-factors calculations enables more accurate determination of
interfacial characteristics (Zhan et al., 2020). For instance, Wen et al.
(2024) employed interfacial shear and spreading rheology to demon-
strate that protein film viscoelasticity governed droplet stability.
Romero et al. (2011) revealed that highly elastic interfacial films resist
rupture caused by droplet collisions, thereby enhancing long-term
emulsion stability. These findings demonstrated that oil-water interfa-
cial rheology can serve as an effective indicator of emulsion stability and
functionality, highlighting the need for further investigation into the
interfacial properties of MP.

This study focused on analyzing the physicochemical properties of
MP extracted from F. venenatum and chitinase-treated mycoprotein
(CMP), which underwent specific chitin hydrolysis. The key physico-
chemical properties assessed encompassed solubility, particle size,
¢-potential, surface hydrophobicity, and interfacial engineering. The
emulsion stabilization capacity was assessed through interfacial
adsorption kinetics and dilatational rheology measurements at oil-water
interfaces. Comparative analysis with conventional soy protein (SP) and
whey protein (WP) was conducted to establish a foundation for the
advanced utilization of MP in the food industry.

2. Materials and methods
2.1. Materials

F. venenatum was obtained from Jiangxi Fushine Biotechnology Co.
(Jingdezhen, China), WP was purchased from Jiangsu Puxing Biotech-
nology Co. (Nanjing, China), and SP was extracted according to the
method of Wen et al. (2024). Chitinase was purchased from Shanghai
Macklin Biochemical Co. (Shanghai, China). Sunflower oil was pur-
chased from a local supermarket and purified using Florisil (60-100
mesh, Sigma-Aldrich, Saint Louis, USA). Ultrapure water (Milli-Q
Purelab Ultra, Darmstadt, Germany) was used for all experiment.

2.2. Extraction of proteins

2.2.1. Extraction of mycoprotein (MP)

Fusarium venenatum MP was extracted through high-pressure ho-
mogenization coupled with alkaline extraction and isoelectric precipi-
tation. Briefly, F. venenatum biomass was homogenized in water (1:25,

c20bb18bc54cd7f3a80ceedf: D26091701697ZX01

Food Hydrocolloids 170 (2026) 111773

w/v) at 12,000 rpm for 5 min using an IKA T25 digital Ultra-Turrax (IKA
Works, Wilmington, USA) while maintaining pH at 12.0 with 1 M NaOH.
The suspension was left undisturbed overnight and then homogenized
using a Nano DeBEE high-pressure homogenizer (BEE International, San
Diego, USA) at 120 MPa for two cycles. After centrifugation (8000 rpm,
15 min), the supernatant was acidified to pH 4.5 with 1 M HCl, stirred
for 30 min, and centrifuged again. The precipitated proteins were
resuspended in water, neutralized to pH 7.0, and dialyzed (8.0 kDa
MWCO membrane, 48 h). Finally, the retentate was freeze-dried to
obtain purified MP.

2.2.2. Extraction of chitinase-treated mycoprotein (CMP)

The MP was homogenized with distilled water at a ratio of 1:10 (w/
v) under continuous stirring at 37 °C for 1 h. Chitinase was then added to
the mixture at a concentration of 5 U/g (enzyme to substrate ratio) for
enzymatic hydrolysis at 37 °C. After 2 h of incubation, the pH was
adjusted to 4.5, followed by centrifugation to collect the protein pre-
cipitate. The obtained precipitate was uniformly dispersed in water,
adjusted to pH 7.0, then dialyzed and freeze-dried to obtain CMP.

2.3. Determination of protein content

Protein content was determined in triplicate using a K9860 fully
automated Kjeldahl nitrogen analyzer (Hanon, Jinan, China). The ni-
trogen conversion factor was 6.25.

2.4. Determination of chitin content

The sample (5 mg) was dissolved in 1 mL of 6 M HCl and incubated at
100 °C for 17 h. The mixture was dried and subsequently reconstituted
in 1 mL water, followed by centrifugation at 8000 rpm for 10 min. 0.1
mL supernatant was mixed with 0.1 mL Solution A (1.5 mol NaxCOs3 in
4% (v/v) acetylacetone), water bath heating (100 °C, 20 min). Then
added with 0.7 mL 95% ethanol and 0.1 mL Solution B (1.6 g of p-
dimethylaminobenzaldehyde dissolved in 30 mL of 12 M HCl and 30 mL
of 95% ethanol). After 1 h incubation, absorbance at 520 nm was
measured (N-acetylglucosamine standard). Chitin content was
expressed as the percentage of glucosamine relative to the sample
weight.

2.5. Determination of p-glucan content

The p-glucan content was determined using the Mushroom and yeast
beta-glucan assay Kit (Megazyme, Ireland). This method was based on
the enzymatic hydrolysis of p-glucans into glucose by exo-1,3-p-gluca-
nase and p-glucosidase. The released glucose was then specifically
oxidized in the presence of glucose oxidation-peroxidase buffer reagent,
generating a pink-colored product. Measured the absorbance at 510 nm
using D-glucose as the standard. The p-glucan content was expressed as
the percentage of D-glucose to the sample weight.

2.6. Physicochemical properties of proteins

2.6.1. Protein solubility

A 5 mg/mL neutral protein solution was centrifuged (3000 rpm, 3
min), and the supernatant protein concentration was measured by BCA
assay kit (Beyotime, Shanghai, China). Protein solubility was expressed
as the percentage of soluble protein concentration relative to total
protein concentration.

2.6.2. ({-potential

The ¢-potential of a 1 mg/mL protein solution (pH 7.0) was measured
using a Zetasizer Nano ZS (Malvern Instruments Ltd., UK). The dispersed
phase was water with a refractive index of 1.33, and the continuous
phase was 1.45. All measurements were performed at 20 °C.
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2.6.3. Surface hydrophobicity (Hp)

The 10 mg/mL neutral protein solution was centrifuged at 3000 rpm
for 3 min, and the supernatant was diluted to 0.1-0.5 mg/mL. Measure
the fluorescence intensity (FIp) of 3 mL of the diluted solution at exci-
tation/emission wavelengths of 370/465 nm. After adding 20 pL of 8-
anilino-1-naphthalenesulfonic acid (ANS), FI; was measured immedi-
ately. Surface hydrophobicity was quantified as the regression slope of
AFI (FI; - Flp) against protein concentration.

2.7. Oil-water interface characterization of proteins

2.7.1. Interfacial adsorption

Protein adsorption kinetics at the oil-water interface were analyzed
with an LSA 100 optical surface analyzer (LAUDA Scientific, Lauda-
Konigshofen, Germany). A 20 pL droplet of 1 mg/mL neutral protein
solution was held in purified sunflower oil via a syringe. Continuously
calculated the interfacial tension at 25 °C for 3 h.

2.7.2. Interfacial expansion rheology

Droplet were equilibrated for 3 h prior to measurement. The inter-
facial elastic modulus (E4’) and viscous modulus (E4") during scanning
were calculated through Fourier transform analysis. Frequency sweeps
were performed from 0.005 Hz to 0.1 Hz at a fixed amplitude of 5%, and
the exponent n was calculated using a power function model (Eq’ ~ 0", ®
was the frequency). Amplitude sweeps was swept from 5% to 30% at a
fixed frequency of 0.01 Hz. Frequency sweeps and Amplitude sweeps
amplitudes both perform 5 cycles.

2.7.3. Lissajous plot

The Lissajous plot was constructed based on the surface pressure (I
= y-yo, where y was the surface tension of area, yo was the surface ten-
sion of the initial interface) and the surface deformation (5A/Ag, where
8A = A-Ao, A was the deformed interface area, and Ay was the initial
interface area). The S-factors for the expansion and compressive stages
was calculated by the following (Sagis & Fischer, 2014):

ELg —E
Sext = % @
LE
E.c —E
Scom = _—""LYCE Lo (2)
L,C

where Ep g, Evp denote the larger and smallest strain moduli in
expansion, E; ¢ and Ey; ¢ denote the largest and smallest strain moduli in
compression.

2.8. Emulsification capacity

2.8.1. Emulsion preparation

The protein was dissolved in water to obtain a 0.5% (w/v) neutral
solution, which was then mixed with sunflower oil at a 9:1 (v/v) ratio.
The mixture was pre-homogenized at 1200 rpm for 2 min using an IKA
T25 digital Ultra-Turrax homogenizer (IKA Works, Wilmington, USA),
followed by high-pressure homogenization at 100 MPa to prepare the
protein emulsion. The final emulsion was supplemented with 0.1% (w/
w) Bit 10 bacteriostat to prevent microbial growth and stored at 4 °C.

2.8.2. Droplet size and {-potential

The particle size (d4,3) of emulsion droplets was monitored contin-
uously for 30 d using a Mastersizer 3000E (Malvern Instruments Ltd.,
UK). The emulsion was diluted 100 fold with water, and the {-potential
was measured using a Zetasizer Nano ZS. The particle phase and
dispersant were purified sunflower oil and water, with refractive indices
of 1.47 and 1.33, respectively.
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2.8.3. Adsorbed proteins of emulsions

The prepared emulsion was centrifuged at 100,000 rpm for 30 min at
4 °C using an ultracentrifuge (CP100NX, Himac, Japan). The aqueous
phase was filtered through a 0.22 pm membrane. The protein concen-
tration of the filtrate was then determined. The absorbed protein per-
centage (AP) and interfacial protein concentration (I") were calculated
as follows:

Co —GCs
Co

AP (%) = x 100 3)

_(Co—Gs)(1 - ¢)d32

T(mg /m?) 0.6

4)
where ¢y is the protein concentration in the emulsion, cs is the protein
concentration in the aqueous phase, and d3, is the volume-surface
average diameter of emulsion.

2.8.4. pH stability of emulsions

The pH of freshly stabilized emulsions was adjusted to 3.0-7.0 and
stored at 4 °C for 24 h. Droplet size was measured to evaluate pH-
dependent emulsion stability.

2.9. Statistical analysis

All tests were conducted in triplicate. Data are reported as mean +
standard deviation. Significant differences were analyzed by one-way
ANOVA (IBM SPSS 25.0), with Duncan’s post hoc test (p < 0.05) for
multiple comparisons.

3. Results and discussion
3.1. Content of protein and cell wall components

Compared to F. venenatum biomass, both MP and CMP exhibited
significant alterations in protein content and cell wall components
(Fig. 1). The disruption of F. venenatum cell walls released intracellular
proteins, elevating the protein content from 47.84% in the biomass to
74.03% in MP. Concurrently, the p-glucan content decreased dramati-
cally, demonstrating effective removal of p-glucans from the cell walls.
In contrast, the chitin content decreased only slightly, revealing the
limited effectiveness of mechanical processing alone for chitin break-
down. This phenomenon may be attributed to chitin’s localization
within the inner cell wall layers and its capacity to form stable com-
plexes with proteins through electrostatic interactions and hydrogen
bonding (Garcia-Rubio et al., 2020; Yu et al., 2014). However, when MP
was treated with chitinase to specifically hydrolyze chitin, the resulting
CMP demonstrated a substantial reduction in chitin content to 2.86%,
along with a remarkable increase in protein content to 80.74%.

3.2. Colloidal properties

The colloidal properties of the individual proteins are summarized in
Table 1. Chitin removal through enzymatic treatment substantially
enhanced the fundamental properties of CMP compared to MP. Chiti-
nase mediated specific hydrolysis of positively charged chitin in MP
exposed additional negatively charged carboxyl groups (particularly
glutamic acid and aspartic acid residues) on the protein surface,
consequently increasing the surface charge of the CMP solution to
—32.36 mV. Meanwhile, CMP demonstrated a significantly smaller
particle size than MP, suggesting that chitin removal induced protein
conformational changes and reduced intermolecular aggregation
(Tavares et al., 2021). Notably, CMP exhibited significantly higher sol-
ubility than MP, which can be attributed to enhanced electrostatic
repulsion between protein molecules due to the increased surface
charge. This effect overcome aggregation driven by van der Waals
forces, thereby improving colloidal stability (Malhotra & Coupland,
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Fig. 1. Protein, p-glucan, and chitin content (%) of F. venenatum biomass, mycoprotein (MP) and chitinase-treated mycoprotein (CMP).
Table 1
Particle size, {-potential, solubility and surface hydrophobicity of mycoprotein (MP), chitinase-treated MP (CMP), soy protein (SP) and whey protein (WP).
MP CMP SP WP
Protein size (nm) 274.73 + 5.10° 224.20 + 7.02° 127.23 + 0.33¢ 191.93 + 0.14°
¢-potential (mV) —28.79 + 0.03° —32.36 + 1.45° —32.95 + 0.67° —20.51 + 0.43%
Solubility (%) 39,91 + 0.27¢ 82.47 + 0.79° 93.24 + 1.43°% 88.64 + 0.38°

Surface hydrophobicity 371.25 + 7.83¢

286.17 + 17.23¢

393.72 + 33.89° 664.58 + 30.09%

2004). Additionally, the reduced particle size likely contributed to the
solubility enhancement by increasing the protein-solvent interfacial
area (Yang et al., 2024). Among the tested proteins, SP exhibited the
highest solubility, which correlated with its smallest particle size and
most pronounced {-potential. In contrast, WP maintained considerable
solubility owing to its intrinsic hydrophilic surface properties (Ryan
et al., 2012).

The surface hydrophobicity profiles of various proteins at pH 7.0
were illustrated in Table 1. Notably, CMP demonstrated the highest
surface hydrophobicity, showing a striking 69% enhancement compared
to MP. This pronounced difference implied that residual chitin in MP
potentially formed electrostatic complexes with hydrophobic protein
regions, thereby shielding these domains from ANS probe accessibility
(Ma et al., 2024). Conversely, chitin elimination in CMP appeared to
trigger protein structural reorganization, leading to the re-exposure of
previously concealed hydrophobic moieties and consequent amplifica-
tion of surface hydrophobicity (Liu et al., 2022; Ma et al., 2025). WP
exhibited the lowest hydrophobicity index which could be attributed to
WP’s densely packed tertiary structure in aqueous solution, which
effectively restricted ANS probe access to its internal hydrophobic
domains.

3.3. Oil-water interface adsorption behavior

The temporal evolution of interfacial tension at the oil-water inter-
face by different proteins was presented in Fig. 2. The adsorption phase
consisted of two distinct stages (Cai et al., 2025; Romero et al., 2011).
During the initial stage (0-500 s), the interfacial tension decreased

exponentially, reflecting continuous adsorption of proteins at the
oil-water interface. In the subsequent stage (>500 s), the interfacial
tension decreased gradually with prolonged adsorption time, suggesting
structural reorganization of the proteinaceous interfacial film. MP and
CMP displayed markedly faster adsorption kinetics during the initial
phase, as demonstrated by their significantly steeper interfacial tension
reduction rates relative to SP and WP. After 3 h equilibration, pro-
nounced differences in final interfacial tension emerged, with
MP-stabilized interfaces maintaining higher interfacial tension (10.34
mN/m) than CMP (9.30 mN/m). These interfacial characteristics
correlated directly with the surface hydrophobicity profiles depicted in
Table 1. Upon removal of chitin from CMP, a substantial number of
hydrophobic domains became exposed on the protein surface. This
structural change promoted protein diffusion toward the oil-water
interface and significantly enhanced adsorption efficiency, leading to a
faster and more pronounced reduction in interfacial tension (Schroder
et al., 2017). In contrast, interfaces stabilized by SP and WP reached
higher equilibrium interfacial tension values (10.96 mN/m and 11.56
mN/m, respectively), consistent with their lower surface
hydrophobicity.

3.4. Oil-water interfacial dilatational rheology

3.4.1. Frequency sweeps

The mechanical characteristics of protein-stabilized oil-water inter-
facial films were systematically examined through interfacial dilata-
tional rheology. In the frequency sweep experiments, the deformation
amplitude was maintained at 5% (Fig. 3A). The elastic modulus (Eg’)
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Fig. 2. Interfacial tension of the oil-water interfaces stabilized by mycoprotein (MP), chitinase-treated mycoprotein (CMP), soy protein (SP) and whey protein (WP).
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Fig. 3. (A) Frequency dependence of elastic modulus (E;") and viscous modulus (E;") at a fixed strain amplitude of 5% for oil-water interfaces stabilized by
mycoprotein (MP), chitinase-treated MP (CMP), soy protein (SP), and whey protein (WP). (B) Power-law index (n) derived from frequency sweep measurements. (C)
Amplitude dependence of E;’ and E;" at a fixed frequency of 0.01 Hz. Closed symbols indicate E,;’ and hollow symbols indicate E,".

consistently exceeded the viscous modulus (Ed") throughout the tested
frequency range, confirming predominantly elastic behavior within the
linear viscoelastic (LVE) regime. Concurrently, E4’ exhibited distinct
viscoelastic responses as a function of frequency. At lower frequencies,
interfacial protein molecules exhibited viscous characteristics due to
adequate time for structural reorganization, while higher frequencies
induced faster deformation adaptation, resulting in enhanced elastic
responses (Zhan et al., 2020). The frequency dependence of the interface
was evaluated by calculating the exponent n through the function model
(Eq" ~ @™. The results shown in Fig. 3B revealed that n values ranged
from 0.034 to 0.128 for all samples, with values significantly lower than
0.5. These findings, consistent with Lucassen-van den Tempel model
predictions, suggested limited protein exchange between the interface
and bulk phase during oscillatory deformation, indicative of a visco-
elastic solid-like interfacial architecture (Li et al., 2021). Notably,
CMP-stabilized interfaces demonstrated superior elastic properties

(elevated E4’ and reduced n values) compared to MP-stabilized in-
terfaces under small deformations, underscoring the positive impact of
chitin removal on interfacial rigidity (Wen et al., 2024). In contrast, SP
showed the highest E4’ values and n values closest to 0 across all fre-
quencies, while WP demonstrated the largest n value (Ma et al., 2024).

3.4.2. Amplitude sweeps

The amplitude sweep was performed at a fixed frequency of 0.01 Hz
(Fig. 3C). All protein-stabilized interfaces displayed progressive reduc-
tion in E4 with increasing deformation amplitude while remaining
consistently higher than the E;”’, demonstrating progressive disruption
of interfacial microstructure while preserving solid-like characteristics
(Romero et al., 2011). Notably, at 5% strain, MP-stabilized interfaces
exhibited significantly lower E;’ (15.89 mN/m) compared to CMP
(19.63 mN/m), demonstrating that chitin removal enhanced interfacial
membrane flexibility. However, under large deformation (30% strain),
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MP-stabilized interfaces demonstrated superior structural integrity with
merely 2.84% E4’ reduction, contrasting sharply with the 12.63%
decrease observed for CMP. This indicated that although the
MP-stabilized interface showed lower initial stiffness, it exhibited su-
perior resistance to structural disruption under increasing deformation
amplitudes, maintaining greater mechanical stability throughout the
deformation process (Yang et al., 2024). The improved strain resistance
likely arose from interactions between residual chitin and proteins in
MP, which facilitated the formation of disordered protein structures
(Xiong et al., 2025). This structural modification enhanced the flexi-
bility and adaptability of MP, thereby improving the extensibility of the
MP-stabilized interface (Ma et al., 2025). Concurrently, WP-stabilized
interfaces maintained comparable flexibility to MP throughout the
testing regime. In contrast, SP-stabilized interfaces demonstrated
limited mechanical adaptability, as evidenced by a substantial 31.50%
reduction in E4’ values despite exhibiting the highest absolute Eg’
magnitudes across the entire amplitude range.

3.4.3. Lissajous plots

Building upon the previous analysis of elastic modulus derived from
first-order harmonics, in this section further investigated the nonlinear
viscoelastic response by analyzing higher-order harmonic contributions
during large amplitude deformations (Sagis & Fischer, 2014). The sur-
face pressure and deformation relationship was characterized using
Lissajous plots (Fig. 4), where the right and left sides of the y-axis rep-
resented interface compression and expansion, respectively. At 10%
deformation amplitude, all systems exhibited a nearly elliptical Lissa-
jous pattern, demonstrating that the protein-stabilized interfaces
behaved in a linear viscoelastic manner at this amplitude. When the
amplitude increased to 20%, all samples produced broader, asymmetric
curves, revealing enhanced viscous behavior and the emergence of
nonlinear viscoelastic (NLVE) characteristics (Garcia-Moreno et al.,
2021). At 20% and 30% amplitudes, the Lissajous plots exhibited a sharp
increase in surface pressure at the start of expansion (lower left corner of
the plots), indicating higher energy dissipation at this stage. As the
interface continued to expand, the curve slope decreased, suggesting
that the interfacial membrane underwent strain softening (Chutinara
et al., 2024). The results demonstrate that during interfacial expansion,
the droplet surface area continuously increased, leading to a reduction
in interfacial protein concentration and disruption of the interfacial
structure. During compression (upper right corner of the plots), the slope
of the interfacial curve increased with decreasing surface area and rising
interfacial protein concentration, indicating strain hardening at the
interface (Ma et al., 2024). The Lissajous curves generated by CMP
consistently positioned closer to the longitudinal axis compared to those
of MP, indicating that CMP formed stiffer interfacial films.

3.4.4. S-factors
The nonlinear rheological response of interfacial layers was quanti-
tatively evaluated through S-factor analysis, where S = 0 corresponded
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to LVE behavior, S < 0 indicated strain softening, and S > 0 signified
strain hardening (Garcfa-Moreno et al., 2021). During interfacial
expansion (Fig. 5A), all protein-stabilized interfaces exhibited negative
Sext values that became progressively more pronounced with increasing
amplitude, confirming strain-softening behavior. Conversely, compres-
sive deformation (Fig. 5B) produced positive S¢om values across all sys-
tems, clearly demonstrating strain-hardening characteristics. The
amplitude-dependent increase in Scom values reflected enhanced inter-
facial rigidity and a gradual transition toward plastic deformation dur-
ing area reduction, consistent with the Lissajous plot analyses in Fig. 4.

The strain hardening plastic behavior caused emulsion fragmenta-
tion during rapid dispersion processes, while the strain softening effect
facilitated interfacial stretching and emulsion formation (Zhou et al.,
2025). Although CMP formed stiffer interfacial films with stronger
intermolecular interactions, MP-stabilized interfaces exhibited signifi-
cantly greater strain softening during expansion than CMP, indicating
superior interfacial extensibility (Ravera et al., 2021). These findings
suggested that trace amounts of chitin could effectively modulate
oil-water interfacial behavior. This observation was consistent with the
findings of O’Sullivan et al. (2016), demonstrating that residual chitin
could co-adsorb with proteins at the oil-water interface, enhancing
protein affinity for both phases and consequently improving the flexi-
bility of interfacial films and overall emulsification performance.
Notably, WP-stabilized interfaces maintained S-factors approaching
zero across all tested conditions, indicating nearly ideal linear visco-
elastic behavior and exceptional resistance to external deformations
(Schroder et al., 2017). In contrast, SP-stabilized interfaces displayed
marked strain hardening during expansion, reflecting their relatively
brittle character and limited deformability.

3.5. Emulsion properties

3.5.1. Droplet size and {-potential

The emulsification performance of various proteins was systemati-
cally evaluated through the preparation and characterization of oil-in-
water emulsions. Emulsion characterization revealed significant varia-
tions in droplet size distribution (d43) among samples prepared with
0.5% (w/v) protein solutions (Table 2). Both MP and CMP generated
substantially smaller droplets than SP and WP, correlating with their
superior interfacial activity profiles observed in Fig. 2. This correlation
confirmed that proteins exhibiting greater interfacial tension reduction
capacity effectively lowered the energy barrier for emulsion formation,
consequently promoting the generation of finer droplets (Ho et al.,
2022). Interestingly, despite comparable emulsifying activity between
MP and CMP, MP-stabilized emulsions approximately 5% smaller
droplets than CMP. This discrepancy could not be explained by inter-
facial tension variations alone. Additional dilatational rheological
analysis revealed that MP-stabilized interfaces displayed more pro-
nounced strain softening behavior than CMP across all amplitudes,
suggesting a reduced energy requirement for droplet formation in
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Fig. 4. Lissajous plots of oil-water interfaces stabilized by mycoprotein (MP), chitinase-treated mycoprotein (CMP), soy protein (SP) and whey protein (WP).

Amplitude sweeps were set to 10%, 20%, and 30%.
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Fig. 5. S-factors calculated from expansion (A) and compression (B) of oil-water interfaces stabilized by mycoprotein (MP), chitinase-treated mycoprotein (CMP), soy

protein (SP) and whey protein (WP).

Table 2

Droplet size, {-potential, adsorbed protein (%) and interfacial protein concentration of mycoprotein (MP), chitinase-treated MP (CMP), soy protein (SP) and whey

protein (WP) -stabilized emulsions.

MP CMP sp WP

dy3 (pm) 0.70 + 0.08" 0.74 + 0.06" 0.91 + 0.03° 0.88 + 0.05°
¢-potential (mV) -39.81 + 0.57° —36.73 £ 0.03° -32,91 £ 0.31% -41.74 £ 0.29¢
Adsorbed protein (%) 50.13 + 0.19° 51.71 + 1.43° 53.07 + 1.27° 49.27 + 0.93°
I (mg/m?) 1.85 + 0.00¢ 1.95 + 0.03° 2.16 + 0.00° 1.90 £ 0.01°

MP-stabilized emulsions (Zhou et al., 2025). Notably, WP-stabilized
emulsions also exhibited relatively smaller droplet size, which could
be attributed to the remarkable elastic response of WP interfacial films
during deformation. This enhanced elasticity effectively resisted inter-
facial distortion and prevented droplet coalescence (Yang et al., 2024).
These findings collectively demonstrated that emulsion formation
involved not merely simple emulsifier diffusion, but rather complex
interfacial engineering encompassing both adsorption kinetics and film
stabilization mechanisms (Chutinara et al., 2024; Sagis & Fischer,
2014).

The {-potential exhibited a positive correlation with inter-droplet
electrostatic repulsion, where increased surface charge density signifi-
cantly enhanced emulsion stability (Li et al., 2021). As presented in
Table 2, MP-stabilized emulsions exhibited stronger electrostatic stabi-
lization, as evidenced by their more negative {-potential. This observa-
tion could be attributed to conformational changes of MP at the
emulsion interface, which led to the re-exposure of internal charged
groups on the protein surface (Garcfa-Moreno et al., 2021). In contrast,
SP-stabilized emulsions showed no significant change in {-potential
compared to the protein solution. Notably, WP exhibited a marked in-
crease in {-potential to —41.74 mV upon emulsion formation.

3.5.2. Interfacial adsorption of proteins

The adsorbed interfacial layer critically governed emulsion stability
by modulating aggregation resistance and flocculation behavior. As
evidenced in Table 2, CMP-stabilized emulsions demonstrated signifi-
cantly enhanced interfacial adsorption capacity compared to MP. This
improvement likely resulted from chitin removal exposing hydrophobic
domains in protein molecules, which strengthened intermolecular in-
teractions within the interfacial layer and increased its structural density
(Yuan et al., 2013). Additionally, CMP’s substantially higher solubility
enabled more uniform protein distribution at the oil-water interface
(Yang et al., 2024). These combined effects produced a thicker, more
cohesive interfacial layer. WP-stabilized emulsions showed compara-
tively lower protein adsorption, while SP exhibited maximal adsorption

efficiency due to its outstanding solubility. However this excessive
interfacial protein loading formed excessively rigid interfacial films,
ultimately leading to emulsion system instability (Li et al., 2021).

3.5.3. Storage stability

The storage stability of protein-stabilized emulsions was evaluated
through systematic monitoring of droplet size evolution over 30
d (Fig. 6). MP-stabilized emulsions maintained exceptional stability
throughout storage, whereas the CMP-stabilized emulsions showed
progressive droplet size enlargement, indicating pronounced droplet
aggregation and flocculation during the storage period (Li et al., 2021).
This distinct behavior likely stemmed from the significantly higher
surface hydrophobicity of CMP compared to MP. At elevated protein
concentrations, CMP underwent interfacial folding driven by hydro-
phobic interactions, resulting in the internalization of hydrophobic
residues and consequent disruption of oil-phase contact (Xie et al.,
2023). Furthermore, MP-stabilized emulsions demonstrated higher ab-
solute {-potential values than CMP systems, indicating stronger elec-
trostatic repulsion between droplets that effectively suppressed droplet
coalescence (Liu et al., 2022). Complementary dilatational rheology
analysis revealed that MP-interfaces displayed superior strain softening
behavior, demonstrating enhanced interfacial flexibility that effectively
resisted droplet flocculation and rupture during storage (Zhou et al.,
2025). These characteristics collectively contributed to improved
MP-stabilized emulsions stability. In comparison, SP-stabilized in-
terfaces showed pronounced strain hardening in expansion rheology
combined with relatively low absolute ¢-potential, rendering the emul-
sion droplets more susceptible to collision and flocculation, demon-
strated the poorest storage stability (Ravera et al., 2021). Conversely,
WP-stabilized interface exhibited linear viscoelastic behavior even
under large deformations, while the resulting emulsion demonstrated a
high absolute (-potential value. These combined characteristics
endowed the WP-stabilized emulsion with exceptional storage stability
comparable to that of MP (Yang et al., 2024).
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Fig. 6. Droplet size of 0.5% (w/v) emulsions stabilized by mycoprotein (MP), chitinase-treated mycoprotein (CMP), soy protein (SP) and whey protein (WP) during

30 d storage.

3.5.4. pH stability

The pH stability of protein-stabilized emulsions was evaluated by
monitoring droplet size variations across pH 3.0-7.0. As shown in Fig. 7,
emulsion droplet diameters exhibited progressive reduction with
increasing deviation from pH 5.0. Emulsions prepared at pH 4.0-5.0
displayed partial destabilization during storage, in accordance with
previous findings by Liang and Tang (2013). This phenomenon could be
attributed to the fact that most proteins had isoelectric points at pH
4,0-5.0, where their solubility was significantly reduced (Grossmann &
McClements, 2023). When the protein concentration was insufficient to
effectively cover the oil droplet interfaces, attractive interactions be-
tween droplets could induce droplet flocculation (Lian et al., 2023).
Consistent with long-term stability observations, MP-stabilized emul-
sions demonstrated superior pH stability compared to CMP systems. This

A 3046

254

dy;(nm)

phenomenon could be attributed to the electrostatic stabilization pro-
vided by positively charged chitin groups in MP-stabilized emulsions
under acidic conditions, which effectively inhibited oil droplet aggre-
gation. Furthermore, the chitin-protein interactions modulated the
secondary structure of proteins and enhanced interfacial binding affin-
ity, resulting in superior interfacial elastic behavior that effectively
mitigated pH-induced destabilization (Yahyaei et al., 2018). Consistent
with the above findings, Lv et al. (2023) demonstrated that O/W Pick-
ering emulsions fabricated with chitin additives exhibited remarkable
stability across a broad pH range. Moreover, SP-stabilized emulsions
demonstrated superior pH stability compared to CMP, while showing
comparable performance to MP. This phenomenon was primarily
attributed to the alkaline extraction-isoelectric precipitation process
employed in the preparation of MP, CMP, and SP. The process induced

B

CMP

pH 3.0

pH4.0 pH 5.0 pH60 pHT7.0

Fig. 7. (A) Droplet size of 0.5% (w/v) emulsions stabilized by mycoprotein (MP), chitinase-treated MP (CMP), soy protein (SP), and whey protein (WP) at pH

3.0-7.0. (B) Visual appearance of the corresponding emulsions at pH 3.0-7.0.
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conformational changes of proteins ultimately compromised the pH
stability of the protein-stabilized emulsions (Jiang et al., 2010). while
WP maintained optimal stability due to its disulfide-rich structure that
preserved conformational integrity near the isoelectric region (Schroder
et al., 2017).

4. Conclusions

This study focused on evaluating the effects of residual chitin in MP
on protein interfacial properties and emulsification potential.
Comparing MP with chitinase-treated CMP revealed that chitin removal
significantly enhanced both protein solubility and surface hydropho-
bicity. Further interfacial engineering analysis demonstrated that MP
and CMP exhibited superior adsorption kinetics compared to conven-
tional SP and WP, achieving interfacial tension reductions of 10.34 mN/
m and 9.30 mN/m, respectively. Moreover, interfacial dilatational
rheology characterization indicated that MP formed more deformation-
resistant interfacial films, with Lissajous plot analysis and S-factor
quantification confirming its exceptional strain softening behavior and
enhanced film extensibility. Emulsion stability tests demonstrated that
MP- and CMP-stabilized emulsions possessed significantly smaller
droplet sizes than SP- and WP-stabilized emulsions, with MP showing
superior stability to CMP. This study systematically investigated the
application of Fusarium venenatum mycoprotein in food emulsion sys-
tems, providing practical guidance for its use as an alternative to con-
ventional protein emulsifiers. The findings establish a fundamental basis
for advancing mycoprotein utilization in the food industry, particularly
in the development of next-generation functional food products.
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