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Hybrid processed cheese analogues (HPCAs) containing either mung bean (MPI) or hemp protein (HPI) with
rennet casein (RC) at various ratios were prepared and analysed to understand their spatial and microstructural
distribution and related physical properties, such as rheological properties, texture profile, meltability, and
stretchability. In addition, protein composition and secondary protein structure were studied using SDS-PAGE
and FTIR spectroscopy, while CLSM and TEM were employed to visualise the microstructure of the cheese
matrix. Results indicated that plant protein types and concentration significantly affected the physical properties
and microstructure of HPCAs. The addition of 30 % or more plant protein altered the physical and textural
properties as well as the microstructure of the cheese analogues, with a decrease in f-sheet content and an in-
crease in random coil structures. Mung bean protein-based HPCAs exhibit greater stretchability (e.g. 93.8 mm in
30 % MPI vs 41.53 mm in 30 % HPI), rheological, and textural properties, but not meltability (e.g. 1 % in 70 %
MPI vs 48 % in 70 % HPI), compared with the hemp protein system at the same mixing ratios. This difference can
be attributed to the size of the plant protein aggregation. All data were analysed by one-way ANOVA with
Tukey’s test (p < 0.05). These findings deepen our understanding of plant protein-based and hybrid cheeses,
paving the way for optimised plant-based dairy alternatives.

1. Introduction

Processed cheese is a type of cheese manufactured by blending nat-
ural cheeses with emulsifying salts and other ingredients to enhance its
melting properties, shelf life and flavour (McSweeney et al., 2017). They
are extensively used in various culinary applications such as pizza,
sauces and grilled cheese sandwiches (Dobson & Marangoni, 2023;
Grasso et al., 2021). Recently, plant proteins have garnered considerable
attention as consumers seek alternatives to dairy products. However,
designing plant-based cheese products that match traditional milk-based
cheeses presents substantial challenges (Grossmann & McClements,
2021), particularly in achieving the desired texture, meltability and
flavour.

Processed plant-based cheese analogues in the market are made from
non-dairy ingredients and primarily produced from polysaccharides
(especially starches), vegetable oil (e.g. coconut, coca, and palm oils),

minor fractions of plant protein (e.g. legume, nut, and seed proteins),
salt (e.g. sodium citrate), texturiser (e.g. xanthan gum, agar, and alginic
acid), and acidulant (e.g. acetic acid, citric acid, and lactic acid)
(Grossmann & McClements, 2021; Kovacevic et al., 2024). Commer-
cially, numerous plant-based cheese formulations considerably rely on
non-protein ingredients, such as starch and coconut oil, to provide
structure and functionality to the final product, rather than protein,
sacrificing the nutritional value (Grasso et al., 2021, 2022).

Blending plant proteins with dairy proteins offers a potential solution
to maintain functional attributes and provide diverse nutritional values.
In addition, interest in research on plant proteins and their functional
contributions to hybrid cheeses and cheese analogues have significantly
increased in recent years (Zhang et al., 2024). Soy and pea proteins are
the most commonly used ingredients for developing plant-milk protein
hybrid cheeses analogues (Farahmandfar et al., 2011; Mazinani et al.,
2020; Omrani Khiabanian et al., 2020; Rinaldoni et al., 2014). Recently,
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Table 1
Protein, fat, and moisture contents of processed hybrid cheese analogues.
MPI100 MPI70 MPI50 MPI30 HPI100 HPI70 HPI50 HPI30 RC100
Protein (%, w/w) 18 18 18 18 18 18 18 18 18
Mung bean protein (%) 18 12.6 9 5.4 0 0 0 0 0
Hemp protein (%) 0 0 0 0 18 12.6 9 5.4 0
Rennet casein (%) 0 5.4 9 12.6 0 5.4 9 12.6 18
Fat (%, w/w) 20 20 20 20 20 20 20 20 20
Moisture (%) 42.8% 42,9% 42,224 43.4° 39.7° 40.7% 40.7% 42,624 40.3b¢¢

Values within a row not sharing a common superscript differ significantly (p < 0.05). The standard deviation of moisture values are less than 0.01. Ratios: MPI/HPI100
(100 % plant protein), MPI/HPI70 (70 % plant protein, 30 % rennet casein), MPI/HPI50 (50 % plant protein, 50 % rennet casein), MPI/HPI30 (30 % plant protein, 70

% rennet casein), RC100 (100 % rennet casein).

researchers have also explored the use of other plant proteins, such as
faba, chickpea, lentil and mung bean proteins, as alternatives owing to
their commercial availability and nutritional and functional properties
(Garcia-Fontanals et al., 2023; Moradi et al., 2021; Rodrigues et al.,
2021; Seleet et al., 2014; Tojan, 2021). For instance, Rodrigues et al.
(2021) concluded that up to 25 % of milk proteins in cream cheese can
be replaced with pulse proteins without significantly altering the overall
composition and characteristics of the final product. A higher proportion
of plant protein in hybrid cheese resulted in a weaker structure, poorer
texture and a more open network than milk-based cheeses (Mazinani
etal., 2020, 2021; Moradi et al., 2021). Although these studies highlight
the effects of plant protein substitution on the final cheese properties,
they do not provide insight into the underlying structural and physico-
chemical changes occurring within the cheese matrix at the microscopic
level.

In this study, mung bean protein and hemp protein were selected to
mix with rennet casein (RC) at various ratios to development hybrid
processed cheese analogues (HPCAS), based on prior trial evaluating
various plant proteins in processed cheese analogues (Lu et al., 2025).
Results demonstrated differences in rheological, microstructural, and
textural properties, with hemp protein showing higher scores (closer to
rennet casein cheese, which scored 1) than mung bean protein. A
separate pre-trial also confirmed differences in disulphide bond content
and particle sizes between mung bean and hemp proteins
(Supplementary Fig. S1 and Table S1), making it interesting to explore
how these differences influence their interactions with caseins in the
cheese matrix.

Mung beans contain about 25 %-28 % protein, and major proteins
are globulins, which constitute 60 % of total protein (Li et al., 2023). The
functional properties of mung bean protein are comparable to soybean
protein, indicating similar surface hydrophobicity (Itoh et al., 2006;
Mendoza et al.,, 2001; Tang & Sun, 2010; Yi-Shen et al., 2018). In
addition, mung bean proteins are rich in vicilin-type proteins, which
lack sulphur-containing amino acids. This affects their functional
properties, such as gelation and protein network stability, by limiting
disulphide bond formation (S. Shrestha et al., 2023). Hemp seeds
contain around 25 % protein, comprising about 20 %-30 % albumin and
60 %-80 % globulins (edestin) (Chen et al., 2023; Xu et al., 2021). RC s
commonly used in processed cheese (Noronha, Duggan, Ziegler,
O’Riordan, & O’Sullivan, 2008; Noronha, Duggan, Ziegler, Stapleton,
et al., 2008; Ye et al., 2009b; Ye & Hewitt, 2009a), which forms a
continuous hydrated matrix, stabilising the oil-in-water interface by
acting as an emulsifier. Emulsifying salts are added to the mixture to
ensure adequate casein hydration and allow casein to emulsify the fat.
Replacing RC with plant protein may change texture, rheological, and
melting properties (Orskov et al., 2021). A previous study explored
replacing 30 % of milk with mung bean protein to develop cottage
cheese (Tojan et al., 2024), finding that it reduced texture properties
such as hardness and cohesiveness while increasing elasticity. However,
it did not investigate the effects of varying substitution ratios on texture,
microstructure and key functionality, particularly meltability and
stretchability.

This study aimed to understand the spatial and microstructural

distribution of mung bean and hemp proteins in hybrid cheese systems
to gain insights into their interactions with RC and how microstructure
affects cheese functionality. We hypothesize that the structure and
functionality of these hybrid cheese systems differ due to the distinct
properties and interactions of mung bean and hemp proteins with RC. To
achieve this, we compared the protein composition and structure,
rheological properties, microstructure, texture, meltability and stretch-
ability between mung bean protein-based and hemp protein-based
hybrid cheese systems. This will allow the optimisation of plant pro-
tein blends and have implications for modifying plant proteins to
enhance their texture and physicochemical properties, tailoring them
for specific applications in cheese products.

2. Materials and methods
2.1. Materials

Rennet casein (RC; SureProteinTM 779) containing 82 % protein was
applied as milk protein and was obtained from Fonterra Co-operative
Group Ltd., New Zealand. Mung bean protein isolate (85 %; MPI)
were purchased from Bulk Powders New Zealand. Hemp protein isolate
(70 %; HPI) and virgin coconut oil were purchased from Davis Trading
Company, New Zealand. All chemicals used were of analytical grade and
were obtained from Sigma Chemical Co., unless otherwise specified.

2.2. Preparation of HPCAs

HPCAs were made by mixing mung bean protein or hemp protein
with RC at different mass ratios, namely, 100:0, 70:30, 50:50, 30:70, and
0:100, based on the total protein content. Each formulation was adjusted
to a total sample mass of 30 g, with a final protein concentration of 18 %
(w/w) on a wet basis. The formulation used was previously described by
Ye et al.’s (2009b) study, with some modifications. Specifically, the
formulation contained 18 % protein, 20 % coconut oil, 0.5 % sodium
chloride, 0.5 % calcium sulphate, 0.1 % potassium sorbate, 2.8 % tri-
sodium citrate, and water on a weight ratio basis. Subsequently, citric
acid was added to control the pH of all samples around 5.4. To achieve
an 18 % protein concentration, the protein powder amount was adjusted
to accommodate variations in protein content among different sources.
HPCAs were prepared using a Rapid Visco Analyser (RVA-4; Newport
Scientific Pty Ltd, Warriewood, NSW, Australia). HPCAs samples of 30 g
were prepared in an aluminium cell fit with a polycarbonate paddle (Lu
et al., 2025). All dry ingredients and oil were manually blended with
water for 5 min and then hydrated for 1 h at room temperature in an
aluminium cell. The mixture was loaded onto the RVA instrument and
processed as follows: equilibration at 50 °C, followed by heating to 90
over 4 min, maintaining at 90 °C for 10 min. The sample was then cooled
to 50 °C at a rate of 0.2 °C/s, mixing at 300 rpm from heating to cooling
stages. The HPCAs developed were named as HPI100, HPI70, HPI5O,
HPI30, MPI100, MPI70, MPI50, MPI30, and RC100. For example,
HPI100 contains only hemp protein, while HPI70 contains 70 % hemp
protein and 30 % RC, and so on. All samples with protein, fat, and
moisture ratios are shown in Table 1. All samples were prepared in
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different sizes for various types of analysis and stored at 4 °C for further
use.

2.3. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE)

SDS-PAGE was used to characterise the protein profiles of the
HPCAs, under reducing and non-reducing conditions. HPCAs include
samples containing plant protein and rennet casein in the following
ratios: 100:0, 90:10, 80:20, 70:30, 50:50, 30:70, 20:80, 10:90, and
0:100. Each cheese sample was prepared in a sample buffer (5.55 mg/
mL) containing 0.5 M Tris-HCl, pH 6.8, 2 % (w/v) SDS, 150 mL/L
glycerol, 0.0025 % (w/v) bromophenol blue, and 5 % (v/v) 2-mercap-
toethanol only in the case of reducing conditions. Subsequently, the
sample was boiled for 10 min and cooled at room temperature. Each well
of the gel with a 16 % resolving gel and 4 % stacking gel was loaded with
5 pL of the sample containing 0.1 % (w/w) of proteins or molecular
weight markers (Catalog # 161-0377, Bio-Rad, USA). A PowerPac Basic
(Bio-Rad, USA) was used to conduct electrophoresis at a constant
voltage of 150 V in a tris-glycine running buffer (0.025 M Tris, 0.192 M
glycine and0.1 % (w/v) SDS). After electrophoresis, the gels were
stained with Coomassie Brilliant Blue R-250 staining solution (Bio-Rad,
USA) for 3 h, followed by destaining with a 10 % isopropanol/glacial
acetic acid solution overnight using a shaker (OM6, RATEK, Australia)
(Beghdadi et al., 2022; Hu et al., 2023).

2.4. Dynamic rheological analysis

Rheological properties were measured using a stress-controlled
rheometer (Physica MCR 302, Anton Paar, Austria) equipped with a
20 mm diameter parallel plate with a 2.0 mm gap. HPCAs were removed
from the aluminium cell and then rolled into a slice (cheese slice) with a
uniform thickness of approximately 2.2 mm. Cheese slices were care-
fully cut into 20 mm diameter discs using a cylindrical cutter and
equilibrated at room temperature in a plastic bag for 1 h before the
experiment. The cheese discs were placed on the surface of the lower
plate. The upper serrated plate (parallel plate) was lowered until it
reached a 2 mm gap distance, and the sample was trimmed and left to
rest for 15 min in the rheometer. Meanwhile, the exposed edge of the
samples was coated with a thin layer of mineral oil to minimize moisture
loss during the measurement. The linear viscoelastic range was obtained
by conducting an amplitude sweep at 1 Hz as the percentage of strain
values varied from 0.01 % to 100 %. Subsequently, the linear region was
selected (0.5 % of strain amplitude), and a frequency sweep was con-
ducted at 20 °C with the frequency varying from 0.01 to 10 Hz. This was
followed by a temperature sweep at a constant frequency of 1 Hz and a
constant strain amplitude of 0.5 %. In addition, the temperature was
increased from 20 °C to 90 °C at 3 °C/min using a Peltier heating
element. Moreover, the storage modulus (G'), loss modulus (G"), and loss
tangent (tan §) were determined.

2.5. Microstructure

Confocal laser scanning microscopy (CLSM) and transmission elec-
tron microscopy (TEM) analyses were conducted at the Manawatu Mi-
croscopy and Imaging Centre (Massey University, Palmerston North,
New Zealand).

2.5.1. CLSM

Microstructural analysis of HPCAs prepared using RVA was con-
ducted using a Confocal Laser Scanning Microscope (ZEISS LSM 900,
Germany). Fresh cheese samples prepared using RVA were cut into thin
layers and stained with a fluorescent dye solution containing 1 % Nile
Red (1 mg/ml in acetone), which stains the fat phase, and 1 % Fast Green
FCF (1 mg/ml in Milli-Q water), which stains the protein phase, for 10
min before imaging. Fast Green FCF and Nile Red were excited with
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He-Ne laser at 633 nm and argon laser at 488 nm, respectively (Auty
et al., 2001; Gallier et al., 2012). Representative images are reported,
which were captured using a 20 x objective lens.

2.5.2. TEM

HPCAs were examined using TEM. The samples were first sliced into
small cubes (1 mm x 1 mm x 1 mm) and embedded in 3 % agarose.
According to Li et al. (2021), the samples were placed in 3 % glutaral-
dehyde in 0.1 M sodium cacodylate (pH 7.2) for at least 24 h. Subse-
quently, the samples were washed in buffer and dehydrated using a
graded acetone series. Finally, the samples were embedded in moulds
with fresh resin and cured in a 60 °C oven for 48 h. Light microscope
sections (1 mm) were cut using a glass knife on an ultramicrotome (Leica
EM UC7, Germany) and heat-fixed onto glass slides. These sections were
stained with 0.05 % toluidine blue and viewed under a light microscope.
Thin sections (around 100 nm) were cut using a diamond knife,
stretched with chloroform, and mounted on grids using a Coat-Quick ‘G’
pen (Daido Sangyo, Japan). Afterward, the grids were stained and
washed and then stained with lead citrate, followed by another wash
using Milli-Q water. The samples were imaged with a Tecnai G2 Spirit
BioTWIN (FEI Company, Czech Republic) paired with a Veleta TEM
camera (Olympus SIS, Germany).

2.6. Texture profile analysis (TPA)

TPA was conducted using TAXT.plus (Stable Micro Systems Ltd.,
Godalming, Surrey, UK). Cheese samples prepared using the RVA (sec-
tion 2.2) were transferred to moulds and stored at 4 °C. Afterward, the
cheese samples were cut into cylinders with a height of 20 mm and a
diameter of 15 mm for the analysis. A 50 mm compression cylinder
probe (P/50) attached to a 50 kg load cell was utilised for all TPA
measurements. Two compression-decompression cycles were conducted
with a pre-test speed of 1.00 mm/s, test speed of 5.00 mm/s, and post-
test speed of 5.00 mm/s to compress the cheese sample to 75 % of its
initial height. TPA parameters were measured as hardness, springiness,
cohesiveness, chewiness, and resilience. The standard deviation of the
results was calculated.

2.7. Meltability and stretchability

The meltability of HPCAs prepared with RVA was measured using a
modified Schreiber melt test (Kosikowski, 1977). Cheese samples were
rolled into slices with a uniform thickness of approximately 5 mm and
30 mm in diameter, placed on glass Petri dishes, and heated in an oven at
170 °C for 10 min. Radius of expansion in four directions (0°, 90°, 180°,
and 270°) was measured after cooling to 20 °C. The melt index was the
average value of the four radius readings.

A stretchability test was conducted using a TA-HD plus Texture
analyser (Stable Micro Systems Ltd., Godalming, Surrey, UK) with a
modified cheese stretchability rig, which included an in-house built post
hook and a base pot (Supplementary Fig. S2). HPCAs were prepared
using the formulation discussed in section 2.2 but heated in a water bath
at 90 °C for 10 min at 300 rpm, allowing for the production of a large
sample size. The samples (150 g) were weighed and evenly distributed in
the pot. Subsequently, the base pot and post hook with the cheese
sample were heated in the oven at 95 °C for 15 min. To minimize drying
during heating, the cheese was covered with aluminium foil. Moreover,
the hook-sample—pot assembly was placed on TA, and a thermometer
(temperature probe) was inserted into the cheese. Once the temperature
reached 60 °C, the test was initiated by pulling the hook out of the
melted sample. The test speed and distance were set to 10 mm/s and
200 mm, respectively.
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Fig. 1. SDS-PAGE profile of hybrid processed cheese analogues (HPCAs) made with mung bean protein (MPI) (A) or hemp protein (HPI) (B) and rennet casein (RC) at
varying ratios. Ratios: MPI/HPI100 (100 % plant protein), MPI/HPI70 (70 % plant protein, 30 % rennet casein), MPI/HPI50 (50 % plant protein, 50 % rennet casein),
MPI/HPI30 (30 % plant protein, 70 % rennet casein), RC100 (100 % rennet casein). The samples were prepared under reducing (R) and non-reducing (NR) con-
ditions. Molecular weight marker in kDa; os1-CN: ag;-casein; aso-CN: agp-casein; f-CN: p-Casein; k-CN: k-Casein.

2.8. Analysing protein structure with Fourier transform infrared (FTIR)
spectroscopy

Protein structure changes in HPCAs with different plant protein to
rennet casein ratios were evaluated via FTIR spectroscopy(Gawat et al.,
2024; Salgado et al., 2023). Cheese samples were cut into thin layers
before being placed directly on the crystal and pressed down onto it. The
analysis was conducted using a Nicolet™ iS™ 5 FTIR Spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with an iD7 ATR
accessory (Thermo Fisher Scientific Inc., Waltham, MA, USA). The scan
was conducted between 4000 and 450 cm—1 with a resolution of 2

em™!. The background spectrum was initially obtained and

automatically subtracted from every acquisition and was reset after
scanning for 1 h. For each sample spectrum, 32 scans were accumulated
and averaged.

The deconvolution of the amide I region (1600 and 1700 cm~ 1) was
done for further quantitative analysis. First, each spectrum was pro-
cessed for baseline correction and smoothed using a 25-point Savitzky-
Golay filter with a second-order polynomial to improve the signal-to-
noise ratio in Origin® software (2021b). Next, automatic peak fitting
was conducted using the second derivative, and subsequent peak fitting
was done using the Gaussian assumption implemented in the Peakfit
4.12 software (Systat Software, Inc., CA, USA). The resulting peaks after
deconvolution were identified based on known IR spectral data for
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Fig. 2. Rheological properties of hybrid cheese analogues made with mung bean protein (MPI) or hemp protein (HPI) and rennet casein at varying ratios. Storage
modulus (G") and loss modulus (G") vs. frequency at 20 °C, y = 0.5 % (A, B). G’ (C, D) and tan § (E, F) vs. temperature (o = 1 Hz, y = 0.5 %). Ratios: MPI/HPI100 (100
% plant protein), MPI/HPI70 (70 % plant protein, 30 % rennet casein), MPI/HPI50 (50 % plant protein, 50 % rennet casein), MPI/HPI30 (30 % plant protein, 70 %
rennet casein), RC100 (100 % rennet casein).

protein secondary structures. Several iterations were conducted until
the fit converged with a final fitting curve that achieved a corrected R>
> 0.99. Finally, the area under each peak was evaluated against the total
area and expressed as a percentage. Reported values for p-sheet and
B-turns are accumulated values of more than one peak.

2.9. Statistical analysis

All experiments were performed in triplicate (unless otherwise

specified). Results are reported as mean

values and standard deviations.

To identify differences between HPCAs formulations, the data were
subjected to one-way ANOVA analysis using SPSS, followed by Tukey’s

comparison difference. Differences were
of p < 0.05.

considered significant at a level
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3. Results and discussion
3.1. Protein composition

The major protein constituents of HPCAs were identified using
SDS-PAGE. The mung bean protein-based cheese sample (MPI100)
exhibited SDS-PAGE bands with molecular weights ranging from 80 to
26 kDa, with no major distinctions between PAGEs under reducing and
non-reducing conditions (Fig. 1A). Bands at ~60, 48, 28 and 25 kDa,
corresponding to sub-units of vicilin-like globulin, remained unchanged
under reducing conditions (lane 1 & 2, Fig. 1A). This is consistent with
reports indicating that 8S vicilin, which lacks disulphide bonds, contains
89 % protein and no sulphur-containing amino acids (Shrestha et al.,
2023; Yi-Shen et al., 2018). However, this study did not observe the 7S
(~16 and ~28 kDa) and 11S (~24 and ~40 kDa) subunits, likely owing
to differences in mung bean protein variety and isolation methods
compared to previous reports. For casein cheese (RC100, lane 10 & 11),
ag1-and B-caseins were observed as the two most predominant protein
bands in both non-reducing and reducing conditions, while og-and
k-caseins presented as two faint bands. For cheese samples made by
blending MPI and RC, all proteins from both MPI and RC were observed
in both the PAGEs under reducing and non-reducing conditions, indi-
cating no complexation between the caseins and mung bean protein.
This is consistent with the study results of Beghdadi et al. (2022), who
found that co-heating casein with pea proteins (7.5:2.5) did not result in
interaction between the two, because no new complexes were observed
in SDS-PAGE. Instead, the pea protein formed its own gel at a low pH,
acting as a ‘space-filling gel’ within the casein gel.

Hemp protein comprises ~20 %-30 % albumin and 60 %-80 %
edestin (globulin) (Chen et al., 2023; Xu et al., 2021). Edestin is further
divided into 7s and 11s protein fractions (Fig. 1B). In non-reducing
SDS-PAGE, a band around 54 kDa was attributed to the edestin mono-
mer, which disappeared under reducing conditions owing to the cleav-
age of disulphide bonds, resulting in three distinct bands at ~34, ~21,
and ~18 kDa for the acidic and the basic sub-units (Do et al., 2024).
Meanwhile, a band around 48 kDa was associated with the 7s globulin
sub-unit, with little effects under reducing conditions. In cheese samples
made by mixing HPI with RC, for instance, under non-reducing condi-
tions, a thick band at 54 kDa was observed in HPI50 (lane 6, Fig. 1B),
and both p-casein and og;-casein were also observed. However, the band
intensities of ag-casein and agp-casein were weaker than that in reducing
PAGE. The observed decrease in oy -casein and agr-casein band in-
tensities in non-reducing conditions may indicate potential interactions
between agp-casein and HPI proteins. In addition, the reduction of the
as1-casein and ogr-casein band intensities was not observed in case of
MPI-based hybrid cheese samples under non-reducing conditions
(Fig. 1A) further suggested the potential interactions between ogy-casein
and HPI proteins. Given that age-casein contains two disulphide bonds, it
is hypothesized that disulphide linkages could form between agp-casein
and HPI. However, under reducing conditions, the ogy-casein band
became less distinguishable, likely due to overlap with the acidic sub-
unit of HPI Preliminary results suggest a potential interaction between
as1-casein, ago-casein, and HPI, the exact nature of these interactions via
disulphide bond exchange or non-covalent association requires further
investigation.

3.2. Rheological properties of HPCAs

3.2.1. Frequency sweep

A frequency sweep test was performed on HPCAs over a range of
angular frequencies (0.01-10 Hz) within the linear viscoelastic region
(0.5 % strain level). Parameters of interest are the storage modulus (G")
and loss modulus (G"), which respectively characterise the elastic (solid-
like) and viscous (liquid-like) components of cheese response to defor-
mation. Fig. 2A and B demonstrate that all cheese samples exhibited
more elastic-like behaviour, as G' was higher than G" throughout the
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tested frequency range.

In the mung bean protein-based HPCAs (Fig. 2A), MPI exhibited the
highest G’ values and was relatively independent of frequency changes,
indicating superior elastic properties and a more rigid structure. In
addition, the lower frequency dependence suggests that non-covalent
bonds, such as hydrophobic interactions and hydrogen bonds, might
control the gel network (Zhu et al., 2021). By contrast, RC100 cheese
had lower G’ and G” values and tended to be more frequency-dependent,
indicating a more dynamic protein network. Mixing mung bean protein
with casein at different ratios resulted in a weaker gel with a less inte-
grated network, as observed by the lower G values at 0.01 Hz compared
with MPI100 and RC100. With increasing frequency, the G' and G”
values of MPI70, MPI50, and MPI30 increased, likely owing to the
re-organisation of protein networks under stress. Similar observations
were found in hemp protein-based hybrid cheese samples (Fig. 2B).
HPI100 cheese was less frequency-dependent than RC100 cheese, and
mixtures of hemp protein and RC exhibited weaker networks, likely
owing to the incomplete integration of the two proteins. In addition,
HPI100 cheese was less stiff than MPI100 owing to significantly lower G’
values. The G' and G” values of HPI70 were more similar to HPI100 than
RC100, indicating that hemp protein more strongly influences the
structure of the hybrid cheese at a 70 % concentration, whereas MPI170
showed a similar trend to RC100. This observation indicates that hemp
protein is more disruptive to the casein-casein interactions than mung
bean protein.

Rheological results of the present study are consistent with those of
several previous studies on the effects of plant proteins on rheological
properties of plant protein hybrid cheeses or plant protein—casein mix-
tures (Beghdadi et al., 2022; Beliciu & Moraru, 2011; Li et al., 2018;
Silva et al., 2019a; Zhang et al., 2024). These studies concluded that
casein and plant proteins did not co-aggregate in the mixtures during
heating, and that each type of protein formed its own independent
network with G' and G decrease, indicating a weaker structure in mixed
system.

3.2.2. Temperature sweep

When cheese is heated, there is a dramatic decrease in the total
number and strength of bonds in the cheese matrix owing to the
shrinkage of the para-casein network (Fox et al., 2017a). This is indi-
cated by the decrease in G’ and G” (Fig. 2C and D) and the increase in tan
8 (G"/G) (Fig. 2E and F). Cheese samples with a tan § < 1 exhibit solid
behaviour, while those with a tan & > 1 exhibit more liquid-like
behaviour. The transition of cheese from solid to liquid (tan & = 1) oc-
curs at a specific temperature, known as the transition temperature. In
the initial heating segment, all samples exhibit an increase in tan & to
~25 °C, which is consistent with the melting of coconut oil (Dobson &
Marangoni, 2023) (Fig. 2E and F). Neither mung bean nor hemp
protein-based cheeses (MPI100, MPI70, HPI100, HPI70 and HPI50)
exhibited significant softening as the temperature increased to 90 °C,
maintaining tan § values at <1 (G' > G"). This indicates that plant pro-
tein did not exhibit softening and viscous behaviour with increasing
temperature. Moreover, the addition of plant protein to cheese reduced
tan 8, suggesting that plant proteins disrupted casein-casein in-
teractions. The transition temperature and tan & values increased with
increasing levels of RC. For instance, MPI50 and MPI30 had transition
temperatures at 45 °C, and RC100 transitioned at 55 °C. In addition, tan
§ values peaked at 50 °C, 65 °C and 82 °C with values of 1, 1.4 and 1.7,
respectively, indicating enhanced formation of the casein-casein
network, which corresponds with other findings in the literature for
commercially processed cheese (Dobson & Marangoni, 2023; Noronha,
Duggan, Ziegler, O’Riordan, & O’Sullivan, 2008). After reaching the
peak temperature, tan & decreased, likely owing to increased
hydrophobic-induced protein interactions (Bryant & McClements,
1998).

When the same amount of hemp or mung bean protein was mixed
with casein protein (i.e., MPI50 vs. HPI50, MPI30 vs. HPI30), the tan 8
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Fig. 3. Representative CLSM (A) and TEM (B) images of mung bean protein (MPI) and hemp protein-based (HPI) hybrid processed cheese analogues. Fat in red and
protein in green in CLSM. MPI100: 100 % mung bean protein in cheese (1); MPI70: 70 % mung bean protein, 30 % rennet casein (2); MPI50: 50 % mung bean protein,
50 % rennet casein (3); MPI30: 30 % mung bean protein, 70 % rennet casein (4); RC100: 100 % rennet casein (5); HPI100: 100 % hemp protein in cheese (6); HPI70:
70 % hemp protein, 30 % rennet casein (7); HPI50: 50 % hemp protein, 50 % rennet casein (8); HPI30: 30 % hemp protein, 70 % rennet casein (9). CLSM images scale

bars = 50 pm and TEM images scale bars = 5 pm.

values were higher in the mung bean protein-based hybrid cheese. This
indicates that a stronger casein-casein network was formed in the mung
bean protein system. In other words, hemp protein disrupted the casein-
casein interactions more significantly than mung bean protein. Inter-
estingly, G’ values of HPI70 and HPI50 exhibited different behaviour
than other cheese samples (Fig. 2D). These samples indicate a distinct
decrease in G’ and G’ (data not shown) from 20 °C to ~40 °C, followed
by an increase in both moduli up to ~60 °C, suggesting network
restructuring or protein-protein interactions, and the formation of a
more structured yet flexible network. After 60 °C, the moduli plateaued,
indicating the formation of a stable structure. However, in the case of
HPI30, the low concentration of hemp protein limits its ability to
interact with casein. As a result, casein had a more dominant influence,
contributing to the gradual decrease in G’ with increasing temperature,
without the same network re-structuring observed at high hemp protein

concentrations. The hypothesis suggests that the presence of disulphide
bonds in hemp protein, rather than in mung bean protein, may facilitate
interactions with casein as the temperature increases. This is supported
by evidence that heating above a critical unfolding temperature en-
hances the accessibility of buried thiol (-SH) groups, thereby promoting
the formation of intermolecular disulphide bonds (Dapcevi¢-Hadnadev
et al., 2018). These results aligned with SDS-PAGE results of a possible
interaction between HPI with agy-casein.

3.3. Microstructure

CLSM analysis was applied to understand protein and lipid distri-
butions within the microstructure of HPCAs (Fig. 3A). In general, the
addition of plant proteins to the cheese formulation led to a heteroge-
neous microstructure, wherein the proteins formed aggregates with a
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Table 2
Textural profile of processed hybrid cheese analogues.
MPI100 MPI70 MPI50 MPI30 HPI100 HPI70 HPI50 HPI30 RC100
Hardness 806.68% + 53.87 649.72" + 51.49 396.98¢ + 21.62 371.69° + 30.90 297.71¢ £ 27.7 89.644 + 9.02 n/a n/a 821.79% + 22.00
Springiness 0.38% £+ 0.04 0.27* £ 0.12 0.28 * £ 0.02 0.30% £ 0.03 0.28% £ 0.02 0.35% £ 0.05 n/a n/a 0.65" + 0.03
Cohesiveness 0.05* £+ 0.01 0.32" + 0.05 0.63° + 0.03 0.75¢ £ 0.02 0.53" + 0.10 0.73¢ £ 0.02 n/a n/a 0.69° + 0.01
Chewiness 14.38% £ 3.45 54.92%" 4 10.33 68.79° + 5.21 83.91° + 14.50 41.67* + 6.30 23.46 + 4.93 n/a n/a 370.58¢ + 10.60
Resilience 0.03? 0.09% + 0.02 0.22° + 0.01 0.27° + 0.01 0.18+0.05  0.19°+0.02 n/a n/a 0.27°

Values within a row not sharing a common superscript differ significantly (p < 0.05). Ratios: MPI/HPI100 (100 % plant protein), MPI/HPI70 (70 % plant protein, 30 %
rennet casein), MPI/HPI50 (50 % plant protein, 50 % rennet casein), MPI/HPI30 (30 % plant prtein, 70 % rennet casein), RC100 (100 % rennet casein).

non-continuous network (e.g., MPI100, HPI100) with large pools of fat
separated from the protein, suggesting that plant proteins may
contribute to weaker fat-protein interactions compared to casein. The
microstructure differed from the commercial starch-dominated plant-
based cheeses observed by Grasso et al. (2021), wherein the distribution
of fat globules had a generally spherical shape, stabilised by other hy-
drocolloids. Similarly, the addition of plant protein to starch-based
cheese  presented protein  aggregates/clusters that  were
non-homogeneously distributed within the cheese network. With the
increasing ratio of RC in the cheese matrix, more fat pools broke down
into spherical fat droplets and were trapped in the casein network,
resulting in a more continuous cheese network, in agreement with the
observation of commercially processed cheeses (Grasso et al., 2021;
Ramel & Marangoni, 2017).

Mung bean protein tended to form large, deflated sphere particles
ranging from 10 to 100 pm, resulting in a coarse, rough, and granular
structure (Fig. 3A (1)). When combined with casein, mung bean protein
disrupted the formation of the casein network, especially at high protein
levels (e.g. Fig. 3A (2)). This disruption resulted in a non-continuous
casein structure and a cheese matrix predominantly composed of
mung bean protein. Consequently, fragmented sections of the casein
network filled the gaps where the mung bean protein was not inter-
connected. When HPCAs comprised >50 % RC, the cheese network
shifted from being dominated by mung bean protein to casein. Casein
prevented the mung bean protein particles from clustering, with mung
bean protein particles acting as a filler.

Hemp protein tended to form smaller, denser, and more evenly
distributed particles ranging from 1 to 50 pm (Fig. 3A (6)). Similar to
mung bean protein, HPCAs at high levels of hemp protein, the cheese
matrix primarily comprised hemp protein (e.g. Fig. 3A (7)). A more
continuous and smooth casein network was formed with 70 % RC in
HPCAs (Fig. 3A (9)). Notably, hemp protein disrupted the casein
network more than mung bean protein owing to more hemp protein
particles being dispersed in the cheese matrix.

TEM was also applied to provide high-resolution imaging for
observing cheese microstructure (Fig. 3B). The micrograph of MPI100
demonstrated a large circular structure (around 30 pm), which is also
seen by CLSM (Fig. 3B (1)). The particles were present as individual
particles and merged into larger agglomerates (Loveday & Halim, 2024).
After adding RC, a distinct boundary was observed between MPI (darker
grey) and RC (lighter grey), indicating little or no interaction with
casein. In addition, numerous fat droplets with a more homogenous
distribution were observed in the casein network rather than in MPI100.
Moreover, casein and fat droplets were observed in the hollow part of
the MPI aggregation (e.g. MPI30).

TEM micrograph of HPI100 appeared to have a more fragmented and
heterogeneous structure. As RC increased, this non-protein inclusion
became less noticeable. In addition, TEM confirmed that hemp protein
aggregates appeared as small irregular flakes and smaller in size than
mung bean aggregates and were dispersed in the cheese matrices. In the
mixed system, they were darker in colour than RC (e.g. Fig. 3B (4) and
(8)). In fact, the protein aggregation size and shape formed are closely
related to the production process, and commercial plant protein isolates
often form particulate structures with large protein aggregation and

partial or extensive denaturation before heat treatment (Beghdadi et al.,
2022; Hadnadev et al., 2018; Loveday & Halim, 2024; Lyu et al., 2023).

3.4. Texture profile of HPCAs

Texture parameters of the HPCAs were examined using a texture
analyser (Table 2). Cheese samples of MPI100, MPI70 and RC100
exhibited higher hardness than the other samples. Hardness decreased
as the mung bean protein concentration decreased, likely because the
network was disrupted by the presence of different protein types in the
cheese matrix. Although the total protein content remained at 18 %, the
dual-protein system formed independent networks, reducing the effec-
tive protein concentration and overall structural strength. In contrast,
RC100 formed a smooth and strong network without interference from
plant proteins, resulting in higher hardness. In addition, cheese with
hemp protein had lower hardness than those with mung bean protein (i.
e. HPI100 vs MPI100), suggesting a denser network with stronger in-
teractions in the mung bean protein, as observed at the microstructure
level. By contrast, hemp protein forms smaller, more uniformly
dispersed aggregates, creating a more flexible structure and resulting in
lower hardness. As the hemp protein concentration increased, the
hardness further decreased accordingly. Moreover, HPI50 and HPI30
were too soft to be tested, therefore, there were no results for these
samples.

In addition, springiness indicates how well a cheese sample springs
back after deforming during the first compression. It was found that only
the RC100 samples showed the highest springiness and chewiness,
whereas samples containing plant proteins significantly affected their
springiness and chewiness. Cohesiveness is the strength of the internal
bonds that make up the cheese structure and how well the cheese can be
deformed before it breaks (Rosenthal & Thompson, 2021). Resilience
indicates how well a cheese sample resists regaining its original height.
With an increasing ratio of casein in the cheese samples, cohesiveness
and resilience increased. Moreover, the addition of over 50 % RC to the
hybrid cheeses showed similar resilience to RC100. HPI100 cheese
showed higher cohesiveness and resilience than MPI100, likely owing to
the more uniform distribution of hemp protein in the cheese matrix,
allowing for better recovery after deformation. By contrast, mung bean
protein forms large aggregates, leading to a denser and more rigid
structure in the cheese (Tojan, 2021). This denser structure typically
increases the hardness because the larger aggregates create a more
compact and less flexible network. However, this rigidity can also
reduce resilience because the cheese is less likely to bounce back after
being compressed or deformed.

These findings are consistent with those of previous studies
(Khiabanian et al., 2022; Mazinani et al., 2020; Omrani Khiabanian
et al., 2020) that evaluated the textural properties of feta cheese man-
ufactured from MPC with the addition of plant proteins. The findings
indicate that cheese hardness, cohesiveness, springiness, and chewiness
decreased with increasing levels of pea or soy proteins. For instance, H.
Li, Yang, Chen, et al. (2018) stated that the addition of soymilk hindered
the aggregation of skim milk, decreasing gel strength. A similar obser-
vation was reported by Monga et al. (2022), in that the presence of
globular proteins decreases the compactness of protein structure, which
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Fig. 4. Representative images (A) of hybrid processed cheese analogues (HPCAs) made with mung bean protein (MPI) or hemp protein (HPI) and rennet casein at
varying ratios, after heating at 170 °C for 10 min, with melting index. Stretch distance of hybrid cheeses (B). Values within a row not having common superscripts
differ significantly (p < 0.05). Ratios: MPI/HPI100 (100 % plant protein), MPI/HPI70 (70 % plant protein, 30 % rennet casein), MPI/HPI50 (50 % plant protein, 50 %
rennet casein), MPI/HPI30 (30 % plant protein, 70 % rennet casein), RC100 (100 % rennet).

manifested as a decrease in cohesiveness of hybrid cheese than dairy
cheese. Briefly, although hybrid cheeses with plant proteins typically
have inferior texture to milk-based cheeses, varying plant proteins and
ratios can help match milk protein textures.

3.5. Meltability and stretchability

Meltability is a crucial functional characteristic of processed cheese,
defined as its ability to flow and spread when heated, resulting in the
visual loss of individual cheese shreds (Guinee, 2011). This property is
mainly influenced by the strength of casein-casein interactions (Park
et al., 1984). Upon heating, the cheese network softens as milk fat melts

> ~40 °C. Moreover, continued heating causes the casein network to
contract owing to increased hydrophobic interactions. This contraction
reduces contact between casein molecules, weakening the overall
network and leading to further softening or melting of the cheese
(Lamichhane et al., 2018; Lucey et al., 2003).

Fig. 4A presents melting properties of the samples. Notably,
increasing casein content in the hybrid system increased the expansion
area. The presence of casein micelles in RC results in extensive pro-
tein—protein and protein-fat globule interactions, forming a fibrous
casein network. At high temperatures, there is a more rapid relaxation of
casein protein-protein bonds and a change to a more liquid-like char-
acter. The addition of plant protein can lead to cross-linking among
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Fig. 5. Secondary structure content of mung bean protein-based hybrid cheeses (A) and hemp protein-based hybrid cheeses (B) by FTIR. Referenced location of
secondary structures: p-sheet (1610-1642 cm’l), Random coil (1640-1650 cm’l), a-helix (1650-1660 cm ™) and B-turn (1660-1699 ecm™ ) (Gawat et al., 2024;
Sadat & Joye, 2020). All values are reported as the mean + SEM, where N = 3 (3 replicates with 3 measurements). Values within a row not having common su-
perscripts differ significantly (p < 0.05). Ratios: MPI/HPI100 (100 % plant protein), MPI/HPI70 (70 % plant protein, 30 % rennet casein), MPI/HPI50 (50 % plant
protein, 50 % rennet casein), MPI/HPI30 (30 % plant protein, 70 % rennet casein), RC100 (100 % rennet casein).

themselves as well as with caseins at high temperatures, weakening the
casein-casein interactions. The pure plant protein-based cheese samples,
HPI100 and MPI100, exhibited no melting behaviour, consistent with
the previous observations (Grasso et al., 2021), owing to the lack of a
continuous protein network.

Hemp protein-based hybrid cheeses (e.g. 48 % in HPI70 and 53 % in
HPI50) tend to have higher meltability than those prepared with mung
bean protein at the same ratios (e.g. 1 % in MPI70 and 39 % in MPI50).
This is more significant at higher plant protein ratios. This may be
attributed to the formation of smaller and more uniformly dispersed
hemp protein aggregates, as observed in CLSM and TEM micrographs.
These structural differences likely disrupted casein-casein interactions
more extensively than mung bean protein. Rheological results indicated
that this disruption led to weaker casein-casein interactions, facilitating
melting. Moreover, the surface of HPI70 and HPI50 exhibited a more
porous, honeycombed structure, suggesting that hemp protein in hybrid
cheese releases water more effectively, promoting larger expansion
during heating. However, as the casein proportion increased in the HPI
and MPI hybrid cheese systems, the difference became smaller as casein
became dominant.

Stretchability is an important quality attribute of melted cheese. A
stretchability test was conducted on the HPCA samples with melting
properties from the results mentioned above, excluding MPI100 and
HPI100. Owing to the limited sensitivity of the texture analyser, it
cannot detect the stretch breaking point of the samples. Thus, the stretch
processes were video recorded, and the stretch distance was checked
using the texture analyser software and then compared among samples
(Fig. 4B). In cheese, stretchability is the ability of the casein network to
maintain its integrity without breaking when it is pulled. This depends
on intact casein to maintain the strength of the strands with enough
calcium and phosphorus (Lucey et al., 2003; Lucey & Fox, 1993). In
addition, it is affected by how the casein molecules stick together and
handle energy. The stretch test requires casein molecules to be close yet
flexible enough to quickly change shape.

In comparison, cheese samples containing only RC exhibited the
highest stretchability, characterised by the longest stretch distance. The
addition of 30 % or more plant protein in the hybrid system significantly
affected the stretchability of HPCAs by interrupting the casein network,
changing it from a continuous network to a non-continuous network.
Unlike melting properties, hybrid cheeses with mung bean protein
exhibited greater stretchability than those with hemp protein at the
same ratios (e.g. 93.8 mm in MPI30 vs 41.53 mm in HPI30). As discussed
in melting behaviour, mung bean protein formed larger aggregates,
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which interrupt the cheese matrix less frequently but hinder casein flow
during melting, thereby reducing meltability but improving stretch-
ability. In other words, the fewer interactions between casein-casein in
HPI hybrid cheese samples compared with MPI hybrid cheese samples
further decreased stretchability while enhancing meltability. When the
cheese is heated, these small hemp protein aggregates in the casein
network have less impact on the relaxation of the casein network,
allowing it to flow more freely and thereby improving melting proper-
ties. However, these small aggregates interrupt the casein network more
uniformly, which negatively impacts the cheese stretchability. This re-
sults in more points of disruption within the casein network, decreasing
stretchability. Another proposed reason may relate to the presence of
disulphide bond in hemp protein, which could promote cross-linking
with casein at high temperatures, further interrupting the casein
network.

3.6. Analysing protein structure with FTIR

FTIR spectroscopy measures the vibrational movements of molecules
caused by the absorption of infrared radiation by chemical bonds in
functional groups. FTIR spectra for HPCAs were recorded in the
450-4000 cm ! range. In protein, the amide I (1600-1700 cm™!) bands
are commonly analysed, primarily associated with C=0 and N-H
stretching, reflecting protein secondary structure depending on
hydrogen bonding and conformation of the polypeptide: such as a-helix
(1650-1660 cm™'), p-sheet (1610-1642 cm™!), p-turn (1660-1699
cm’l), and random coil (unordered, 1640-1650 em™Y) structures. The
amide II band (1480-1580 cm 1), which originates mainly from N-H
bending and C-N stretching vibrations, is less commonly used for sec-
ondary structure determination due to its lower sensitivity and overlap
with other signals (Saji et al., 2024). Thus the amide I bands were
analysed and deconvoluted to examine protein structure changes in the
hybrid cheese samples (Fig. 5 and Supplementary Fig. S3). MPI and HPI
promoted the formation of p-sheet structures, which gradually
decreased as the RC content increased (43 % in MPI100, 39 % in
HPI100, and 32 % in RC100). This observation is consistent with Sim
et al.’s (2021) study, which found that plant proteins tend to have more
B-sheet structures, leading to protein aggregation. In particular, MPI had
a high p-sheet content, suggesting increased exposure of hydrophobic
regions, which may contribute to a firmer and more rigid cheese struc-
ture (Jadhav et al., 2024). As RC content increases, more disordered
structures were promoted, making the hybrid cheeses more flexible—an
important factor for functional properties such as meltability and
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Fig. 6. A schematic diagram summarizing the development of the microstructure of mung bean protein (A) and hemp protein-based hybrid cheeses (B) at different
plant protein-to-rennet casein ratios and the relationship between structure and functionality. Ratios: MPI/HPI100 (100 % plant protein), MPI/HPI70 (70 % plant
protein, 30 % rennet casein), MPI/HPI50 (50 % plant protein, 50 % rennet casein), MPI/HPI30 (30 % plant protein, 70 % rennet casein), RC100 (100 %

rennet casein).

stretchability. MPI100 indicated no random coil structures, whereas
HPI100 exhibited a higher proportion, indicating that HPI may provide
greater flexibility in cheese structure than MPI. Adding RC to mung bean
protein blends (30:70, 50:50, and 70:30) reduced the helical structures
in hybrid cheeses. However, the helical structure content did not
significantly differ between pure mung bean cheese and pure RC cheese,
indicating that the interaction between casein and mung bean protein
primarily influences the helical structure in mixed formulations rather
than in their pure forms. For hemp protein blends, a similar decreasing
trend in the helical structure was observed with the addition of RC,
though the changes were not statistically significant. In addition, while
the B-turn content showed a reduction in mung bean and hemp protein
blends upon the addition of RC, these decreases were not statistically
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significant. These results suggest that although o-helices and p-turns
contribute to the structural properties of the protein networks, they may
not be the primary factors influencing the functional characteristics of
these hybrid cheeses.

3.7. Structure—functionality relationship proposed in plant protein-casein
HPCAs

Fig. 6 presents the development of the microstructure of HPCAs at
different plant protein-to-RC ratios and the relationship between struc-
ture and functionality. After mixing and heating ingredients, namely,
plant protein, RC, coconut oil, emulsifying salts and water, the proteins
undergo hydration, interaction with emulsifying salts, denaturation, and
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gelation. Particularly, plant proteins exist in various forms after hydra-
tion, with a small amount as soluble protein and peptides, but primarily
as aggregates. By contrast, casein interacts with itself, solubilizes
through emulsifying salts, sequesters calcium ions, and forms a gel-like
network. In the absence of casein, the coconut oil does not evenly
disperse, forming fat coalescence, whereas, with casein present, coconut
oil droplets are evenly dispersed throughout the casein network. At high
plant protein ratios, the network is mainly dominated by plant proteins.
However, as the proportion of casein increases, a bicontinuous structure
develops, wherein plant proteins and casein form independent net-
works. This transition is accompanied by decreased p-sheet content and
increased random coil structures, resulting in a smooth and homoge-
neous matrix. As casein levels continue to rise, they become the primary
structural component, improving viscoelastic and functional properties,
whereas plant proteins function as fillers within the matrix. Mung bean
protein (Fig. 6A) tends to form larger aggregates than hemp protein
(Fig. 6B), which blocks the melting of the casein network during heating.
By contrast, hemp protein integrates more into the casein network,
leading to greater disruption of its structure. The presence of disulphide
bonds in hemp protein may also promote interactions with casein during
heating, further contributing to this disruption. This possibly contributes
to increased meltability but reduced stretchability compared with mung
bean protein.

4. Conclusions

This study provided insights into changes in protein structure and
microstructure in hybrid processed cheese (HPCAs) formulated with
mung bean protein and RC, as well as hemp protein and RC. Incorpo-
rating plant protein into cheese affected its microstructural, textural and
functional properties because the formation of an independent protein
network was observed and one may affect the other in the cheese matrix.
Among the tested formulations, mung bean protein-based HPCAs
exhibited greater stretchability, rheological and textural attributes than
those containing hemp protein at the same ratios, despite exhibiting low
meltability. These differences may be attributed to variations in the size
of plant protein aggregates. In addition, the presence of disulphide
bonds in hemp protein may enhance interactions with casein at rising
temperatures. Overall, blending plant proteins with milk proteins to
create hybrid cheese analogues offers promising potential for achieving
desired textures and functionalities, depending on incorporation ratios
and specific plant proteins used. This study contributes to understanding
the structure—functionality relationship in hybrid cheeses and their po-
tential applications in the growing plant-based food industry. In future,
other techniques such as confocal Raman microscopy will be used to
gain deeper structural insights and distinguish between plant and milk
proteins in hybrid cheeses. Additionally, amino acid profiling (e.g., via
RP-HPLC) and targeted analyses of disulphide bonding and intermo-
lecular forces will be undertaken to provide more direct evidence of the
molecular interactions governing cheese functionality.
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