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ARTICLE INFO ABSTRACT

Keywords: The protein-polysaccharide system is natural, and it has been widely applied in food manufacturing in recent

Egg protein years. However, the interactions in the system might be affected by numerous factors and this research inves-

;ﬁlysl"j‘“hande tigated the effects of k-carrageenan (x-C) on the structure, interaction, and rheological characteristics of egg
eology

white ovalbumin (OVA) before and after heating. The zeta potential was adopted to show the surface charge of
mixtures and its combination with turbidity test was used to discover the maximum associative interaction at the
critical mixing ratio of x-C: OVA. The results evidenced that the electrostatic interaction formed between OVA
and «-C. The critical ratio of OVA: x-C (w/w) at 92:8 showed the minimum net charge (—0.5 + 0.3 mV) and the
maximum turbidity (0.122 + 0.001 cm’l). All x-C/OVA mixtures were observed shear thinning behaviour. The
mixtures at 92:8 performed the highest apparent viscosity (1) and remained the maximum complex modulus (G*)
in the thermal cycle. The k-C/OVA complex network was observed stronger than pure k-C or OVA through the
confocal scanning laser microscopy (CLSM). The rheological properties of the 92:8 mixtures supported the
strongest electrostatic interactions between k-C and OVA, corresponding to the largest aggregates structure in the
CLSM images. A schematic model was further verified at the secondary structure of OVA using Fourier transform
infrared (FTIR) spectroscopy. This study provides instructions to design innovative food systems that contain -C
and OVA.

Confocal laser scanning microscope (CLSM)
Fourier transform infrared spectroscopy (FTIR)

biocompatibility (Lu et al., 2020).
Egg white has been widely used as an ingredient in food systems such

1. Introduction

In the multi-component food systems, two main kinds of bio-
polymers, protein and polysaccharide, and mixtures of them are widely
used in the food industry. Polysaccharides and proteins are natural food
macromolecules, which present thickening, gelating and texturing
properties (Gentile, 2020; Ye, 2008). Protein-polysaccharide in-
teractions contribute to the structure, stability, texture and mouthfeel of
food. Meanwhile, the food industry often adopts heat treatment to
destroy microbial pollution or low pH to prevent microbial growth
(Campbell, Raikos, & Euston, 2003). When pH is lower than the iso-
electric point (pI) of protein, it contains positive charged (Lu et al.,
2020). When the protein and polysaccharide are oppositely charged at
the low pH, the coacervation formed at the critical pH (pH,) (Gentile,
2020). The complex coacervates have the potential to be utilized as
novel biomaterials, due to their excellent bioactivity, biosafety and

as baking food as a good protein resource. Considering the components,
egg white contains numerous types of protein, such as ovalbumin
(OVA), conalbumin, ovomucoid, ovomucin, and lysozyme (Abeyrathne,
Lee, & Ahn, 2013). Among them, OVA occupies 54% of the total egg
white protein (Abeyrathne et al., 2013). The high quantity of ovalbumin
corresponds with its powerful effects on the functionality of egg white.
Therefore, OVA is often adopted as a model protein when exploring egg
white protein (Xiong & Ma, 2017). OVA is a kind of protein containing
free sulfhydryl groups with a molecular weight of 44.5 kDa (Mine,
1995). As a single peptide chain, it contains 385 amino acids and more
than 50% of them are hydrophobic, which provide the emulsion and
foaming capacity for the egg white to meet the complex needs of food
manufacturing, such as baking products, meringues, meat products, and
cookies (Mine, 1995; Zhao et al., 2016).
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Carrageenan is a group of hydrophilic linear sulphated poly-
saccharides extracted from marine edible red algae (Necas & Bartosi-
kova, 2013). It has been proved to have numerous health-functional
properties, such as antioxidant, immunomodulatory activities, and
prebiotic effects (Kobayashi, Kumagai, Yamamoto, Yasui, & Kishimura,
2020; Necas & Bartosikova, 2013). Kappa-carrageenan (x-C) has only
one ester sulphate group per disaccharide repeating unit, which leads to
a higher gel strength for x-C (Du, Brenner, Xie, & Matsukawa, 2016). In
solution, the gelation process of k-C has two stages: the random
coil-to-helix transition and a space-spanning network formed by the
helices aggregate introducing positive ions (Takemasa, Chiba, & Date,
2001). Meanwhile, k-C has the thermo-reversible characteristic and has
been widely applied as a thickening, stabiliser, and texturing agent in
the food industry (Mangione, Giacomazza, Bulone, Martorana, & San
Biagio, 2003; Tan & Joyner, 2018).

The addition of polysaccharides was reported to efficiently improve
the emulsifying stability and gelling property of OVA in different pro-
cessing conditions (Chen et al., 2018). The OVA/k-C system exists in
food commonly and this low-cost, native, and safe system has been
applied widely as fish cryoprotectant and the carriers of bio-components
(Walayat et al., 2021; Xie et al., 2019). In addition, the OVA/x-C system
can form edible films, fat replacers, and novel semi-solid food products,
and has a great potential for developing new novel systems (Le, Rioux, &
Turgeon, 2017). Although there are several studies about the OVA and
k-C system, little information about the physicochemical properties of
OVA/k-C coacervation and the characteristics of the mixing ratio of x-C:
OVA at pH_ is not clear. Therefore, to know better about the interaction
between OVA and «-C, further research is needed to promote the
application of the OVA/x-C system.

The main goal of this study was to understand the effects of x-C on
the physicochemical characteristics of OVA after the application of
thermal treatment. In order to achieve this goal, the zeta potential was
adopted to reveal the surface charge of samples and it was used to find
out the maximum associative interaction at a critical mixing ratio of x-C:
OVA. The apparent viscosity and thermal gelation process of the OVA/
k-C mixtures were evaluated by a rheometer. The morphology of mix-
tures structure was investigated through the confocal laser scanning
microscope (CLSM). Finally, the mechanism for the changes of the sec-
ondary structure of OVA was validated by Fourier transform infrared
(FTIR) spectroscopy analysis. The results can help to further understand
the interactions between OVA and k-C and promote the development of
related food systems.

2. Materials and methods
2.1. Materials and sample preparation

The OVA (ovalbumin, > 98%) and x-C (kappa-carrageenan) were
gained from Sigma Aldrich (Singapore). Rhodamine B, fluorescein iso-
thiocyanate (FITC), HCl, and ethanol were purchased from Merck
(Darmstadt, Germany). All the other chemical reagents adopted were in
analytical grade and from Sigma Aldrich (Singapore).

The OVA and «-C powder were accurately weighed, separately dis-
solved in deionised water, and stirred at 300 r/min for 30 min at room
temperature to prepare the OVA solution (1.0%, w/w) and the k-C so-
lution (0.5%, w/w), respectively. The pH values were adjusted to 3.0 +
0.1 through 1 mol/L HCL. In the unheated sample, OVA solutions were
mixed with the k-C solution at different ratios (90:10, 92:8, 94:6, 96:4,
98:2, w/w) by stirring at 700 r/min for 1.5 h (Xie et al., 2019). In the
heated samples, the unheated sample (5 mL) was heated to 90 °C for 30
min and then cooled down to room temperature.

2.2. Zeta potential measurement

Zeta potential measurement for all OVA/k-C samples was assessed
through a NanoBrook Omni Zeta potential analyser (Brookhaven
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Instruments, NY, USA) (Sow, Chong, Liao, & Yang, 2018). The OVA/k-C
unheated samples were diluted to 0.01% (w/w) with DI water, followed
by stirring for 1 h at room temperature. The phase analysis light scat-
tering (PALS) model was adopted.

2.3. Turbidity

The turbidity of the OVA/x-C mixtures dilutions (20-fold dilution)
was evaluated with an ultraviolet-visible spectrophotometer (UV-2600,
Shimadzu, Japan) to obtain the optical density at the UV wavelength of
600 nm at 25 °C (Sow, Toh, Wong, & Yang, 2019). Turbidity (T, cm™ D
was calculated by the following equation:

T=—(1/L)n(I/1)

where L represents the optical range length of 1 cm, I and I, represent
the intensity of the sample and the blank, respectively. DI-water was
used as the blank.

2.4. Rheological tests

Rheological analyses were conducted through a stress-controlled
rheometer (MCR 102, Anton Paar, Graz, Austria) equipped with a
cone-and-plate geometry with a diameter of 60 mm, a cone angle of 1°
and a fixed gap of 0.116 mm. The excess sample was removed and
coated with silicone oil to avoid water evaporation (Njintang et al.,
2006).

2.4.1. Viscosity measurement

The linear viscoelastic region (LVR) of the sample was determined by
the strain sweep test in the range of 0.01-100% with a frequency fixing
at 1 Hz (Huang, Mao, Li, & Yang, 2021). The steady shear flow mea-
surement of all samples was presented at 20 °C with the operating shear
rate ranging from 0.01 to 10 s . The experimental data could be
described by the power-law equation as follow:

n=K! Eq (1)
where 7 is apparent viscosity (Paes), K is consistency coefficient (Paes™),
y is the shear rate (s’l), and n is the flow behaviour index.

2.4.2. Temperature ramp test

The temperature sweep was performed from 20 to 90 °C, kept at 90
°C for 30 min, and then decreased from 90 °C to 20 °C (rate = 1.5 °C/
min) (Huang et al., 2021).

2.5. Confocal laser scanning microscope (CLSM) analysis

The microstructure of OVA/x-C complexes was analysed by CLSM
(Olympus, FV1000, Tokyo, Japan) (Huang et al.,, 2021; Sow et al.,
2018). Rhodamine B and FITC (0.1 g/L in ethanol, with the ratio of
1:1.5, v/v) were used to label OVA and «-C, respectively (Liu, Mar-
uyama, Masuda, Honda, & Arai, 2014). In a dim environment, the dye
mixture was added to the samples at the ratio of 1:100 (dye: samples,
w/w). The excitation/emission wavelengths of the rhodamine B and
FITC were 540/625 nm and 490/525 nm, respectively. Microscopic
images of the stained sample solutions before and after heating were
taken at a 10 x immersion magnification.

2.6. FTIR spectroscopy analysis

All samples were freeze-dried and mixed with KBr powder by milling
(1 mg sample/50 mg KBr) to prepare the pellet. The KBr powder was
dried around 100 °C for 24 h and the milling process was completed
under an infrared light to reduce water error. The samples were scanned
64 times in the range of 4000-450 cm™! with a resolution of 4 cm™!
using the FTIR spectrometer (PerkinElmer, Waltham, MA, USA). The
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spectra of the samples were pre-processed for background removal,
baseline correction, and normalization using the spectroscopy software.
The amide 1 (1600-1700 cm™!) was self-deconvoluted and further
studied. It was performed with a bandwidth of around 20 and an
enhancement factor of 1.5 through Omnic 8.2 (Thermo Fisher Scientific
Inc. Waltham, MA, 260 U.S.A). The deconvoluted spectra were fitted
with OriginPro 9.0 software (OriginLab, Northampton, MA, USA) and
the Gaussian curve fitting function (Determan, Graham, Pfeiffer, &
Narasimhan, 2006; Ngarize, Herman, Adams, & Howell, 2004).

2.7. Statistical analyses

All analyses were conducted in triplicates independently and the
results were described as the mean and standard derivation. ANOVA
with a Student-Newman-Keuls (SNK) was performed with SPSS (IBM
Corp., Armonk NY USA) with P < 0.05 being regarded as statistically
significant.

3. Results and discussion
3.1. Zeta potential and turbidity of OVA/x-C mixtures

Zeta potential, which relates to the stability of the colloidal disper-
sion, is a vital index for colloidal systems. The electrostatic potential can
reflect the change of ovalbumin conformation (Gonzalez-Perez, Ruso,
Prieto, & Sarmiento, 2004). The zeta potential values of different
OVA/k-C systems are shown in Fig. 1A. The zeta potential of k-C was
—31.36 mV because it had the negatively charged sulphate group
(Spagnuolo, Dalgleish, Goff, & Morris, 2005). Conversely, the zeta po-
tential value of pure OVA was 11.14 mV at pH 3.0. The isoelectric point
(pD) of OVA is 4.5, the particle charge of the OVA solution was positive
due to the protonation of the amino acid residues at pH 3.0 (Kang, Ryu,
Park, Czarnik-Matusewicz, & Jung, 2014). The addition of k-C influ-
enced the zeta potential values of OVA/k-C systems significantly
(Fig. 1A). The zeta potential values of 92:8 and 94:6 samples were
—0.50 mV and —2.24 mV, respectively. The value was quite closer to
neutral, indicating that the positively charged OVA and negatively
charged «-C in the systems tended to achieve balance. The electrostatic
interactions can form between the sulphate group (-OSO3) of k-C and the
amino group (-NH3$) of OVA (Lu et al., 2020). Since the OVA and «-C
were oppositely charged at pH 3.0, the protein-polysaccharide in-
teractions might occur and form OVA-k-C complexes (Gentile, 2020).

The effects of the k-C addition on the turbidity of mixtures are shown
in Fig. 1B. The turbidity changes of samples were the indication of
coacervation resulting from electrostatic attraction of oppositely
charged protein and polysaccharide (Gentile, 2020; Sow et al., 2019).
All the OVA/x-C mixtures showed significantly higher turbidity when
compared with the pure OVA (0.003 em™) and k-C solutions (0.019
em™Y), illustrating that the insoluble complexes were formed in the
OVA/x-C mixtures. The turbidity achieved the maximum of 0.122 cm™?
at the ratio of 92:8, which might be attributed to the almost neutral
charge of the OVA/k-C system (Fig. 1A). As the increase of k-C con-
centration, the turbidity of samples decreased but had no significant
difference (samples at the ratio of 94:6, 96:4, and 98:2). The relatively
higher net charge in these systems led to the repulsion between the
molecules (Wijaya, Patel, Setiowati, & Van der Meeren, 2017). This
repulsion may prevent the formation of coacervation and result in the
decrease of turbidity.

Based on the zeta potential and turbidity results, it was obvious that
the mixing ratio was an important factor for the insoluble complex
formation. The charge of OVA/k-C mixtures was close to neutralizated
and the turbidity reached the maximum at the ratio of 92:8, indicating
that the ratio of 92:8 was the critical mixing ratio.
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Fig. 1. Effects of different mixing ratios of kappa-carrageenan (x-C) and oval-
bumin (OVA) mixtures on zeta potential (A) and turbidity (B). Values are
expressed as mean with standard deviation. Values with different letters differ
significantly at P < 0.05 (n = 3).

3.2. Viscosity of different OVA/k-C mixtures

The apparent viscosity as a function of shear rate of the OVA/x-C
samples is shown in Fig. 2A. It was observed that the apparent viscosity
declined with the increase of the shear rate, indicating that all OVA/k-C
mixtures showed shear thinning behaviour. Similar results have been
reported in the OVA/gum arabic-stabilized emulsion (Niu et al., 2016).
Both pure OVA and k-C samples exhibited relatively low apparent vis-
cosity. The apparent viscosity of OVA/x-C mixtures reached the highest
value at the ratio of 92:8. Based on the results of zeta potential and
turbidity, the charge of OVA/x-C mixtures was close to neutralizated
and the turbidity reached the maximum at the ratio of 92:8. Thus, the
increased values of apparent viscosity may be related to the formation of
the insoluble complexes (Souza & Garcia-Rojas, 2017). The apparent
viscosity of protein/polysaccharide coacervates was proved to be
determined by the electrostatic interactions rather than the viscosity of
biopolymers (Niu et al., 2018). At the ratio of 92:8, the surface charges
were close to neutral and had stronger electrostatic interactions between
OVA and x-C than other complexes. The higher apparent viscosity
related to the easier formation of aggregates when stronger electrostatic
interactions existed. In the other systems, the polysaccharides or OVA
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Fig. 2. The flow curve about shear rate-apparent viscosity of the different OVA/k-C mixtures (A); The evolution of the complex modulus (G*) of OVA solution (1.0 %,
w/w) and the k-C solution (0.5%, w/w) (B); The G* of different OVA/x-C complexes during the whole thermal cycle (C) and during the heating period (zoomed in the

phase I & 1) (D).

OVA: x-C: i, 0:100; #, 90:10; @, 92:8; A, 94:6; v, 96:4; O, 98:2; %, 100:0.

were excessed. The electrostatic repulsion between extra negatively
charged «-C or the excessed positively charged OVA repelled with each
other, resulting in a more stable system (Gentile, 2020). Thus, the extra
charge can inhibit the formation of the insoluble complexes, resulting in
lower apparent viscosity.

The power-law model has been widely utilized in fluid food systems
(Huang et al., 2021). As shown in Table 1, except for mixtures at the
critical mixing ratio (98:2), the K values of other OVA/x-C mixtures
showed no significant changes compared with pure OVA and x-C. Only
at the critical ratio of 92:8, the K value (1.950 + 0.528) was significantly
higher than those of the other samples, which was consistent with the
apparent viscosity values. It showed the increase of consistency of the
mixtures, presenting apparent viscosity more relying on shear rate
(Huang et al., 2021). The rheological behaviour of complexes between
protein and polysaccharide is generally shear thinning (Schmitt & Tur-
geon, 2011). Here in this study, the flow behaviour index n was in the
range of 0.117-0.501, which also indicated that the samples showed
shear-thinning behaviour. Compared with the OVA solution, the n
values of OVA/k-C systems did not change significantly, meaning that

Table 1

Power-law model constants for the OVA/k-C mixtures at different mixing ratios.
OVA: k-C (W/W) K (Pas™ n R? RMSE
0:100 0.410 + 0.040° 0.581 =+ 0.047% 0.921 0.055
90:10 0.254 + 0.089" 0.234 + 0.019° 0.997 0.176
92:8 1.950 + 0.528% 0.235 =+ 0.052° 0.974 2.164
94:6 0.704 + 0.202° 0.166 + 0.043" 0.985 1.019
96:4 0.861 + 0.188" 0.301 =+ 0.090° 0.967 0.592
98:2 0.178 = 0.007" 0.287 + 0.013" 0.979 0.223
100:0 0.180 + 0.063" 0.264 + 0.034° 0.968 0.320

* Values are expressed as mean =+ standard deviation. Values with different

letters in the same column differ significantly at P < 0.05 (n = 3).

the addition of k-C in low concentration had no significant influence on
the flow behaviour of the mixtures.

3.3. The thermal gelation process of different OVA/x-C mixtures

The complex modulus (G*) values of the OVA and «-C solutions
during the thermal cycle are shown in Fig. 2B. During the whole thermal
cycle, the pure k-C solution was at quite low viscoelastic values in the
whole analysis compared with the OVA solution. At the end of the
thermal cycle, the slight increase of the G* value was caused by the
formation of k-C gels after cooling. The k-C can form the thermo-
reversible gel and involves in the conformational change during the
thermal cycle (Mangione et al., 2003). The same phenomenon was also
gained in a previous study about the thermal gelation of yolk/x-C sys-
tems (Huang et al., 2021).

The thermal behaviour of the globular protein and carrageenan
gelation can be divided into four regions. Region I: Slightly decrease can
be observed in G* values, which caused by the heat-induced mobility of
mixtures and no protein denaturation occurred. Region II: The G* value
increased because thermal stimulated the OVA/x-C interaction, the
mixtures may undergo conformational changes. Region III: A slight in-
crease of the G* value was observed, the OVA/x-C complexes association
formed the gelation. Region IV: During the cooling phase, the samples
showed a sharp increase in the G* values and formed a stronger gel
network. These regions were also certified in previous analyses (Huang
et al., 2021; Sanchez-Gimeno, Vercet, & Lopez-Buesa, 2006).

For the pure OVA sample, the low G* values were kept in region I and
11, indicating that the heat treatment had few effects on the viscoelastic
properties in this period (Fig. 2B). When the temperature reached over
80 °C, a slight increase of the G* value was observed. Since the dena-
turation temperature of OVA is 72 °C, the higher gel strength resulted
from the denaturation of the OVA (Niu et al., 2016). During the cooling
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phase, the OVA sample showed a rapid increase in the G* value corre-
sponds with stronger gel network, due to the hydrogen bonds formed
between the protein chains (Mine, 1995).

Since the concentration of OVA is rather higher than that of carra-
geenan in the mixtures, all samples showed similar protein gelation in
the thermal process and combine with the polysaccharide gelation
(Sanchez-Gimeno et al., 2006). The whole temperature rise period (re-
gion I, IT) was shown in Fig. 2C and D, the G* value slightly decreased in
the first region. The increase of heat stimulated the mixtures mobility,
thus OVA/x-C complexes might be partially destroyed (Huang et al.,
2021). In the second region, the G* value increased sharply with addi-
tion k-C in the mixtures and reached the highest value at the critical
mixing ratio of 98:2. The protein proved to combine with oppositely
charged polysaccharides to form coacervation (Gentile, 2020). The
protein-polysaccharide complex is a kind of molecules rearrangements
and the mixtures had a better-organised crystal structure (Niu et al.,
2016). Due to the balanced zeta potential in the system of 92:8, the
OVA/k-C mixtures might form a well-organised structure with higher
viscoelasticity. During the period before the third region (about 30-50
min), the G* value of all mixture samples slight decreased. It may be
because the protein-polysaccharide interaction in the OVA/x-C coacer-
vation inhibited the aggregation of OVA in the system (Huang et al.,
2021). The interactions between protein-protein were weak and may be
destroyed under heat treatment. This phenomenon was also observed in
the OVA/dextran sulphate system (Liu et al., 2021).

As shown in Fig. 2C, during the third region, it is obvious that the
increase of G* value in the mixtures was higher than the sum of G* of x-C
and OVA individually. Therefore, the increasing G* might be attributed
to the aggregation of the negative charges of sulphate groups in the k-C
and the positively charged groups of the unfolded OVA, leading to the
formation of the stronger gel network (Sanchez-Gimeno et al., 2006).
Thus, the G* value of the sample at 92:8 was the highest, because the
excess charged groups in other mixtures may weaken inhibit the ag-
gregation of the complexes. In the fourth region, the G* value steeply
increased as the temperature decreased. The increased G* was probably
caused by the enhanced interconnection of the OVA-k-C complexes. At
the end of the cooling phase, the sample of 92:8 showed much higher G*
value than the sample containing only OVA. This phenomenon might be
based on the rearrangement of the protein/polysaccharide structures
after complex formation, and OVA might hide in the k-C chains, or the
re-organised network formation (Lam, Paulsen, & Corredig, 2008; Niu
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et al., 2018). Overall, the addition of k-C significantly increased the
viscoelastic properties of OVA during the whole thermal test.

3.4. Confocal laser scanning microscope (CLSM) analysis of OVA/x-C
mixtures

The morphology images of OVA, k-C solution and OVA/x-C mixtures
before and after heating are shown in Figs. 3 and 4. The x-C was green as
the polysaccharide with FITC and the OVA was red as the protein with
Rhodamine B (Huang et al., 2021). The numerous green dots in k-C and
the green area in all mixtures should be the k-C. The spherical aggregates
in red should be the OVA because the ovalbumin is a globular protein
(Clark, Kavanagh, & Ross-Murphy, 2001).

Before the heating treatment, the addition of k-C was associated with
the formation of insoluble complexes, and the mixing ratios of OVA/k-C
systems had considerable influences on the size of the aggregations
(Fig. 3). The insoluble protein-polysaccharide coacervation was estab-
lished by the electrostatic binding of protein (cationic) and poly-
saccharide  (anionic) (Gentile, 2020). The formation of
protein-polysaccharide coacervation companied the rearrangement of
structure (Niu et al., 2018). Owing to the small molecular weight of
OVA, part of the OVA molecules was buried in the linear x-C poly-
saccharide and formed loosely structured aggregations. This was similar
to the structure of milk protein/pullulan (Wang, Van Dijk, Odijk, & Smit,
2001). At the critical mixing ratio at 92:8, the largest aggregates formed
in the samples (Fig. 3C). This may be because the zeta potential value of
the mixture was close to neutral. It indicated that the electrostatic
gravitational force of the positively charged OVA to the negatively
charged x-C was neutralized. As the OVA or x-C ratio increased, the size
of the aggregations reduced, verifying that the excess net charge in-
terferes with the formation of complexes.

Mixing ratios also significantly affect the structure of OVA/x-C
complexes after heating (Fig. 4). The OVA aggregation can be observed
due to the denaturation of the protein leading to the exposure of the
hydrophobic group (Mine, 1995). The size of OVA/x-C complexes
became small after heating. At the mixing ratio of 90:10, only partial x-C
forms complexes with OVA and the OVA aggregates still dominated the
system (Fig. 41). It may be because the excess negative charge of the k-C
affected the formation of the reorganized structure during heating. At
the mixing ratio of 92:8 and 94:6, the mixtures had a larger size than
other samples (Fig. 4J and K). Due to the charge was close to the

Fig. 3. CLSM images of the samples before heating with mixing ratio of OVA: k-C at 0:100 (A), 90:10 (B), 92:8 (C), 94:6 (D), 96:4 (E), 98:2 (F), 100:0 (G); The images
of merge channel (A1-G1); The images of the channel for k-C (A2-G2); The images of the channel for OVA (A3-G3).
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Fig. 4. CLSM images of the samples after heating with mixing ratio of OVA: x-C at 0:100 (H), 90:10 (1), 92:8 (J), 94:6 (K), 96:4 (L), 98:2 (M), 100:0 (N); The images of
merge channel (H1-N1); The images of the channel for x-C (H2-N2); The images of the channel for OVA (H3-N3).

balanced, the aggregation of the protein related to the better formation
of the OVA/k-C complexes. Meanwhile, the double helix structure of k-C
opens at the warming temperature and then polymerizes during the
cooling process. The conformation restoration and spatial rearrange-
ment of the k-C were exposed more sulphate groups, contributing to the
formation of this denser network (Mangione et al., 2003). In the case of
96:4 and 98:2, the OVA/x-C complexes and the large aggregation of the
OVA cannot be observed (Fig. 4L, N). The difficulty in network forma-
tion may be induced by the low amount of k-C. The smaller amount of
k-C can only interact electrostatically with a fraction of the OVA. More of
the OVA remains in the aggregated state. In the meantime, the elec-
trostatic repulsion between the OVA/x-C complexes may inhibit the
connection between them. Therefore, except for the k-C, the samples at
mixing ratios of 96:4 and 98:2 had the lowest G* value at the end of the
thermal cycle.

3.5. Schematic analysis of the complex formation in the OVA/k-C
mixtures

Based on the results of zeta potential, turbidity, rheological proper-
ties, and CLSM, the schematic model about the effect of k-C on OVA was
proposed in Fig. 5. The OVA solution was uniformly distributed in the
pure OVA sample. After adding k-C, the x-C interacted with OVA to form
the insoluble complexes through the electrostatic force between the
NH4$ group of the OVA and the 0SO3 group of the k-C (Lu et al., 2020).
As the k-C increased, the size of the complexes increased due to the net
charge of the system tended to be neutral. When the ratio reached 92:8,
the charge of the system reached a balance condition. The zeta potential
values were close to 0 and the turbidity touched the highest values
(Fig. 1). Some of the OVA molecules were buried in the OVA/k-C
network, forming large but loosely aggregates. To further increase the

No OVA-k-C network

+ 580mV
medium turbidity

Low apparent viscosity

Some OVA-k-C

electrostatic interactions

11.14 mV
Lowest turbidity
Low apparent viscosity

+ -0.50 mV

highest turbidity

highest apparent viscosity
« Critical mixing ratio s
Predominant OVA-k-C electrostatic interactions ™._

Weak OVA-k-C network
s -7.77mV
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Low apparent viscosity
| OVA-k-C electrostatic
interactions

Weak OVA-k-C network
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« Highest G*
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Some OVA-k-C electrostatic interactions *.

« Medium G*similar to OVA
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Fig. 5. Schematic model demonstrating the effect of x-C on the OVA.
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ratio of k-C, the system became negatively charged and the aggregation
was inhibited by the electrostatic repulsion. Heating treatment could
lead to protein denaturation and the aggregations became smaller. The
interactions between OVA and «-C influenced the thermal gelling pro-
cess of the mixtures. During the whole gelation period, the mixture at
the critical ratio 92:8 always had the highest G* values (Fig. 2). Overall,
the addition of k-C disturbed the aggregation of protein and formed new
electrostatic interactions with the protein. While during the heat pro-
cess, the OVA/x-C complexes might partially be destroyed.

3.6. Validation of the proposed model

To verify the proposed schematic model, FTIR analysis was adopted
to confirm the structural change of the OVA/k-C system. The spectra of
samples in the region of 960-800 cm~! and 1700-1600 em ™! (amide I)
are presented in Fig. 6. Two strong bands at about 927 cm™! and 846
em ™! were observed in k-C sample. These two bands are considered as
the characteristic bands for 3,6-anhydro-p-galactose and p-galactose-4-
sulphate, respectively (Gomez-Ordonez & Rupérez, 2011; Huang et al.,
2021). However, these two bands were not observed in the OVA/k-C
mixtures, indicating the interaction formed between OVA and «-C.

As shown in Fig. 6, the amide I (1700-1600 cm™ 1) has stronger peak
intensity and is usually used as the quantitative area for the calculation
of protein secondary structures (Seabourn, Chung, Seib, & Mathewson,
2008). The amide I was primarily from the C=O0 stretching vibration
and N-H bonding of the peptide linkages, and it is sensitive to the
protein secondary structures (Dong, Meyer, Brown, Manning, & Car-
penter, 2000). Thus, it was used to further analyse the changes in the
secondary structures of proteins.

To further confirm the changes of OVA structure, the proportion of
secondary structures were calculated and demonstrated in Table 2. The
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Table 2
The percentage of secondary structures in different OVA/x-C samples.

Groups OVA: k-C Secondary structure (%)

(w/w) pB-sheet Random coil  a-helix B-turn
90:10 6.65 + 56.69 + 12.93 + 23.73 +
0.01° 4.06° 2.75° 1.30°
92:8 4.82 + 58.35 + 12.97 + 23.85 +
0.21° 1.92° 3.10° 1.39°
94:6 5.80 + 58.06 + 13.18 + 22.96 +
0.73% 3.77° 4.36° 0.13¢
96:4 5.19 + 56.09 + 13.97 + 24.74 +
2.45° 6.70° 5.00° 0.74¢
98:2 5.95 + 54.50 + 15.16 + 23.99 +
0.24° 0.66° 0.12° 0.30°
100:0 7.33 + 54.74 + 12.03 + 25.90 +
0.42° 0.02° 0.30° 0.74¢
H90:10 20.82 + 33.52 + 36.79 + 8.86 +
2.33% 3.77° 1.46° 0.01°
H92:8 19.71 + 37.74 + 31.66 + 10.89 +
1.61% 2.82° 1.87° 0.67°°
H94:6 20.04 + 37.16 + 32.67 + 10.13 +
0.55% 4.09° 4.46> 3.17%°
H96:4 19.19 + 36.80 + 34.44 + 9.57 +
0.14> 0.71° 0.14> 0.44°°
H98:2 22.28 + 37.86 + 27.41 + 12.45 +
1.45¢ 2.74° 0.12° 1.42°
H100:0 18.27 + 40.44 + 30.70 + 10.59 +
2.25° 4.21° 2,52 0.55%°

*H90:10, H92:8, H94:6, H96:4, H98:2, H100:0 indicated the heat-treated sam-
ples of mixtures at different mixing ratios. Values are expressed as mean =+
standard deviation. Values with different letters in the same column differ
significantly at P < 0.05 (n = 3).
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Fig. 6. FTIR spectra of different OVA/k-C samples. (A) Spectra of the OVA/k-C mixtures before heating in the region of 960-800 cm-1; (B) Spectra of the OVA/x-C
mixtures after heating in the region of 960-800 cm-1; (C) Spectra of the OVA/x-C mixtures before heating in the region of amide I; (D) Spectra of the OVA/x-C
mixtures after heating in the region of amide I. OVA: k-C: black line, 0:100; orange line: 90:10; blue line: 92:8; olive line: 94:6; purple line: 96:4; brown line: 98:2; red
line: 100:0. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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pick was located at 1610-1640, 1640-1650, 1650-1660, and 1660-
1700 cm™?, representing p-sheet, random coil, o-helix and p-turn,
respectively (Feng, Cai, Wang, Li, & Liu, 2018; Ngarize et al., 2004). The
random coil, p-turn, a-helix and p-sheet of OVA were 54.74%, 25.90%,
12.03% and 7.33%. In previous research, the OVA also indicated the
same secondary structures, including o-helix (27.9%), p-sheet (29.7%),
B-turn (18.2%) and random coil (24.2%) (Sun, Mu, Mohammed, Dong, &
Xu, 2020). However, the random coil (54.74%) in this work was the
main structure, and it may be because the ordered structure was
partially destroyed at low pH. There was no significant difference in the
percentage of secondary structures between different mixing ratios
samples before heating. It means that the addition of a low concentra-
tion of k-C had not much effect on the OVA secondary structures
although they formed OVA/x-C aggregates.

After heating, the random coil and p-turn of all samples decreased,
while the ordered structure o-helix and p-sheet increased. A similar
decline of random coil and f-turn was detected when OVA formed
conjugates (Geng et al., 2014). The random coil decreased the most from
54.74% to 40.44%, and the p-turn structure also was partial damaged.
The ordered a-helix increased to 2 times in the heated OVA, indicating
the reorganized of the proteins (Pal et al., 2011). The heat treatment also
significantly increased the proportion of the p-sheet. The same trends
occurred on f-lactoglobulin gels in heat-induced gelation at low pH
(Kavanagh, Clark, & Ross-Murphy, 2000). The rise of the percentage of
intermolecular p-sheet related to the interaction between proteins
became stronger during the heating phase (Mine, 1995). After adding
k-C, the B-sheet increased but not significantly. The k-C gelation process
in solution has the random coil-to-helix transition which might enhance
the formation of B-sheet (Ngarize et al., 2004). However, the effect of
mixing ratio on the percentage of the p-sheet after heating cannot be
observed. The result of other structures indicated that the addition of
low concentration of x-C had no significant effect on the heating gelation
of the OVA.

4. Conclusions

This study aimed to investigate the effects of kappa-carrageenan
(x-C) on the interaction, structure, and rheological properties of oval-
bumin (OVA) before and after heating. The zeta potential and turbidity
proved that the electrostatic interaction occurred between OVA and «-C,
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and the minimum net charge (—0.5 + 0.3 mV) and maximum turbidity
(0.122 £+ 0.001 cm_l) were observed at the critical ratio of OVA: k-C (w/
w) at 92:8. Meanwhile, the mixtures at the same ratio had the highest
apparent viscosity and the complex modulus (G*) remained maximum
during the thermal cycle. The CLSM showed that the largest insoluble
complex existed at 92:8 which was consistent with the results of zeta
potential and turbidity. A schematic model was proposed to explain the
effects of the critical mixing ratio and heating process on the interaction
between OVA and «-C. The results of FTIR confirmed the interaction
between OVA and k-C and showed that heat treatment significantly
increased the ratio of p-sheet in the samples. The strongest combination
in OVA/x-C mixtures enhanced the f-sheet formation. This study aids
our knowledge about the interaction of OVA and «-C and has great po-
tential to develop novel food products containing OVA and «-C.
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