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1 Introduction
Polysaccharides and proteins, two important biological 

macromolecules, are also important nutrients in food 
(Liu et al., 2021b). Most polysaccharides and proteins belong 
to polyampholytes. When they are mixed in the same water 
environment, the state characteristics of the composite system 
composed of polysaccharides and proteins are related to the 
interaction between them (Alfaris et al., 2022; Georgilis et al., 
2020; Bartlová  et  al., 2021). With more and more in-depth 
research on polysaccharide/protein complexes, we found that the 
interaction between polysaccharides and proteins will affect the 
structure and stability of the composite system (Hasizah et al., 
2021; Luo et  al., 2022). Among them, mutual attraction and 
mutual repulsion were the main interaction modes, and they 
were affected by factors such as the composite ratio, pH, ionic 
strength, and temperature of the composite system (Xu et al., 
2020). When polysaccharides and proteins have opposite 
charges, under the action of static electricity, they can form a 
homogeneous soluble complex or form an insoluble complex 
system (Jiang et al., 2022), which will cause phase separation. 
When a protein is positively charged and forms a complex 
system with a negatively charged polysaccharide, especially 
when the pH of the system is between the electrolyte constant 
of the polysaccharide and the isoelectric point of the protein, 
they will interact strongly to form a complex.

Carrageenan (CRG) is a naturally occurring sulphated 
polysaccharide derived from red seaweed and extracted from 
red seaweed (Yang et al., 2020), it is used as a thickener, stabilizer 
and texturizing agent in the food industry (Huang et al., 2021; 
Jancikova et al., 2020). CRG can form a translucent or transparent 
flowable colloidal solution with a certain viscosity, which is 
affected by pH, temperature and ion concentration. CRG is widely 
used as a food additive and fat substitute in the food industry 
and is commonly used for ice cream, yoghurt, whipped cream 
and cheese due to its special thickening, foaming, emulsifying 
and gelling abilities (Liu et al., 2021a).

Lysozyme (Ly) is widely present in mammalian blood, milk, 
saliva and various tissues (How et al., 2019). The relative molecular 
mass of Ly is about 14000, and it often exists as a white or slightly 
white freeze-dried powder. It is soluble in water but not soluble 
in organic solvents such as ether and acetone. Ly can exist stably 
under acidic conditions but is easily inactivated under alkaline 
conditions. Ly can destroy or kill bacteria by hydrolyzing the 
β-1,4-bond in the bacterial cell wall. Ly from egg whites is a 
natural protein with bactericidal activity and is widely used in 
the food industry against gram-positive bacteria (Wang et al., 
2021; Li et al., 2021). Nowadays, Ly has been widely used in 
the fields of food processing and medicine. It can be added to 
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meat products, aquatic products, cakes and beverages to play 
a preservative effect (Beaussart et al., 2021; Sarkar et al., 2020).

The interaction between proteins and polysaccharides 
has attracted a lot of attention, they can be used as emulsion 
stabilizers, fat substitutes and encapsulation of nutrients (Ashaolu 
& Zhao, 2020; Zhang  et  al., 2021b). The different composite 
ratios of proteins and polysaccharides, the pH of the solution, 
ionic strength and temperature are the main factors affecting the 
electrostatic interaction between the composite system. Under 
different conditions, the combination of them will undergo a 
change of conformational and degree of stability (Huang et al., 
2021; Xu et al., 2022).

In this paper, the effects of solution pH, ionic strength and 
temperature, on the light transmission, potential value and 
microscopic morphology of the Ly/CRG complex system were 
investigated to provide the corresponding theoretical basis and 
reference materials for future preparation, application and research 
of CRG/Ly complexes in the food and pharmaceutical fields.

2 Materials and methods
2.1 Materials

Lysozyme (Ly, 14.3 kDa) from chicken egg white, was 
purchased from National Medicine Group Chemical Reagent 
Co., Ltd. κ-Carrageenan (CRG, 5 × 105 Da, 90% (w/w)) was 
obtained from Aladdin Chemistry Co., Ltd. Other chemicals were 
reagent grade and used without purification. All the solutions 
used in the experiments were prepared using ultrapure water 
through a Millipore (Millipore, Milford, MA, USA) Milli-Q 
water purification system.

2.2 Preparation of Ly/CRG complex

Ly and CRG samples were accurately weighed and then 
slowly added to a certain amount of ultrapure water to prepare a 
final concentration of 1 mg/mL of Ly and CRG solution. Finally, 
Ly and CRG were prepared to different ratios of the composite 
system. The initial pH of Ly mother liquor was adjusted to 7.0 at 
room temperature and stirred for 1 hour to remove impurities. 
The CRG solution was stirred at 70 °C for 20 minutes and then 
naturally cooled to room temperature and filtered to remove 
impurities. The initial pH was also adjusted to 7.0. At room 
temperature, Ly/CRG compound solutions were prepared by 
mixing Ly and CRG in different volume ratios. The CRG solution 
was added to the mother liquor of Ly and the Ly/CRG complex 
was prepared by stirring for 10 min to mix the mixture well.

2.3 Light transmission of Ly/CRG complex

At room temperature, the light transmittance of different 
Ly/CRG composite systems was measured at 600 nm with a 
UV spectrophotometer (Dang et al., 2018), and each group of 
samples was measured twice. The changes in light transmission 
T% of Ly/CRG complexes were then also observed and compared 
at different pH values (pH = 1-12), different ionic strengths 
(0 mM-120 mM), different temperatures (25 °C, 40 °C, 60 °C, 
80 °C), at different ratios (1:7, 1:3, 1:2, 1:1, 2:1) and different 
temperature conditions (25 °C, 40 °C, 60 °C, 80 °C) separately.

2.4 Ultraviolet visible spectra of Ly/CRG complex

The ultraviolet-visible spectra of different ratios of Ly/CRG 
(1:2, 1:3, 1:5 and 1:7) at 250-500 nm were measured three times 
using an ultraviolet-visible photometer. The same concentrations 
of Ly solution were used as controls.

2.5 Fluorescence spectra of Ly/CRG complex

Different Ly/CRG complex ratios (1:7, 1:5, 1:3, 1:2) were 
prepared at room temperature, while same concentrations of Ly 
solution were used as controls. Using a fluorescence spectrometer 
(Zhang et al., 2021b), adjusted to a fixed excitation wavelength 
λex of 280 nm, excitation and emission slit width were 2.5 nm 
and 2.5 nm, voltage 400 V, spectral scanning speed of 60 nm/
min, set the scan range 290-500 nm, fluorescence spectra were 
obtained in different proportions. Furthermore, Ly and CRG 
were prepared in different ratios (2:1, 1:2, 1:3, 1:7), the system 
temperature was adjusted and incubated at different conditions 
(25 °C, 40 °C, 60 °C, 80 °C) and the fluorescence spectra were 
then measured.

2.6 ζ potential of Ly/CRG complex

The surface charges of different ratios of Ly/CRG composite 
systems (1:7, 1:5, 1:3, 1:2, 1:1, 2:1, 3:1) were determined using a 
ζ-potentiometer. The electrophoretic mobility of the relationship 
between UE and zeta potential satisfies the Henry equation 
(Miliaieva et al., 2021) (Equation 1):

3
2 ( )

EU
f Ka
ηξ

ε
=  (1)

ζ is representative of the viscosity of the solution, ε represents the 
dielectric constant of the solvent, UE represents the electrophoretic 
mobility, f (Ka) represents the Henry constant.

2.7 Fluorescence microscope of Ly/CRG complex

The Ly/CRG (2:1) composite solution was prepared and 
0.2% rhodamine B fluorescent dye (used to label Ly) was added 
to it for 15 μL, and the sample was well mixed using a magnetic 
stirrer. A drop of the solution was then gently placed on a slide 
to ensure no air bubbles were produced. Followed by a coverslip 
and placed under a fluorescence microscope to observe the 
phase transition microstructure morphology of the Ly/CRG 
composite system.

3 Results and discussion
3.1 Light transmittance of Ly/CRG systems at different ratios

The light transmission of the systems reflects the differences 
in the aggregation and stability of Ly and CRG in the composite 
system. As shown in Figure 1, with the increasing proportion of 
Ly and decreasing proportion of CRG, the transmittance of the 
composite system gradually decreased. The solution transmittance 
was strongest when the ratio of Ly/CRG is 1:9. The transmittance 
changed slowly and steadily between Ly/CRG ratio from 1:9 to 1:5, 
after which the transmittance decreased sharply. The composite 
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system gradually changed from clarification to translucency 
until a little white precipitate appeared.

The higher the proportion of Ly, the lower the light 
transmittance seeing as the figure, which indicated that Ly can 
promote the phase transformation process of Ly/CRG system. 
In the case of lysozyme carrageenan 1:9, the complex solutions 
were transparent at pH 7, which indicates that they didn’t form 
particles large enough to strongly scatter light, because the 
CRG sulfate group was always ionized, giving the molecules 
an electrostatic repulsive force (Antonov & Zhuravleva, 2019).

3.2 ζ-potential of Ly/CRG systems at different ratios

In a certain electric field, the charged colloidal particles in 
the Ly/CRG system will be migrated, and the charging status 
of the system can be reflected by its ζ- potential (mV), which 
can reflect the stability of its dispersion solution. Ζ-potential 
is an important factor affecting the stability of the Ly/CRG 
composite system, and it mainly affects the repulsive potential 
of the solution in the system. As the ζ potential increases, the 
repulsive potential energy of the solution will increase, and the 
energy needed to overcome the thermal motion of the molecules 
will also increase. Thus the composite system will become more 
stable (Huang et al., 2019).

As shown in Figure  1b, the ζ potentials of the Ly/CRG 
composite system under different composite ratios were shown. 
Ly was partially positively charged, and the potential was about 
14 mV. While CRG was partially negatively charged, and the 
potential was about -21 mV. As the content of CRG increases, 
the dissociation of its carboxyl group made it more negatively 
charged. The positive charge of Ly was gradually neutralized 
by the added CRG, so the amount of negative charge carried 
by the Ly/CRG composite system gradually increases. The total 
negative charge in the system tended to be stable until the Ly/
CRG ratio is 1:3 (Yang et al., 2021).

3.3 Ultraviolet visible spectrum of Ly/CRG systems at 
different ratios

It can be seen from Figure 2 that the composite system had a 
peak at a wavelength of about 285 nm. The UV absorption peak 
was significantly reduced in the Ly/CRG composite system after 
adding CRG. This result was consistent with the phenomenon 

in fluorescence spectra. This may be because the electrostatic 
interaction forces between the complexes composed of Ly and 
CRG alter the spatial structural arrangement of the atoms and 
molecules in the complexes. And through comprehensive 
comparison, as the proportion of Ly continues to rise, the 
absorption peak of the Ly/CRG composite system showed a 
gradually decreasing trend. Due to the structural change of 
the composite, the material had a significant decline under the 
conditions of 1:3 and 1:5.

3.4 Fluorescence spectra of Ly/CRG systems at different 
ratios

The composite system had a peak at a wavelength of about 
340nm as shown in Figure 3. The fluorescence spectrum peaks in 
the Ly/CRG composite system after adding CRG had a significant 
decrease. The wavelength of maximum emission (λmax) for Ly is 
about 340 nm. This fluorescence peak exclusively arises from the 
tryptophan residues of Ly. When different amounts of CRG were 
dropped onto a fixed concentration of Ly, the fluorescence intensity 
of Ly decreased and the position of the fluorescence peak did not 
change significantly. This may be due to static quenching caused 
by the formation of CRG/Ly complexes (Antonov et al., 2018; 
Walker et al., 2019). And through comprehensive comparison, 
it can be found that as the proportion of Ly decreases, the 
peak value of the fluorescence spectrum has also changed. 
In Figure 3a, the peak value was 90. In Figure 3b, c, the peak 
values were basically around 110, while it changed to 100 in 
Figure 3d. The degree of system composite was the highest, and 
the interaction between them was the strongest when the ratio 
of Ly/CRG complex was 1:3 and 1:5.

3.5 Light transmittance of Ly/CRG complex system at 
different pH values

Since Ly is a protein, its secondary structure conformation 
mainly includes α-helix, β-sheet, β-turn and random coils. 
The main function of stabilizing its secondary structure is 
hydrogen bonding. Ly and CRG formed their Ly/CRG complex 
through electrostatic interaction. When the pH value was low, 
because Ly was partially positively charged, the repulsive force 
between the Ly/CRG composite system was weak, and there 
was a strong electrostatic attraction between them. And due 
to the low potential, the system was not very stable, so that a 

Figure 1. Transmittance (a) and ζ-potential (b) of Ly/CRG complex with different ratios.
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large range of aggregation occurred to form a white insoluble 
complex and precipitate (Seo et al., 2018). As the pH of the system 
increased, both Ly and CRG were partially negatively charged 
and the carboxyl group of CRG was protonated. The mutual 
attraction between the two was greatly weakened, as well as the 
strong repulsive forces between Ly and CRG arose, leading to 
the dissociation of the complexes (Zhang et al., 2021a).

As the ratio of Ly/CRG composite system increased, the 
system gradually changes from clarification to turbidity until 
white insoluble substances were produced seeing as Figure 4. 
The composite system had a slight blue opalescence phenomenon 
in Figure 4b, resulting in a light blue colloidal compound. Due to 
the increasing proportion of Ly and the decreasing proportion 
of CRG, CRG polysaccharide molecules were introduced into 

Figure 2. Ultraviolet visible spectrum of Ly/CRG complex with different ratios (a 1:2, b 1:3, c 1:5, d 1:7).

Figure 3. Fluorescence spectra of Ly/CRG complex with different ratios (a 1:2, b 1:3, c 1:5, d 1:7).
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the peptide chains of Ly in the composite system. The steric 
hindrance of its polysaccharide chain made the content of alpha 
helix increase, the content of random coil decrease. Hence the 
secondary structure of Ly was changed and the order of its structure 
was enhanced. After adding CRG, the electrostatic interaction 
between Ly molecules and the molecular conformation of Ly/
CRG had been affected, and the Ly/CRG complex was formed.

3.6 Light transmittance of Ly/CRG system under different 
ionic strength

As shown in Figure 5a, when the NaCl solution was not 
added, as the Ly/CRG composite ratio increased, the light 
transmittance of the composite system gradually decreased 
from the clear state (light transmittance 97%). After the Ly/
CRG ratio of 1:2, the decrease was obvious and the turbidity 
increased. When the ion concentration of the NaCl solution was 
10mM, the composite system had a high light transmittance. 
Then the light transmittance of the Ly/CRG composite gradually 
decreased and finally stabilized as the salt ion concentration 
increased. The shielding effect of salt ions on the charge was 
an important factor affecting the interaction between Ly and 
CRG (Brudar & Hribar-Lee, 2019). Due to the addition of 
NaCl solution, the ionic strength of the composite system was 
increased. As a result, the surface charge effect of Ly and CRG 
was shielded, the electrostatic interaction between Ly and CRG 
was inhibited. At low ionic strength, the competitive adsorption 
capacity of Na+ and Cl- was weak, and the degree of interaction 
between Ly and CRG was also low. When the concentration of 
NaCl gradually increases, Na+ binds to the negative charge on 
the polysaccharide chain and competes with the positive charge 

binding site of Ly, and Cl- bound to the positive charge on Ly 
and competed with the negative charge binding site on the CRG 
chain. Therefore, the force between Ly and CRG was weakened, 
which was not conducive to the formation of Ly/CRG complex. 
The presence of salt ions had a certain electrostatic shielding 
effect on the formation of complexes (Yu et al., 2022). It also 
shows that Ly and CRG were mainly composed of a composite 
system formed by electrostatic interaction.

3.7 Light transmittance of different ratios of Ly/CRG 
complex after heat treatment

The light transmission of the composite system gradually 
decreases from close to 100% until a white insoluble composite 
appears in Figure 5b. This was consistent with the results in 
Figure 1, probably because the CRG molecule carries electrostatic 
repulsion and Ly and CRG do not form a stable complex 
(Liu et al., 2021a). While under a specific compounding ratio, 
as the temperature of the system rose, its light transmittance 
also tended to decrease slightly. This is probably since heating 
has changed the molecular structure of Ly.

3.8 Heating phase transition of Ly/CRG systems at different 
ratios

With the increase of the Ly/CRG composite ratio, the light 
transmittance gradually decreased from the clear state (light 
transmittance 97%) as shown in Figure 5c-5d, and a light blue 
opalescent colloidal compound would be produced in the 
middle. Then the turbidity of the composite system increased, 
and white insoluble composites appear. As the proportion of 

Figure 4. Light transmittance of Ly/CRG complex at different pH conditions (a 1:7, b 1:3, c 1:1).
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CRG increased, the more clarified the composite system was, 
and the less likely to produce white aggregates. This indicates 
that the system was more stable with a larger amount of CRG, 
which was related to the fact that CRG had a certain higher 
viscosity (Liu et al., 2021a). And under a certain composite ratio, 
as the reaction temperature conditions increased, the composite 
gradually changes from a transparent state to a semi-opaque 
state, until white precipitates were produced. This may be since 
heating at high temperatures exposed the hydrophobic amino 
acid residues inside the lysozyme, leading to an increase in 
hydrophobicity on its surface. It also increased the interaction 
between protein molecules through hydrophobic interactions, 
leading to aggregation, which was detrimental to the stability 
of the system.

3.9 Fluorescence spectra after heating of Ly/CRG composite 
system at different ratios

The Ly/CRG composite system had a peak at a wavelength 
of about 340 nm seeing as Figure 6. As the temperature of the 
system increased, the fluorescence spectrum peaks significantly 
decreased, which led to corresponding changes in the composite 
system. This was because heating caused greater changes in 
the secondary structure of Ly, and the hydrophobic interaction 
inhibited the formation of Ly/CRG complexes to a weaker extent 
(Magsumov et al., 2019). As the temperature increased, the 
content of α-helix in Ly decreased, and the content of random 
coils increased. The rise in temperature accelerates the movement 
of molecules in the system, and the hydrophobic interaction 

between molecules was enhanced. Ly was thermally denatured 
due to the influence of temperature, and its internal hydrogen 
bonds were destroyed, and its peptide chain was stretched 
by heat so that the molecular space structure was unfolded 
(Wu et al., 2020). CRG and Ly formed soluble complexes as 
a result of electrostatic interactions. It was conducive to the 
stability of Ly’s secondary structure, thereby increasing the 
degree of stability to heat, and inhibiting the occurrence of 
aggregation (Guo et al., 2021).

3.10 Phase transition micro morphology of Ly/CRG 
composite system

The Ly/CRG composite solution was prepared in proportion 
and placed under a fluorescent microscope to observe the phase 
change microstructure morphology of the Ly/CRG composite 
system. As can be seen in Figure 6, the agglomeration of the 
composite system deepens and the phase separation increases 
in the Ly/CRG composite system. Small particles aggregated 
into large particles, and the molecular size of the particles 
increased accordingly. Because under higher temperature 
conditions, Ly was affected by high temperature, which led 
to changes in molecular structure (Bao et al., 2018). Then the 
Ly/CRG composite system aggregated due to instability and 
caused phase separation. Under the condition of a higher Ly/
CRG ratio, as the temperature increased, more Ly bound to the 
polysaccharide chain of CRG, and the degree of aggregation 
of the system became larger so that large particles are formed 
(Omar et al., 2020).

Figure 5. Light transmittance and of of Ly/CRG complex with different ionic strengths (a) and heat treatment (b), and phase transition (c, d) of 
Ly/CRG complex systems after heat treatment (c, pictures of morphological observations, d heated phase transitions at different temperatures).
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4 Conclusion
This study showed that the main force between Ly and 

CRG is electrostatic interaction. The Ly/CRG composite system 
has undergone three phase transition states: co-solubilization, 
gelation and aggregation. The oppositely charged CRG and Ly 
form complexes based on electrostatic interaction at pH 1-3. 
Whereas at pH 12, both CRG and Ly are negatively charged and 
they repel each other electrostatically. The electrostatic shielding 
effect of salt ions had a greater impact on the formation of Ly/CRG 
complex. Temperature had a certain degree of influence on the 
structure and turbidity of the composite system. The interaction 
between polysaccharides and proteins could provide theoretical 
basis on regulation on the structure and stability of food.
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