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Abstract

This study systematically investigated the influence of alkaline treatment duration (2-6 h) on the
structural characteristics and functional properties of \-carrageenan derived from Eucheuma
denticulatum. The results indicated that a 3 h alkaline treatment achieved the highest yield (46.6%) and
significantly enhanced gel strength by facilitating the formation of 3,6-anhydrogalactose (3,6-AG). In
contrast, prolonged treatment reduced both molecular weight and yield. Moderate alkaline treatment (3—
4 h) improved crystallinity and thermal stability while maintaining water-holding capacity above 80%
after freeze-thaw cycles. FT-IR and XRD analyses confirmed that alkaline treatment preserved the
fundamental structure of -carrageenan while altering molecular packing order. These findings provide
valuable guidance for industrial production, indicating that a 3—4 h alkaline treatment not only optimizes
yield but also enhances functional performance. Overall, the study elucidated how alkaline treatment
time modulates -carrageenan quality through 3,6-AG formation, molecular chain degradation, and
crystalline reorganization, thereby offering theoretical guidance for optimizing food-grade carrageenan
production.

1. Introduction

Carrageenan (CGN) is a primary polysaccharide derived from the extracellular matrix of red algae (such
as Eucheuma, Gigartina, Chondrus, and Hypnea), which is widely used in the food, cosmetics, and
pharmaceutical industries [1]. The number and position of sulfate groups on the carrageenan
disaccharide determine its type as k-, -, and A-carrageenan. The structural difference between k-
carrageenan and -carrageenan lies in their linear backbones: k-carrageenan consists of a(1,3)-D-
galactose-4-sulfate and B(1,4)-3,6-anhydro-D-galactose, while 1-carrageenan contains linear skeleton with
alternating a(1,3)-D-galactose-4-sulfate and B(1,4)-3,6-anhydro-D-galactose-2-sulfate [2]. Compared to k-
carrageenan, l-carrageenan is a more highly sulfated helical polysaccharide [3]. The elevated sulfate
content confers upon -carrageenan gels a set of distinctive advantages, such as high elasticity, robust
freeze-thaw resistance, and strong tolerance to high salinity environments. Additionally, \-carrageenan
exhibits various bioactivities such as antioxidant effects, antiviral properties, gastric mucosa protection,
and wound healing promotion [4-7]. Natural carrageenan is widely used as a food additive to improve
texture. Although the native form of carrageenan (200—800 kDa) has been declared harmless to humans,
several studies have demonstrated that long-term feeding of rats with degraded (-carrageenan (with
average molecular weight ranging from 20 to 40 kDa) over a 24-month period may induce colitis,
secondary metaplasia, and ultimately tumorigenesis [8]. European Union has set a detection limit of 5%
for low-molecular-weight components (< 50 kDa) in carrageenan to ensure its safety [9]. Therefore,
monitoring the molecular weight of carrageenan is of great significance to its production quality and
safety.

The production process of carrageenan mainly entails alkali treatment to extract semi-refined
carrageenan from seaweed, followed by filtration to eliminate residual components like cellulose, and
ultimately precipitation with alcohol or salts for carrageenan recovery [10]. The alkali treatment,
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encompassing alkali type, treatment duration, and alkali concentration, plays a crucial role in determining
the final structural properties of the product. Previous studies have shown that prolonged low-
temperature alkaline pretreatment of M. stellatus seaweed facilitated the extraction of biopolymers
containing reduced amounts of biological carrageenan precursors (v- and yg-monomers), meanwhile
although the relative proportions of k- and --monomers remained unchanged, the elasticity of the
biopolymers is enhanced [11]. Additionally, during alkali extraction, 1-carrageenan molecules undergo a
conformational transition from a random coil to a helical structure. This structural rearrangement
significantly influences the gelling mechanism and rheological properties of -carrageenan [12].
Therefore, a systematic investigation into the impact of alkaline treatment time on the structural
characteristics of 1-carrageenan, specifically its molecular weight and functional properties, is crucial for
optimizing production processes and acquiring -carrageenan products with targeted performance.

This study aimed to investigate the effects of alkaline treatment time on the structural and functional
properties of (-carrageenan. Through adjusting the alkaline treatment time during extraction, key
parameters of the resulting (-carrageenan, including chemical composition (e.g., sulfate content),
melting and gelling temperature, apparent viscosity, gel strength, and water-holding capacity, were
evaluated. Meanwhile, the \-carrageenan samples were characterized via fourier-transform infrared (FT-
IR) spectroscopy, size-exclusion chromatography coupled with differential refractive index detection and
multi-angle laser light scattering (SEC-DRI-MALLS), as well as thermogravimetric analysis (TGA). The
expected findings can lay a theoretical foundation for optimizing the alkali process of -carrageenan,
while also providing technical support for its applications in the food, pharmaceutical, and related
industries.

2. Materials and methods

2.1. Materials

Eucheuma denticulatum was supplied by Greenfresh Zhang Zhou Foods Co., Ltd. (Zhangzhou, China).
Analytical grade chemicals including sodium hydroxide (NaOH), potassium chloride (KCI), calcium
chloride (CaCl,), potassium sulfate (K,S0,), absolute ethanol, and sodium nitrate (NaNO5) were
procured from China National Pharmaceutical Group Chemical Reagent Co., Ltd. (Shanghai, China).
Chromatographic standards of D-galactose and D-galacturonic acid were obtained from Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, China).

2.2 Preparation of \-carrageenan

Weighed 15 g of the washed dry Eucheuma denticulatum, added an alkaline solution containing 10%
NaOH and 12% KClI at a solid to liquid ratio of 1:30 (w:v). The mixture of Eucheuma denticulatum

and alkaline solution was heated at 65°C for 2, 3, 4, 5 and 6 h, respectively. Subsequently,

rinsed Eucheuma denticulatum multiple times until it reached a neutral pH, added a 0.15% HCI at a solid
to liquid ratio of 1:30 (w:v) for 15 min of acidification treatment. After acidification, the sample was

rinsed thoroughly until the pH reached neutrality. Finally, added distilled water at a solid to liquid ratio of
Page 4/29



1:30 (w:v), and then boiled at 100°C for 3 h to gain carrageenan gel. Filtered the hot gel solution,
subjected it to vacuum freeze drying, and then ground it into powder. The prepared carrageenans

from Eucheuma denticulatum with alkaline solution for 2, 3, 4, 5 and 6 h, are designated as (-2, -3, -4, 1-5,
and -6, respectively.

2.3 Determination of -carrageenan yield

The yield of -carrageenan was determined by the ratio of the weight of dried raw materials of Eucheuma
denticulatum (W) to the weight (W;) of the final -carrageenan product.

. W,
Yield (%)= ? x100
0

2.4 Determination of physicochemical properties of 1-carrageenan

Total sugar content of -carrageenan was detected through phenol-sulfuric acid method. The sulfate and
3,6-AG contents of -carrageenan were determined using the BaCl, turbidimetric [13] and resorcinol
methods[14], respectively. Whiteness of -carrageenan was measured using the ADCL-WSI Whiteness
colorimeter (ADCL-WSI, Beijing Chentaike Instrument Technology Co., LTD., Beijing, China).

2.4.1 Gel properties of -carrageenan

The gel strength of 1-carrageenan was determined following the previous method [15] using a texture
analyzer (TA-XTplus, Waters Instruments Co., Ltd., Milford, MA, USA). Briefly, 1.5% (w/v) (-carrageenan
solution containing 0.2% (w/v) CaCl, was prepared, and heated in a boiling water bath until complete
dissolution. Subsequently, 10 mL of the -carrageenan solution was aliquoted into each cylindrical mold,
followed by cooling and solidification at room temperature for 12 h. The P5/S probe was employed, and
the test conditions was as following: pre-test speed of 2 mm/s, test speed of T mm/s, post-test speed of
2 mm/s, and trigger force of 3 g.

2.4.2 Melting and gelling temperature of -carrageenan

Following a previous method [16] with modifications, \-carrageenan solution of 1.5% (w:v) was prepared
with 0.2% CaCl,. After cooling and solidification, glass beads were placed on the surface of -
carrageenan gel. The temperature was raised at a rate of 1 °C/min, and the melting temperature was
recorded when the glass beads fell to the bottom of the test tube. The test tube was tilted up and down
until the glass beads at the bottom stopped moving, of which the temperature was recorded as the
gelling temperature.

2.5 Detection of apparent viscosity of 1-carrageenan
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The apparent viscosity of -carrageenan was determined using an Anton Paar MCR 302 rheometer
(Anton Paar GmbH, Graz, Austria) equipped with a parallel plate geometry (50 mm diameter, T mm gap).
The measurements were performed using a PP50 measuring system with the plate temperature
maintained at 75°C. The shear rate was linearly ranged from 0.1 s™ to 600 s to record the flow curve of
the -carrageenan solution.

2.6 Determination of molecular weight of -carrageenan

Molecular weight determination of -carrageenan was performed using a multi - angle laser light
scattering gel permeation chromatography system equipped with a differential refractive index detector
(SEC-DRI-MALS, Wyatt technology, CA, USA), according to the previous method reported [17] with
modifications. The chromatographic separation was performed using a tandem column system
consisting of TSK gel G4000PWXL and TSK gel G2500PWXL connected in series. The mobile phase
consisted of 0.1 M NaNO, containing 0.035% (v/v) ProClin™ 300, delivered at a flow rate of 0.60 mL/min.
The column compartment and detector were both maintained at 35°C. The -carrageenan samples were
prepared at a concentration of T mg/mL in the mobile phase, filtered through a 0.22 pm aqueous
membrane filter, and injected into the detected system at a volume of 100 pL. The total run time was set
as 60 min.

2.7 Analysis of water-holding capacity (WHC) of 1-carrageenan

A 10 mL -carrageenan solution (1.5% w/v; containing 0.2% CaCl,) was added to a centrifuge tube, stored
at 4°C for 24 h, and then transferred to -20°C freezing for another 24 h. After a 6 h thawing process, the
--carrageenan sample was centrifuged at 10,000 xg for 15 min. Excess water was removed using filter
paper, and the residual weight was recorded [18]. WHC was calculated using the following formula:

1
WHC (%) = > 100

0

where W, is the original weight of the gel per tube; W¥is the residual weight of the gel per tube after
draining the separated water.

2.8 Low-Field nuclear magnetic resonance (LF-NMR) analysis of -carrageenan

Moisture migration in the 1-carrageenan samples was analyzed using a 23 MHz low-field nuclear
magnetic resonance analyzer equipped with an imaging system (Model HT-MRSI20-60A, Shanghai Huan
Tong Science & Education Equipment Co., Ltd., China). Each 3 mL 1.5% (w/v) (-carrageenan solution
containing 0.2% CaCl, was placed into a 5 mL cylindrical cryovial. After gelation, transverse relaxation
curves (T,) of 1-carrageenan gel were acquired using the Carr-Purcell-Meiboom-Gill (CPMG) pulse
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sequence. The echo time, number of echoes, and number of scans were set as 3.0 ms, 2048, and 5,
respectively.

2.9 Fourier Transform Infrared (FT-IR) spectroscopy of 1-carrageenan

Dried 1-carrageenan powder was mixed with dried potassium bromide (KBr) at a ratio of 1:100 (w/w) and
pressed into pellets. FT-IR spectra of 1-carrageenan were recorded by using an IS50 FT-IR spectrometer
(Thermo Fisher Scientific Inc., USA) at the wavenumbers of 4000-400 cm™ with 32 scans per

spectrum [19].

2.10 Monosaccharide composition determination of -carrageenan

Monosaccharide composition of 1-carrageenan was determined via PMP derivatization [20]. Briefly, 5 mg
oven-dried (to constant weight) \-carrageenan sample was hydrolyzed with 1 mL 2 M trifluoroacetic acid
(TFA) at 120°C for 4 h. Residual TFA was removed by nitrogen-blow after adding methanol. The dried (-
carrageenan sample was redissolved in 400 yL ammonia solution and 400 yL 0.3 M PMP-methanol, and
then incubated at 70°C for 30 min. Excess ammonia was evaporated under nitrogen, with traces
removed by washing with methanol three times. Subsequently, 1% acetic acid and 1T mL chloroform were
added; after vortexing, the aqueous phase was extracted, filtered through a 0.22 pym membrane, and
analyzed by HPLC (LC-20A system, Shimadzu Corporation, Japan) on a 150 x 3.0 mm column (10 pm
particle size). The mobile phase was 5% acetonitrile (20 mM ammonium acetate, solvent A) and
acetonitrile (solvent B) at 87:13 (A:B), with a flow rate of 0.6 mL/min and injection volume of 20 pL.

2.11 Thermogravimetric analysis (TGA) of -carrageenan

The thermal stability of -carrageenan was investigated by thermogravimetric analysis (TGA8000,
PerkinElmer, Waltham, MA, USA). Approximately 3—6 mg of -carrageenan powder was placed in an
alumina crucible and heated from 40°C to 600°C at a rate of 10 °C/min under a nitrogen purge gas flow
of 20 mL/min. The mass loss and its first derivative (DTG) were recorded during the heating process.

2.12 X-ray Diffraction (XRD) analysis of \-carrageenan

Crystallinity of the \-carrageenan samples was analyzed by X-ray diffraction (Bruker D8 Venture,
Karlsruhe, Germany) using Cu Ka radiation. XRD analysis were performed over a 26 range of 5° to 50° at
a rate of 5°/min [21].

2.13 Statistical analysis

Data were expressed as mean + standard deviation (SD). Analysis of variance was performed using IBM
SPSS Statistics (SPSS 19 for Windows). Tukey's multiple comparison test was applied, and p < 0.05 was
considered statistically significant.

3. Results and Discussion
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3.1 Effect of alkaline treatment time on yield and chemical composition of -carrageenan

The effect of alkaline treatment time on the yield of \-carrageenan is shown in Fig. 1. The yield of (-
carrageenan exhibited a trend of first increasing and then decreasing with the extension of alkaline
treatment time, and the maximum yield of 46.6% achieved at an alkaline treatment time of 3 h. This
phenomenon may be attributed to the fact that prolonged alkaline treatment can enhance the disruption
of cell walls in Eucheuma denticulatum, thereby facilitating the extraction of (-carrageenan molecules.
However, excessive treatment duration may cause part of the gelatinous solution to dissolve in the
alkaline liquor, which is subsequently lost during the rinsing process.

The chemical composition of (-carrageenan extracted with different alkaline treatment time, including
total sugar content, sulfate content and 3,6-AG content were analyzed (Table 1). The results showed that
prolonged alkali treatment time exerted no significant effect on the total sugar content and sulfate
content of (-carrageenan. The absence of variation in total sugar content may be related to the
limitations of the detection method, as the phenol-sulfuric acid assay reports values in glucose-
equivalent concentrations, which may not accurately reflect complex carbohydrates that are not simple
glucose polymers [22]. Similarly, the stability of sulfate groups in -carrageenan under alkaline conditions
likely accounts for their resistance to hydrolysis or desulfation. Previous studies have also indicated that
the specific positioning and bonding configuration of sulfate groups in 1-carrageenan contribute to their
enhanced alkali tolerance [23]. The 3,6-AG content of (-carrageenan initially increased and subsequently
decreased with extended alkali treatment time, reaching optimal levels after 3-4 hours of treatment. This
pattern suggested that moderate alkali treatment facilitates the structural conversion of D-galactose-6-
sulfate residues linked by 1,4-glycosidic bonds, wherein the elimination of C¢ sulfate groups promotes
the formation of 3,6-anhydro-D-galactose units. This transformation mechanism has been reported to
significantly improve gel strength of 1-carrageenan [24].

Table 1: The chemical composition and whiteness of 1-carageenan

sample  Total sugar content (%)  Sulfate content (%) 3,6-AG content (%)  Whiteness
(%)

-2 61.05+1.142 16.58+0.502 21.12+0.47° 45.38+0.02¢

-3 58.94+1.432 16.01+0.042 22.05+0.132 48.64+0.26°

-4 61.43+2.46° 15.99+0.16° 22.73+0.34° 53.28+0.17°

-5 58.32+0.38? 16.17+0.222 21.10£0.27° 50.70+0.06°

-6 61.10+1.21° 16.36+0.24° 20.41+0.51° 50.82+0.13P

a, b, c and d indicate significant differences (p < 0.05).

Page 8/29




3.2 Effect of alkaline treatment time on whiteness of 1-carrageenan

The whiteness of -carrageenan reflects the degree of pigment removal during extraction, and higher
whiteness directly affects the better quality, performance, and applications of its product. The results
demonstrated that prolonged alkali treatment time significantly enhanced whiteness of -carrageenan,
with the maximum whiteness value of 53.28% achieved after 4 hours of alkali treatment (Table 1). This
finding may be attributed to the fact that during alkaline treatment, algal cells are disrupted, and the
intracellular pigments, primarily water-soluble phycobilins, including phycoerythrin and phycocyanin, are
prone to photolysis, thereby removing greater quantity of pigments and enhancing the whiteness of (-
carrageenan [16].

3.3 Effect of alkaline treatment time on gel strength of \-carrageenan

Gel strength serves as a critical indicator for evaluating carrageenan quality. As shown in Fig. 2, the gel
strength of -carrageenan displayed a distinct trend of initial increase followed by a decrease with the
extension of alkali treatment duration. The results revealed that \-carrageenan extracted with 3 hours
alkali treatment demonstrated much higher gel strength than that of one with 2 hours alkali treatment.
This enhancement may be attributed to the gradual disruption of algal cell structures by sodium
hydroxide, which facilitates the formation of 3,6-anhydrogalactose through sulfate group elimination,
thereby improving gelling properties. Studies have demonstrated a strong positive correlation between
gel strength and 3,6-AG content, where higher 3,6-AG levels correspond to greater gel strength [25].
Conversely, gel strength shows a negative correlation with sulfate content. This inverse relationship
stems from the electrostatic repulsion generated by negatively charged sulfate groups between
carrageenan molecules, which hinders their close association and aggregation, thereby impeding the
formation of compact gel networks. As sulfate content decreases, the reduced electrostatic repulsion
allows more effective intermolecular interactions, facilitating the development of denser gel structures
with enhanced gel strength [26]. Thus, a slight decrease in sulfate content for 1-carrageenan extracted
with 3 hours alkali treatment, may also contribute to its higher gel strength. However, no statistically
significant differences in gel strength were observed among (-carrageenan with 2—4 hours alkali
treatment. This phenomenon may be attributed to the inherently soft texture and high elasticity of -
carrageenan, which could result in insufficient sensitivity in texture analyzer measurements, thereby
making it challenging to distinguish subtle variations between these (-carrageenan samples. However,
when the alkali treatment time is prolonged beyond 5-6 hours, it leads to a significant reduction in the gel
strength of -carrageenan. This deterioration may be caused by either insufficient conversion due to
suboptimal treatment intensity (concentration and duration) or excessive processing conditions.
Furthermore, the presence of substantial precursor units in seaweed has been reported to adversely
affect gel properties [27]. In addition, as described above, the reduced 3,6-AG content and the slight
increased sulfate content may result in the reduced gel strength of -carrageenan.

3.4 Effect of alkaline treatment time on melting and gelling temperatures of \-carrageenan
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The melting temperature of carrageenan gel reflects the energy required to disrupt its three-dimensional
network, while the gelling temperature influences its interaction with other components and ultimately
determines its application performance. As shown in Fig. 3, with alkaline treatment time increased, the
melting and gelling temperatures of (-carrageenan was decreased, where -4 exhibited low gelling and
melting temperatures of 58.67°C and 73°C, respectively. The observed melting temperature > gelling
temperature represents a typical thermal hysteresis phenomenon common to carrageenan (and
polysaccharide gels in general). In addition, the thermal behavior suggested that complete dissolution
can be achieved at processing temperatures exceeding 73°C, significantly lower than other gelling
agents like agar (requiring > 95°C for complete melting) [28], thereby offering considerable energy-saving
advantages in industrial processing.

3.5 Effect of alkaline treatment time on apparent viscosity of -carrageenan

The steady-shear behavior of 1-carrageenan extracted with different alkaline treatment time was
determined within shear rate range of 0.1-600 s~". As shown in Fig. 4, all flow curves of -carrageenan
exhibited that apparent viscosity decreased with increasing shear rate, indicating that these (-
carrageenan samples exhibited typical non-Newtonian fluid behavior and shear-thinning characteristics
[29]. The decrease in the apparent viscosity of (-carrageenan can be attributed to the fact that under low
shear conditions, i-carrageenan forms a dense network structure via covalent bonding, resulting in a
high-viscosity gel with relatively stable apparent viscosity. However, as the shear rate increased, the
applied shear force disrupts these entanglement points, leading to the disintegration of the gel network,
in turn cause a decrease in apparent viscosity [30]. It was observed that the viscosity levels and the
extent of variation differed with the alkaline treatment time. Samples (-2, 1-5, and -6 exhibited higher
initial viscosities, whereas samples (-3 and -4 showed lower initial viscosities and displayed relatively
less pronounced shear-thinning behavior. This could be attributed to the fact that the optimal alkaline
treatment time of 3-4 hous facilitating the formation of more 3,6-AG, which enhances molecular chain
regularity.

3.6 Effect of alkaline treatment time on molecular weight of \-carrageenan

The molecular weight of -carrageenan extracted with different alkaline treatment time was analyzed
(Fig. 5). The results revealed that alkali extracted carrageenan exhibited broad chromatographic peaks
with multiple shoulders, accompanied by polydispersity indices (M,,/ M,) exceeding one, indicating the
heterogeneous nature of the extracted -carrageenan. Notably, prolonged alkali treatment time led to
progressive molecular weight reduction. This phenomenon likely originates from alkaline-induced
cleavage of glycosidic bonds within the carrageenan backbone, resulting in significant polymer
degradation. This observation aligns with previous findings demonstrated that hydroxyl ions (OH-) can
disrupt hydrogen bonds and other covalent linkages in algal cell walls, ultimately causing polysaccharide
depolymerization [31]. In accordance with EU regulations stipulating that enteropathogenic low-
molecular-weight carrageenan fractions (<50 kDa) was less than 5% of the final product [32]. However,
when quantitatively analyzed sub-50 kDa fractions, all --carrageenan samples contained < 50 kDa
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components exceeding 5% as shown in Table 2. Furthermore, the relative content of < 50 kDa fragments
exhibited a positive correlation with alkaline treatment time, implying that reduction of alkaline treat time
could be applied for minimizing low-molecular-weight fractions.

Table 2: The Molecular weight variation of 1-carageenan

sample  MwikDal Proportion(%) MwikDal  Proportion(%)
-2 087.8129.7 94.9+2.3 52.7£3.5 5.1+2.3
-3 905.448.1 95.0+1.7 54.8t1.6  5.0%1.5
-4 759.4+10.0 94.0+1.7 51.8t1.7 6.0%1.7
-5 843.3148.7 93.9+2.9 51.5#1.2  6.1+2.9
-6 782.8+10.6  93.9+0.3 51.4+21  6.1+0.3

3.7 Effect of alkaline treatment time on water holding capacity of \-carrageenan

To evaluate water-holding capacity of \-carrageenan affected by different alkaline treatment time, weight
loss of -carrageenan gel after freeze-thaw cycling was measured. As illustrated in Fig 6, all -
carrageenan samples maintained high water-holding capacity exceeding 80% following a single freeze-
thaw cycle. This remarkable performance can be attributed to the unique double-helical structure of t-
carrageenan, which effectively restricts ice crystal growth during freezing. However, 1-3 displayed the
lowest water-holding capacity among all tested samples, while no statistically significant differences
were observed between other samples (p > 0.05). This is because gels produced ice crystals internally
after freezing and thawing, which destroyed the intermolecular structure, molecules aggregated into
clusters, water was lost with a decrease in water-holding capacity, and the gel strength increased [33].
Moreover, this observation is consistent with the aforementioned variations in gel strength, suggesting a
structure-property relationship between the molecular organization and functional performance of -
carrageenan.

LF-NMR technology is commonly used to analyze the moisture distribution and migration changes in gel
samples through the relaxation time of hydrogen protons [34, 35]. The transverse relaxation time
indicates the mobility of water molecules, where the different peak curves of T, represent different
states of water molecules, such as T,; (10-100 ms) means immobilized water and T,, (100-1000 ms) is
free water [36]. As shown in Fig. 7, \-carrageenan showed two peak areas of T,; and T,, at 10-100 ms
and 100-1000 ms, respectively, indicated the prensence of immobilized water and free water. With the
extension of alkali treatment time, T,, showed a tendency to shift to the right, indicating that -
carrageenan has a weak binding ability with water, and the immobilized water in the molecules is
transformed into free water. This phenomenon may be attributed to the destruction of 1-carrageenan
molecular chains during the alkali treatment, which increases the mobility of free water in the three-
dimensional network structure of the gel. As shown in Fig. 7, the proportion of P,, first increased and
then decreased as follows: -2 (91.15%), -3 (97.70%), 1-4 (97.87%), \-5 (97.43%), and -6 (97.29%); the
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change trend of P,; was opposite to that of P,,. This may be because the exposure of hydroxyl groups
increases with the extension of alkali treatment time, providing binding sites for the combination of free
water with -3 and -4 molecules. However, the subsequent decrease in P,, may be due to the molecular
chain breakage caused by the prolonged alkali treatment time, which enhances the flexibility of -
carrageenan molecular chains, leads to less free water and more immobilized water in the three-
dimensional network structure of the gel. These results are consistent with the changes in moisture
distribution of mechanically activated k-carrageenan reported previously [37].

3.8 Effect of alkaline treatment time on FT-IR spectra of -carrageenan

Fig. 8 presents the FT-IR spectra of (-carrageenan extracted with different alkaline treatment time. All -
carrageenan samples exhibited characteristic absorption peaks at 3440 cm™, 2920 cm™, 1640 cm™,

1069 cm™’, 930 cm™, 805 cm™, and 845 cm™. It was suggested that prolonged alkali treatment time did
not disrupt the repeating units or primary structure of 1-carrageenan. However, prolonged alkali treatment
time could influenced FT-IR peak intensities of (-carrageenan. The broad peak at 3440 cm™ was
attributed to O-H stretching vibrations, which showed varying intensities with alkali treatment time. The
highest peak intensities at 3440 cm™ was observed for 1-4. The increased hydroxyl peak intensity in -4
may result from molecular chain scission during alkali treatment, which exposes previously
encapsulated hydroxyl groups and enhances their interaction with free water molecules—thereby
improving hydrophilicity [38]. The peaks at 2920 cm™ and 1640 cm™ were caused by the stretching
vibrations of C-H and bound water, respectively. Similarly, -4 also displayed the highest peak intensity in
1640 cm™'. This trend correlated with the moisture distribution results, where 1-4 exhibited a higher P,,

value than -3. Besides, the absorptions at 1069 cm™ and 930 cm™, corresponding to C-O bonds of 3,6-
AG, which showed the highest intensities for -4, consistent with its highest 3,6-AG content as listed in
Table 1. The band at 1250 cm™, arising from asymmetric stretching of sulfate groups, confirmed the
presence of sulfate groups in -carrageenan. Additionally, the characteristic peaks at 805 cm™ and 845
cm! indicated sulfate substitution at C, and C, positions, respectively. The A805/A845 ratio remained
approximately 1 across samples, suggesting sulfate ester substitution was insensitive to the tested

alkaline treatment time, aligning with the non significant changes in sulfate content as shown in Table 1
[39, 40].

3.9 Effect of alkaline treatment time on monosaccharide composition of -carrageenan

The effect of different alkaline treatment time on the monosaccharide composition of (-carrageenan is
presented in Table 3. The results indicated that all \-carrageenan samples prepared with varying alkali
treatment time contained four identical types of monosaccharides. Among them, galactose was the
dominant monosaccharide, accompanied by glucose, and small amounts of galacturonic acid and
xylose. Prolonging the alkali treatment time did not alter the types of monosaccharides, which was
consistent with the previous findings that carrageenan degraded by light showed no changes in
monosaccharide types but differed in their contents [21] . As shown in Table 3, the extension of alkali
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treatment time led to a decrease in galactose content and a corresponding increase in galacturonic acid
content for \-carrageenan. This phenomenon may be attributed to the hydrolysis of partial galactose into
galacturonic acid, or result from alkali treatment promoting the desulfation of precursor substances
through cyclization reactions [41]. Compared with the -2 sample, the xylose content increased in -
carrageenan samples treated with alkali for 3—6 h. This could be due to the destruction of hemicellulose
structures in the algal cell wall during the high-temperature alkali extraction process, thereby introducing
more xylose [42].

Table 3: Monosaccharide composition of -caragean

Gal-Al%0 Glch%H Gali%0 XyI0%0
2 260+0.532P  18.0240.212®  77.90+0.00% 1.47+0.74P
-3 1.93+0.01°  18.98#0.26°  76.57+0.182  2.52+0.09°
4 246+0.802> 18.01£0.612°  76.94%1.322  2.59+0.09°
-5 2.71+1.132>  17.50+0.50°  77.58+1.582  2.12+0.052P
"6 3.38+0.04°  18.48+0.10°® 75.5140.16® 2.63+0.02°

a and b indicate significant differences (p < 0.05).
3.10 Effect of alkaline treatment time on XRD pattern of \-carrageenan

XRD analysis results of 1-carrageenan prepared with different alkali treatment time are shown in Fig. 9.
The XRD patterns of all --carrageenan samples with different alkali treatment time were similar, along
with a broad diffraction peak in the range of 15°-25°, indicating a semi-crystalline polysaccharide
structure [43], which aligned with the inherent flexibility of carrageenan helical structure. The broad
diffraction peak near 26 = 22° was a characteristic feature of the amorphous structure of \-carrageenan.
With prolonged alkali treatment time, the positions of the main diffraction peaks and the corresponding
interplanar spacings varied greatly among -carrageenan samples. Specifically, as the alkali treatment
time increased, the main diffraction peaks of \-carrageenan appeared at 21.44°,21.16°, 21.40°, 22.12°,
and 22.02°. Compared to 1-2, -3 exhibited peak shifts, possibly due to alkali treatment promoting the
formation of 3,6-AG, thereby altering the charge distribution and spatial conformation of the molecular
chains, which corresponded to the observed increase in gel strength. The peak position of 1-4 was close
to that of (-2, but with sharper peaks, suggesting improved crystallinity. Since a narrower peaks typically
indicates more ordered crystal structures. In general, sharp and narrow peaks reflect crystalline
structures, while broad peaks indicate amorphous domains [44]. Starting from (-5, the main diffraction
peaks shifted compared to those of the previous samples, and the smallest interplanar spacing was
0.402 nm and a decrease in crystallinity, reflecting changes in the molecular chain packing periodicity.
This may be attributed to alkali-induced hydrolysis of some glycosidic bonds in the polysaccharide
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chains, leading to further modifications in chain length and a restructuring of the crystalline
arrangement. As reported previously [45], Lycium barbarum polysaccharides extracted using different
processes varied in 20 angles and crystallite structures were observed, which likely due to the disruptive
effects of harsh acid-base conditions on polysaccharide crystallinity. In summary, alkali treatment time
influences the crystallinity and molecular packing of (-carrageenan, with the sample treated for 4 hours
(1-4) exhibiting the highest crystallinity.

3.11 Effect of alkaline treatment time on TGA of -carrageenan

The mass loss process of -carrageenan can be divided into two stages as shown in Fig. 10. In the first
stage (40-200°C), the weight loss was attributed to the evaporation of free water within the carrageenan
molecules. In the second stage (200—-500°C), the mass gradually decreased to approximately 40%, which
may be associated with the degradation of carbohydrates [46]. Among (-carrageenan extracted with
different alkali treatment times, 1-2 exhibited the highest mass loss rate of 61.53%, while (-3 had the
lowest initial thermal degradation temperature of 225°C. In contrast, 1-4 demonstrated the highest initial
thermal degradation temperature of 228.36°C and the lowest mass loss rate of 57.39%. In addition,
within the range of 150-500°C, the thermal decomposition of (-carrageenan led to an increase in mass
loss. This was due to the degradation of -carrageenan, where hydroxyl groups of galactose undergo
rapid dehydration and decomposition; C—H, C-0, and C—C bonds are broken; and the backbone is
disrupted [25]. Among all (-carrageenan samples, (-4 showed the lowest mass loss rate, possibly
because moderate alkali treatment promotes appropriate aggregation of polysaccharide molecules,
facilitating their transition from a loose amorphous structure to a more compact crystalline or helical
configuration, thereby enhancing thermal stability. This finding aligns with the results observed in alkali
extracted mung bean peel polysaccharides, which exhibited higher thermal stability as compared to
water-extracted polysaccharides [47].

4. Conclusions

This study investigated the effect of alkaline treatment time on the yield, physicochemical and functional
characteristics of 1-carrageenan. The results demonstrated that an optimal alkaline treatment time of 3
hours achieved the highest yield (46.6%) while promoting the conversion of D-galactose-6-sulfate to 3,6-
AG, which significantly enhancing the gel strength of (-carrageenan. Prolonged treatment time (> 5
hours) resulted in molecular weight reduction and decreased yield. Rheological analysis confirmed
shear-thinning behavior in all --carrageenan samples, where -carrageenan treated for 3—4 hours alkaline
treatment exhibiting more stable viscosity characteristics. Additionally, extended alkaline treatment time
increased free water mobility (T,, relaxation time), maintaining good water-holding capacity (> 80% after
freeze-thaw cycles) and excellent thermal stability. FT-IR and XRD analyses showed that alkaline
treatment time does not disrupt the fundamental structure of \-carrageenan but influences its
crystallinity and molecular arrangement. Overall, the findings provide critical insights for the industrial
production of 1-carrageenan, demonstrating that 3—4 hours of alkaline treatment ensures optimal yield
while maintaining superior gel performance and product quality.

Page 14/29



Declarations

Author contribution

Jiawen Shi: Investigation, Writing-Original Draft. Tao Hong: Validation, Writing-Review & Editing. Zhipeng
Li: Formal analysis,Validation. Yujia Ou: Formal analysis, Writing-Review & Editing. Yanbing Zhu:
Conceptualization, Formal analysis. Yuanfan Yang: Formal analysis, Validation, Writing-Review & Editing.
Zedong Jiang: Conceptualization, Writing-Review & Editing. Hui Ni & Mingjing Zheng: Writing-Review &
Editing, Supervision, Funding acquisition.

Conflict of interest

The authors confirm that they have no conflicts of interest with respect to the work described in this
manuscript.

Funding declaration

This work was supported by the Fujian Provincial Department of Science and Technology, China (grant
number 2023Y4009), the National Natural Science Foundation of China (grant number 32272326), and
Fujian Province Science and Technology Economic Integration Service platform project (B21022).

References

1. Huang H, Wang Q, Ning Z, et al (2024) Preparation, antibacterial activity, and structure-activity
relationship of low molecular weight k-carrageenan. Int J Biol Macromol 266:131021.
https://doi.org/10.1016/j.ijbiomac.2024.131021

2. Yang D, Sun A (2025) Solvent induced method for preparation of multi-advantage carrageenan films.
Int J Biol Macromol 294:139478. https://doi.org/10.1016/j.ijbiomac.2025.139478

3. ElImarhoum S, Mathieu S, Ako K, Helbert W (2023) Sulfate groups position determines the ionic
selectivity and syneresis properties of carrageenan systems. Carbohydr Polym 299:120166.
https://doi.org/10.1016/j.carbpol.2022.120166

4. Chen X, Zhao G, Yang X, et al (2024) Preparation and characterization of (-carrageenan
nanocomposite hydrogels with dual anti-HPV and anti-bacterial activities. Int J Biol Macromol
254:127941. https://doi.org/10.1016/j.ijbiomac.2023.127941

5. Humayun S, Howlader MM, Rjabovs V, et al (2024) Biological activity of enzymolysed l-carrageenan
of polydisperse nature. Food Hydrocoll 149:109621. https://doi.org/10.1016/j.foodhyd.2023.109621

6. Levy-Ontman O, Abu-Galiyun E, Huleihel M (2023) Studying the Relationship between the Antiviral
Activity and the Structure of l-Carrageenan Using Ultrasonication. Int J Mol Sci 24:14200.
https://doi.org/10.3390/ijms241814200

7. Sousa WM, Silva RO, Bezerra FF, et al (2016) Sulfated polysaccharide fraction from marine algae
Solieria filiformis: Structural characterization, gastroprotective and antioxidant effects. Carbohydr

Page 15/29



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Polym 152:140-148. https://doi.org/10.1016/j.carbpol.2016.06.111

. Tobacman JK (2001) Review of harmful gastrointestinal effects of carrageenan in animal

experiments. Environ Health Perspect 109:983-994. https://doi.org/10.1289/ehp.01109983

. Benard C, Cultrone A, Michel C, et al (2010) Degraded Carrageenan Causing Colitis in Rats Induces

TNF Secretion and ICAM-1 Upregulation in Monocytes through NF-kB Activation. PLOS ONE
5:e8666. https://doi.org/10.1371/journal.pone.0008666

Tarman K, Sadi U, Santoso J, Hardjito L (2020) Carrageenan and its Enzymatic Extraction. In:
Encyclopedia of Marine Biotechnology. John Wiley & Sons, Ltd, pp 147-159

Hilliou L, Larotonda FDS, Abreu P, et al (2006) Effect of extraction parameters on the chemical
structure and gel properties of k/1-hybrid carrageenans obtained from Mastocarpus stellatus.
Biomol Eng 23:201-208. https://doi.org/10.1016/j.bioeng.2006.04.003

Fontes-Candia C, Strom A, Gdmez-Mascaraque LG, et al (2020) Understanding nanostructural
differences in hydrogels from commercial carrageenans: Combined small angle X-ray scattering and
rheological studies. Algal Res 47:101882. https://doi.org/10.1016/j.algal.2020.101882

Xiao Q, An D, Zhang C, et al (2020) Agar quality promotion prepared by desulfation with hydrogen
peroxide. Int J Biol Macromol 145:492-499. https://doi.org/10.1016/j.ijjbiomac.2019.12.206

Zhang C, An D, Xiao Q, et al (2020) Preparation, characterization, and modification mechanism of
agar treated with hydrogen peroxide at different temperatures. Food Hydrocoll 101:105527.
https://doi.org/10.1016/j.foodhyd.2019.105527

Wang Y, Han L, Yu W, et al (2023) Carrageenan addition improves the melting temperature and 3D
printing performance of the gelatin system. Food Hydrocoll 144:108918.
https://doi.org/10.1016/j.foodhyd.2023.108918

Xiao Q, Wang X, Zhang J, et al (2021) Pretreatment Techniques and Green Extraction Technologies
for Agar from Gracilaria lemaneiformis. Mar Drugs 19:617. https://doi.org/10.3390/md19110617

Gu Q, Li Y, Zhang P, et al (2025) RETRACTED: New understanding on iota-carrageenan oxidation by
hydrogen peroxide with or without copper sulphate and the properties of oxidized iota-carrageenan.
Carbohydr Polym 353:123287. https://doi.org/10.1016/j.carbpol.2025.123287

Ma W, Yuan C, Cui B, et al (2024) Highly-branched cyclic dextrin for improvement in mechanical
properties and freeze-thaw stability of k-carrageenan gels. Food Hydrocoll 148:109497.
https://doi.org/10.1016/j.foodhyd.2023.109497

Zheng M, Tian X, Li Z, et al (2024) Effects of ultra-high pressure assisted extraction on the structure,
antioxidant and hypolipidemic activities of Porphyra haitanensis polysaccharides. Food Chem
437:137856. https://doi.org/10.1016/j.foodchem.2023.137856

Li L, Yan J-N, Lai B, et al (2023) Rheological properties of chia seed gum extracted by high-speed
shearing and its comparison with commercial polysaccharides. Food Hydrocoll 144:108936.
https://doi.org/10.1016/j.foodhyd.2023.108936

Li Z, Cheong K-L, Song B, et al (2024) Preparation of k-carrageenan oligosaccharides by
photocatalytic degradation: Structural characterization and antioxidant activity. Food Chem X

Page 16/29



22.

23.

24.

25.

26.

27.

28

29.

30.

31.

32.

33.

34.

22:101294. https://doi.org/10.1016/j.fochx.2024.101294

Albalasmeh AA, Berhe AA, Ghezzehei TA (2013) A new method for rapid determination of
carbohydrate and total carbon concentrations using UV spectrophotometry. Carbohydr Polym
97:253-261. https://doi.org/10.1016/j.carbpol.2013.04.072

Campo VL, Kawano DF, Silva DB da, Carvalho | (2009) Carrageenans: Biological properties, chemical
modifications and structural analysis — A review. Carbohydr Polym 77:167-180.
https://doi.org/10.1016/j.carbpol.2009.01.020

Al-Nahdi ZM, Al-Alawi A, Al-Marhobi | (2019) The Effect of Extraction Conditions on Chemical and
Thermal Characteristics of Kappa-Carrageenan Extracted from Hypnea bryoides. J Mar Sci
2019:5183261. https://doi.org/10.1155/2019/5183261

Jiang F, Liu Y, Xiao Q, et al (2022) Eco-Friendly Extraction, Structure, and Gel Properties of -
Carrageenan Extracted Using Ca(OH)2. Mar Drugs 20:419. https://doi.org/10.3390/md20070419

Firdayanti L, Yanti R, Rahayu ES, Hidayat C (2023) Carrageenan extraction from red seaweed
(Kappaphycopsis cottonii) using the bead mill method. Algal Res 69:102906.
https://doi.org/10.1016/j.algal.2022.102906

van de Velde F, Knutsen SH, Usov Al, et al (2002) 1H and 13C high resolution NMR spectroscopy of
carrageenans: application in research and industry. Trends Food Sci Technol 13:73-92.
https://doi.org/10.1016/S0924-2244(02)00066-3

.Wang L, Shen Z, Mu H, et al (2017) Impact of alkali pretreatment on yield, physico-chemical and

gelling properties of high quality agar from Gracilaria tenuistipitata. Food Hydrocoll 70:356-362.
https://doi.org/10.1016/j.foodhyd.2016.11.042

LinY, Zhang L, Li X, et al (2024) Effect and characterization of konjac glucomannan on xanthan
gum/kK-carrageenan/agar system. Int J Biol Macromol 257:128639.
https://doi.org/10.1016/j.ijbiomac.2023.128639

Chen Z, Wang S, Shang L, et al (2020) An efficient and simple approach for the controlled
preparation of partially degraded konjac glucomannan. Food Hydrocoll 108:106017.
https://doi.org/10.1016/j.foodhyd.2020.106017

Chen W, Xu J, Yu Q, et al (2020) Structural insights reveal the effective Spirulina platensis cell wall
dissociation methods for multi-output recovery. Bioresour Technol 300:122628.
https://doi.org/10.1016/j.biortech.2019.122628

EFSA Panel on Food Additives and Nutrient Sources added to Food (ANS), Younes M, Aggett P, et al
(2018) Re-evaluation of carrageenan (E 407) and processed Eucheuma seaweed (E 407a) as food
additives. EFSA J 16:e05238. https://doi.org/10.2903/j.efsa.2018.5238

Guan H, Li Y, Qin X, et al (2024) Effect of sodium alginate on freeze-thaw stability of deacetylated
konjac glucomannan gel. J Food Eng 383:112239. https://doi.org/10.1016/j.jfoodeng.2024.112239
Li X, Fan M, Huang Q, et al (2022) Effect of micro- and nano-starch on the gel properties,

microstructure and water mobility of myofibrillar protein from grass carp. Food Chem 366:130579.
https://doi.org/10.1016/j.foodchem.2021.130579

Page 17/29



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Ye H, Zhang Y, Wang L, et al (2024) Dynamic study on water state and water migration during
gluten—starch model dough development under different gluten protein contents. Foods 13:996.
https://doi.org/10.3390/foods13070996

Walayat N, Wang X, Liu J, et al (2022) Kappa-carrageenan as an effective cryoprotectant on water
mobility and functional properties of grass carp myofibrillar protein gel during frozen storage. LWT
154:112675. https://doi.org/10.1016/j.lwt.2021.112675

Xu X, Ding Y, Weng H, et al (2025) Mechanical (ball milling) activation to regulate microstructure of
K-carrageenan and improve freeze-thaw stability of k-carrageenan gels and k-carrageenan-based
emulsion gels. Food Hydrocoll 160:110740. https://doi.org/10.1016/j.foodhyd.2024.110740

Moustafa M, A. Abu-Saied M, H. Taha T, et al (2021) Preparation and characterization of super-
absorbing gel formulated from k-Carrageenan—potato peel starch blended polymers. Polymers
13:4308. https://doi.org/10.3390/polym13244308

Azevedo G, Torres MD, Sousa-Pinto |, Hilliou L (2015) Effect of pre-extraction alkali treatment on the
chemical structure and gelling properties of extracted hybrid carrageenan from Chondrus crispus
and Ahnfeltiopsis devoniensis. Food Hydrocoll 50:150-158.
https://doi.org/10.1016/j.foodhyd.2015.03.029

Pereira L, Amado AM, Critchley AT, et al (2009) Identification of selected seaweed polysaccharides
(phycocolloids) by vibrational spectroscopy (FTIR-ATR and FT-Raman). Food Hydrocoll 23:1903-
1909. https://doi.org/10.1016/j.foodhyd.2008.11.014

Humayun S, Premarathna AD, Rjabovs V, et al (2025) Hybrid carrageenans from Betaphycus
gelatinus: Physicochemical and rheological properties. Food Hydrocoll 166:111296.
https://doi.org/10.1016/j.foodhyd.2025.111296

Darko CNS, Humayun S, Premarathna AD, et al (2024) Rheology and characterization of sulfated
agarans from the edible epiphytic red alga, Vertebrata lanosa (truffle seaweed). Food Hydrocoll
151:109770. https://doi.org/10.1016/j.foodhyd.2024.109770

Chen S, Qin L, Xie L, et al (2022) Physicochemical characterization, rheological and antioxidant
properties of three alkali-extracted polysaccharides from mung bean skin. Food Hydrocoll
132:107867. https://doi.org/10.1016/j.foodhyd.2022.107867

Wang R, Ruan X, Chen J, et al (2024) Physicochemical characterization and biological properties of
polysaccharides from Alpiniae oxyphyllae Fructus. Polymers 16:1705.
https://doi.org/10.3390/polym16121705

Kou R, Zuo G, Liu J, et al (2022) Structural properties and hypoglycaemic activity of polysaccharides
extracted from the fruits of Lycium barbarum L. using various extraction media. Ind Crops Prod
188:115725. https://doi.org/10.1016/j.indcrop.2022.115725

Wardhana YW, Aanisah N, Sopyan |, et al (2022) Gelling power alteration on Kappa-Carrageenan
dispersion through esterification method with different fatty acid saturation. Gels 8:752.
https://doi.org/10.3390/gels8110752

Page 18/29



47.Chen S, Qin L, Xie L, et al (2022) Physicochemical characterization, rheological and antioxidant
properties of three alkali-extracted polysaccharides from mung bean skin. Food Hydrocoll
132:107867. https://doi.org/10.1016/j.foodhyd.2022.107867

Figures
50
40
E 30
L)
2
> 20
10
0
Figure 1

Yield of \-Carrageenan

Page 19/29



12

Gel strength (g)

Figure 2

Gel strength of (-Carrageenan

Page 20/29



100p = Gelling temperature Melting temperature =100

A
80 B AB - 80
o s 8 a
g be b . be
E 60 60
o
o
£
g
o 40 40
A=
T
O
20 20
0 0
1-2 -3 -4 1-5 1-6

Figure 3

The melting and gelling temperature of \-carrageenan
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The apparent viscosity of -carrageenan
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The molecular weight of -carrageenan
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The WHC of -carrageenan
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The moisture distribution of carrageenan
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FT-IR spectra of \-carrageenan
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