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A B S T R A C T   

To investigate the effects of high-pressure processing (HPP) on the physicochemical and adsorption properties 
and structural characteristics of kelp, kelp slice (KS) and kelp powder (KP) were treated under different pressures 
(300, 450, and 600 MPa) for 5 and 10 min. Compared to untreated KP, HPP-treated KP yielded a 1.31-fold 
increase in water holding capacity (600 MPa/5 min), a 0.12-fold increase in swelling capacity (450 MPa/10 
min), a 1.33-fold increase in oil holding capacity (600 MPa/10 min), a 10-fold increase in glucose adsorption 
capacity (450 MPa/10 min), and a 0.22-fold increase in cholesterol adsorption capacity (163.1 mg/g DW at 450 
MPa/10 min), and exhibited good Cd (II) adsorption capacity when its concentration was 10 mmol/L in the small 
intestine. The physicochemical properties of HPP-treated KS were not improved due to its low specific surface 
area. In addition, HPP treatment efficiently reduced the particle size of KP and increased its total and soluble 
dietary fiber content by 17% and 63% at 600 MPa/10 min, respectively. Scanning electron microscope micro-
graphs demonstrated that the surface of HPP-treated KP was rough and porous, and the specific surface area 
increased with increasing pressure and processing time. To conclude, the results obtained in the present study 
suggest that HPP is a promising processing method for improving the functionality and structural characteristics 
of KP and provide a theoretical basis for the utilization of HPP-treated KP as a fiber-rich ingredient in the 
functional food industry.   

1. Introduction 

Kelp (Laminaria japonica), also known as kombu and Yangtze cab-
bage, is mainly produced in coastal areas of the Liaodong Peninsula and 
Shandong Peninsula, and the production of kelp in China ranks first in 
the world (Li et al., 2022a). However, significant amounts of kelp re-
sources are wasted due to underutilization. The wasted kelp often ends 
up on the beach and exerts many negative impacts, such as producing 
rotten odors, contributing to red tide, and becoming an environmental 
pollutant (Sunwoo et al., 2017). Kelp has a high nutritional value and is 
a premium source of several polysaccharides, vitamins, minerals, and 
other nutrients, exhibiting many positive physiological benefits, 
including anti-inflammation, anti-obesity, and anti-diabetes (Shirosaki 

and Koyama, 2011). Dietary fiber (DF), comprising soluble dietary fiber 
(SDF) and insoluble dietary fiber (IDF), is a nondigestible poly-
saccharide derived from plants that exhibits strong hydration and 
adsorption properties and serves a crucial function in the gastrointes-
tinal tract, including maintaining well-balanced gut microbial ecology, 
increasing fecal volume, adsorbing and quickly excreting excess glucose, 
lipids, and toxic substances, and reducing the occurrence of cardiovas-
cular disease, stroke, and diabetes (Gill et al., 2021; Makki et al., 2018). 
Recent studies have demonstrated that either SDF or IDF derived from 
L. japonica could alleviate chronic diseases such as diabetes and obesity 
in mice by increasing the abundance of beneficial bacteria (e.g., 
Akkermansia) and decreasing the abundance of pernicious bacteria (e.g., 
Staphylococcus) through fermentation, which produced short-chain fatty 
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acids and lowered the pH (Wang et al., 2022; Zhang et al., 2021). 
Although both SDF and IDF have many health benefits, SDF has shown 
more positive effects in increasing viscosity, forming gels, and providing 
better texture and taste and is generally considered more important than 
IDF (Chen and Wu, 2022). However, IDF accounts for a large proportion 
of most plant-based foods, so the conversion of IDF to SDF by appro-
priate processing methods is imperative for the advancement of func-
tional food products. 

More recently, a range of processing methods have been employed to 
enhance the functionality of DF in food products, encompassing but not 
limited to high-pressure processing (HPP), high-pressure homogeniza-
tion, twin-screw extrusion, and ball milling (Chen and Wu, 2022; Wang 
et al., 2020; Xiao et al., 2021). HPP is an emerging nonthermal pro-
cessing technology that physically treats materials at a pressure of 
100–1000 MPa using a pressure-transmitting medium (Spotti and 
Campanella, 2017). The application of HPP in food industries initially 
focused on microbial destruction leading to nonthermal pasteurization 
and sterilization (Zhao et al., 2022). HPP can alter the noncovalent 
bonds (hydrogen, ionic, and hydrophobic bonds) of biomacromolecules 
in foods, thereby inducing changes in their structural characteristics; 
moreover, it has almost no influence on monosaccharides formed by 
high-energy covalent bonds (Huang et al., 2020). A previous study 
demonstrated that both IDF and SDF content of HPP-treated apple 
byproducts increased significantly, with the SDF:IDF ratio increasing 
from 52.9% to 65.7% (De la Peña Armada et al., 2020). Sheng et al. 
(2017) found that the particle size of HPP-treated grape pomace was 
comparatively smaller than that of untreated grape pomace and 
exhibited a more lamellar structure with a large number of holes on the 
surface. Yan et al. (2019) reported that subjecting pear pomace to HPP 
treatment at 300 MPa for 15 min resulted in a 67.8% increase in water 
holding capacity, a 52.2% increase in oil holding capacity, and a 55.0% 
increase in swelling capacity compared to untreated pear pomace. In 
general, HPP has been considered an efficient method to enhance the 
quality of DF, and the role of HPP in the modification of food products 
has now been gradually emphasized. However, to the best of our 
knowledge, the impact of HPP on raw kelp and its DF has not been 
reported. 

The objective of the present study was to treat kelp with HPP and 
subsequently evaluate the effects of different HPP conditions on the 
physicochemical properties (water holding capacity, oil holding capac-
ity, and swelling capacity), adsorption properties (glucose adsorption 
capacity, cholesterol adsorption capacity, and toxic ion adsorption ca-
pacity), and structural characteristics of kelp. In addition, the total di-
etary fiber (TDF) content and the individual contents of SDF and IDF 
were determined. It is our hope that these findings not only provide a 
theoretical basis for the modification of kelp with HPP for further in-
dustrial application but also offer a new perspective on the compre-
hensive exploitation and utilization of kelp resources to reduce pollution 
of the marine environment. 

2. Materials and methods 

2.1. Materials 

Fresh kelp (Laminaria japonica), fresh eggs (Charoen Pokphand Food, 
Charoen Pokphand Group), and corn oil (Fulinmen, China Oil and 
Foodstuffs Corporation) were obtained from a local supermarket in 
Guangzhou, Guangdong, China. Alkaline protease, glucose, and 
cholesterol standards were obtained from Aladdin Biochemical Tech-
nology Co., Ltd. (Shanghai, China). α-amylase, glucoamylase, and 
Rochelle salt were obtained from Sigma-Aldrich Trading Co., Ltd. 
(Shanghai, China). Cadmium (II) chloride, copper (II) sulfate, hydro-
chloric acid, sulfuric acid, glacial acetic acid, sodium hydroxide, and 
absolute ethanol were of analytical grade and purchased from Damao 
Chemical Reagent Factory (Tianjin, China). 

2.2. HPP treatment of raw kelp 

The treatment of raw kelp was performed according to the flow chart 
in the Supplementary Material (Fig. S1). The fresh raw kelp was washed 
twice with distilled water, cut into rectangular pieces (3 cm × 8 cm), put 
into food-grade PET/PE (polyethylene terephthalate/polyethylene) 
bags, and vacuum packaged. Subsequently, the sealed samples were 
subjected to an ultrahigh-pressure machine (CQC‒2 L‒600 full liquid 
phase ultrahigh pressure food sterilizer, Beijing Suyuan Zhongtian Sci-
entific, Ltd., Beijing, China) and treated at 300, 450, and 600 MPa for 5 
and 10 min, respectively. The pressure vessel was maintained at ambient 
temperature (25 ◦C). The HPP system was fully programmable, allowing 
reproducible pressure buildup and decompression times. The pressure 
ramp-up time was 120 s, and the decompression time was 60 s. Since the 
temperature of foods with high moisture content generally increases by 
approximately 3 ◦C per 100 MPa of compression during HPP, samples 
were precooled to 18, 12, and 4 ◦C for 300, 450, and 600 MPa treat-
ments, respectively, to achieve similar final processing temperatures 
(30 ◦C) at different pressures (Wu et al., 2023). The pressure buildup and 
decompression times were not included in the processing time. Each 
HPP condition was conducted in triplicate. The control groups were 
prepared without HPP. All HPP-treated and untreated samples were 
freeze-dried for 48 h using a freeze dryer (SCIENTZ‒18N, Ningbo Sci-
entz Biotechnology Co., Ltd., Ningbo, China) to obtain kelp slice (KS) 
samples. Then, a portion of the freeze-dried KS samples from each 
condition was ground to obtain kelp powder (KP) samples. All samples 
were stored at 4 ◦C for further analysis. 

2.3. Physicochemical properties 

2.3.1. Water holding capacity (WHC) and oil holding capacity (OHC) 
The WHC and OHC were determined according to the method 

described by Speroni et al. (2020) with some modifications. A total of 
0.2 g of sample was mixed with 10 mL of distilled water or 5 g of corn oil 
in a centrifugal tube, stirred at room temperature for 1 h, and centri-
fuged at 10000 rpm for 10 min in a high-speed centrifuge (ST 16R 
high-speed refrigerated centrifuge, Guangzhou Yuanqi Biotechnology 
Co., Ltd., Guangzhou, China). WHC and OHC were then calculated ac-
cording to Equations (1) and (2). 

WHC(g/g DW) =
m1 − m0

m0
(1)  

where m1 is the sample weight after water holding (g) and m0 is the dry 
weight (DW) of the sample (g). 

OHC(g/g DW) =
m1 − m0

m0
(2)  

where m1 is the sample weight after oil holding (g) and m0 is the dry 
weight of the sample (g). 

2.3.2. Swelling capacity (SC) 
The SC was determined according to the method described by Li et al. 

(2022b) with some modifications. A total of 0.2 g of sample was weighed 
into a 15 mL graduated cylinder and mixed with 10 mL of distilled 
water. After stirring, the mixture was incubated at room temperature for 
24 h. SC was then calculated according to Equation (3). 

SC(mL/g DW) =
V1 − V0

m0
(3)  

where V0 and V1 are the volume of the sample before and after swelling 
(mL), respectively, and m0 is the dry weight of the sample (g). 
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2.4. Adsorption properties 

2.4.1. Glucose adsorption capacity (GAC) 
The GAC was determined according to the method described by Qiao 

et al. (2021) with some modifications. A total of 0.2 g of sample was fully 
mixed with 20 mL of 0.5 mol/L glucose solution, incubated in a ther-
mostatic water bath machine (HH‒2, Jintan Honghua Instrument Fac-
tory, Jintan, China) at 37 ◦C for 6 h, and centrifuged at 10,000 rpm for 
10 min. The supernatant was recovered, and the glucose content in the 
supernatant was determined by the 3,5-dinitrosalicylic acid (DNS) 
colorimetric method. Briefly, 0.5 mL of the recovered supernatant was 
transferred into a centrifuge tube, followed by mixing with 2.5 mL of 
distilled water and 2 mL of DNS reagent (prepared by mixing 5 g of DNS, 
8 g of sodium hydroxide, and 150 g of Rochelle salt in 500 mL of distilled 
water). The mixture was then incubated at 100 ◦C for 5 min with con-
stant shaking. After the mixture was cooled to room temperature, the 
glucose content was measured at 520 nm using a UV–Vis spectropho-
tometer (UV-1900, Shimadzu, Kyoto, Japan). GAC was calculated ac-
cording to Equation (4). 

GAC(g/g DW) =
m1 − m2

m0
(4)  

where m1 and m2 are the glucose content in the solution before and after 
adsorption (g), respectively, and m0 is the dry weight of the sample (g). 

2.4.2. Cholesterol adsorption capacity (CAC) 
The CAC was determined according to the method described by Gan 

et al. (2021) with some modifications. A total of 0.3 g of sample was 
mixed with 15 mL of diluted yolk solution (a fresh egg yolk whipped and 
homogenized with 4-fold volumes of distilled water) in a centrifuge 
tube, and the pH was adjusted to 7.0. Then, the mixture was incubated at 
37 ◦C for 120 min and centrifuged at 4000×g for 4 min. The absorbance 
of the supernatant was measured at 550 nm and quantified based on the 
calibration curve (y = 0.1757x + 0.1373, R2 = 0.9909). CAC was then 
calculated according to Equation (5). 

CAC(mg/g DW) =
m1 − m2

m0
(5)  

where m1 and m2 are the cholesterol content of the egg yolk emulsion 
before and after adsorption (mg), respectively, and m0 is the dry weight 
of the sample (g). 

2.4.3. Toxic ion adsorption capacity (TIAC) 
The TIAC of Cd (II) and Cu (II) was determined according to the 

method described by Wang et al. (2015) with some modifications. When 

determining the maximum binding capacity (BCmax), 0.05 g of sample 
was mixed with 10 mL of a solution containing 10 mmol/L of CdCl2 and 
CuSO4. Then, the pH of the solution was adjusted to 2.0 and 7.0 to 
simulate the in vivo environment of the stomach and intestine, respec-
tively. Subsequently, the mixture was incubated in a water bath at 37 ◦C 
for 3 h with constant shaking (120 rpm). The supernatant was collected 
after centrifuging at 4000×g for 10 min, and 2 mL was then mixed with 
8 mL of absolute ethanol to precipitate SDF. Finally, the concentrations 
of Cd (II) and Cu (II) in the resultant supernatant were determined by an 
inductively coupled plasma-mass spectrometer (7700x model, Agilent 
Technologies, Santa Clara, CA, USA). When determining the minimum 
binding capacity (BCmin), 0.125 g of sample and 500 μmol/L of CdCl2 
and CuSO4 were used, and all other conditions were the same as for 
BCmax. TIAC was then calculated according to Equation (6). 

TIAC(mg/g DW) =
(C1 − C0) × V

m0
(6)  

where C0 and C1 are the initial and equilibrium concentrations of the 
metal ion (mg/L), respectively; V is the volume of added solution (L); 
and m0 is the dry weight of the sample (g). 

2.5. TDF, IDF, and SDF contents 

The TDF, IDF, and SDF contents were determined following the 
AOAC official method 991.43 (AOAC, 1994). 

2.6. Structural characteristics 

2.6.1. Particle size distribution 
The particle size distribution of KP was determined by a laser 

diffraction particle size analyzer (SALD‒2300, Shimadzu, Kyoto, 
Japan). KP (0.1 g) was dispersed in 10 mL of distilled water, and the 
suspension was sonicated for 5 min before being subjected to a particle 
size analyzer. 

2.6.2. Scanning electron microscopy (SEM) 
The microstructure of KP was observed using a scanning electron 

microscope (XL‒30 ESEM FEG, FEI Company, Hillsboro, OR, USA). 
Prior to observation, KP was attached to double-sided conducting ad-
hesive tape and coated with gold-palladium alloy. The scanning images 
were captured at an accelerating voltage of 5.00 kV and photographed at 
3000× magnification under low vacuum. 

2.6.3. X-ray diffraction (XRD) 
The XRD analysis of KP was carried out according to the method 

Fig. 1. Water holding capacity (a), swelling capacity (b), and oil holding capacity (c) of untreated and HPP-treated kelp slice (KS) and kelp powder (KP). Either 
untreated or HPP-treated samples were gone through freeze-drying and grinding as shown in Fig. S1. Data were expressed as the mean ± standard deviation (SD) of 
nine measurements and were expressed on a dry weight (DW) basis. Values with different letters in the bars of the same color indicated significant differences (P <
0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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described by Ge et al. (2022) with some modifications. The XRD patterns 
were obtained by an X-ray diffractometer (D8 advance, Bruker, Karls-
ruhe, Germany) with a Cu-Kα radiation source (λ = 1.542 Å) running at a 
working voltage and current of 40 kV and 40 mA, respectively. The 
scanning rate was 2◦/min, and the diffraction angle (2θ) range was 
0–80◦. The crystallinity index was calculated by MDI Jade 6.0 (Materials 
Data, Inc., Livermore, CA, USA). 

2.7. Statistical analysis 

Tests for samples from each HPP condition were conducted in nine 
replicates (three replicates of HPP treatments for each condition and 
three replicates of samples for each HPP treatment). Data are expressed 
as the mean ± standard deviation (SD), and one-way analysis of vari-
ance (ANOVA) followed by post hoc Tukey’s honestly significant dif-
ference (HSD) test was conducted to determine the statistical 
significance of means among different treatment groups at P < 0.05 
using Minitab 20.0 (Minitab, Inc., State College, PA, USA). 

3. Results and discussion 

3.1. Effect of HPP treatment on physicochemical properties 

High WHC and SC can increase fecal volume, promote bowel 
movements, alleviate intestinal pressure, and are effective in the pre-
vention of intestinal diseases (Xiao et al., 2021). The WHC and SC of 
untreated KS, HPP-treated KS, untreated KP, and HPP-treated KS are 
shown in Fig. 1a and b. In comparison to untreated KS, the WHC of 
HPP-treated KS did not exhibit any significant difference. In contrast, 
the WHC of HPP-treated KP increased significantly (P < 0.05), with the 
highest value being 63.4 g/g DW (600 MPa/5 min), which was 1.31-fold 
higher than that of untreated KP (27.4 g/g DW). The WHC of other 
materials treated with HPP, such as pomelo fruitlets DF and pickled 
vegetables IDF, were 1.11 times and 1.18 times that of untreated ones, 
respectively, which was in agreement with our study (Li et al., 2020; 
Ouyang et al., 2023). Interestingly, the SC values of the KS groups were 
higher than those of the KP groups, which might be due to the presence 
of free water in the crevices of KS, thus resulting in larger measured 
values than the actual values. The SC of HPP-treated KP significantly 
increased (P < 0.05) to 12.2 mL/g (450 MPa/10 min), which was 12% 
higher than that of untreated KP (10.9 mL/g). Except for the condition of 

450 MPa/10 min, the SC of the other HPP-treated KP groups did not 
show a significant difference. Compared to asparagus pomace (3.42 
mL/g) treated by superfine grinding (Gao et al., 2020), either untreated 
or HPP-treated KP (10.8− 12.2 mL/g) showed much higher SC but lower 
than HPP-treated purple-fleshed potato (16.1 mL/g) (Xie et al., 2017), 
which might be due to the differences in the physical structure, SDF 
content, or processing methods of the materials. HPP is effective in 
breaking hydrogen bonds in the IDF of KP, converting it to SDF, which 
can absorb more water and form a gel-like substance. With increasing 
pressure and processing time, the specific surface area of KP increased, 
and polar groups and other water-binding sites were exposed, resulting 
in improved WHC and SC (Chau et al., 2007; Fayaz et al., 2022). 

The OHC is related to the stabilization of high-fat products and 
emulsions and the capacity to reduce serum cholesterol levels (Elleuch 
et al., 2011; Yan et al., 2019). OHC of KS and KP before and after 
modification is shown in Fig. 1c. Similar to WHC and SC, no significant 
difference was observed between treated and untreated KS (P > 0.05). 
The maximum OHC value of HPP-treated KP reached 9.94 g/g DW (600 
MPa/10 min), which was 1.33-fold higher than that of untreated KP 
(4.27 g/g DW). Compared with HPP-treated KP, lower OHC was found in 
olive pomace treated by ball milling (1.2 g/g) and wheat bran treated by 
twin-screw extrusion (2.75 g/g) (Speroni et al., 2020; Wang et al., 
2020). In addition, the results showed that the OHC of KP treated by HPP 
for 5 min did not show a significant difference at all pressures, whereas 
significant differences were observed after 10 min of treatment at 450 
MPa and 600 MPa (P < 0.05). A previous study reported that the OHC of 
deoiled cumin DF treated by HPP for 25 min increased with increasing 
pressure, which could be attributed to the increased processing time, 
resulting in an increase in porosity and the exposure of significant 
amounts of buried hydrophobic groups inside the cumin DF (Ma and Mu, 
2016). Therefore, increasing the processing time may be an effective 
way to improve the OHC of KP. 

The differences in the specific surface area of KS and KP have an 
impact on their physicochemical properties. The dispersion and specific 
surface area of KP increased after grinding, making KP more susceptible 
to being influenced by HPP treatment. In contrast, KS had a denser 
structure, making it difficult to expose hydrophilic or hydrophobic 
groups by HPP treatment, so the physicochemical properties of KS 
groups were mostly inferior to those of KP groups (except SC). There-
fore, in the subsequent results and discussions, only KP was chosen as 
the raw material for the present study. 

Fig. 2. Glucose adsorption capacity (a) and cholesterol adsorption capacity (b) of kelp powder of untreated and HPP-treated kelp powder. Either untreated or HPP- 
treated samples were gone through freeze-drying and grinding as shown in Fig. S1. Data were expressed as the mean ± standard deviation (SD) of nine measurements 
and were expressed on a dry weight (DW) basis. Values with different letters indicated significant differences (P < 0.05). 
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3.2. Effect of HPP treatment on adsorption properties 

3.2.1. GAC 
The ability of food to bind glucose can reduce the digestion and 

absorption of glucose in the intestine, thus inhibiting the occurrence of 
postprandial hyperglycemia (Li et al., 2022b; Yu et al., 2018). The re-
sults in Fig. 2a show that the GAC of all HPP-treated KP increased, 
exhibiting a tendency to increase and then decrease with increasing 
pressure, although significant differences were observed only in the 
groups treated at 450 MPa for 5 min and 10 min (P < 0.05). The highest 
value of GAC for HPP-treated KP was 2.74 g/g DW (450 MPa/10 min), 
which was 10-fold higher than that of untreated KP (0.24 g/g DW). HPP 
treatment could increase the exposure of hydrophilic groups such as 
hydroxyl, carboxyl, and uronic acid groups in side chains, which pro-
vided more sites for binding glucose via van der Waals forces and 
hydrogen bonds (Ouyang et al., 2023). Unlike WHC, a decrease in GAC 
was observed as the pressure increased to 600 MPa, which was probably 
due to the alteration of the spatial network structure of KP (Li et al., 
2020). Although the improvements of both WHC and GAC are associated 

with the exposure of hydrophilic groups, HPP treatment may disrupt the 
specific binding sites for glucose by inducing conformational changes on 
the surface of KP, whereas water holding capacity was unaffected by 
these binding sites. In addition, the pore size of KP might decrease, 
making it suitable for water molecules but not large enough to accom-
modate glucose molecules. These results were in agreement with a 
previous study reported by Yu et al. (2018) on carrot pomace IDF. 

3.2.2. CAC 
Excess cholesterol and deposition can lead to obesity, cardiovascular 

disease, and liver cirrhosis (Qiao et al., 2021). The CAC of KP before and 
after modification is shown in Fig. 2b. Although the maximum CAC 
value of HPP-treated KP (163.1 mg/g DW, 450 MPa/10 min) was higher 
than that of untreated KP (133.9 mg/g DW), it did not cause a significant 
difference (P > 0.05). It is worth noting that the factors contributing to 
the higher OHC and CAC are not the same. The OHC is mainly affected 
by the structural characteristics of the food material, such as porosity 
and specific surface area, whereas CAC can be influenced by not only the 
structural characteristics but also by the interactions between 

Fig. 3. The maximum binding capacity of Cd (II) (a) and Cu (II) (b), and the minimum binding capacity of Cd (II) (c) and Cu (II) (d) of untreated and HPP-treated 
kelp powder. Either untreated or HPP-treated samples were gone through freeze-drying and grinding as shown in Fig. S1. Data were expressed as the mean ±
standard deviation (SD) of nine measurements and were expressed on a dry weight (DW) basis. Values with different letters in the bars of the same color indicated 
significant differences (P < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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cholesterol and certain components, such as SDF content, in the food 
material (Benitez et al., 2019; Yu et al., 2023); this explains why the 
OHC of HPP-treated KP is 1.33-fold higher than that of untreated KP, 
while there was no significant difference observed in CAC. Similarly, KP 
treated at 300 MPa for 10 min also exhibited higher CAC, and these 
improvements could be related to the higher SDF content in KP (Fig. 4). 
SDF can dissolve in water and form a viscous gel, which traps or binds 
cholesterol and thus improves the CAC of the food material (Benitez 
et al., 2019; Trautwein and McKay, 2020). However, when the pressure 
reached 600 MPa, KP aggregated, thus restricting the binding of DF to 
cholesterol. 

3.2.3. TIAC 
BCmax is the level at which all the binding sites of the DF are satu-

rated by the toxic ions; BCmin is the equilibrium concentration at which 
the amount of ions bound by the DF is equal to the amount of ions 
released by the DF, provided that the binding sites of the DF are not 
saturated with toxic ions (Zhang et al., 2011). As shown in Fig. 3a and b, 
the BCmax values of KP for two toxic ions at pH 7.0 were significantly 
higher than those at pH 2.0 (P < 0.05), indicating that KP had a higher 
affinity for toxic ions in the intestine than in the stomach. Moreover, at 
pH 7, compared to untreated KP (105.5 mg/g DW), the adsorption ca-
pacity of HPP-treated KP for Cd (II) increased to 109.7 mg/g DW (450 
MPa/10 min). The small intestine is a more important location in 
determining the detoxification capacity of DF since food and toxic 
substances remain in the small intestine much longer than in the 
stomach (Ou et al., 1999). As the pH increased, the carboxyl or hydroxyl 
groups dissociated to carboxyl or hydroxyl anions, which formed 
stronger interactions with toxic ions and thus increased the adsorption 
capacity (Ge et al., 2022). However, there was no significant difference 
in the adsorption capacity for Cu (II) at pH 7 (P > 0.05); this could be 
attributed to the unique coordination chemistry of the surface of KP, 
which had a relatively low affinity for Cu (II), although HPP treatment 
could induce more polar groups exposed to the surface. Additionally, 
although BCmin decreased when the pH increased from 2.0 to 7.0, it still 
remained high, indicating that KP was not able to adsorb Cd (II) and Cu 

(II) effectively when their concentrations were relatively low in the in-
testine. Nevertheless, it is worth noting that HPP treatment could 
significantly lower the adsorption capacity of the BCmin of KP for both Cd 
(II) and Cu (II) at pH 7 at 450 MPa/10 min compared to untreated KP. 

3.3. Effect of HPP treatment on TDF, SDF, and IDF content 

The TDF, SDF, and IDF contents of untreated and HPP-treated KP are 
shown in Fig. 4. The maximum TDF content reached 72.6 g/100 g DW 
(600 MPa/10 min), which was 17% higher than that of untreated KP 
(61.9 g/100 g DW) and much higher than that of wheat bran (45.95 g/ 
100 g) treated by twin-screw extrusion (Wang et al., 2020). The IDF 
content of KP treated with HPP for 5 min at all pressures increased 
significantly (P < 0.05), whereas the SDF content did not show any 
significant difference or even decreased. SDF is evenly distributed across 
the cell and comprises mainly oligosaccharides and pectin, whereas IDF 
is primarily located in the cell wall and comprises mainly cellulose, 
hemicellulose, and lignin (Chen and Wu, 2022). A previous study 
demonstrated that some small-molecular-weight oligosaccharides may 
be lost during HPP treatment, leading to a decrease in SDF content (Sang 
et al., 2022). In addition, HPP treatment could physically disrupt the cell 
wall of KP, thereby releasing the entrapped IDF. As the processing time 
increased to 10 min, the IDF content decreased significantly, and the 
SDF content increased significantly (P < 0.05), suggesting that HPP 
treatment could induce cellulose degradation and convert IDF to SDF 
(Xie et al., 2017). These results were consistent with a previous study 
reported by Sheng et al. (2017) on grape pomace. 

3.4. Effect of HPP treatment on structural characteristics 

3.4.1. Particle size distribution 
As shown in Fig. 5, the particle size of all KP groups was approxi-

mately normally distributed, with the peak located at 300− 500 μm. 
Compared to untreated KP (395.13 μm), a smaller median particle size 
was observed in all HPP-treated KP groups, with the smallest being only 
209.94 μm (300 MPa/10 min). Although the modes of particle size of the 
other three KP groups (300 MPa/5 min, 450 MPa/5 min, and 450 MPa/ 
10 min) were all 419.58 μm, the number of particles below 419.58 mm 
was obviously increased with increasing pressure and processing time 
(Fig. 5). These results indicated that HPP treatment could effectively 
reduce the particle size of KP by damaging the microstructure and 

Fig. 4. Total dietary fiber (TDF), soluble dietary fiber (SDF), and insoluble 
dietary fiber (IDF) content of untreated and HPP-treated kelp powder. Either 
untreated or HPP-treated samples were gone through freeze-drying and 
grinding as shown in Fig. S1. Data were expressed as the mean ± standard 
deviation (SD) of nine measurements and were expressed on a dry weight (DW) 
basis. Values with different letters in the bars of the same color indicated sig-
nificant differences (P < 0.05). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Particle size distribution of untreated and HPP-treated kelp powder. 
Either untreated or HPP-treated samples were gone through freeze-drying and 
grinding as shown in Fig. S1. 
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Fig. 6. Scanning electron micrographs (3000 × ) of untreated and HPP-treated kelp powder. Either untreated or HPP-treated samples were gone through freeze- 
drying and grinding as shown in Fig. S1. 
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cleaving the noncovalent bonds in the macromolecules to form smaller 
fragments (Sang et al., 2022). It is worth noting that freeze-drying and 
grinding also had an impact on the particle size of KP, as the sublimation 
of frozen water created a porous internal structure, leading to finer 
powders obtained after grinding (Ando and Nei, 2023). 

3.4.2. SEM 
SEM micrographs of untreated and HPP-treated KP are shown in 

Fig. 6. The untreated KP exhibited a relatively smooth and regular sur-
face with a compact structure. In contrast, the surface of HPP-treated KP 
was rough and porous, and crushing and fracture structures could be 
observed. In addition, as the pressure and processing time increased, the 
inner structure of KP was gradually exposed, and the specific surface 
area increased. The loose and porous structure of HPP-treated KP 
allowed more hydrophilic and hydrophobic groups to be fully exposed, 
thus improving its ability to bind water, oil, glucose, and other sub-
stances (Sheng et al., 2017). This finding is in good accordance with the 
results of the physicochemical and adsorption properties, which showed 
that the WHC, SC, OHC, and GAC of KP were improved by HPP treat-
ment. Meanwhile, as mentioned earlier, freeze-drying also contributed 
to the formation of the porous structure of KP (Ando and Nei, 2023). 

3.4.3. XRD 
The XRD patterns and crystallinity indices of untreated and HPP- 

treated KP are shown in Fig. 7. All KP groups exhibited strong peaks 
at 2θ diffraction angles of approximately 22.6◦ and 14.4◦, which were 
attributed to the typical crystal structure of cellulose I. Although no 
difference was observed in the peak positions of HPP-treated KP, the 
variation in peak heights indicated that different HPP conditions could 
produce different results, i.e., disruption of crystalline or amorphous 
regions. 

The crystallinity index of KP treated at 300 MPa for 10 min was 98% 
higher than that of untreated KP, suggesting that HPP treatment could 
induce the removal of lignin and hemicellulose from the crystal struc-
ture of cellulose I, thus forming a more regular crystal structure and 
increasing the crystallinity (Ouyang et al., 2023). As the pressure 
increased, the crystallinity index of KP decreased rapidly to only 40% 
(450 MPa/5 min) of untreated KP, indicating that HPP treatment was 
able to break the intermolecular hydrogen bonds between neighboring 
cellulose molecules and expose the internal amorphous regions of KP at 
450 MPa (Xiao et al., 2021). 

4. Conclusions 

HPP is an effective processing method to improve the physico-
chemical and adsorption properties as well as the structural character-
istics of KP. As the pressure and processing time increased, the particle 
size of KP decreased, and the structure became looser, which allowed 
more water and oil binding sites to be exposed, resulting in higher WHC, 
SC, and OHC values, which were 1.31-fold (600 MPa/5 min), 0.12-fold 
(450 MPa/10 min), and 1.33-fold (600 MPa/10 min) higher than those 
of untreated KP. The XRD analyses also suggested that the internal 
amorphous regions of KP were exposed at 450 MPa. On the other hand, 
KS had a compact structure with a low specific surface area, so the effect 
of HPP treatment on its physicochemical properties was not significant. 
The GAC of HPP-treated KP was 10-fold (450 MPa/10 min) higher than 
that of untreated KP, showing good potential in preventing the occur-
rence of postprandial hyperglycemia, while CAC did not show signifi-
cant improvement. Additionally, KP exhibited good adsorption capacity 
for Cd (II) when its concentration in the small intestine was 10 mmol/L. 
The TDF content of HPP-treated KP increased significantly, and the 
conversion of IDF to SDF was observed at all pressures when the pro-
cessing time increased to 10 min. The above results suggested that HPP 
could promote the functionality of KP, with the most prominent and 
comprehensive effect at 450 MPa/10 min. Overall, HPP-treated KP can 
be used as a fiber-rich ingredient in baked goods or beverages due to its 
capacity to bind water, fat, and glucose. Future studies could explore the 
possible in vivo effects of HPP-treated KP, such as hyperglycemia and 
promotion of intestinal health, to broaden their applications in func-
tional food products. 
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