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Influences of superfine-grinding 
and mix enzymatic hydrolysis 
combined with 
hydroxypropylation or acetylation 
on the structure and 
physicochemical properties of 
jujube kernel fiber
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Introduction: Jujube kernel is a low-cost and abundant fiber resource, but its 
application in food industry is little because of its lower soluble fiber content and 
poor physicochemical properties.

Methods: In the current study, jujube kernel fiber (JKF) was modified by three 
composite methods: superfine-grinding and mix enzymatic hydrolysis alone, 
and combined with acetylation or hydroxypropylation.

Results and discussion: After these modifications, the microstructure of JKF 
became more porous, and its soluble fiber and extractable polyphenol contents, 
surface area, water adsorption and expansion capacities, and cation exchange 
capacity were all significantly improved (p  <  0.05). Moreover, superfine-grinding 
and mix enzymatic hydrolysis combined with acetylation treated JKF showed the 
highest surface hydrophobicity (43.57) and adsorption ability to oil (4.47  g∙g−1). 
Superfine-grinding, mix enzymatic hydrolysis and hydroxypropylation treated 
JKF exhibited the largest surface area (142.53  m2∙kg−1), the highest soluble fiber 
content (17.43  g∙100  g−1), viscosity (14.54  cP), adsorption capacity to glucose 
(29.61  μmol∙g−1), cation exchange capacity (40.82), and water expansion ability 
(7.60  mL∙g−1). Therefore, superfine-grinding and mix enzymatic hydrolysis 
combined with hydroxypropylation or acetylation were both good choice to 
improve the physicochemical properties of JKF.
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1 Introduction

The important role of dietary fiber (DF) in the balance of sugar and fat metabolism 
has been widely reported, and DF can greatly reduce the incidence of constipation, 
hyperlipidemia, diabetes, colon cancer and other diseases (Qin et al., 2023). In addition, 
different industrial food processes generate fiber as a byproduct, for example, the starch 
industry and the ethanol and bioethanol industry generate a large amount of fiber that 
can be used to reduce the prevalence of the above diseases (Tapia-Hernández et al., 2019a). 
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DF is one main component of slimming products such as slimming 
tea. Moreover, DF can be  applied as ingredients of emulsifier, 
antioxidant, thickener and absorbent to improve the texture, color, 
flavor, and shelf-life of food (Elleuch et  al., 2011). The daily 
recommended amount of dietary fiber by FAO/WHO is 25–35 g/d, 
of which the content of soluble dietary fiber (SDF) is not less than 
30% (Siddiqui et al., 2023). Plant fiber is the main source of DF, but 
the content of SDF in most plant fibers, especially grain, vegetable, 
oil seed and nut fibers, is generally less than 10% (Torbica et al., 
2022). Although insoluble dietary fiber (IDF) is also critical to the 
physicochemical and functional properties of DF, increasing 
studies have evidenced that the hypoglycemic and hypolipidemic 
properties of DF can be significantly improved as its SDF content 
or hydrophilicity increased (Zheng et al., 2022). SDF can increase 
the viscosity of digestive fluid, or inhibit the activity of major 
glycoenzymes and lipases in the gastrointestinal tract, thereby 
delaying the digestion and absorption of sugars and lipids (Hua 
et al., 2019). In recent years, increasing studies have demonstrated 
that physical modification (e.g., ultrasound, grafting, heating and 
high-pressure), biological modification (like cellulase, 
hemicellulase and Laccase hydrolysis, and fermentation), or 
chemical modification (such as hydroxypropylation, 
carboxymethylation, acetylation, and grafting) can improve the 
hydrophobicity, SDF content, and functional properties of DFs 
(Gil-López et al., 2019; Zhu et al., 2022; Ji et al., 2024). Of them, 
superfine-grinding and enzymatic hydrolysis both can improve 
functional properties of DFs via cracking their glucosidic bonds 
and releasing groups of high hydrophilicity including free 
hydroxyl, carboxyl, phenolic and uronic acid groups; while 
hydroxypropylation and acetylation can enhance the hydrophilicity 
and hydrophobicity of DFs by grafting hydroxypropyl and acetyl 
groups into the polysaccharide chains of DFs, respectively (Backes 
et al., 2021; Zheng et al., 2023). However, to our best knowledge, 
the synergistic effects of physical, biological and chemical 
modifications on fibers are rarely studied.

Jujube (Ziziphus jujuba Mill.) is one of the main fruit in north 
of China with a cultivated history of around 4,000 years (Cai et al., 
2020). Jujube kernel, a potential dietary fiber resource, is rich in 
fiber, of which cellulose and lignin account for around 49 and 
24 g∙100 g−1, respectively (Agrawal et  al., 2023). Every year, 
approximately 200,000 tons of jujube kernels are produced in 
China, but most of them are discarded directly, and only a small 
part is used as medicine for nourishing the liver, calming the heart 
and calming the mind (Bai et al., 2016). Although jujube kernel 
fiber (JKF) has relatively high water sorption ability, its SDF content 
(6.32 g∙100 g−1) is low and its hypoglycemic and hypolipidemic 
properties are poor (Ji et al., 2020; Rashwan et al., 2020). Moreover, 
alkaline treatment has been shown to be  effective in reducing 
cellulose content of date-pits fibers (Al-Khalili et al., 2021), but data 
referring to modifications of JKF, especially the synergistic effects 
of physical, chemical and biological modifications on its functional 
properties is little. Thus, to improve the functional properties of 
JKF, superfine-grinding and enzymolysis (cellulase and Laccase 
hydrolysis), superfine-grinding and enzymolysis assisted with 
acetylation or hydroxypropylation were used to modify 
JKF. Changes in the structure and physicochemical properties by 
these composite modification methods were investigated with the 
purpose of expanding the usage of JKF in food industry.

2 Materials and methods

2.1 Materials

Jujube kernels were purchased from Zaohua Red Jujube 
Processing Factory, Taigu, China. Laccase (75 U·g−1, one unit 
corresponds to the amount of enzymes which converts 1 μmol 
catechol per hour at pH 5.0 and 25°C), hemicellulase (from Aspergillus 
Niger, 2.0 × 105 U·g−1, one unit will liberate 1.0 μmol of D-galactose 
from hemicellulose per hour at pH 5.5 at 37°C), cellulase (from 
Trichoderma Vride G, 3.0 × 105 U·g−1, one unit corresponds to the 
amount of enzymes which converts 1 μmol substrate to produce 
glucose per hour at pH 4.8 and 50°C), amyloglucosidase (Aspergillus 
niger, 1.0 × 105 U·g−1, one unit corresponds to the amount of enzymes 
which converts 1 μmol soluble starch per minute at pH 4.6 and 40°C), 
and α-amylase (Bacillus licheniformis, 1.0 × 105 U·g−1, one unit 
corresponds to the amount of enzymes which converts 1 μmol starch 
to produce glucose per hour at pH 6.9 and 25°C) were all purchased 
from Peisun Enzyme Company (Nanning, China). The β-D-glucan 
from oat was purchased from Shanghai Yuanye Biotechnology Co., 
LTD (Shanghai, China). Monochloroacetic acid, isopropenyl acrylate 
and other analytical reagents were from Maoyuan Chemical Reagent 
Company (Tianjin, China).

2.2 JKF preparation

Jujube seed was dried at 45°C for 12 h, and then grinded and 
sieved with a XL-30C grinder (Xulang Machinery, Guangzhou, 
China) and a sieve (aperture: 150 μm) (Yushang Sieve Instrument, 
Shaoxing, China) in sequence. Eighty grams the ground powder, 
phosphate buffer (100 μmol∙L−1, 1 L) and α-amylase (2.4 g) were 
added and mixed in a triangular glass bottle. The mixture in the 
bottle was shaked in an HEZ-004C oscillator (Shangxu Instrument 
Factory, Shangyu, China) at 225 r∙min−1 and 90°C, and the pH 
value of the mixture was maintained at 5.0 through adjusting with 
NaOH (0.1 mol∙L−1) or HCl (0.1 mol∙L−1) every 30  min. Ninety 
minutes later, the mixture was adjusted to pH 7.0 and Papain (1.2 g) 
was added. The mixture in the bottle was continuously shaked at 
225 r∙min−1 with the HEZ-004C shaker (50°C, 120 min). Afterward 
the pH value of the mixture was lowered to 4.0, and then 
glucoamylase (1.2 g) was added. The bottle was shaked at 225 
r·min−1 with the HEZ-004C shaker (60°C, 120 min), and then 
heated in boiling water for 10 min. Finally, the reaction mixture was 
filtered by Whatman1004-047 paper, and the filter residuum on the 
paper was dried in a GHZ-43B blast drying oven (45°C, 6 h), and 
JKF was obtained.

2.3 Superfine-grinding and enzymolysis of 
JKF

The superfine-grinding of JKF was conducted in a JXICSPRP-24 L 
grinder system (Jinxing Grinding Factory, Hangzhou, China). The 
frequency was 50 Hz and the grinding pressure was 65 MPa (Liu et al., 
2021). A laser diffraction analyser (BTE-2200, Betterzer Co., Wuhan, 
China) was employed to determine the particle size distribution of 
superfine grinded JKF with an obscuration score of more than 70%. 
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Next, in a conical flask shaked in the EZH-004C shaker (52°C and 225 
r∙min−1), JKF dispersed in 0.1 mol∙L−1 of phosphate buffer (0.5 g∙mL−1, 
pH 4.5) was hydrolyzed by cellulase (75 U∙g−1 JSF) for 2 h (Ma and Mu, 
2016). Sodium hydroxide solution (0.2 mol∙L−1) was used for adjusting 
the pH value of the suspension to 6.5 ± 0.1 and the reaction 
temperature was adjusted to 35.0°C, and then Laccase (25 U∙g−1 JKF) 
was added. The reaction suspension was shaked at 225 r∙min−1 for 2 h, 
and then heated in boiling water for 10 min. Afterward, the suspension 
was filtered with Whatman1004-047 paper, and the filter residuum on 
the paper was dried in the GHZ-43B blast drying oven (50°C, 6 h) and 
superfine-grinding and enzymatic hydrolyzed jujube kernel fiber 
(JKF-SGE) was obtained.

2.4 Hydroxypropylation of JKF-SGE

JKF-SGE dispersion (0.5 g∙mL−1) was pre-incubated at 25°C using 
the EZH-004C shaker (225 r∙min−1, 5 min). Then the pH value of the 
dispersion was increased to 11.0, and Na2SO4 was slowly added until 
the final concentration was 20 mg∙mL−1 (Zheng et al., 2022). Next, 
propylene oxide (3 mL) was added and the dispersion was shaked at 
40°C with the EZH-004C shaker (225 r∙min−1). Twenty-four hours 
later, the reaction dispersion was filtered. The filter residuum was 
dehydrated with the GHZ-43B dryer (50°C) for 6 h, and then JKF-SGE 
modified by hydroxypropylation (JKF-SGEH) was collected. The 
hydroxypropyl degree was measured referring the method of Shaikh 
et al. (2019).

2.5 Acetylation of JKF-SGE

Twenty grams JSF-SGE were placed in a triangular flask, and 
dimethyl sulfoxide (270 mL) was slowly added along the inside of 
the flask (Zheng et al., 2022). The suspension in the bottle was 
shaked using the EZH-004C shaker (70°C, 145 r∙min−1). Three 
hours later, sodium carbonate (0.3 g) and 7.4 mol∙L−1 of 
isopropenyl acetate (16 mL) were added and the temperature was 
maintained at 40°C. After shaking with the oscillator (40°C, 145 
r∙min−1) for 70 h, the reaction dispersion was filtered with a 
Whatman1004-047 paper. Isopropanol (60 mL) was used to purify 
the residual on the filter paper in triplicates. Then the residue was 
dried at 48°C. Seven hours later, jujube seed fiber treated with 
superfine-grinding and mix enzymolysis assisted by acetylation 
(JSF-SGEA) was obtained.

2.6 Determination of chemical constituent

The methods AOAC.955.04, AOAC.92.05, AOAC.924.05, and 
AOAC.920.39 were separately used to determine the contents of 
protein, fat, ash and moisture of JSF (AOAC, 2000). The contents of 
cellulose, lignin and hemicellulose were investigated using the 
procedures referring to Zhu et al. (2022). Moreover, AOAC.991.43 
method was employed to determine the insoluble and total fiber 
contents, and soluble fiber content is the difference between total fiber 
content and insoluble fiber content (AOAC, 2000). Moreover, phenolic 
content determination was done with the Folin–Ciocalteu method 
(Cecilia et al., 2015).

2.7 Determination of particle size and color

JKFs were dispersed in distilled water (1: 25 g∙mL−1) and then 
analyzed with a WNINER 336B nanometer size analysis system 
(Xinna particle Instrument Factory, Chengdu, China) (Zheng et al., 
2022). The particle size was represented by Sauter mean diameter (D3,2, 
μm) and the refractive index was 1.33. Moreover, the specific surface 
area (m2∙kg−1) of samples was read.

The color of JKF before and after the composite modifications was 
analyzed using a cr-10 spectrocolorimeter (Shenzhen Sanenshi Sci. 
and Tech. Co., Guangzhou, China). Color difference (ΔE) after the 
modifications were calculated with the Equation 1:

 
∆E L L a a b b= −( ) + −( ) + −( )0

2

0

2

0

2

 (1)

where L, and L0 are the lightness of JKF before and after the 
modifications; a and a0 represent the redness of JKF before and after 
the modifications; and b and b0 are representative of the yellowness of 
JKF before and after the modifications, respectively.

2.8 Changes in structure of JKF after 
modifications

2.8.1 Changes in microstructure
The changes in the microstructure of JKF after the composite 

modifications were determined using a Scanning Electron Microscopy 
system (SJM-JEOL-7200E, Electronics Co., Ltd., Showima city, Japan). 
The dried samples were fixed on the sample table by conductive 
adhesive. After spraying a 10-nm of gold, the samples on the table 
were photographed with a magnification of 2,000.

2.8.2 Fourier-transformed infrared spectroscopy
The infrared spectra of JKFs were drawn with a HS-FT-725 

Fourier-transform infrared (FT-IR) spectrometer (Precision scientific 
instrument company, Shanghai, China). Dried KBr (0.2 g) was blended 
thoroughly with 4 mg of JKFs. Next, the mixed powder was pressed 
into a transparent sheet, and then analyzed by the spectrometer at 
scanning range of 4,000–400 cm−1 and resolution of 4 cm−1 (Zohaib 
et al., 2021).

2.9 Water adsorption and expansion 
capacities

In a graduated centrifugal tube, dried JKFs were dispersed in 
distilled water with a mass to volume ratio of 1: 15. The dispersion was 
placed at 25°C for 230 min. After centrifugation at 1,500 g for 25 min, the 
upper water was removed, and the wet JFKs were weighted (Zheng and 
Li, 2018). Oat β-D-glucan was used as the positive control. Water 
absorption capacity (WAC) was calculated as follows with the Equation 2:

 
WAC g g. /

−( ) = −( )1 W W Ww d d
 

(2)

where Ww and Wd are representative of wet and dry weights of 
JKFs, respectively.
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Moreover, dry JKFs (3 g) were placed in a glass cylinder with plug 
and the volume was read (Vd, mL) (Zheng and Li, 2018). Next, 54 mL 
of distilled water was added and gently mixed for 3 min, and then the 
cylinder was placed at 25°C for 20 h. Afterward the volume of the wet 
JKFs was read (Vw, mL), and water expansion ability (WEA) was 
calculated as follows with the Equation 3:

 
WEA mLg. /

−( ) = −( )1 V V Ww d d
 

(3)

where Wd is the dry weight of JKFs.

2.10 Viscosity

The viscosity of JKFs (0.25 g∙L−1) was analyzed with the same 
procedure and parameters from Miehle et al. (2022) using a DV2T 
viscometer (Brookfield Company, Middleboro, Massachusetts, 
United States) at 35°C and shearing ratio of 500 s−1, and oat β-D-glucan 
was used as the positive control.

2.11 Surface hydrophobicity

As per the method used by He et al. (2020), JKF and the modified 
JKFs (JKF-SGE, JKF-SGEA and JKF-SGEH) were dispersed into 
0.1 mol∙L−1 of phosphate buffer (pH 7.4) for formulation solutions of 
different concentrations (20–500 μg∙mL−1). Next, 2.5 mL of the JKFs 
solution was reacted with 25 μL of 1-anilino-8-naphthalenesulfonate 
(10 mmol∙mL−1) at 25°C for 2 min. Then the fluorescence intensity of 
the reaction solution was investigated with DOLOBF93 
spectrophotometer (Lengguang Technology and Science Co. Ltd., 
Shanghai, China). The excitation and emission wavelengths were 390 
and 470 nm, respectively. The regression curve between the fluorescent 
intensity of JKFs’ solution and their concentration was drawn, and the 
initial slope of the curve was defined as surface hydrophobicity.

2.12 Cation exchanging capacity

JKF and the modified JKFs were separately dispersed into 
0.1 mol∙mL−1 of HCl (1: 100, g/mL) and shaken in the HEZ-004C 
water bath oscillator at 25°C and 135 r∙min−1 for 48 h (Zheng and Li, 
2018). After filtration on polyamide filter cloth (120 mesh), the filter 
residuum was continuously cleaned with dH2O until there was no 
chloride ion in the washed solution, and then dried at 45°C for 
270 min. Then the obtained JKFs (1 g) was dispersed in 25 mL of NaCl 
(0.1 g∙100 mL−1), and titrated by 0.01 mol∙mL−1 of NaOH with 
phenolphthalein (2 mg∙mL−1, 200 μL) as the indicator. The volume of 
NaOH used was read until the pH value of the dispersion reached to 
7.0. The number of milliequivalents per gram of JKFs was defined as 
cation exchanging capacity (CEC) (mmol∙g−1), and β-D-glucan was 
used as comparison.

2.13 Adsorption capacity to oil

JKFs (1 g, accurately weighed) and 10 mL of soybean oil were 
added into a graduated centrifugal tube, and then thoroughly mixed 

at 275 r∙min−1 using a DTM-2500 vortex oscillator (Jitian Langyou 
Instrument Co., LTD, Changzhou, China) (Si et  al., 2023). Five 
seconds later, the suspensions in the tube were left at 25 ± 1°C for 14 h, 
and centrifuged at 2,300× g for 15 min. The upper layer oil was 
discarded, and the residual pellet was accurately weighed and 
recorded. Oat β-D-glucan was used as comparison. The adsorption 
capacity to oil (ACO) was calculated according to the Equation 4:

 
ACO g g. /

−( ) = −( )1 W W WW D D
 

(4)

where Ww and WD are representative of wet and dry weights of 
JKFs, respectively.

2.14 Adsorption capacity of glucose

Before determination, JKFs, JKF-SGE, JKF-SGEA, and JKF-SGEH 
(2 g) were separately suspended in 85% methanol solution (200 mL) 
to remove free sugar. The suspensions were heated at 50°C and shaken 
at 225 r∙min−1 for 75 min, and then filtered on nylon cloth with 
aperture of 150 meshes. The residues were dried at 45°C for 4 h, and 
desugarized JKFs were obtained. The adsorption capacity to glucose 
(ACG) of JKFs was administrated referring to the same procedures 
from Zheng et  al. (2022). The phenol–sulfuric acid method was 
employed to measure the original concentration of glucose before 
adsorption and the final glucose concentration after adsorption (Daou 
and Zhang, 2014), and β-D-glucan was used as comparison. ACG was 
calculated using the following Equation 5:

 
ACG mol gµ . /

−( ) = −( )×1
400C C Wo f

 
(5)

where Co and Cf represent the original and final concentrations of 
glucose, respectively, and W is JKFs’ weight.

2.15 Statistics analysis

The mean and standard deviation for each data were obtained by 
duplicating the all experiments at least three times. Statistically 
differences were analyzed by analysis of variance (ANOVA) and 
Duncan test with the Ver.22.0 SPSS program (SPSS Inc., Chicago, 
America). The threshold for significant difference (p < 0.05) was 95%.

3 Results and discussion

3.1 Effects of different modifications on 
chemical component of JKFs

The hydroxypropylation degree of JKF-SGEH was 2.59% ± 0.34%, 
suggesting that a part of hydroxyl groups in JKF have been replaced 
by hydroxypropyl groups. The modification process of JKF by 
superfine-grinding and mix enzymatic hydrolysis alone or combined 
with hydroxypropylation or acetylation is shown in Figure  1. 
Hydrogen bonds can be formed between adjacent hydroxyl groups on 
the cellulose chain. These hydrogen bonds are involved in the 
formation of the cellulose crystal structure, which can prevent the 
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penetration of water molecules (Zadeike et  al., 2021). Superfine-
grinding, mix enzymatic hydrolysis, or chemical modification can 
crack the hydrogen bonds and release more hydroxyl groups (Zheng 
et  al., 2022). These free hydroxyl groups can be  replaced by 
hydroxypropyl or acetyl group during hydroxypropylation or 
acetylation (Shaikh et  al., 2019). Compared with hydrogen bond, 
hydroxypropyl group have higher hydrophilicity which probably 
improve the water solubility of JKF. The acetylated degree of 
JKF-SGEA was 1.87 ± 0.13%, indicating that a part of hydrogen bonds 
in JKF have been replaced by acyl ester bonds which was conducive 
for the hydrophobicity of DFs (Gao et al., 2023). Moreover, these 
composite modification methods used in this study (superfine-
grinding and mix enzymatic hydrolysis alone, and combined with 
acetylation or hydroxypropylation) have no obvious impact on the fat, 
protein and moisture contents (p > 0.05). By comparison, the soluble 
fiber content of JKF was remarkably improved after these composite 
modifications (p < 0.05). By contrast, these composite modification 
methods all remarkably enhanced the soluble fiber content of JKF 
(p < 0.05). Superfine-grinding can break the cell wall of fiber and 
increase its surface area, and cellulase, hemicellulase and Laccase can 
cause degradation of the glucosidic bonds, which both can release 
more hydrophilic groups and increase the soluble fiber content of JKE 
(Zheng and Li, 2018).

Moreover, the soluble fiber content of JKF-SGEH 
(17.43 ± 0.18 g∙100 g−1) was much higher than JKF-SGE (p < 0.05), 
showing that hydroxypropylation significantly enhanced the effects of 
superfine-grinding and mix enzymatic hydrolysis to improve polarity 
of JKF. The introduced hydroxypropyl group had relatively high 
polarity (Kanwar et al., 2023). In comparison, the soluble content of 
JKE-SGEA was not different from that of JKE-SGE (p > 0.05). Previous 
studies showed that acyl ester bonds could increase the hydrophobicity 
of fibers (Nasseri et al., 2020; Zheng et al., 2022), therefore acetylation 
reduced the effect of superfine-grinding and mix enzymatic hydrolysis 
on polarity of JKF.

Additionally, the cellulose, hemicellulose and lignin contents of 
JKF were all decreased after the three modifications (p < 0.05), 
corresponding to their lower insoluble fiber content (Table  1). 
Cellulase, hemicellulase and Laccase can cause the degradation of 
cellulose, hemicellulose and lignin (Ma and Mu, 2016), resulting in 

decreased insoluble fiber content and increased soluble fiber content. 
Furthermore, the soluble fiber contents of JKF, JKF-SGEH and 
JKF-SGEA (13.64–17.43 g∙100 g−1) were much higher than that of rice 
bran fiber (3.03 g∙100 g−1, Zadeike et al., 2021), coconut mesocarp 
fiber (4.01 g∙100 g−1, Zheng and Li, 2018), soybean hulls fiber 
(1.76 g∙100 g−1, Zhu et  al., 2022), and sugarcane bagasse fiber 
(3.12 g∙100 g−1, Gil-López et al., 2019), highlighting their relatively 
high hydration properties.

Apart from that, the extractable polyphenol content of JKF was 
3.46 ± 0.22 mg∙g−1, which was consistent with a previous study (Ji et al., 
2020). The extractable polyphenol contents of JKF-SGE, JKF-SGEA 
and JKF-SGEH were all higher in comparison with that of JKF 
(p < 0.05), perhaps attributed to Laccase hydrolysis. Laccase caused 
degradation of lignin (polyphenol polymers) and thus significantly 
increased the extractable phenols (Zhang et al., 2022).

3.2 Effects of different modifications on 
particle size and color of JKF

The results in Table 2 show that all superfine-grinding and mix 
enzymatic hydrolysis, superfine-grinding and mix enzymatic 
hydrolysis combined with acetylation or hydroxypropylation all 
increased the surface area of JKF and reduced its particle size 
(p < 0.05). Mix enzymatic hydrolysis and superfine-grinding both can 
cause the breakdown of fiber cell well and degradation of 
polysaccharide chains (Liu et al., 2021), resulting in reduction of JKF’s 
particle size. The surface area of JKF-SGEH (142.53 ± 3.14 m2∙kg−1) 
was higher than other JKFs, and its particle size (61.54 ± 1.75 μm) was 
lower than other JKFs (p < 0.05). The touching chance between JKF 
and oil or sugar molecules will be increased as surface area became 
larger, and the functional properties of JKF will be  improved as 
consequence (Hua et al., 2019).

Moreover, JKF-SGE, JKF-SGEH, and JKF-SGEA all showed lower 
L* value but higher a* and b* values in comparison with JKF (p < 0.05), 
indicating these composite modifications have reduced the brightness 
of JKF and increased its redness and yellowness. During superfine-
grinding, hydroxypropylation and acetylation, several procedures 
such as high-speed shear force, heating, and strong alkaline treatment 

FIGURE 1

Modification process of JKF with superfine-grinding and mix enzymatic hydrolysis alone or assisted with hydroxypropylation or acetylation.
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may cause caramelization reaction between fiber molecules, 
decreasing the brightness of JKF (Nasseri et al., 2020). Moreover, the 
introduced hydroxypropyl and acetyl groups can cause browning 
reaction under alkaline conditions (Zheng et al., 2022), leading to an 
increase in a* and b* values of JKF. Brown color may be not conducive 
to the utilization of JKFs in food industry.

3.3 Effects of different modifications on 
structure of JKF

3.3.1 Changes in microstructure
As shown in Figure  2A, JKF offered a relatively smooth 

microstructure surface with some fragments. By contrast, JKF-SGE, 
JKF-SGEA and JKF-SGEC all showed irregular and fragmented 

microstructures with a large amount of pores (Figures  2B−D). 
Superfine-grinding can breakdown the cell wall of JKF, and mix 
enzymatic hydrolysis can crack the glucosidic bonds of JKF (Zadeike 
et al., 2021; Qin et al., 2023), resulting in a honeycomb microstructure 
of JKF-SGE (Figure 2B). After hydroxypropylation and acetylation, 
the processing such as heating, strong alkaline treatment, and 
oxidation reaction bring changes in structure of JKF (Zheng et al., 
2022), leading to a microstructure with larger holes or more fragments 
(Figures  2C,D). These results show that the three composite 
modifications all changed the structure of JKF. Moreover, the 
fragmented and porous microstructures of JKF-SGE, JKF-SGEA, and 
JKF-SGEC were in accordance with their larger surface area and 
smaller particle sizes (Table  2). Moreover, fibers with porous 
microstructure always exhibit high sorption capacities on oil, sugar 
and heavy metals (Kanwar et al., 2023).

TABLE 1 Proximate compositions of jujube kernel fiber (JKF), JKF modified by superfine-grinding and mix enzymatic (cellulase, hemicellulase, and 
Laccase) hydrolysis (JKF-SGE), JKF treated by superfine-grinding, and mix enzymatic hydrolysis combined with hydroxypropylation (JKF-SGEH), and 
JKF modified by superfine-grinding and mix enzymatic hydrolysis combined with acetylation (JKF-SGEA).

Constituent Jujube kernel JKF JKF-SGE JKF-SGEH JKF-SGEA

Moisture (g∙100 g−1) 5.25 ± 0.47a 6.38 ± 0.11a 5.37 ± 0.09a 4.73 ± 0.17a 5.12 ± 0.15a

Fat (g∙100 g−1) 2.74 ± 0.25a 1.93 ± 0.27b 1.24 ± 0.05b 1.12 ± 0.07b 1.01 ± 0.06b

Ash (g∙100 g−1) 0.81 ± 0.11b 0.95 ± 0.04b 1.51 ± 0.06a 1.64 ± 0.11a 1.41 ± 0.15a

Protein (g∙100 g−1) 0.87 ± 0.09a 0.38 ± 0.06a 0.45 ± 0.03a 0.22 ± 0.01a 0.62 ± 0.06a

Total fiber (g∙100 g−1) 87.36 ± 2.74b 89.76 ± 2.56a 91.36 ± 2.69a 91.75 ± 2.27a 90.64 ± 3.73a

Insoluble fiber (g∙100 g−1) 81.87 ± 1.65a 83.44 ± 3.43a 77.72 ± 3.48b 74.32 ± 3.33a 76.64 ± 2.57b

Soluble fiber (g∙100 g−1) 5.49 ± 0.24c 6.32 ± 0.33c 13.64 ± 1.42b 17.43 ± 0.18a 14.00 ± 1.22b

Extractable polyphenols (mg 

g−1)

3.46 ± 0.22d 5.82 ± 0.37c 12.65 ± 0.16a 10.45 ± 0.48b 10.07 ± 0.45b

Cellulose (g∙100 g−1) 40.83 ± 1.64a 41.82 ± 1.43a 34.27 ± 1.25b 33.67 ± 0.16b 31.91 ± 1.02b

Hemicellulose (g∙100 g−1) 24.25 ± 0.39a 24.67 ± 0.78a 17.58 ± 0.50b 18.15 ± 0.41b 18.05 ± 0.67b

Lignin (g∙100 g−1) 24.37 ± 3.14a 26.17 ± 3.27a 14.34 ± 0.78b 10.02 ± 0.44c 8.39 ± 0.47c

Different small letters (a–e) in the same line meant significant difference (p < 0.05).

TABLE 2 Particle size distribution, color, and adsorption properties of JKF, JKF-SGE, JKF-SGEH, and JKF-SGEA with β-D-glucan as comparison.

Properties JKF JKF-SGE JKF-SGEH JKF-SGEA β-D-Glucan

D3,2 (μm) 132.94 ± 3.62a 73.35 ± 4.27b 61.54 ± 1.75c 68.72 ± 2.47b 49.08 ± 1.75d

Surface area (m2∙kg−1) 51.46 ± 1.28c 129.22 ± 5.68b 142.53 ± 3.14a 127.46 ± 2.37b 152.67 ± 5.75a

L* 62.27 ± 1.02a 49.65 ± 1.49b 46.76 ± 2.26b 42.58 ± 4.67c ND

a* 16.36 ± 0.34b 15.75 ± 0.46a 17.15 ± 0.43a 17.85 ± 0.35a ND

b* 27.64 ± 0.47c 29.10 ± 1.99b 27.98 ± 1.33b 26.94 ± 1.74a ND

ΔE Control 12.72c 15.53b 19.76a ND

Water absorption capacity (g∙g−1) 4.46 ± 0.30c 7.73 ± 0.28b 9.57 ± 0.34a 6.47 ± 0.49b 3.73 ± 0.26c

Water expansion ability (mL∙g−1) 4.20 ± 0.10c 6.00 ± 0.20b 7.60 ± 0.10a 5.80 ± 0.20b 4.94 ± 0.20c

Viscosity (cP) 8.42 ± 0.15d 11.27 ± 0.15c 14.54 ± 0.22b 14.33 ± 0.33b 18.25 ± 1.07a

Surface hydrophobicity 36.50 ± 3.44b 28.65 ± 2.59c 22.42 ± 1.62d 43.57 ± 3.36a 25.77 ± 2.31d

Cation exchange capacity (μmol∙g−1) 19.26 ± 1.19d 26.42 ± 1.77c 40.82 ± 3.71a 32.88 ± 3.47b 25.00 ± 1.05c

Adsorption ability to oil (g∙g−1) 1.56 ± 0.21c 1.32 ± 0.07c 2.77 ± 0.28b 4.47 ± 0.34a 3.26 ± 0.22ab

Adsorption capacity to glucose 

(μmol∙g−1)

15.20 ± 0.29c 20.73 ± 1.77b 29.61 ± 2.43a 10.76 ± 0.36d 23.51 ± 2.60b

Different small letters (a–d) in the same line meant significant difference (p < 0.05).
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3.3.2 Ft-IR
The FT-IR spectra and principal functional groups of JKF, 

JKF-SGE, JKF-SGEA, and JKF-SGEH are shown in Figure  3 and 
Table 3. There are visible differences between these functional groups, 
indicating that the composite modification caused structural change. 
Compared with the spectrum of JKF, the peak at 786 cm−1 
(representing the stretching and flexion of C–O) transferred to 782, 
779, and 777 cm−1 in the spectra of JKF-SGE, JKF-SGEA and 
JKF-SGEH, respectively, due to the breakdown of β-glycosidic bond 
as a sequence of superfine-grinding and enzymolysis (Hua et al., 2019; 
Djordjević et  al., 2021). Obvious red-shift happened on the peak 
located at wavenumber of around 3,460 cm−1 (indicative of the 
stretching of O–H) in the spectra of JKF-SGE, JKF-SGEA, and 
JKF-SGEH, suggesting that superfine-grinding and enzymolysis, 
superfine-grinding and enzymolysis assisted with acetylation or 
hydroxypropylation all have changed the hydrogen bonds of JKF 
(Hazarika and Sit, 2016; Tapia-Hernández et al., 2019b). As shown in 
Figure 3, the hydrogen bonds between fiber chains were partly cracked 
and replaced by acetyl or hydroxypropyl groups, corresponding to the 
shift on the peak at around 3,460 cm−1. Moreover, the peaks at 
wavenumbers of 1,632 and 1,110, 1,378 cm−1 (separately indicative of 
the asymmetric bend of acetyl group, C–H, and –C=O, respectively, 
Gil-López et al., 2019) in the spectrum of JKF separately presented at 
wavenumbers of 1,622, 1,107, and 1,369 cm−1 in the spectrum of 
JKE-SGEA, demonstrating that acyl ester groups have been introduced 

into JKF molecules after acetylation. Additionally, compared with the 
spectrum of JKF, the spectrum of JKF-SGEH has two new peaks 
appearing at wavenumber of 913 and 2,734 cm−1 (indicative of the 
stretching and flexion of C–O and C–H, respectively), and the peak at 
2850 cm−1 transferred to 2,845 cm−1 (indicative of the flexion of C–H), 
which is attributed to the introduction of hydroxypropyl group after 
hydroxypropylation (Tapia-Hernández et  al., 2019b; Akinterinwa 
et  al., 2020). Previous studies shown that superfine-grinding, 
acetylation and hydroxypropylation all could influence the structure 
of fibers via changing their chemical bonds (Shaikh et al., 2019; Zheng 
et al., 2022).

3.4 Water adsorption and expansion 
capacities

High water adsorption capacity (WAC) and water expansion 
capacity (WEA) mean fibers can rapidly absorb water and expand, 
which is helpful to the adsorption of oil and sugar on fibers (Miehle 
et al., 2022). The results in Table 2 show that JKF-SGE, JKF-SGEA and 
JKF-SGEH showed higher WAC and WEA than JKF and oat 
β-D-glucan (p < 0.05), suggesting that superfine-grinding and mix 
enzymatic hydrolysis, superfine-grinding and mix enzymatic 
hydrolysis combined with hydroxypropylation or acetylation all 
enhanced the WAC and WEA of JKF, mainly attributed to the 

FIGURE 2

Scanning electron micrographs of JKF (A), JKF-SGE (B), JKF-SGEA (C), and JKF-SGEH (D) with a magnification of 2,000×, at 1  μm. JKF, Jujube kernel 
fiber; JKF-SGE, JKF modified by superfine-grinding and mix enzymatic (cellulase, hemicellulase and Laccase) hydrolysis; JKF-SGEA, JKF modified by 
superfine-grinding and mix enzymatic hydrolysis combined with acetylation; and JKF-SGEH, JKF treated by superfine-grinding and mix enzymatic 
hydrolysis combined with hydroxypropylation.
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improvement of soluble fiber content and the changes in surface area 
and microstructure of JKF after these modifications. Higher soluble 
fiber content (Table  1) means that JKF-SGE, JKF-SGEA and 
JKF-SGEH have stronger affinity with water molecules than 
JKF. Moreover, the larger surface area and the microstructures with a 
lot of holes and fragment (Figures 2B,C; Table 2) can ensure that 
JKF-SGE, JKF-SGEA and JKF-SGEH have more touching chance and 
stronger interactions with water molecules (Liu et al., 2021).

JKF-SGEH exhibited the highest WAC (9.57 g∙g−1) and the largest 
expansion volume (7.60 mL∙g−1) among these JKFs, corresponding to 
its highest soluble fiber content (17.43 ± 0.18 g∙100 g−1), evidencing 
that superfine-grinding and mix enzymatic hydrolysis combined with 
hydroxypropylation was more effective to improve the water 
adsorption and expansion capacities of JKF than superfine-grinding 
and mix enzymatic hydrolysis alone. The main reason was that after 

hydroxypropylation, the introduced hydroxypropyl groups can 
significantly increase the polarity of JKF, and enhance the steric 
hindrance between its polysaccharide chains which both play an 
important role in WAC and WEA of fibers (Shaikh et  al., 2019). 
Moreover, JKF-SGEA also offered higher WAC and WEA than JKF 
(p < 0.05), but these values were not significantly different from that of 
JKF-SGE (p > 0.05), probably due to the introduced acyl ester groups 
had relatively high hydrophobicity rather than hydrophilicity (Nasseri 
et al., 2020; Feng et al., 2024).

3.5 Viscosity

Increment of viscosity of DFs indicates that DFs have stronger 
ability to increase the viscosity of digestive juice and delay the 

FIGURE 3

Fourier-transformed infrared spectra of JKF, JKF-SGE, JKF-SGEH, and JKF-SGEA.

TABLE 3 Principal functional groups of the JKF, JKF-SGE, JKF-SGEH, and JKF-SGEA.

Functional groups Type of vibration Wavenumber (cm−1)

JKF JKF-SGE JKF-SGEH JKF-SGEA

O–H Stretching 3,460 3,443 347 3,451

C–H Stretching 2,950 2,946 2,950 2,954

C–H Stretching 2,850 2,854 2,846 2,845

2,734

C–O–C Asymmetric bend 1,632 1,623 1,625 1,622

C–C/C–H Stretching 1,378 1,370 1,373 1,369

–C=O Stretching and flexion 1,110 1,107

C–O Stretching and flexion 913

C–O Stretching and flexion 786 782 777 779
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diffusion and absorption of sugar and oil, thereby improving the 
hypoglycemic and hypolipidemic effects of DFs (Peerajit et al., 2022). 
Superfine-grinding and mix enzymatic hydrolysis combined with 
hydroxypropylation or acetylation both exhibited more effective 
improvement in viscosity of JKE than superfine-grinding and mix 
enzymatic hydrolysis alone, for JKF-SGEH and JKF-SGEA both 
showed higher viscosity (16.33–16.54 cP) than JKF-SGE and JKF 
(p < 0.05). It has been evidenced that viscosity of DFs belongs to 
hydration and rheological properties which are dependent on the 
affinity of DFs with water molecules, molecular mass, conformation 
of polysaccharide chains, and environment factors (such as pH, 
temperature, and ionic strength) (Liu et al., 2021; Zheng et al., 2023). 
Therefore, the higher soluble fiber content, WEA and WSC, larger 
surface area, and the more fragment and the microstructures with a 
lot of holes and fragment (Tables 1, 2 and Figures  2C,D) all can 
improve the interactions of JKF with water molecules, and thus 
contributed to the high viscosity of JKF-SGEH and JKF-SGEA. The 
viscosity of JKF-SGEH, JKF-SGEA and JKE-SGE was lower than that 
of β-D-glucan (18.25 ± 1.07 cP), but was higher than that of millet bran 
dietary fiber and coconut cake dietary fiber (Zheng and Li, 2018; 
Zheng et  al., 2022), indicating their higher hypoglycemic and 
hypolipidemic effects.

3.6 Surface hydrophobicity

Surface hydrophobicity was positively correlated with the 
chemical adsorption of lipids on fibers. The result in Table 2 showed 
the surface hydrophobicity of JKF-SGE and JKF-SGEH was both 
lower than that of JKF (p < 0.05), highlighting superfine-grinding and 
enzymolysis alone, superfine-grinding and enzymolysis combined 
with hydroxypropylation both reduced hydrophobicity of 
JKF. Superfine-grinding and mix enzymatic hydrolysis caused the 
glucosidic bonds degradation of JKF and released groups with higher 
hydrophilicity (Backes et  al., 2021; Zohaib et  al., 2021), and the 
introduced hydroxypropyl groups increased the hydrophilicity of JKF 
(Zheng et al., 2022), which were all contributed to the lower surface 
hydrophobicity of JKF-SGE and JKF-SGEH. In contrast, the surface 
hydrophobicity of JKF-SGEA was much higher compared with that of 
JKF (p < 0.05), for the introduced acyl ester group after acetylation had 
relatively high hydrophobicity (Zheng et al., 2022). Previous studies 
found that acetylation improved surface hydrophobicity of starch and 
oil palm empty fruit bunch fibers, too (Nasseri et al., 2020; Asadpour 
et al., 2021). Additionally, both JKF-SGEA and JKF-SGEH showed 
higher surface hydrophobicity than that of oat β-D-glucan (p < 0.05, 
Table 2), indicating their potential higher interaction with oil (Ellefsen 
et al., 2023).

3.7 Cation exchanging capacity

As shown in Table 2, the cation exchanging capacity (CEC) of 
JKF-SGE, JKF-SGEA and JKF-SGEH was all higher than that of JKF 
(p < 0.05). It was shown that the CEC of fibers depends on their 
chemical compositions with negative polarity. Some special chemical 
groups such as free hydroxyl, carboxyl and phenolic acid groups can 
significantly improve the affinity of fibers with cation ions (Gil-López 
et al., 2019). The introduced acyl ester and hydroxypropyl groups 

remarkably increased the negative charge of JKF (Zheng et al., 2022), 
and more functional groups of JKF were exposed after superfine-
grinding and enzymolysis (Zadeike et al., 2021), which all enhanced 
the combination of JKF with cation ions and improved its 
CEC. Besides, the higher extractable polyphenols content (10.07–
12.65 mg∙g−1, Table 1), bigger surface area (127.46–142.53 m2∙kg−1, 
Table 2), and more fragmented and the microstructures with a lot of 
holes and fragment (Figures 2B–D) were all contributed to the high 
CEC of JKF-SGE, JKF-SGEA and JKF-SGEC. A bigger surface area 
can increase the touching chance of JKF with cation ions, while fibers 
of porous microstructure easily capture cation ions (Zhu et al., 2022).

Furthermore, JKF-SGEH offered the highest CEC 
(40.82 ± 3.71 μmol∙g−1) among these JKFs and β-D-glucan (p < 0.05). 
Apart from the porous microstructure (Figure 2C), the large surface 
area (142.53 m2∙kg−1) and high extractable polyphenol content 
(10.45 ± 0.48 mg∙g−1, Table  1) contributed to the high CEC of 
JKF-SGEH. Moreover, hydroxypropylation can increase the free 
hydroxyl group content of fibers which play an important role in CEC 
(Kanwar et al., 2023), thereby enhancing the chelation of JKF with 
cation ions. The CEC of JKF-SGEA was higher than that of JKF and 
JKF-SGE (p < 0.05), mainly due to the improvement of negative charge 
as a consequence of the introduced acetyl ester groups. Additionally, 
the CEC of JKF-SGEH was higher than that of rice bran fiber 
(35.2 μmol∙g−1, Zadeike et  al., 2021) and soybean bran fiber 
(35.2 μmol∙g−1, Zhu et al., 2022), highlighting their potential usage for 
treat cation ions in food or drinking water.

3.8 Adsorption capacity of oil on JKFs

JKF showed a poor oil adsorption ability (OAA) (1.56 ± 0.21 g∙g−1, 
Table 2), which was consistent with the result of Xia et al. (2023). 
JKF-SGEA and JKF-SGEH both offered a stronger adsorption affinity 
to oil (2.77–4.47 g∙g−1) than JKF (p < 0.05); while the OAA of JKF-SGE 
was lower than JKF’s (p > 0.05), evidencing that acetylation or 
hydroxypropylation improved the OAA of JKF, but superfine-grinding 
and mix enzymatic hydrolysis reduced it. The main reason for the high 
OAA of JKF-SGEA was that the introduced acyl ester groups after 
acetylation significantly increased the surface hydrophobicity of JKF 
(Table 2) and thus enhanced the OAA of JKF. Moreover, the increment 
in surface area and WEC (Table 2), and the microstructure with a lot 
of holes and fragment (Figure 2C) after acetylation were all helpful to 
the adsorption of oil on JKF-SGEA (Sang et al., 2022). Asadpour et al. 
(2021) also found that the OAA of oil palm empty fruit bunch fiber 
can be significantly improved by acetylation. Other substances with 
porous structure such as active carbon exhibit excellent oil-adsorption 
capacity, too (Campos et al., 2018). With respect to JKF-SGEH, the 
high OAA was mainly attributed to the larger surface area, higher 
WEC, and the microstructure with a lot of holes and fragment 
(Table 2; Figure 2D). A higher WEC indicates that DFs have a larger 
expansion volume in wastewater which was conducive for the 
adsorption of oil on DFs (Kanwar et al., 2023). By contrast, although 
with the bigger WEC and the microstructure with a lot of holes and 
fragment (Table 2; Figure 2B), JKF-SGE showed a poor OAA, mainly 
due to its lower surface hydrophobicity (28.65 ± 2.59, Table 2). It has 
been shown that fibers can adsorb oil via chemical adsorption 
mechanism or physical adsorption patterns (Si et al., 2023). The results 
in the current study demonstrated that oil molecules can be adsorbed 
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by JKF-SGE, JKF-SGEA or JKF-SGEH via both chemical and physical 
adsorption mechanisms. In addition, the OAA of JKF-SGEA and 
JKF-SGEH (2.77–4.47 g∙g−1) was nearly equal to that of β-D-glucan 
which has been found to have good lipid-lowering effect (Ellefsen 
et al., 2023), indicating their potential applications as ingredients of 
hypolipidemic foods.

3.9 Adsorption capacity of glucose

For hyperglycemic patient, it is important to reduce blood sugar 
to the normal range of 3.9–6.1 mmol∙L−1 (Hua et  al., 2019). The 
adsorption capacity of glucose (ACG) of JKF was higher than that of 
JKF-SGEA but lower than that of JKF-SGE and JKF-SGEH (p < 0.05, 
Table  2), showing that superfine-grinding and mix enzymatic 
hydrolysis alone or combined with hydroxypropylation both improved 
the ACG of JKF, while acetylation decreased it. Miehle et al. (2022) 
and Zheng et al. (2022) demonstrated that the adsorption of fibers to 
glucose via chemical affinity or physical adsorption, and increase in 
hydrophilicity and surface area, and a more porous microstructure all 
can enhance the adsorption of glucose on fibers. Therefore, the highest 
soluble fiber content (corresponding to high hydrophilicity) 
(17.43 ± 0.18 g∙100 g−1, Table  1), largest surface area 
(142.53 ± 3.14 m2∙kg−1, Table 2), and the microstructure with a lot of 
holes and fragment (Figure 2D) were all responsible for the highest 
ACG of JKF-SGEH (29.61 μmol∙g−1). Alternatively, the introduced 
acyl ester groups increased the surface hydrophobicity of JKF and thus 
decreased the interactions between JKF and glucose, resulting in a low 
ACG of JKF-SGEA. Moreover, the ACG of JKF-SGE was lower than 
that of JKF-SGEH, evidencing that hydroxypropylation can 
significantly increase the improvement effect of superfine-grinding 
and mix enzymatic hydrolysis in ACG of JKF. In addition, JKF-SGEH 
showed a higher ACG than that of β-D-glucan (a well-known blood 
sugar-lowering polysaccharide, Ellefsen et al., 2023), highlighting its 
potential usage as ingredient of hypoglycemic foods.

4 Conclusion

Three composite modifications including superfine-grinding and 
mix enzymatic hydrolysis, superfine-grinding and mix enzymolysis 
separately combined with acetylation and hydroxypropylation all 
lowered the particle size and changed the microstructure of JKF, and 
improved its soluble fiber and extractable polyphenol contents, water 
adsorption and expansion abilities, and cation exchange capacity 
(p < 0.05), but lowered its brightness. Compared with superfine-
grinding and mix enzymolysis alone, superfine-grinding and mix 
enzymolysis combined with acetylation more effectively enhanced the 
surface hydrophobicity and the adsorbing ability toward oil of JKF; 
meanwhile JKF modified by superfine-grinding and mix enzymatic 

hydrolysis combined with hydroxypropylation exhibited the highest 
hydration properties, cation exchange capacity and adsorption 
capacity to glucose, and it has potential as ingredient of hypoglycemic 
foods. The JKF modified by superfine-grinding and mix enzymatic 
hydrolysis combined with acetylation can be used as ingredient of 
hypolipidemic foods. However, the hypolipidemic and hypoglycemic 
effects of these modified JKFs need further works. The modifications 
of jujube kernel fiber (JKF) improved the physicochemical and 
structural properties to obtain a more techno-functional material for 
its potential use in the food industry.
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