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A B S T R A C T   

Lycium barbarum seed dregs (LBSDs) were used for carboxymethyl modification, resulting in three degree of 
substitution samples (DS). Based on the substitution degree, samples were designated as low degree of substi-
tution insoluble dietary fiber (L-IDF), medium degree of substitution insoluble dietary fiber (M-IDF) and high 
degree of substitution insoluble dietary fiber (H-IDF). Physicochemical and functional properties of IDFs were 
examined in relation to carboxymethylation degree. Infrared Fourier transform spectroscopy (FT-IR) confirmed 
the carboxymethyl group. According to the results, IDF, L-IDF, M-IDF, and H-IDF acquired higher enthalpy 
changes, and their thermal stability improved significantly. A higher DS resulted in an increase in hydration 
properties such as water retention capacity and water swelling capacity, as well as functional properties such as 
glucose adsorption capacity, nitrite ion adsorption capacity, and cholesterol adsorption capacity. As a result, 
carboxymethylation could effectively enhance the biological properties of L. barbarum seed dreg insoluble di-
etary fiber (LBSDIDF).   

1. Introduction 

A deciduous shrub, Lycium barbarum thrives in northern China, the 
Mediterranean area, and many temperate zones around the world. 
Known as the Goji berry or wolfberry, the fruit of L. barbarum is widely 
used as a nourishing tonic in Traditional Chinese Medicine (Zhang et al., 
2023). Various parts of this plant have been extensively analyzed for 
chemical components, and over 200 types of nutrients have been 
discovered. Some of these components are flavonoids, phenolic acid, 
polyphenols, and various polysaccharides, which are known for their 
biological properties (Ma et al., 2023). 

Insoluble dietary fiber (IDF) is the most common type of dietary fiber 
(DF) in grains, fruits, and plant by-products. IDF is largely composed of 
cellulose, hemicelluloses, and lignin, which contain a variety of func-
tional groups, including alcohols, aldehydes, ketones, carboxylic acids, 
phenolic bonds, and esters (Meng et al., 2019). Traditional DF treat-
ments, such as alkaline extraction and enzymatic hydrolysis, cannot 
denature polysaccharide bonds, so they cannot adequately isolate these 

moieties. 
The industrial application of DFs is largely based on their physico- 

chemical and functional properties, and latter can be modified by 
extraction approaches and processing conditions (Zheng & Li, 2018). 
Numerous approaches, including physical, chemical, biological, and 
hybrid methods have been utilized in the food industry to improve the 
physicochemical and functional characteristics of DFs. Among them, 
thermal treatment, high-frequency vibrations, microwave radiation, 
reduction to small particles, extreme pressure application, and enzy-
matic cleavage can break down the polysaccharide chains and uncover 
more functional groups, resulting into structural, chemical, and func-
tional changes in modified DFs (Gan et al., 2020). 

Ultrasonic treatment disrupted the microstructure of IDF in garlic 
straw and introduced hydrophilic groups, thereby created a honeycomb 
network structure. This transformation could improve both the func-
tional and physicochemical properties of IDF in garlic straw (Huang, 
Ding, Zhao, Li, & Ma, 2018). In another study, the application of acid 
hydrolysis process (AHP) was shown to enhance the bile acid binding 
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capacity of soluble dietary fiber (SDF) derived from tomato peel (Niu, Li, 
Xia, Hou, & Xu, 2018). These findings highlight the potential of various 
modification techniques to optimize the nutritional and health benefits 
of different types of DFs in food products. Zheng, Tian, Li, Wang, and Shi 
(2021) used cellulase and hemicellulase to hydrolyze coconut cake DF, 
which significantly increased the SDF content, water retention capacity 
(WRC), emulsion stability, glucose dialysis retardation index (GDRI), 
and bile adsorption capacity (BAC). 

In the past years, carboxymethylation modification was found suc-
cessful for various DFs from wheat bran (Zhang et al., 2019), coconut 
cake (Zheng et al., 2021), and palm kernel expeller (Zheng, Li, & Tian, 
2020) which not only resulted in alteration in chemical composition but 
also improved the antioxidant activity and functional properties. 

This is the first ever study on the carboxymethylation modification of 
L. barbarum seed dreg insoluble dietary fiber (LBSDIDF). Modified IDF 
with high, medium and low carboxymethylation substitution were ob-
tained based on different degrees of modification. The functional, 
physicochemical, and structural properties of modified IDF fractions 
were assessed, revealing a novel method to enhance the nutritive 
characteristics of modified IDF fractions. Our data set a framework to 
better understand the properties of modified IDF and also signify the 
practical application of modified IDF (nutritional ingredients) in food 
products. 

2. Materials and methods 

2.1. Materials 

L. barbarum seed dreg (LBSD), which is a by-product obtained during 
the oil extraction process, was sourced from Ningxia Lycium Industry 
Co., Ltd. (Yinchuan, China). Although it has a low oil content, LBSD is 
not defatted and instead passed through a sieve with a mesh size of 60 to 
retain its unique nutritional properties. In addition to the primary re-
agents used in the present research, all other auxiliary compounds were 
sourced from the highest quality analytical-grade materials. 

2.2. Lycium barbarum insoluble dietary fiber preparation 

According to previously described method with few modifications, 
IDF was extracted from LBSD (Guo et al., 2021). The certain mass of 
LBSD and distilled water were mixed thoroughly in accordance with the 
1:10 material-liquid ratio. After that, a certain amount of α-amylase 
(1.6% of the mass of LBSD) was added at pH 6.0, and the LBSD was 
hydrolyzed at 60 ◦C for 40 min in a constant temperature magnetic 
stirrer. After the temperature was lowered to 40 ◦C, a certain amount of 
protease (0.8% by mass of LBSD) was added to the mixed solution and 
stirred at 40 ◦C for 120 min. To inactivate the enzyme, we incubated it at 
100 ◦C for up to 5 min which was followed by cooling and centrifugation 
of the samples at 8000 rpm for 20 min. The precipitate was collected, 
washed multiple times with 4% sodium hydroxide and hot water at 
70 ◦C followed 95% ethanol. The precipitated sample, which is called 
IDF, was obtained by drying the substance at 55 ◦C in an incubator until 
it reached a stable weight. 

2.3. Modification of Lycium barbarum dietary fiber 

As per previous methodology with modifications (Zhang et al., 
2019), three portions of 1.0 g of LBSDIDF were weighed into 30 mL of 
ethanol solution followed by the addition of a certain amount of 6/5/ 
4.5 mol/L NaOH solution and stirring the reaction for 1 h at 40 ◦C under 
a constant temperature magnetic stirrer. Then, 3/4/3 g of chloroacetic 
acid was added at 60 ◦C and the solution was stirred for 3/3/4.5 h. 
Following the completion of the reaction, the solution was subjected to a 
cooling process until it reached a temperature of 25 ◦C, and then the 
mixture was adjusted to neutral with glacial acetic acid, the sediment 
was then washed three times by filtration with 95% ethanol and acetone. 

After washing, the precipitate was placed in a Petri dish, and then the 
Petri dish was dried in a blast oven to a constant weight to obtain three 
kinds of samples with low, medium, and high degree of substitution 
(DS), and the obtained samples were named as L-IDF, M-IDF, and H-IDF. 

2.4. Degree of substitution analysis 

According to the previous methodology of (Li et al., 2017) with 
minor modifications, accurately weighed 0.5 g of the sample was placed 
in a 50 mL beaker and 40 mL of 2 mol/L HCl solution was added. And 
after stirring on a constant temperature magnetic stirrer for 180 min 
without obvious lumps, the sample was filtered with a quartz sand glass 
funnel, until the filtered filtrate was free of chloride ions. Then the 
product was dissolved in 0.1 mol/L NaOH standard solution under 
slightly hot condition; when the solution was transparent, phenol-
phthalein was used as indicator and titrated with 0.1 mol/L standard 
HCl solution immediately. The DS of IDF was calculated using Eqs. (1) 
and (2). 

A = (C1V1 − C2V2)/m (1)  

DS = 0.162A/(1 − 0.058A) (2) 

Where: the quantity of acidic substance ingested per unit weight of 
the specimen is referred to as A, mol/g; C1 is the concentration of NaOH 
standard solution for dissolved dietary fiber, 0.1 mol/L; V1 is the volume 
of NaOH standard solution for dissolved dietary fiber, mL; C2 is the 
concentration of HCl standard solution, 0.1 mol/L; V2 is the volume 
consumed for titrating HCl standard solution, mL; m is the dietary fiber 
sample mass, g; 162 is the molar mass of the dehydrated glucose unit of 
cellulose, g/mol; 58 is the net increase in molar mass of the dehydrated 
glucose unit for each substituted carboxymethyl, g/mol. 

2.5. Structural characterization 

2.5.1. Fourier transform infrared spectroscopy (FT-IR) 
To obtain the molecular structure of IDFs, FT-IR spectroscopy was 

performed as described in the previously reported method. For spectral 
analysis, we scanning over a wide range of frequencies between 400 and 
4,000 cm− 1 to obtain precise measurements of each sample (Zhang, Xu, 
Cao, & Liu, 2023). 

2.5.2. Differential scanning calorimetry (DSC) 
The thermal properties of the IDFs were evaluated according to the 

method given by (Wang et al., 2017) using 3.0 mg of sample from room 
temperature to 400 ◦C at a speed of 15 ◦C/min. To determine the change 
in heat flow during the experiment, we used a state-of-the-art differen-
tial scanning calorimeter (model Q2000, manufactured by TA In-
struments, based in Wilmington, America). Specifically, the heat flow 
between the samples was monitored, and clean and empty aluminum 
pan was used to ensure accurate and precise measurements throughout 
our testing process. 

2.5.3. Scanning electron microscopy (SEM) evaluations 
SEM (JSM-6490LV) was used for micrographic analysis of IDFs. 

Powder cases were placed on a metal stage using the electrically con-
ducted tape method and sputtering of gold was performed before images 
of each sample were taken at three magnifications of 200, 500, and 
1000×. (Zhang et al., 2019). 

2.6. Physicochemical properties 

2.6.1. Water retention capacity (WRC) 
The WRC of the samples was determined according to the previously 

described method with slight modifications (Wang et al., 2017). During 
sample processing, 1.0 g of dried sample and 20 mL of distilled water 
were mixed, and the mixture was left undisturbed at a constant 
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temperature for 24 h. Subsequently, the samples were mixed and 
centrifuged at 6000 rpm for approximately 15 min. Further, the residues 
were collected, and after accurate weighing, the WRC values were 
calculated using Eq. (3): 

WRC(g/g) = (W2 − W1)/W1 (3) 

In Eq. (3), W2 signifies the weight of the residue obtained after ac-
counting for water content, while W1 corresponds to the mass of the 
sample after drying. 

2.6.2. Water swelling capacity (WSC) 
For this, 2.0 g of the sample was placed in a 100 mL tube and 50 mL 

of deionized water was added and mixed for 24 h according to previ-
ously described method with few modifications (Wang et al., 2017). 
WSC was calculated using Eq. (4): 

WSC(ml/g) = (V2 − V1/W0 (4) 

In Eq. (4), V2 designates the volume (in mL) of dietary fiber once 
water has been added to it, while V1 signifies the volume (in mL) of 
dietary fiber without any added water. Additionally, W0 represents the 
mass of dietary fiber without any added water, measured in grams. 

2.6.3. Oil retention capacity (ORC) 
1.0 g of the desiccated sample with 25 mL of soybean oil was mixed 

in a centrifuge tube and allowed to stir for a duration of 1 h. Following 
an initial centrifugation process at 3,000 rpm for 20 min, the top layer of 
oil was removed, the residue was drained on filter paper, and then 
accurately weighed. Using Eq. (5), the ORC was determined (Zheng & Li, 
2018): 

ORC(g/g) = (W2 − W1)/W1 (5) 

In Eq. (5), W2 represents the weight (in grams) of the residue con-
taining oil, while W1 refers to the weight (in grams) of the dry sample. 

2.7. Functional properties 

2.7.1. Cation exchange capacity (CEC) 
We determined the cation exchange capacity using a modified 

method of (Zhang et al., 2019). To begin, dried samples (1.0 g) were 
added to HCl (0.1 mol/L, 60 mL) and allowed to stand for 24 h. After 
collection and thorough washing, residues were dried at 55 ◦C until a 
consistent weight was obtained. 0.1 g amount of the extracted powder 
was mixed with NaCl (5%,100 mL). Subsequently, the compound was 
titrated with a 0.01 mol/L solution of NaOH followed by the addition of 
phenolphthalein (2.0 g/L) as the color indicator. The volume of NaOH 
solution consumed was determined through a blank test where distilled 
water was used in place of hydrochloric acid. Finally, the CEC of the 
resulting samples was determined according to Eq. (6): 

CEC(mmol/g) = 0.01*(V2 − V1)/W1 (6) 

The calculation for titrated sample volume (V2), titrated blank vol-
ume (V1), sodium hydroxide concentration (0.01 mol/L), and sample 
dry weight (W1) is as follows. 

2.7.2. Cholesterol adsorption capacity (CAC) 
According to (Yang, Wu, Cao, Wang, & Zhang, 2019), mixed egg yolk 

and deionized water were mixed in the ratio of 1:9 (v/v) and the mixture 
was carefully stirred into a homogeneous emulsion. After preparing the 
finished yellow emulsion, the dried sample was added to the mixture at a 
ratio of 1:5 (w/v). To accurately simulate the conditions of the human 
stomach, the pH of our mixture was carefully adjusted to a level of 2.0, 
or the small intestine (pH 7.0). The obtained solution was incubated at 
37 ◦C for 120 min, followed by centrifugation at 4000 g and 25 ◦C for 15 
min. After obtaining the supernatant, the o-phthalaldehyde method was 
utilized for the determination of cholesterol concentration. To 

determine the CAC of sample, we used Eq. (7). 

CAC (mg/g) = (C1–C2)/M (7) 

The cholesterol content in the egg yolk (mg) is represented by C1, the 
cholesterol content in the supernatant (mg) is represented by C2, and the 
weight of the test sample (g) is represented by M. 

2.7.3. Glucose adsorption capacity (GAC) 
To determine GAC, a previously described protocol was used (Song, 

Su, & Mu, 2018). For this, samples weighing 0.1 g was dispersed into 
glucose solution (500 mg/L, 20 mL) and stirred for 6 h at 37 ◦C. After 
centrifuging at 4000 r/min for 15 min, DNS colorimetric method was 
used to measure glucose concentration in the supernatant. The GAC was 
calculated using the following formula (8): 

GAC(mg/g) = (W2 − W1)/W0 (8) 

Eq. (8) is used to calculate the total glucose content in the solution (in 
milligrams), based on the weight of the sample (W0) and the level of 
glucose in the solution (W2) and supernatant (W1). 

2.7.4. Nitrite ion adsorption capacity (NIAC) 
According to (Zhu et al., 2018) with slight modifications, NIAC of 

dried samples (weighing 1.0 g) was determined. To simulate the con-
ditions of the stomach and small intestine, a solution of NaNO2 (25 mL, 
100 μM/L) was added, and the pH level was adjusted to 2.0 and 7.0, 
respectively. After combining the mixture, it was subjected to agitation 
at 37 ◦C for 2 h. Then after, mixture was centrifuged at 4000 rpm for a 
duration of 15 min. After obtaining the supernatant, the concentration 
of nitrite ions was measured by the naphthylamine hydrochloride assay 
and the NIAC was calculated using a specific Eq. (9). 

NIAC(μmol/g) = (n2 − n1)/w0 (9) 

In Eq. (9), n2 denotes the concentration (in grams) of nitrite ion 
content in solution, while n1 represents the concentration (in grams) 
after adsorption has taken place. Additionally, w0 refers to the weight 
(in grams) of the sample used in the experiment. 

2.8. Antioxidant properties 

2.8.1. Extraction of antioxidant substances 
Following the procedure outlined in the study by Zhang et al. (2019), 

1.0 g of DF sample was placed in a conical flask followed by the addition 
of 10 mL of 80% ethanol solution for extraction using ultrasonic treat-
ment for a certain time. 

2.8.2. Total phenolic content (TPC) 
For the quantification of total phenolic content in the samples, the 

colorimetric method of forintanol was employed. For this, 0.5 mL of the 
extract was added to 0.5 mL of Forinol reagent along with 7.5 mL of 
distilled water. The obtained solution was gently mixed and allow to 
complacently stand at room temperature for 10 min. Then, the resulting 
mixture was supplemented with 3 mL of a solution composed of 20% 
Na2CO3 (w/v) and stirred until completely homogenized. The obtained 
sample was transferred to a constant temperature bath, maintained at a 
steady degree of 40 ◦C for 20 min, followed by an immediate absorbance 
measurement (A765). The standard curve was plotted against a standard 
solution of gallic acid by the colourimetric method of forintanol. The 
relative total phenolic content was determined by comparison with a 
standard solution of gallic acid (Singleton, Orthofer, & Lamuela, 1999). 

2.8.3. Total reducing power 
At first, 0.4 mL of extract solution was combined with 2.5 mL of 

phosphate buffer (pH level of 6.6) as well as 2.5 mL of 1% potassium 
ferricyanide. Then, the mixture was placed into a temperature- 
controlled water bath operating at 50 ◦C for 20 min. Subsequently, 
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2.5 mL of 10% TCA reagent was added. After thorough mixing, the 
sample was centrifuged at 6000 r/min for 10 min. Once completed, 2.5 
mL of the supernatant was taken out and added to another tube con-
taining 2.5 mL of distilled water and 0.5 mL of 0.1% ferric chloride. The 
resulting mixture was allowed to react for 10 min before the final 
measurement (Zhang et al., 2019). 

2.8.4. ABTS+ radical scavenging activity 
For this, 4 mL of ABTS working solution was added to 1 mL of 

extraction solution in a test tube and allowed to react for 5 min without 
the direct light exposure. A1 was obtained by determining its absorbance 
value at 734 nm. Instead of ABTS working solution, 4 mL of pH 4.5 
buffer was used to measure the absorbance values as control A2, and to 
obtain the absorbance values for blank group A0 (anhydrous ethanol was 
utilized instead of the extraction solution). In order to establish the 
relative ABTS+ radical scavenging ability of the samples, VC standard 
solutions were used as a comparison (Zhou et al., 2018). 

2.8.5. •DPPH radical scavenging activity 
To begin, 1 mL of extract solution was placed into a test tube fol-

lowed by supplementing the mixture with 4 mL of 0.1 mmol/L DPPH 
working solution which was allowed to react for 30 min without the 
direct light exposure. The measurement of absorbance was conducted at 
517 nm for the A1 sample group. The absorbance value of control A2 was 
measured with 4 mL of anhydrous ethanol instead of DPPH working 
solution; anhydrous ethanol was used instead of the extract, and the 
blank group A0 was calculated to establish the absorbance value. The VC 

Fig. 1. FT-IR spectra of IDF and its carboxymethylated derivatives with 
different DS values. (A) the native sample of IDF, (B–D) the carboxymethylated 
derivatives with different DS values. 

Fig. 2. DSC properties of DFs. (A) IDF, (B) L-IDF, (C) M-IDF, (D) H-IDF.  
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standard solution was compared to determine the relative •DPPH 
radical scavenging ability of the samples (Chrysargyris, Panayiotou, & 
Tzortzakis, 2016). 

2.8.6. Fe2+ chelating activity 
For this, 2.0 mL of extraction solution was added to 0.1 mL of 2 

mmoL/L FeSO4 solution and 0.2 mL of 5mmoL/L phenazine solution and 
stirred well for 10 min at room temperature, and the absorbance was 
determined at 562 nm. The relative ferrous ion chelating capacity of the 
samples was determined by comparison with EDTA-2Na standard solu-
tion (Li et al., 2018). 

3. Results and discussion 

3.1. Structural characterization 

3.1.1. Fourier transform infrared analysis 
The IR spectra of IDF and different carboxymethyl modified IDFs are 

shown in Fig. 1. All the IDFs showed a broad vibration absorption peak 
in the range of 3500 cm− 1-3000 cm− 1, which is mainly generated by the 
stretching of hydrogen and hydroxyl groups bound to O–H produced by 
cellulose and hemicellulose (Zhao et al., 2013). The absorption peak 
near 2925 cm− 1 is a C–H stretched vibration and the absorption peak 

near 1033 cm− 1 is caused by a symmetric stretching vibration of (-C-O- 
C-). Compared with the unmodified IDFs, the modified IDFs exhibited 
new and stronger absorption peaks, which were mainly distributed 
around 1595 cm− 1 and 1324 cm− 1. The asymmetric C––O stretching 
vibration in carboxymethyl is responsible for the absorption peak near 
1595 cm-1, and the in-plane variable angle vibration of O–H is 
responsible for the absorption peak around 1324 cm− 1. The results 
showed that COO- groups were successfully introduced into the modi-
fied IDFs molecules. The introduction of these new bonds indicates the 
etherification reactions in IDFs and ensures the carboxymethyl modifi-
cation, resulting into stronger absorption peak of C––O as the degree of 
substitution increased. 

3.1.2. Thermal properties 
DSC is programmed to control the temperature change and measure 

the power difference (heat flow rate) of the samples or reference versus 
temperature. The thermal properties of DFs were demonstrated by DSC, 
as shown in Fig. 2. According to the shape of the curves, all the samples 
were exothermic during melting. The results showed that IDF, L-IDF, M- 
IDF, and H-IDF have a characteristic peak in the 0–400 ◦C interval. 
Different IDFs displayed varying peak temperatures, with values 
observed at 110.52 ◦C, 116.82 ◦C, 101.47 ◦C, and 126.94 ◦C, respec-
tively. Compared with the enthalpy change value of 107.1 J/g for IDF, 

Fig. 3. Scanning electron micrographs of dietary fibers. IDF (200×, 500× and 1000×), L-IDF (200×, 500× and 1000×), M-IDF (200×, 500× and 1000×) and H-IDF 
(200×, 500× and 1000×) at magnification. 
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the enthalpy changes values of L-IDF, M-IDF, and H-IDF were signifi-
cantly higher, 129.3 J/g, 153.6 J/g and 179.9 J/g, respectively. The 
enthalpy change (ΔH) may be related to the hydrogen bonding in the 
substance (Ji et al., 2019). The results suggest that the solid-liquid phase 
change requires more heat, and that the carboxymethylation modifica-
tion enhances the thermal stability of IDFs. Increasing the DS of IDFs 
results in a corresponding improvement in its thermal stability (An et al., 
2014). These findings highlight the potential of modified IDFs to 
enhance the thermal stability of foods within the food industry. By 
optimizing the DS of IDFs, food manufacturers may be able to improve 
the shelf life and overall quality of food products. 

3.1.3. Surface microstructure characters 
The surface microstructure of IDFs is shown in Fig. 3, revealing a 

relatively fine fragment structure with a sparse and porous surface and a 
complex spatial network structure. After carboxymethylation modifi-
cation, the sample changed to a honeycomb appearance, showing a 
loose and multi-chip microstructure with more cracks, probably due to 
the destruction of cellulose during the carboxymethylation process 
(Zheng et al., 2020). In simpler terms, it has been found through studies 
that the way in which IDFs are internally structured and their surface 
properties, play a significant role in their absorption activity. Another 
noteworthy point is that certain physicochemical properties, such as 
water retention and oil absorption, are associated with the loose 
network structure of IDFs (Dong, Wang, Lü, Zhu, & Shen, 2019). Such 
findings can help us understand the key role of IDF in promoting 
digestive health. As the degree of modification increased, the looser the 
surface morphology of the dietary fibers appeared, positively influ-
encing the activity and properties of the samples. This may explain the 
improved hydration properties, adsorption properties, and physiological 

activity of the modified IDFs. 

3.2. Hydration properties 

3.2.1. Water retention capacity and water swelling capacity (WRC and 
WSC) 

The hydration characteristics of IDFs before and after modification 
are depicted in Fig. 4. As shown in Fig. 4A and B, the WRC and WSC of 
the modified IDFs were significantly higher compared to IDF, consistent 
with the results that carboxymethylated bran dietary fiber elevated WRC 
and WSC (Li et al., 2021), and had a tendency to increase with the in-
crease of DS. Several factors influence the WRC and WSC of IDFs, 
including the number of hydrophilic groups, the conformation of the 
glycan chains, the size of the particles, and the surface structure (Pérez- 
Jiménez, Díaz-Rubio, Mesías, Morales, & Saura-Calixto, 2014). Due to 
the carboxymethylation reaction of IDFs, IDF molecules undergo 
increased hydrophobicity due to the inclusion of carboxymethyl groups 
into their structure. The carboxymethylation process leads to ether-
ification of the hydroxyl groups in the IDFs, resulting in increased hy-
drophilicity due to the presence of carboxymethyl groups. In addition, 
the porous honeycomb structure of IDFs (shown in Fig. 3) also 
contributed to WSC and WHC (Qi et al., 2016). 

3.2.2. Oil retention capacity (ORC) 
The ORCs of L-IDF (2.84 g/g), M-IDF (2.79 g/g), and H-IDF (3.92 g/ 

g) were remarkably lower (P < 0.05) compared to the unmodified IDF, 
as shown in Fig. 4C, which is consistent with the findings of (Zheng 
et al., 2021). Although more porous structures were responsible for 
increased ORCs of DFs (Zhang et al., 2019), carboxymethylated IDFs 
possessing honeycomb microstructures all exhibited lower ORCs than 

Fig. 4. Physicochemical properties of modified and unmodified DFs. Water holding capacity (A), water absorption and swelling capacity (B), oil holding capacity (C). 
Data were expressed as means ± standard deviations (n = 3) with different letters representing significant difference (P < 0.05). 
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IDFs (P < 0.05), possibly due to hydrophobicity or a reduction in spe-
cific surface area. 

3.3. Functional properties 

3.3.1. Cation exchange capacity (CEC) 
The data in Fig. 5A showed that IDF has certain cation exchange 

ability, and the carboxymethylation modification can effectively 
improve the CEC of IDF (P < 0.05). It has been shown that the structure 
of IDFs contains some carboxyl and hydroxyl side chain groups of 
glyoxalate, which can undergo exchange reactions with organic cations 
(Kumar & Malviya, 2023). It was readily observed that the cation ex-
change capacity of IDF escalated in proportion to the increase in DS. This 
analysis identifies the increase in hydroxyphenol and carboxyl group 
numbers within the polysaccharide molecule as a possible reason for this 
effect, possibly resulting from carboxymethylation(Y. Wang et al., 
2020), with higher DS and higher number, which leads to a stepwise 
increase in cation exchange capacity. 

3.3.2. Cholesterol adsorption capacity (CAC) 
In a recent study, it was found that consuming more DF can lower 

serum cholesterol levels, and is linked with a decreased risk of cardio-
vascular diseases. Fig. 5D depicted the CAC of IDF, L-IDF, M-IDF, and H- 
IDF at pH 2.0 (P < 0.05), while no adsorption capacity was observed at 
pH 7.0. According to these findings, it appears that the intestine is more 
effective in absorbing cholesterol than the stomach (Huang, Ma, Tsai, & 
Chang, 2019), suggesting that the adsorption capacity of DF on 
cholesterol was greatly influenced by the pH of the system, indicating a 
greater effect of pH. The possible reason for this can be that the intro-
duced carboxymethyl group enhances the spatial site resistance of the 

fiber molecules, thus increasing the interaction between the fiber and 
the hydrophobic agent (Zheng et al., 2022). Along with the introduction 
of a significant number of carboxyl groups by carboxymethylation 
modification, carboxymethylation proved to be more effective in the 
adsorption of carboxyl groups as the main adsorption sites. 

3.3.3. Glucose adsorption capacity (GAC) 
DFs have the inherent glucose absorption ability, serving as a sup-

portive measure in reducing blood glucose levels in human body(Chau, 
Wang, & Wen, 2007; Yu, Bei, Zhao, Li, & Cheng, 2018) found that vis-
cosity, porosity, and specific surface area were closely related to the 
glucose adsorption capacity of DFs. As shown in Fig. 5B, all four samples 
showed strong glucose adsorption capacity, and the GAC of L-IDF 
(162.10 mg/g), M-IDF (168.25 mg/g) and H-IDF (189.93 mg/g) were all 
elevated to some extent (P < 0.05) compared to IDF (150.20 mg/g).The 
main reason can be the introduction of the carboxymethyl group, which 
is more polar and has a relatively strong affinity for the glucose mole-
cule, the higher the DS, the more carboxymethyl groups leading to a 
stronger adsorption capacity for glucose (Zheng et al., 2022). 

3.3.4. Nitrite ion adsorption capacity (NIAC) 
In the intestine, NO2− has the potential to react with tertiary or 

secondary amines and amides, resulting in the creation of N-nitrosa-
mines (Xu et al., 2022), and nitrosamines have been recognized as car-
cinogens. In human beings, the NIAC present in DF typically acts as a 
safeguard against the toxicity that might arise from excessive nitrite 
consumption (Song et al., 2018). NIAC of IDFs was measured in vitro in 
simulated gastric (pH 2.0) and small intestinal (pH 7.0) environments. 
According to the experimental results, the samples demonstrated mini-
mal adsorption capacity when subjected to a simulated pH 7.0 

Fig. 5. Functional properties of modified and unmodified DF. Cation exchange capacity (A), glucose adsorption capacity (B), nitrite ion adsorption capacity (pH 2.0) 
(C) and cholesterol adsorption capacity (pH 2.0) (D). Data were expressed as means ± standard deviations (n = 3) with different letters representing significant 
difference (P < 0.05). 
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environment that mimics the small intestine. At higher pH, the density 
of negative charges on the surface of DFs tends to increase which can 
lead to the repulsion of nitrite ions, resulting in a weaker NIAC due to a 
decrease in the interaction between the two. 

Fig. 5C showed the results of the assay under simulated gastric (pH 
2.0) conditions. The NIAC of DFs was increased markedly after modifi-
cation (P < 0.05). The reason may be that carboxymethylation treat-
ment can disrupt the β-glycosidic bond and expose more carboxyl and 
hydroxyl phenols. And the number of carboxyl groups was positively 
correlated with the DS, which could improve the NIAC. 

3.4. Antioxidant properties 

To investigate the effect of modification on the antioxidant activity 
of IDF, in vitro antioxidant activities, including •DPPH radical scav-
enging capacity, ABTS+ radical scavenging capacity, ferrous ion 
chelating capacity, and total reducing power were measured. Fig. 6 
displayed the results obtained for the total phenolic content both pre- 
and post-modification. Compared to IDF, the modified IDFs exhibited 
significantly lowered antioxidant activity and total phenolic content, as 
per the obtained results. Studies have suggested that the decline in 
antioxidant capacity could be attributed to polyphenol removal (Xu 
et al., 2020). It has been demonstrated that sodium hydroxide treatment 
is effective in releasing bound phenolic compounds (Yin et al., 2022). 
The extraction of IDF as well as the modification process in this study 
involved an alkaline environment, thus invariably leading to a decrease 
in polyphenol content, and latter is the main cause of free radical 
scavenging activity (Tan, Lan, Chen, Zhong, & Li, 2023). These data 
clearly show that the reduction in antioxidant activity after modification 
may be due to the removal of bound polyphenols, which significantly 
affected the antioxidant properties of IDF. 

4. Conclusion 

In this study, the IDF was modified by carboxymethyl modification to 
obtain three degrees of substitution of carboxymethylated IDFs. FTIR 

spectra showed the introduction of a new carboxymethyl group, indi-
cating successful modification. The enthalpies of the three substitution 
degree samples after the modification were 129.3 J/g, 153.6 J/g, and 
179.9 J/g, respectively, which significantly improved the thermal sta-
bility of IDF. Carboxymethyl modifications could effectively improve 
the hydration properties of IDF, including WRC, WSC, and ORC. The 
functional features of IDF, such as CEC, GAC, NIAC, and CAC were also 
significantly enhanced. LBSDIDF as well as its carboxymethylated de-
rivatives have the potential to be recognized as a food grade functional 
ingredient in the food industry. 
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