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Abstract: Polysaccharides from hemp seeds exhibit antioxidant activities in vitro and in vivo. How-
ever, crude polysaccharide quality is often low owing to the presence of fibres and pigment impurities,
which are difficult to eliminate in the hemp seed shell. In this study, crude polysaccharides from
hemp kernels (HKP) were obtained by hot water extraction and separated by membrane ultrafil-
tration into eight fractions with different molecular weights. Total antioxidant capacity and free
radical scavenging (DPPH) assays were performed to evaluate the antioxidant activities of HKP
and the fractions in vitro. The structural characteristics of HKP were determined using various
analytical techniques. The Fe3*-reducing power of HKP was 7.65 4 0.22 umol/g, and HKP pos-
sessed the highest DPPH radical-scavenging rates (94.30 £ 2.27%), similar to 5 mg/mL Vitamin
C (Vc), which had a rate of 95%. The HKP was an acidic polysaccharide with a low molecular
weight (4.21 & 0.12 kDa). The monosaccharide composition indicated that HKP primarily comprised
mannose, ribose, glucuronic acid, galacturonic acid, glucose, galactose, arabinose, and fucose in a
molar ratio of 0.96:1.95:8.27:0.98:9.46:1.69:6.10:2.82. The molar mass of HKP was distributed widely
in a triple helical conformation. This study provides a scientific basis for further research on the use
of hemp polysaccharides.
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1. Introduction

Industrial hemp (Cannabis sativa L.) is an annual herbaceous plant that has been
used by humans for thousands of years. In recent years, based on the emergence of new
varieties (tetrahydrocannabinol content <0.3%) and legalisation of planting, it has received
widespread attention and cultivation again due to its high economic benefits, strong
ability to absorb carbon dioxide, soil improvement capability, and other characteristics. For
example, the planting area of industrial hemp in the European Union increased by 60%, and
the yield increased by 84.3% from 2015 to 2022 [1]. Currently, it is mainly grown in China,
Central Asia, the Philippines, and Europe. The World Food and Agriculture Organization
research data show that the industrial hemp cultivation area of China accounts for nearly
50% of the global cultivation area [2].

Industrial hemp has long been the focus of attention and utilisation [3-6]. Its leaves,
seeds, and roots are processed into various products, such as clothing, food, medicine,
animal feed, and daily chemical products [7]. Seeds are essential and are commonly used
to produce proteins and oils due to their high content of these nutrients. However, some
low-content substances in seeds, such as polysaccharides, have received less attention.
Although the polysaccharide content in hemp seeds is usually only 10-15% [8], the value
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of polysaccharides in terms of health and developmental potential should not be ignored
or wasted.

To date, some studies have revealed that hemp seeds have potential preventive effects
against many diseases, such as constipation, hypertension, and oxidative stress [9-11].
Polysaccharides may play crucial roles as functional substances. Chang et al. studied
the optimal extraction process for polysaccharides from industrial hemp residues and
preliminarily identified that they comprised ten monosaccharides and some non-sugar
components. They found that industrial hemp residual polysaccharides promoted anti-
aging-related gene expression [8]. The physical and chemical properties of hemp seed
polysaccharides have also received attention, and their rheological and emulsifying proper-
ties have been investigated. This is due to the potential applications of emulsifiers in the
food industry. The antioxidant capacity is an important research topic. Cell and animal
experiments have confirmed that hemp polysaccharides can resist H,O,-induced oxidative
stress [12,13]. However, the limited research mentioned above is insufficient to promote
the application of hemp seed polysaccharides in industries such as food and cosmetics. In
addition, hemp seeds contain large amounts of fibres and pigments that are difficult to
remove. This also affects the application of hemp seed polysaccharides in the food and
cosmetic industries [14]. Therefore, further studies of hemp polysaccharides are required.
This helps solve the problem of reusing by-products from hemp processing and meets
people’s demand for healthy food.

In this study, hemp kernel polysaccharides (HKPs) were extracted from shelled hemp
seeds after removing many fibres and pigment impurities. Polysaccharides with the highest
antioxidant activity were screened by analysing the total antioxidant capacity (T-AOC) and
2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging rates. Moreover, the structural
characteristics of HKP were also identified using high-performance liquid chromatography
(HPLC), high performance gel permeation chromatography (HPGPC), Fourier transform
infrared spectroscopy (FI-IR), and Congo red analysis. The potential applications in the
food and cosmetic industries can be explored based on these data.

2. Materials and Methods
2.1. Reagents and Chemicals

Standards of mannose, ribose, rhamnose, glucuronic acid, galacturonic acid, N-
acetyl-glucosamine, glucose, N-acetyl-galactose, galactose, xylose, arabinose, fucose, Folin—
Ciocalteu reagent, DPPH, and p-nitrophenyl-3-galactopyranoside (PNPG) were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). Congo red and T-AOC assay kits were
purchased from Beijing Solarbio Science and Technology Co. (Beijing, China). The protein
quantification (TP) assay kit was purchased from the Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Trifluoroacetic acid (TFA), methanol, sodium hydroxide (NaOH),
1-phenyl-3-methyl-5-pyrazolinone (PMP), potassium dihydrogen phosphate (KDP), and
acetonitrile (ACN) were purchased from Fisher (Fair Lawn, NJ, USA). Pepsin, absolute
ethanol, sodium nitrate (NaNOj3), potassium bromide (KBr), deuterated H,O (D,0), tetram-
ethylsilane (TMS), etc., chemicals and reagents were purchased from China National
Pharmaceutical Group Co., Ltd. (Beijing, China).

2.2. Preparation of HKP

HKP was prepared using a modified method described by Wen et al. [12]. Briefly, 500 g
of hemp kernels were crushed and extracted with 80% ethanol at a ratio of 1:2 (g/mL). They
were then shaken vigorously for 20 min and centrifuged at 3000 rpm for 20 min to defat
at room temperature. This process was repeated thrice. The dried sample was extracted
with 750 mL of distilled water at 60 °C for 2 h and centrifuged at 4000 rpm for 30 min
to collect the supernatant. The precipitate was extracted with 750 mL of distilled water
three times and discarded. The three supernatants were then concentrated to 50 mL. Then,
the protein was removed using 0.3% pepsin enzymatic hydrolysis at 37 °C for 3 h. The
enzyme was inactivated at 95 °C for 10 min, and the solution was dialysed for 48 h and



Foods 2024, 13, 3429

30f10

lyophilised to obtain HKP. Additionally, some HKP were separated by membrane ultrafil-
tration into eight fractions (HKPs) of different molecular weights (HKP-1 MW > 1000 kDa;
HKP-2 1000 > MW > 500 kDa; HKP-3 500 > MW > 300 kDa; HKP-4 300 > MW > 100 kDa;
HKP-5 100 > MW > 50 kDa; HKP-6 50 > MW > 30 kDa; HKP-7 30 > MW > 10 kDa; and
HKP-8 10 > MW > 3 kDa) and lyophilised.

2.3. Chemical Composition Test

The sugar content of HKP was determined using the phenol-sulfuric acid method,
according to Tang et al. [15]. The extraction yield (%) was calculated by Equation (1):

Yield (%) = weight of the dried crude polysaccharide (g)/weight of hemp
1)
kernel powder (g) x 100
Additionally, the residual protein content of HKP was determined using a protein
quantification (TP) assay kit.

2.4. Assay for Antioxidant Activity

Total antioxidant capacity (T-AOC) and DPPH scavenging activities were utilised to
analyse the antioxidant properties of the HKP and its eight fractions. The T-AOC value was
determined using a T-AOC assay kit based on the ability of polysaccharides to convert ferric
(Fe®*) to ferrous (Fe?") ions. DPPH radical scavenging activity was determined according
to the method described by Liu et al. [16]. The only difference was that the concentration of
HKP and the eight fraction samples used in this study was changed to 5 mg/mL.

2.5. Monosaccharide Composition

Monosaccharide composition was determined using HPLC according to the method
described by Liu et al. [17]. Mannose, ribose, rhamnose, glucuronic acid, galacturonic acid,
glucose, galactose, xylose, arabinose, fucose, N-acetylglucosamine, and N-acetylgalactosamine
were dissolved in distilled water as standard solutions. The monosaccharide composition
of crude HKP was determined using an LC-20AD HPLC system with an Xtimate C18
column (Shimadzu Global Laboratory Consumables Co., Shanghai, China). The column
temperature was 30 °C. The injection volume was 20 uL. The flow rate was 1.0 mL/min,
and the detection wavelength was set to 250 nm. The mobile phase was a 0.05 M mixed
solution that included KDP (A) (pH = 6.70) and ACN (B) (volume ratio = 83:17).

2.6. Molecular Weight of HKP

The molecular weight and chain conformational parameters of the HKP sample were
determined by HPGPC using size exclusion chromatography combined with multi-angle
laser light scattering and refractive index detectors (SEC-MALLS-RI) and calculated ac-
cording to the Mark-Houwink equation, as previously reported [18]. The weight and
number-average molecular weight (Mw and Mn) and polydispersity index (Mw/Mn) for
HKP in 0.1 M NaNOj3 aqueous solution containing 0.02% NaNj3 at 45 °C were detected on
a DAWN HELEOS-II laser photometer (Wyatt Technology Co., Santa Barbara, CA, USA),
combined with Shodex OH-pak SB-805 HQ, 804 HQ, and 803 HQ columns (300 x 8 mm,
Showa Denko K.K., Tokyo, Japan). Additionally, a differential refractive index detector
(Optilab T-rEX, Wyatt Technology Co., Santa Barbara, CA, USA) was connected to obtain
the concentration of the fractions and the dn/dc value. The dn/dc value of the sample in
0.1 M NaNOs3 aqueous solution containing 0.02% NaN3 was measured to be 0.141 mL/g.
Data were acquired and processed using ASTRA6.1 (Wyatt Technology Co., Santa Barbara,
CA, USA).

2.7. Fourier Transform Infrared Spectroscopy (FI-IR)

The infrared spectrum of the polysaccharide sample was studied with reference to
the KBr tablet pressing method reported by Liu et al. [16] and was modified appropriately.
Dried HKP (1 mg) was mixed with KBr crystals (100 mg). This was ground and pressed,
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then scanned and analysed on an Invenio R infrared spectrometer (Bruker Co., Rheinstetten,
Germany) in the range of 400-4000 cm .

2.8. Congo Red Analysis

The conformational transitions of HKP were analysed according to the method de-
scribed by Tang et al. [18]. First, 1 mL of the HKP sample solution (1 mg/mL) was diluted
to an equal ratio with 1 mg/mL Congo red solution. Then, the final concentration of
NaOH in the solution was gradually increased from 0.0 M to 0.5 M by gradually adding
1 M NaOH solution. The Congo red solution was mixed with the same concentration of
NaOH as used in the control group. The maximum absorption wavelengths of HKP with
Congo red solution and NaOH were determined using a UV-1800 double-beam ultraviolet-
visible spectrophotometer (Macylab Instruments Inc., Shanghai, China) in the 400-600 nm
range. The NaOH concentration was set as the horizontal coordinate (x), and the maximum
absorption wavelength was set as the vertical coordinate (y).

2.9. Statistical Analysis

All the experimental results were repeated three times and expressed as mean =+ standard
deviation (SD). Origin 8.1 software (OriginLab, Northampton, MA, USA) was used for
graphical processing.

3. Results and Discussion
3.1. Extraction Yields and Chemical Compositions

The extraction yield of HKP was 3.17 & 1.30%. This was significantly lower than the
polysaccharide content in hemp seeds (10-15%), and the reason may be that the polysac-
charide contents in different parts of fruiting bodies were different [8]. The carbohydrate
content in HKP was 59.02 £ 5.02%, indicating that carbohydrate was the main component.
Additionally, the HKP also contained 3.62 & 2.13% protein. This may be because the
protein content was too high to be removed entirely by multiple enzymatic treatments.
Fen et al. [19] reported that the protein content in hemp seeds was very high (72.26%); al-
though the protein content significantly decreased after treatment with protease repeatedly,
there was still a tiny amount of protein remaining, which is similar to this study.

3.2. Antioxidant Activity of HKP and HKPs

The antioxidant activities of the HKP and HKPs are shown in Figure 1. Figure la
shows a standard curve of total antioxidant capacity (T-AOC). The T-AOC of the HKP cells
was calculated according to a standard curve. As we can see, HKP displayed the highest
Fe3*-reducing power (7.65 + 0.22 umol/g) at the concentration of 2 mg/mL (Figure 1b).
Additionally, HKP-7 and HKP-8 showed high Fe**-reducing power, which was not sig-
nificantly different from that of HKP (p > 0.05). It can be inferred that molecular weight
is an essential factor influencing the antioxidant activity of monosaccharides. The DPPH
radical scavenging activity of the HKPs was investigated at a concentration of 5.0 mg/mL;
the results are summarised in Figure 2. The results showed that as the sample volume
increased, the DPPH radical-scavenging activity of the HKPs was constantly enhanced and
finally stabilised. Notably, under the same volume experimental conditions (0.2-2.0 mL),
the antioxidant activity of HKP was always higher than that of the other HKPs. When the
sample volume was above 1.6 mL, the DPPH radical-scavenging rate of HKP was more than
94.30%, almost as high as 5 mg/mL Vc (DPPH radical-scavenging rate of Vc was 95%). HKP
showed stronger antioxidant activity than the HKPs, and the molecular weight may not be
the only influencing factor. The high antioxidant activity of polysaccharides is attributed to
molecular weight, monosaccharide composition, solubility, configuration, etc. [16,20]. The
strong antioxidant activities of HKP are the synergistic effects of these factors. Based on the
above results, HKP was screened out for subsequent structural identification.
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Figure 1. Antioxidant activities of HKP and HKPs. (a) Standard curve of T-AOC; (b) T-AOC of HKP
and HKPs. Note: The values are presented as mean + SD (n = 3). Different lowercase letters indicate
significant differences (p < 0.05) between the data within each group.
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Figure 2. DPPH radical scavenging activity of HKP and HKPs. Note: The data in the Figure 2 are
shown as mean + SD (n = 3).

3.3. Monosaccharide Composition of HKP

High-performance liquid chromatography (HPLC) was used to determine the monosac-
charide composition of the standard and HKP (Figure 3). As shown in Figure 3b, HKP
was composed of mannose, ribose, glucuronic acid, galacturonic acid, glucose, galactose,
arabinose, and fucose at a molar ratio of 0.96:1.95:8.27:0.98:9.46:1.69:6.10:2.82. Compared
with previous studies on hemp seed polysaccharides (HSP), we found that glucose and
arabinose were the main components of both polysaccharides. However, HSP are rich in
galactose, whereas HKP is rich in glucuronic acid [8,12,14].

Monosaccharide composition is one of the main factors influencing the biological
activity of polysaccharides [21,22]. HKP is rich in glucose, which may explain the high
antioxidant activity. Glucose is necessary for polysaccharides to exert their antioxidant
activities [16]. HPK also contains large amounts of glucuronic acid. Improving the water
solubility of HPK enhances its biological activity [23]. It also introduces a large number
of electrophilic groups, such as ketones or aldehydes, which enhance the free radical
scavenging ability by facilitating the release of hydrogen in the O—H chain [22,24].
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Figure 3. Monosaccharide composition of HKP. (a) HPLC chromatograms of monosaccharide stan-
dard samples; (b) HPLC chromatograms of monosaccharide polysaccharide of HKP. Note: 1—
mannose, 2—ribose, 3—rhamnose, 4—glucuronic acid, 5—galacturonic acid, 6—N-acetyl-galactose,
7—glucose, 8—N-acetyl-galactose, 9—galactose, 10—xylose, 11—arabinose, 12—fucose.

3.4. Molecular Weight and Chain Conformation of HKP

Undoubtedly, the molecular weight and conformation of polysaccharides also affect
their biological activity, although the specific mechanism is not fully understood [25-27].
Among them, the molecular weight of polysaccharides is considered the most important
factor affecting antioxidant activity [28]. Low-molecular-weight polysaccharides are better
at accepting and neutralising free radicals due to their higher number of reductive hydroxyl
group terminals (per unit mass basis) [22]. However, high-molecular-weight polysaccha-
rides have a more compact structure, leading to stronger intramolecular hydrogen bonds,
which limit the number of hydrogen groups [29]. In this study, as shown in Table 1, the
molecular weight (MW) of HKP was 4.21 £ 0.12 kDa, detected by SEC-MALLS-RI. Also,
the polydispersity (Mw/Mn) was 4.39 £ 0.01, indicating a wide molar mass distribution of
HKEP. In addition, as shown in Figure 4a, large and wide small peaks were detected using
laser light scattering (LLS). Two large and three small peaks were detected using the refrac-
tive index (RI), with two large and one small peak in the high-retention-time region and
two small peaks in the low-retention-time region. The results of the two detection methods
suggested the presence of high-molecular-weight components and a few aggregates in the
HKRP. These results revealed that HKP is a polysaccharide with a wide mass distribution
and low molecular weight. Low molecular weight is one of the reasons why HKP has
higher antioxidant activity than other HKPs. This result is consistent with the findings of
other researchers [29,30].

In terms of polysaccharide conformation, the Mark-Houwink equation is commonly
used to infer the chain conformation of polysaccharides. According to the Mark-Houwink
equation, when the slope value is lower than 0.33, between 0.5 and 0.6, and from 0.6 to 1.0,
the polysaccharide in solution is deemed to be in a tight uniform spherical conformation,
a random coil conformation, and a rigid rod conformation, respectively [27]. Figure 4b
shows log-log plots of <§2>1/2 versus Mw of HKP. The slope value was calculated to be
1.20 £ 0.19, which meant that the conformation of HKP could not be determined.

Table 1. Molecular weight of HKP.

Mw (kDa)

421 4+0.12
Note: Values represent the mean + SD (n = 3).

Mn (kDa)
0.96 4+ 0.09

Polydispersity (Mw/Mn)
4.39 +0.01
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Figure 4. Determination of molecular weight and chain conformation of HKP by HPGPC. (a) Molecu-
lar weight; (b) chain conformation.

3.5. FT-IR Spectrum of HKP

The characteristic absorption spectra of HKP determined by IF-IR spectrometry
are shown in Figure 5. The absorption peaks of HKP were obvious in the range of
4000-400 cm~!. The strong absorption peak at 3272.75 cm™! was owing to the stretch-
ing vibration of the hydroxyl group (O-H bond) [13,27]. A weak absorption peak caused
by C-H stretching vibration was observed at 2929.21 cm~! [13,16,27,31]. There was no
absorption peak between 2500 and 1900 cm ™!, indicating no accumulation of double or
triple bonds [15]. An absorption peak at 1651.47 cm~! was probably ascribed to asymmet-
ric stretching vibration of the carboxyl (-COOH) C=0 [32-34]. This suggests that uronic
acid is present in HKP cells. This conclusion is consistent with the above results for the
HKP monosaccharide composition. There was an absorption peak (1547.99 cm~1) between
1657 and 1500 cm ™!, indicating the stretching vibration of N-H [35]. The absorption peak
(1403.12 cm~!) between 1407 and 1200 cm ™! was attributed to the stretching vibration of
C-H [36,37]. The IR spectrum from 800 to 1300 cm ! is considered to be the “fingerprint”
region of carbohydrates, which is correlated with the conformation and surface structure of
polysaccharide molecules. An absorption peak appeared at 1042.95 cm ™!, revealing that
HKP had stretching vibration of the C-O-C bond and contained a pyranose ring [35,38,39].
The absorption peaks at 927.47 cm~! and 510.19 cm~! were owing to asymmetric stretching
vibration and symmetrical stretching vibration of the pyranose ring, respectively [16,21,40].
From the above analysis of the infrared spectrum, it was deduced that HKP was an acidic
polysaccharide with a 3-configuration.
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Figure 5. Infrared spectrum of HKP.
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3.6. Analysis of Congo Red

Polysaccharides with a triple helical structure can form a complex with Congo red at
varying alkaline solution concentrations, generating a bathochromic shift in the absorption
maximum compared to pure Congo red in NaOH solution [15]. As the concentration
of NaOH increased, the destruction of the triple helical structure caused a decrease in
the maximum absorption. The maximum absorption wavelength of the HKP-Congo
red complexes was red-shifted compared with that of the Congo red solution (Figure 6).
When the concentration of NaOH increased from 0.0 mol/L to 0.2 mol/L, the maximum
absorption shifted to a long wave, indicating that HKP samples could form a complex
with Congo red and the HKP sample had regular helical conformation. As the NaOH
concentration increased, the maximum absorption wavelength decreased, suggesting that
the spiral structure of the polysaccharide disintegrated and changed into an irregular coil
form. HKP has a triple helical structure.

—=&— Control
—e— HKP

505

(nm)

0on

495 4

Maximum absorpt
'S
O
o
1

'S

®

@
1

480

T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

NaOH concentration (mol/L)

Figure 6. Congo red analysis. Note: The data are shown as mean £ SD (n = 3).

Interestingly, some researchers have pointed out that polysaccharides with a molecular
weight greater than 90 kDa can form triple helical structures [41]. Many previous studies
support this viewpoint [42—44]. However, HKP has a triple helical structure despite its
molecular weight of only 4.21 £ 0.12 kDa. This result is similar to that reported by Guo
et al. [45] and is not commonly observed. This may be because the special structure of HKP
enhances the interaction forces between its glycosidic bonds, intramolecular hydrogen
bonds, and intermolecular hydrogen bonds to form a triple helix structure.

4. Conclusions

HKPs were isolated from shelled hemp seeds. The Fe**-reducing power of the HKP
was 7.65 £ 0.22 pmol/g, and it also possessed the highest DPPH radical-scavenging
rates (94.30 & 2.27%) compared to other HKPs. It was mainly composed of mannose,
ribose, glucuronic acid, galacturonic acid, glucose, galactose, and fucose in a molar ratio
of 0.96:1.95:8.27:0.98:9.46:1.69:6.10:2.82. Among them, glucose content was the highest
(29.35%), followed by glucuronic acid (25.66%) and arabinose (18.93%). Also, HKP was
an acidic polysaccharide with wide molar mass distribution and low molecular weight
(4.21 £ 0.12 kDa). Based on the characteristic detection results of HKP, it was inferred
that HPK had a (3-configuration and a triple helix conformation. The high antioxidant
activity of HKP may be related to the molecular weight, monosaccharide composition,
solubility, and configuration. In the future, it will be necessary to purify HKP and further
study its secondary and tertiary structures and its different biological activities, such as
hypoglycaemic, anti-tumour, and immunostimulatory activities.

Author Contributions: Writing—original draft preparation, PW.; methodology, Y.T.; validation, ZW.;
formal analysis, Z.W.; writing—review and editing, G.L.; supervision, K.Z.; funding acquisition, PW.
and G.L. All authors have read and agreed to the published version of the manuscript.



Foods 2024, 13, 3429 90f 10

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. 32160560), the Guangxi Natural Science Foundation (Grant No. 2024GXNSFAA010336), and the
Guangxi Pilot Research Base for the Transformation of Technological Achievements in Agricultural
Storage and Processing (Grant No. AD23023014).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank the Guangxi Key Laboratory of Fruits and Vegetables Storage
Processing Technology for providing the instruments and equipment.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Viskovi¢, J.; Sikora, V.; Latkovi¢, D.; Zeremski, T.; Dunderski, D.; Astatkie, T.; Noller, J.S.; Zheljazkov, V.D. Optimization of hemp
production technology for fiber and seed. Ind. Crop. Prod. 2024, 219, 119127. [CrossRef]

2. Chen, H,; Xu, B.; Wang, Y,; Li, W.; He, D.; Zhang, Y.; Zhang, X.; Xing, X. Emerging natural hemp seed proteins and their functions
for nutraceutical applications. Food Sci. Hum. Wellness 2023, 12, 929-941. [CrossRef]

3.  Gholivand, S.; Tan, T.B.; Yusoff, M.M.; Choy, HW.; Teow, S.J.; Wang, Y.; Liu, Y.; Tan, C.P. Elucidation of synergistic interactions
between anionic polysaccharides and hemp seed protein isolate and their functionalities in stabilizing the hemp seed oil-based
nanoemulsion. Food Hydrocoll. 2024, 146, 109181. [CrossRef]

4. Liu, X,; Xue, F; Adhikari, B. Hemp protein isolate-polysaccharide complex coacervates and their application as emulsifiers in
oil-in-water emulsions. Food Hydrocoll. 2023, 137, 108352. [CrossRef]

5. Schultz, CJ.; Lim, W.L.; Khor, S.F;; Neumann, K.A.; Schulz, ].M.; Ansari, O.; Skewes, M.A.; Burton, R.A. Consumer and health-
related traits of seed from selected commercial and breeding lines of industrial hemp, Cannabis sativa L. |. Agric. Food Res. 2020, 2,
100025. [CrossRef]

6. Tutek, K.; Masek, A. Hemp and its derivatives as a universal industrial raw material (with particular emphasis on the polymer
industry)—A review. Materials 2022, 15, 2565. [CrossRef]

7. Ahmed, ATM.F,; Islam, M.Z.; Mahmud, M.S.; Sarker, M.E.; Islam, M.R. Hemp as a potential raw material toward a sustainable
world: A review. Heliyon 2022, 8, e08753. [CrossRef]

8. Chang, T,; Li, H.; Lv, H;; Tan, M.; Hou, S,; Liu, X,; Lian, M.; Zhao, Q.; Zhao, B. Extraction, physicochemical properties, anti-aging,
and antioxidant activities of polysaccharides from industrial hemp residues. Molecules 2022, 27, 5746. [CrossRef]

9. Cheng, C.W.; Bian, Z.X.; Zhu, L.X.; Wu, J.C.; Sung, J.J. Efficacy of a Chinese herbal proprietary medicine (Hemp Seed Pill) for
functional constipation. Am. J. Gastroenterol. 2011, 106, 120-129. [CrossRef]

10. Girgih, A.T.; Udenigwe, C.C.; Li, H.; Adebiyi, A.P.; Aluko, R.E. Kinetics of enzyme inhibition and antihypertensive effects of
hemp seed (Cannabis sativa L.) protein hydrolysates. . Am. Oil Chem. Soc. 2011, 88, 1767-1774. [CrossRef]

11. Tang, C.H.; Wang, X.S.; Yang, X.Q. Enzymatic hydrolysis of hemp (Cannabis sativa L.) protein isolate by various proteases and
antioxidant properties of the resulting hydrolysates. Food Chem. 2009, 114, 1484-1490. [CrossRef]

12. Wen, Z.S.; Xue, R.; Du, M,; Tang, Z.; Xiang, X.W.; Zheng, B.; Qu, Y.L. Hemp seed polysaccharides protect intestinal epithelial cells
from hydrogen peroxide induced oxidative stress. Int. J. Biol. Macromol. 2019, 135, 203-211. [CrossRef] [PubMed]

13.  Xue, R;; Du, M; Zhou, T.Y.; Ai, W.Z.; Zhang, Z.S.; Xiang, X.W.; Zhou, Y.F,; Wen, Z.S. Polysaccharides from hemp seed protect
against cyclophosphamide-induced intestinal oxidative damage via Nrf2-Keap1 signaling pathway in mice. Oxidative Med. Cell.
Longev. 2020, 2020, 1813798. [CrossRef] [PubMed]

14. Julakanti, S.; Charles, A.P.R.; Syed, R.; Bullock, E; Wu, Y. Hempseed polysaccharide (Cannabis sativa L.): Physicochemical
characterization and comparison with flaxseed polysaccharide. Food Hydrocoll. 2023, 143, 108900. [CrossRef]

15. Tang, Y.Y.; Sheng, ].E; He, XM.; Sun, ]J.; Wei, Z,; Liu, GM,; Li, C.B,; Lin, B.; Li, L. Novel antioxidant and hypoglycemic
water-soluble polysaccharides from jasmine tea. Foods 2021, 10, 2375. [CrossRef]

16. Liu, G.;Sun,]; He, X; Tang, Y,; Li, J.; Ling, D.; Li, C.; Li, L.; Zheng, F.; Sheng, J. Fermentation process optimization and chemical
constituent analysis on longan (Dimocarpus longan Lour.) wine. Food Chem. 2018, 256, 268-279. [CrossRef]

17. Liu, G.; Wei, P; Tang, Y.; Li, J.; Yi, P; Deng, Z.; He, X.; Ling, D.; Sun, J.; Zhang, L. Screening and characteristics analysis of
polysaccharides from Orah Mandarin (Citrus reticulata cv. Orah). Foods 2023, 13, 82. [CrossRef]

18. Tang, Y.; He, X;; Liu, G.; Wei, Z.; Sheng, J.; Sun, J.; Li, C,; Xin, M.; Li, L.; Yi, P. Effects of different extraction methods on the
structural, antioxidant and hypoglycemic properties of red pitaya stem polysaccharide. Food Chem. 2023, 405, 134804. [CrossRef]

19. Bi, Y.G.; Wei, B.Y,; Teng, ].W.; Lu, J. Extraction isolation and purification of water-soluble polysaccharides from hemp seed. Food

Sci. Technol. 2004, 29, 97-100. (In Chinese)


https://doi.org/10.1016/j.indcrop.2024.119127
https://doi.org/10.1016/j.fshw.2022.10.016
https://doi.org/10.1016/j.foodhyd.2023.109181
https://doi.org/10.1016/j.foodhyd.2022.108352
https://doi.org/10.1016/j.jafr.2020.100025
https://doi.org/10.3390/ma15072565
https://doi.org/10.1016/j.heliyon.2022.e08753
https://doi.org/10.3390/molecules27185746
https://doi.org/10.1038/ajg.2010.305
https://doi.org/10.1007/s11746-011-1841-9
https://doi.org/10.1016/j.foodchem.2008.11.049
https://doi.org/10.1016/j.ijbiomac.2019.05.082
https://www.ncbi.nlm.nih.gov/pubmed/31108145
https://doi.org/10.1155/2020/1813798
https://www.ncbi.nlm.nih.gov/pubmed/32908623
https://doi.org/10.1016/j.foodhyd.2023.108900
https://doi.org/10.3390/foods10102375
https://doi.org/10.1016/j.foodchem.2018.02.064
https://doi.org/10.3390/foods13010082
https://doi.org/10.1016/j.foodchem.2022.134804

Foods 2024, 13, 3429 10 of 10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Su, Y.; Li, L. Structural characterization and antioxidant activity of polysaccharide from four auriculariales. Carbohydr. Polym.
2020, 229, 105407. [CrossRef]

Liu, G.; Wei, P;; Tang, Y.; Pang, Y.; Sun, J; Li, J.; Rao, C.; Wu, C.; He, X,; Li, L.; et al. Evaluation of bioactive compounds and
bioactivities in plum (Prunus salicina Lindl.) wine. Front. Nutr. 2021, 8, 766415. [CrossRef] [PubMed]

Wang, J.; Hu, S.; Nie, S.; Yu, Q.; Xie, M. Reviews on mechanisms of in vitro antioxidant activity of polysaccharides. Oxidative Med.
Cell. Longev. 2016, 1, 5692852. [CrossRef] [PubMed]

Wu, S.H,; Li, F; Jia, S.Y.;; Ren, H.T.; Gong, G.L.; Wang, Y.Y. Drying effects on the antioxidant properties of polysaccharides obtained
from Agaricus blazei Murrill. Carbohydr. Polym. 2014, 103, 414—417. [CrossRef]

Wu, H.; Min, T,; Li, X.E; Li, L.; Lai, ER.; Tang, Y.Q.; Yang, X.H. Physicochemical properties and antioxidant activities of acidic
polysaccharides from wampee seeds. Int. ]. Biol. Macromol. 2013, 59, 90-95. [CrossRef] [PubMed]

Chen, N.; Jiang, T; Xu, J.; Xi, W,; Shang, E.; Xiao, P.; Duan, J.A. The relationship between polysaccharide structure and its
antioxidant activity needs to be systematically elucidated. Int. J. Biol. Macromol. 2024, 270, 132391. [CrossRef] [PubMed]

Cui, H,; Liu, Q.; Tao, Y.; Zhang, H.; Zhang, L.; Ding, K. Structure and chain conformation of a (1—6)-«-d-glucan from the root of
Pueraria lobata (Willd.) Ohwi and the antioxidant activity of its sulfated derivative. Carbohydr. Polym. 2008, 74, 771-778. [CrossRef]
Guo, S.; Wang, J.; He, C.B.; Wei, H.C.; Ma, Y.; Xiong, H.]. Preparation and antioxidant activities of polysaccharides obtained from
abalone viscera by combination of enzymolysis and multiple separation methods. J. Food Sci. 2020, 85, 4260-4270. [CrossRef]

El Enshasy, H.A.; Hatti-Kaul, R. Mushroom immunomodulators: Unique molecules with unlimited applications. Trends Biotechnol.
2013, 31, 668-677. [CrossRef]

Xing, R.; Liu, S.; Guo, Z.; Yu, H.; Wang, P; Li, C; Li, Z.; Li, P. Relevance of molecular weight of chitosan and its derivatives and
their antioxidant activities in vitro. Bioorg. Med. Chem. 2005, 13, 1573-1577. [CrossRef]

Zha, X.Q.; Wang, ].H.; Yang, X.F; Liang, H.; Zhao, L.L.; Bao, S.H.; Luo, J.P; Xu, Y.Y.; Zhou, B.B. Antioxidant properties of
polysaccharide fractions with different molecular mass extracted with hot-water from rice bran. Carbohydr. Polym. 2009, 78,
570-575. [CrossRef]

Zhu, R.; Zhang, X.; Wang, Y.; Zhang, L.; Zhao, J.; Chen, G.; Ning, C. Characterization of polysaccharide fractions from fruit of
Actinidia arguta and assessment of their antioxidant and antiglycated activities. Carbohydr. Polym. 2019, 210, 73-84. [CrossRef]
[PubMed]

Cai, W.; Xu, H,; Xie, L.; Sun, J.; Sun, T.; Wu, X,; Fu, Q. Purifification, characterization and in vitro anticoagulant activity of
polysaccharides from Gentiana scabra Bunge roots. Carbohydr. Polym. 2016, 140, 308-313. [CrossRef] [PubMed]

Ge, Y;; Duan, Y.; Fang, G.; Zhang, Y.; Wang, S. Polysaccharides from fruit calyx of Physalis alkekengi var. francheti: Isolation,
purification, structural features and antioxidant activities. Carbohydr. Polym. 2009, 77, 188-193. [CrossRef]

Jia, X;; Ding, C.; Yuan, C.; Zhang, Z.; Chen, Y.E.; Du, L.; Yuan, L. Extraction, purifification and characterization of polysaccharides
from Hawk tea. Carbohydr. Polym. 2014, 99, 319-324. [CrossRef] [PubMed]

Wang, L.B.; Xu, Y.Q.; Yu, Z.Y,;; Wang, T.H.; Li, L.B. Ethanol fractional precipitation and ultrasonic modification of pumpkin
polysaccharides. Trans. Chin. Soc. Agric. Mach. 2015, 46, 206-210. (In Chinese)

Cao, X.F; Yuan, T.; Sun, S.; Sun, R.C. Isolation and characterization of soluble polysaccharides from calamagrostis angustifolia
kom. Bioresources 2011, 6, 2896-2911. [CrossRef]

Chai, Y.; Zhao, M. Purification, characterization and anti-proliferation activities of polysaccharides extracted from Viscum
coloratum (Kom.) Nakai. Carbohydr. Polym. 2016, 149, 121-130. [CrossRef]

Kan, L.B.; Chai, Y.Y,; Li, X.Y.; Zhao, M. Structural analysis and potential anti-tumor activity of Sporisorium reilianum (Fries)
polysaccharide. Int. |. Biol. Macromol. 2020, 153, 986-994. [CrossRef]

Sun, L.P; Su, X.J.; Zhuang, Y.L. Preparation, characterization and antiglycation activities of the novel polysaccharides from Boletus
snicus. Int. ]. Biol. Macromol. 2016, 92, 607-614.

He, Y;; Ye, M.; Du, Z.; Wang, H.; Wu, Y.; Yang, L. Purification, characterization and promoting effect on wound healing of an
exopolysaccharide from Lachnum YM405. Carbohydr. Polym. 2014, 105, 169-176. [CrossRef]

Guo, X,; Kang, J.; Xu, Z.; Guo, Q.; Zhang, L.; Ning, H.; Cui, S.W. Triple-helix polysaccharides: Formation mechanisms and
analytical methods. Carbohydr. Polym. 2021, 262, 117962. [CrossRef] [PubMed]

Li, Y,; Hu, Z.; Wang, X.; Wu, M.; Zhou, H.; Zhang, Y. Characterization of a polysaccharide with antioxidant and anti-cervical
cancer potentials from the corn silk cultivated in Jilin province. Int. J. Biol. Macromol. 2020, 155, 1105-1113. [CrossRef] [PubMed]
Pan, L.C.; Zhu, YM,; Zhu, Z.Y.; Xue, W.; Liu, C.Y; Sun, H.Q.; Yin, Y. Chemical structure and effects of antioxidation and against
a-glucosidase of natural polysaccharide from Glycyrrhiza inflata Batalin. Int. . Biol. Macromol. 2020, 155, 560-571. [CrossRef]
[PubMed]

Wang, ]. H.; Xu, J.L.; Zhang, ].C.; Liu, Y,; Sun, H.J.; Zha, X. Physicochemical properties and antioxidant activities of polysaccharide
from floral mushroom cultivated in Huangshan Mountain. Carbohydr. Polym. 2015, 131, 240-247. [CrossRef]

Guo, H.; Zhang, W,; Jiang, Y.; Wang, H.; Chen, G.; Guo, M. Physicochemical, structural, and biological properties of polysaccha-
rides from dandelion. Molecules 2019, 24, 1485. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.carbpol.2019.115407
https://doi.org/10.3389/fnut.2021.766415
https://www.ncbi.nlm.nih.gov/pubmed/34790690
https://doi.org/10.1155/2016/5692852
https://www.ncbi.nlm.nih.gov/pubmed/26682009
https://doi.org/10.1016/j.carbpol.2013.11.075
https://doi.org/10.1016/j.ijbiomac.2013.04.020
https://www.ncbi.nlm.nih.gov/pubmed/23597711
https://doi.org/10.1016/j.ijbiomac.2024.132391
https://www.ncbi.nlm.nih.gov/pubmed/38761914
https://doi.org/10.1016/j.carbpol.2008.04.034
https://doi.org/10.1111/1750-3841.15520
https://doi.org/10.1016/j.tibtech.2013.09.003
https://doi.org/10.1016/j.bmc.2004.12.022
https://doi.org/10.1016/j.carbpol.2009.05.020
https://doi.org/10.1016/j.carbpol.2019.01.037
https://www.ncbi.nlm.nih.gov/pubmed/30732783
https://doi.org/10.1016/j.carbpol.2015.12.054
https://www.ncbi.nlm.nih.gov/pubmed/26876858
https://doi.org/10.1016/j.carbpol.2008.12.020
https://doi.org/10.1016/j.carbpol.2013.07.090
https://www.ncbi.nlm.nih.gov/pubmed/24274513
https://doi.org/10.15376/biores.6.3.2896-2911
https://doi.org/10.1016/j.carbpol.2016.04.090
https://doi.org/10.1016/j.ijbiomac.2019.10.228
https://doi.org/10.1016/j.carbpol.2014.01.080
https://doi.org/10.1016/j.carbpol.2021.117962
https://www.ncbi.nlm.nih.gov/pubmed/33838830
https://doi.org/10.1016/j.ijbiomac.2019.11.077
https://www.ncbi.nlm.nih.gov/pubmed/31712136
https://doi.org/10.1016/j.ijbiomac.2020.03.192
https://www.ncbi.nlm.nih.gov/pubmed/32224177
https://doi.org/10.1016/j.carbpol.2015.05.052
https://doi.org/10.3390/molecules24081485

	Introduction 
	Materials and Methods 
	Reagents and Chemicals 
	Preparation of HKP 
	Chemical Composition Test 
	Assay for Antioxidant Activity 
	Monosaccharide Composition 
	Molecular Weight of HKP 
	Fourier Transform Infrared Spectroscopy (FT-IR) 
	Congo Red Analysis 
	Statistical Analysis 

	Results and Discussion 
	Extraction Yields and Chemical Compositions 
	Antioxidant Activity of HKP and HKPs 
	Monosaccharide Composition of HKP 
	Molecular Weight and Chain Conformation of HKP 
	FT-IR Spectrum of HKP 
	Analysis of Congo Red 

	Conclusions 
	References

