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ARTICLE INFO ABSTRACT

Keywords: The homology between food and medicine has been a successful and well-accepted concept in traditional

PO}YsaCChérideS medicine, where people believe that beneficial naturally available substances can be replenished via diet to

;uju;ehfr.mts promote health. In this study, the polysaccharides in jujube fruit (Ziziphus jujuba Mill.) and dried boat-fruited
andanal

Sterculia seeds (Sterculia lychnophora) were extracted using different methods (water, acid, and alkaline
extraction), and their physicochemical properties and compositions were investigated. Additionally, the effects of
polysaccharides on the growth of known intestinal bacteria were investigated using in vitro incubation. The
results showed that the acid and alkaline extraction methods resulted in the highest yields of polysaccharides
with a high uronic acid content and satisfactory antioxidant activity. The water-extracted polysaccharides
exhibited a suitable viscosity. Moreover, the water-extracted polysaccharides were acid-hydrolyzed for 2-6 h,
followed by gel permeation chromatography (GPC) to obtain acidic hydrolyzed polysaccharides with a wide
range of molecular weights and high carbohydrate contents. Subsequently, five known strains of intestinal
bacteria cultured with the acidic hydrolyzed polysaccharides from jujube fruits and pandahai (10 mg/mL) were
found to proliferate in Bifidobacterium bifidum, Bifidobacterium longum, Lactobacillus delbrueckii, and Propioni-
bacterium freudenreichir in 0-48 h cultures. However, further evidence is required to validate these results, either
in gastrointestinal simulations or animal models.

Intestinal bacteria
Acid-hydrolyzed
Traditional medicine

1. Introduction

Jujube fruits (Ziziphus jujuba Mill.) are used in traditional medicine
because of their health-promoting properties and enrichment of various
biological components such as phenolics, triterpenoids, flavonoids,
amino acids, organic acids, trace minerals, and polysaccharides
(Agrawal et al., 2023; Chang et al., 2010; Ji et al., 2020a; Ji et al.,
2020b). Jujube fruit is consumed either partially fresh by consumers,
dried as the homology of food and medicinal ingredients, added to
dishes (or simmered in soups), or decocted with various herbs (Agrawal
et al., 2023; Xu et al., 2022; Yang et al., 2020).

Dried boat-fruited Sterculia seeds (Sterculia lychnophora Hance, also
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called pandahai or pang dahadi) are primarily found in Vietnam,
Cambodia, Laos, Thailand, Malaysia, Indonesia, India, and South China,
and are commonly used in traditional medicine to soothe the throat of
upper respiratory sounds and treat digestive disorders as a cooling
agent. The primary biological activities stem from polysaccharides, al-
kaloids, phenolics, glycosides, cerebrosides, peptides, fatty acids, and
steroids (Li et al., 2011; Lv et al., 2022; Oppong et al., 2018; Oppong
et al., 2020; Soejarto et al., 2023; Wang et al., 2017; Wu et al., 2007a).

Polysaccharides are polymers and among the four most significant
molecular biomolecules, constituting > 10 monosaccharides linked by
glycosidic bonds. Polysaccharides contain lipids, proteins, and nucleic
acids, while the molecular weights widely range from thousands to
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millions of Daltons (Da), depending on the molecular weight of the
chain, which the variable structures and various bioactivities (Gao et al.,
2023; Li et al., 2023; Liu et al., 2018; Muthusamy et al., 2021; Wen et al.,
2023; Zhang et al., 2023a; Zhang et al., 2023b; Zhao et al., 2021).

The biological activities of polysaccharides extracted from fruits,
vegetables, herbs, and microbes have been validated and have received
widespread attention in the market and academia (Gao et al., 2023; Song
et al., 2023; Sun et al., 2023; Xu et al., 2023). Chou et al., (2023b)
commercialized Hudng qi (root of Astragalus membranaceus) poly-
saccharides in the market, which has positively affected exercise per-
formance and provided potential anti-aging properties in aging mice. In
addition, polysaccharides, such as pectin, mannan (Man), arabinose
(Ara), glycosides, and non-starch polysaccharides, including lipopoly-
saccharides and peptidoglycan, are fermented and degraded by intesti-
nal microorganisms to release short-chain fatty acids involved in various
biological actions, such as immunomodulatory, anti-inflammatory,
antioxidant, and antimicrobial effects (Bagchi & Jayaram Kumar,
2016; Ebrahimzadeh Leylabadlo et al., 2020; Koh et al., 2016; Li et al.,
2023; Patra et al., 2023; Xie et al., 2023; Xu et al., 2023; Zhao et al.,
2021). Interestingly, owing to their wide range of biological activities,
polysaccharides have been developed as carriers to encapsulate drugs
with gel nano-encapsulation (Rosales & Fabi, 2023) and have been
applied in advanced wound dressings in combination with the me-
chanical properties of hydrogels (Shi et al., 2022).

Therefore, the primary purpose of this study was to investigate the
effects of different extraction methods on the physicochemical proper-
ties of jujube fruit and pandahai polysaccharides and evaluate their ef-
fects on the growth of beneficial bacteria. The second aim was to
facilitate the development and application of herbal polysaccharides
and provide researchers with a more comprehensive understanding of
the field.

2. Materials and methods
2.1. Materials

Dried jujube fruits were purchased from the Gongguan Farmers’
Association (Miaoli County, Taiwan). Dried boat-fruited Sterculia seeds
(pandahai) were purchased from a local market (Taichung City, Taiwan,
origin, Vietnam). Both the samples were cleaned with distilled water
and dried at 45 °C for 24 h. The samples were sealed in an aluminum foil
bag (PET/AL/PET/PE, 35 x 23 cm, 0.14 mm thick) and stored at 4 °C.
All the chemicals were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). Clostridiun perfringens (ATCC 3626) and Bifido-
bacterium longum (ATCC 15708) were purchased from the American
Type Culture Collection (ATCC; Manassas, Virginia, USA). Bifidobacte-
rium bifidum (BCRC 11844), Propionibacterium freudenreichii (BCRC
11076), and Lactobacillus delbrueckii subsp. Bulgaricus (BCRC14008)
were purchased from the Bioresource Collection and Research Center
(BCRC; Hsinchu, Taiwan).

2.2. Polysaccharide extraction and acid-hydrolysis

Polysaccharides extraction and acid hydrolysis were performed ac-
cording to method described by Wang et al. (2022), with slight modi-
fications. The dried fruits were pressed, crushed, and immersed in 25
folds (by dry weight) distilled water, acid solution (HCl, 0.0001 M, pH
4), and alkaline solution (NaOH, 0.0001 M, pH 10) for 24 h. Next, ho-
mogenization (10,000 rpm, 5 min and every 30-sec interval with a 5-sec
pause) was performed with a homogenizer and stirred overnight before
passing through a 70-mesh sieve (mesh size as standard of 0.21 mm) to
collect the filtrate, and the residue was replicated twice in the above
operation. Next, 95 % alcohol (4-fold volume of the concentrate) was
added to the concentrate and allowed to settle overnight at 4 °C. The
precipitates were centrifuged again (10,000 x g, 4 °C) for 15 min to
collect the deposits, followed by freeze-drying at —80 °C for 48 h using a
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freeze-dryer (FD-5 N, Eyela). All dried samples were ground into poly-
saccharides, packed into aluminum foil bags, and preserved in a desic-
cator for future use.

Subsequently, the polysaccharides were hydrolyzed with 2 M HCI (2,
4, and 6 h), filtered with a 0.45 ym PVDF membrane, and then analyzed
by GPC (Sephacryl S-200 high resolution for jujube fruits and Sephacryl
S-400 high resolution for pandahai, General Electric Healthcare Co.,
Chicago, USA), with column size of L x L.D. 60 cm x 16 mm, 50 pm
average part size, and mobile phase with a deionized water flow rate of
0.50 mL/min. The collection volume was 2.5 mL/tube, with a total of 95
tubes. The molecular weights of the monosaccharides were calculated
by interpolating the molecular weights and retention times of the
standards [8 molecular weights of pullulan (Shodex P-82), Showa Denko
Co., Ltd., Tokyo, Japan]. Followed by dialysis to remove the salts < 0.5
kDa, while the dialyzed monosaccharides solutions of different molec-
ular weights were freeze-dried and ground into powder before storage in
stock for future use.

2.3. Composition analysis of samples

Compositional analysis of jujube fruits and pandahai was performed
using the AACC (2023) standard methods. The analysis included mois-
ture (44-11.01), crude protein (46-10.01), crude fat (30-10.01), crude
fiber (32-05.01), and ash (08-01.01), whereas 100 % minus the above
crude protein, fat, ash, and fiber contents as the nitrogen-free extract
(NFE) content.

2.4. Physicochemical properties of polysaccharides

2.4.1. Total sugar contents analysis

Total sugar content was determined according to the method
described by Nielsen (2017). Briefly, 1 mL of sample (100 pg/mL) was
added to 1 mL of 5 % phenol in a tube. Subsequently, 5 mL 98 % sulfuric
acid was added rapidly (within 30 s), shaken uniformly, and cooled in a
water bath. Finally, the absorbance of the samples was measured at 490
nm using a spectrophotometer (Model U-2001, Hitachi Ltd., Tokyo,
Japan). The standard curve prepared for glucose ranged from 0 to 100
pg/mL, and the sugar content of the samples was determined through
interpolation.

2.4.2. Protein content determination

The protein content of the samples was determined using a BCA
protein assay kit (71285 Millipore, Merck KGaA) according to the
method described by Cortés-Rios et al. (2020) and standard operating
procedures provided by the manufacturer.

2.4.3. Uronic acid content determination

The uronic acid content of the samples was determined as described
by Huang et al. (2011), with some modifications. The sample (100 pg/
mL) of 0.2 mL was mixed with 1.2 mL of 0.0125 M sulfuric acid/sodium
tetraborate solution, shocked, and cooled at 4 °C for 5 min. Subse-
quently, the samples were placed in a boiling water bath at 100 °C for 5
min and transferred to an ice bath (4 °C) for 5 min. Next, 20 pL of 0.15 %
meta-hydroxy diphenyl solution (prepared in 0.5 % NaOH solution) was
added with shaking and mixing, allowed to stand for 5 min, and
absorbance was measured at 520 nm. A standard curve was prepared
with 0—100 pg/mL galactoglycolic acid, whereby the uronic acid con-
tent in the sample was calculated by interpolation.

2.4.4. Monosaccharide composition determination

Monosaccharide composition was determined based on the approach
described by Ji et al., (2020a), with some modifications. A 50 mg sample
was acid-hydrolyzed with 50 mL of 2 M HCI at 85 °C for 16 h. Next, it
was concentrated, dried, re-dissolved in 10 mL of deionized water, and
purified using an ion-exchange resin to neutralize the solution before
filtering with 0.22 ym membranes. Subsequently, the acid hydrolysis
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solution was mixed with ABEE Derivatization Marker Reagent [165 mg
of benzocaine (CoH;ijNO3), 35 mg sodium cyanoborohydride
(CH3BNNa), 40 uL of glacial acetic acid, and 0.35 mL of boiling meth-
anol (heated in a boiling water bath)] in a ratio of 2:8. The solution was
incubated in an 80 °C water bath for 1 h, and then, deionized water (0.4
mL) was added to end the reaction. Finally, 0.4 mL of chloroform was
added, and the supernatant was extracted by centrifugation (1780 x g, 5
min, 25 °C) before analysis by HPLC filtered through a 0.22 pm filter.

Finally, 0.4 mL of chloroform was added (removing extra derivati-
zation marker reagent), and the supernatant was extracted by centrifu-
gation (1780 x g, 5 min, 25 °C) before analysis by HPLC filtered through
a 0.22 pm filter. The detailed analytical conditions were YMC-Triart C18
column (USP L1, ID 3 mm, length 100 mm, particle size 3 pm, YMC
America Inc., Devens, MA, USA) (column temperature 50 °C), an L-7100
pump (Hitachi), and a UV-detector L-7400 (Hitachi) with a detection
wavelength of 308 nm. The mobile phase was performed using 0.04 M
potassium borate buffer (pH 8.9): 100 % acetonitrile = 99:1 at a 0.5 mL/
min flow rate. In addition, the standards were prepared with 0-5 mg/mL
of galactose (Gal), glucose (Glu), rhamnose (Rha), Ara, Man, and xylose
(Xyl), and the composition and contents of the samples were calculated
according to the different standards with interpolation.

2.5. Antioxidant capacity measurement

2.5.1. 1, 1-diphenyL-2-picrylhydrazyl (DPPH) free radical scavenging
ability

The DPPH radical-scavenging ability of the samples was determined
as described by Wang et al., (2019a) and Zhao et al. (2023) with minor
modifications. Briefly, 100 pL of different concentrations (0—50 mg/
mL) and 95 % ethanol solution of butylated hydroxytoluene (BHT) as the
control group (0—50 mg/mL) were sequentially added to 400 uL of 100
mM Tris-HCl buffer solution (pH 7.4) and 500 pL of 250 uM DPPH
ethanol solution, followed by shaking for 20 s to mix and avoid a light
reaction for 20 min to determine the absorbance at 517 nm. The
following formula was used to calculate the DPPH radical scavenging
ability (%), and the half-effective concentration (ECsg) was calculated
by linear regression analysis, that is, the concentration required for the
sample to reach a 50 % effect. A smaller the value indicates better the
antioxidant ability of the sample.

DPPH free radical scavenging ability (%)

_ Absorbance of (Sample — Blank)
=1 Absorbance of Blank x 100 1)

2.5.2. Ferric reducing antioxidant power (FRAP)

The FRAP of the samples was determined as described by Li et al.
(2020) with some modifications. The sample and EDTA were mixed with
250 uL of different concentrations (0-50 mg/mL) in sequence with 925
uL phosphate buffer (pH 7.4) and 25 uL of FeCly, left standing for 30 s,
50 L of ferrozine was added, and the reaction was allowed to proceed
for 10 min. Finally, the absorbance was measured at 562 nm, where a
low value indicates better chelating ability of the sample.

Ferric reducing antioxidant power (FRAP, %)

Absorbance of (Sample — Control)
= 100 2
Absorbance of Control X @

2.5.3. Antioxidant reaction rate coefficient (k)

In addition, the antioxidant ability of the samples showed a dose-
dependent dependence on their concentration, whereas all the antioxi-
dant abilities above the samples tended toward a plateau after reaching
a particular concentration. Therefore, the following equation was used
to calculate the sample reaction rate coefficient (k): a higher value in-
dicates a better antioxidant ability of the sample (Constales et al., 2017;
Parsons, 2021).
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k = In[1 — (I,/1)]/C 3)

where,

Ip indicates the antioxidant ability of the samples at different
concentrations.

I Indicate the equilibrium maximum antioxidant ability reached
greater than a particular concentration

C is the sample concentration.

k is the reaction rate coefficient, which indicates that the greater the
value, the more rapid the antioxidant ability of the sample.

2.6. Viscosity properties determination

Viscosity analysis in this study was performed as described by Huang
et al. (2023) and Wang et al., (2019b), with slight modifications. Both
samples, jujube (4, 8, 12, 16, and 20 mg/mL) and pandahai (0.1, 0.2,
0.3, 0.4, and 0.5 mg/mL) polysaccharides, were analyzed using a
viscometer (model DV-II, AMETEK Brookfield Inc., Middleboro, MA,
USA) with a small sample adapter, probe spindle 31, and rotational
speed of 12 rpm at various temperatures (50, 60, 70, 80, and 90 °C) to
determine the viscosity of all samples (centipoises, cps).

2.7. Determination compositions of the functional groups

The functional groups in the samples were determined according to
the method described by Chou et al., (2023a). The dried sample (2 mg)
was mixed with 120 mg of potassium bromide (KBr), followed by the
addition of 30 mg, and pressed into a 13 mm film tablet using a tablet
press. Subsequently, a Fourier-transform infrared spectrometer (FT-IR,
Satellite 5000, Mattson Technology, Fremont, CA, USA) was used to
scan the 400-4000 cm™! range.

2.8. Proliferation of intestinal bacteria

The cryopreservation tube (containing 1 mL of bacterial broth) was
removed from the —80 °C refrigerator and quickly thawed in the
anaerobic workstation (AW400SG, Munro Instruments Limited, Essex,
UK), then mixed with 10 mL medium [consisting of 7.5 mL of sterile
water and 2.5 mL of 4-fold Reinforced Clostridial medium broth (RCM,
1054110500, Merck KGaA) or De Man, Rogosa and Sharpe agar (MRS)
(69966, Merck KGaA) medium] poured into a triangular tapered flask,
which was cultured for 48 h.

Next, 200 L of the activated bacterial broth (diluted with phosphate
buffer solution to 0.35 absorbance at 600 nm, with bacterial counts of
about 1 x 107-—10%) was taken, then 200 pL medium (4-fold RCM or
MRS) and 400 pL samples (20 and 50 mg/mL) were added to the
microcentrifuge tubes, which were co-culture in an anaerobic worksta-
tion for 0, 24, 48, and 72 h. Afterward, 0.1 mL of the bacterial broth was
placed in a sterile microcentrifuge tube and added with 0.9 mL of
phosphate buffer solution and mixed evenly, followed by serial dilution
(10'--10° fold). Next, 0.1 mL of the bacterial broth with different di-
lutions was spread onto the plate (containing RCM or MRS solid me-
dium) and incubated for 48 h to observe colony formation and then
counted [effective range between 25 and 250 Colony Forming Units
(CFU)].

Colony Forming Units (CFU) = Average colony number x Dilution fold x 10
4)

The absorbance value measurement method was used for the co-culture
and determination. As mentioned above, 500 pL of each activated bac-
terial broth was added to 500 pL of medium (4-fold RCM or MRS) and
1,000 pL of polysaccharide solution (10 mg/mL) with 0-72 h of co-
cultivation, followed by measurement of absorbance at 595 nm.
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Table 1
Polysaccharide composition and monosaccharide content in jujube fruit (Zizyphus jujuba Mill.) and pandahai (Sterculia lychnophora Hance) from different treatments.
Sample/Extracted Extraction Totalcarbohydrate Protein Uronic Galactose Mannose Glucose Aarabinose Xylose Rhamnose
method yield (%) (%) (%) acid(mg/ (Gal) (Man) (Glu) (Ara) XyD (Rha)
g)
Jujube fruits
Water extraction 6.11 + 0.01° 60.53 + 2.86° 5.90 + 26.71 + 11.0.41 + 23.37 + 39.69 + 20.18 + 2.00 £ 3.35+
0.10° 1.81"1 0.62° 0.83° 1.87° 1.49° 0.04* 0.04°
Water-extracted 2 - 95.34 + 4.67* 1.74 £ 26.41 + 29.13 + 20.30 + 8.24 + 16.64 + 15.69 10.00 +
followed by 2 M h 0.07 8 0.128 1.87% 0.54¢ 0.12" 0.04¢ +0.96* 0.54*
HCI hydrolyzed 4 - 94.78 + 4.57° 0.83 + 23.17 + 3.05 £ 81.74 + - 10.41 + - 481 +
h 0.03" 2.01! 0.57¢ 4.21° 0.39° 0.18°
6 - 93.68 + 5.86% 0.61 + 18.71 + 7.47 + 77.00 + - 11.51 + - -
h 0.06' 2.65 & 0.06° 2.48° 0.06°
Acidic 8.47 + 0.02¢ 69.16 + 6.064 9.59 + 31.56 + 7.442 + 18.16 + 51.32 + 19.82 + - 2.56 +
0.21° 0.95f 0.09" 0.32b 0.40° 1.04° 0.07%
Alkaline 8.33 + 0.05° 61.33 + 4.31°¢ 8.08 + 40.21 + - 5.95 + 66.29 + 27.76 + - -
0.33¢ 1.97° 0.06¢c 0.83% 2.30%
Pandahai
Water 28.49 + 77.75 £ 1.21¢ 4.61 + 35.47 + 7.01 £ 46.49 + - - 46.49 -
0.09° 0.11f 2.864 0.04¢ 0.70° +2.94%
Water-extracted 2 - 95.67 + 2.84" 1.74 + 33.87 + 21.24 + 31.83 + 21.70 + - - 23.17 +
followedby2M  h 0.048 0.23° 0.59" 0.85¢ 0.17° 1.31°
HCI hydrolyzed 4 - 94.38 + 4.31° 0.83 £ 29.34 + - 59.63 + 20.64 + - - 19.73 +
h 0.03" 1.028 1.96% 0.21¢ 0.43°
6 - 95.74 + 1.32% 0.61 + 21.59 + 15.47 + 15.72 + 7.85 + 19.70 + 28.69 12.56 +
h 0.05' 1.65 2.34° 1.844 0.08° 0.10° +0.96>  0.05°
Acidic 37.11 £ 83.33 + 1.84° 7.77 £ 38.75 + 14.86 + 48.31 + 17.58 + - - 17.14 +
0.02? 0.07¢ 2.57¢ 0.88" 2.64° 0.50° 1.41°
Alkaline 36.88 + 74.58 + 1.97¢ 12.85 + 46.73 £ 17.19 + 32.64 = 32.14 £ - - 18.03 +
0.17° 0.13* 1.15% 1.30° 1.64° 1.30% 2.03%

Lowercase letters with different superscripts in same column indicate significant differences (p < 0.05).

2.9. Statistical analysis

All analyses in this study were performed in triplicate, and the values
were expressed as the mean + standard deviation (SD) unless mentioned
otherwise. All data are analyzed using SAS package statistical software
(version 9.4, SAS Institute, Cary, NC, USA). One-way ANOVA was used
to analyze each trial group. Duncan’s multi-variable analysis was used to
analyze the groups’ differences, while p < 0.05 was considered a sta-
tistically significant difference.

3. Results and discussion
3.1. Compositional analysis of jujube fruit and pandahai samples

The general compositional analysis of jujube fruit and pandahai
showed that the moisture content of jujube was ~13.15 %, whereas the
other constituents of dry matter weight were 5.01 % crude protein, 0.47
% crude fat, 3.28 % crude fiber, 1.88 % ash, and 89.36 % NEF
(Table Al). The moisture content of pandahai was 11.18 %; other
components contributing to the dry weight were 4.12 % crude protein,
5.29 % crude fat, 3.61 % crude fiber, 1.99 % ash, and 84.99 % NEF.

3.2. Polysaccharide extraction yield, composition, and various
monosaccharides content

The polysaccharides extracted by different extraction methods
ranged from 6 % to 8 % and 28 % to 37 % for jujube fruits and pandahai,
respectively (Table 1), and the extraction yields were significantly
higher using the acid or alkaline solutions than with water extraction (p
< 0.05). Wu et al. (2019) reported an actual yield of 1.97 % for water
extraction of jujube fruit polysaccharides using improved optimization
conditions, and Li and Huang (2021) reported alkaline extraction yields
of 3.3 %-5.09 % and hypothesized that the differences were associated
with variety, origin, and extraction conditions compared with this study.
Moreover, Wu et al., (2007b) reported that pandahai sourced from
Southeast Asia exhibits a higher polysaccharide content than China. This

difference is likely attributable to the tropical climate of this region. In
addition, acidic or alkaline environments could break the hydrogen
bonds between cellulose and hemicellulose, allowing more insoluble
polysaccharides to be effectively released from the cell wall and con-
verted to soluble polysaccharides, thereby increasing the yield. In
contrast, water extraction yields free polysaccharides and has a low
yield (Kou et al., 2022). Traditional herbal medicines are typically
boiled in water, which dissolves many components at high tempera-
tures, where some active ingredients deteriorate and reduce the efficacy
of the polysaccharides (Liu et al., 2018).

The total carbohydrate content of the polysaccharides extracted
using the acid method was significantly higher than that of the water
and alkaline extracts (p < 0.05) (Table 1). Jujube fruit, extracted with
the acidic solution, exhibited the highest total carbohydrate content of
69.16 %, whereas hot water and alkaline extracts were similar at 60 %-
61 %. The total carbohydrate content of the pandahai polysaccharides
followed a similar trend, as the acidic extract had a high total carbo-
hydrate content of 83.33 %, followed by the water extract at 77.75 %
and the alkaline extract at 74.58 %. These results are similar to those
reported by Ai et al. (2012). Sandarani and Kulathunga (2017) reported
the availability of carbohydrates with few impurities when produced
with citric acid.

The protein contents of polysaccharides in acidic and alkaline ex-
tracts of jujube fruits were 9.59 % and 8.08 %, respectively, which were
higher than water extracts (5.90 %) (p < 0.05) (Table 1). However,
similar results were obtained for pandahai, with acidic and alkaline
extracts of 7.77 % and 12.85 %, which were higher than water extract of
4.61 % (p < 0.05). However, Braspaiboon et al. (2020) reported that
water extracts more proteins from plants than acid and alkaline, which
was contrary to the results of the present study.

The uronic acid content of jujube fruit polysaccharides was 31.56 %
and 40.21 % for acid and alkaline extraction, respectively, which was
higher than 26.71 % for water extraction (p < 0.05) (Table 1). Similar
results were obtained for uronic acid content of the pandahai poly-
saccharides, with 38.57 % and 46.73 % for acidic and alkaline extracts
higher than water-extracted 35.47 % (p < 0.05). However, the uronic
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Table 2

Half effective concentration (ECsp) and reaction rate coefficient (k) of poly-
saccharides from jujube fruit (Zizyphus jujuba Mill.) and pandahai (Sterculia
lychnophora Hance) from different treatments.

DPPH radical scavenging Ferric reducing antioxidant power
power (FRAP)

EC50 (mg/mL) k EC50 (mg/mL) k

Jujube fruits

Water 2.06 + 0.15¢ 19.36° 5.15 + 0.02° 96.37°
Acidic 0.82 + 0.04° 20.49" 3.63 + 0.06° 95.60°
Alkaline  0.85 + 0.05° 20.47° 1.09 + 0.02f 96.04°
Pandahai

Water 5.66 + 0.77% 11.64¢ 8.93 +0.17% 31.344
Acidic 2.46 + 0.01° 11.664 5.65 + 0.14° 31.40¢
Alkaline  2.78 + 0.22" 11.45¢ 4.71 + 0.02¢ 31.414
BHT 0.25 + 0.00f 182.64° - -

EDTA - - 0.26 + 0.00 & 163.14°

Lowercase letters with different superscripts in same column indicate significant
differences (p < 0.05).

acid content of the pandahai polysaccharides contradicted the findings
of a previous study (Ai et al., 2012). The results showed that different
extraction methods (pH) significantly affected uronic acid content,
while the acid extraction method contributed to the cleavage of poly-
saccharide glycosidic bonds (Devasvaran et al., 2023; Kou et al., 2022;
Yao et al., 2017). Specifically, acids and alkalis degrade plant cell walls,
disrupting the ester and hydrogen bonds between polysaccharides, and
facilitating the release and solubilization of polysaccharides during
extraction (Chen et al., 2020). In addition, the extraction of poly-
saccharides (temperature and acidity values) was positively correlated
with the degradation rate, while the monosaccharide composition var-
ied (Chen et al., 2020) and the ratio of neutral sugars to uronic acid was
higher (Lu, 2023). Notably, different extraction techniques can lead to
different polysaccharide compositions, providing various biological ac-
tivities (such as antioxidant activity) (Zhou et al., 2008).

Similarly, several studies have reported that manipulating poly-
saccharide extraction methods and decolorization and decontamination
process affect the biological activities that alter the structural properties
(viscosity, chemical composition, molecular weight distribution, mo-
lecular conformation, and morphology) (Gao et al., 2023; Ji et al,
2020a; Kou et al., 2022; Leong et al., 2021; Rosales & Fabi, 2023; Song
et al., 2023; Tao et al., 2023; Wang et al., 2021; Wu et al., 2007b; Wu
et al., 2012; Xu et al., 2022; Zhang et al., 2023a; Zhang et al., 2023b;
Zhao et al., 2021). This study analyzed the molar ratios of mono-
saccharide components in polysaccharides and showed that water-
extracted polysaccharides extracted from jujube fruit were Gal, Man,
Glu, Ara, Xyl, and Rha = 11.41: 23.37: 39.69: 20.18: 2.00: 3.35 (p <
0.05) (Table 1). Notably, some monosaccharides (such as Gal, Xyl, and
Rha) were not detected with either acidic or alkaline extraction, indi-
cating that the monosaccharide components of the polysaccharide ex-
tracts of jujube fruits differed between the extraction methods. In
contrast, the components of pandahai water-extracted polysaccharides
were 7.01 Gal, 46.49 Man, and 17.58 Xyl (p < 0.05) (Table 1), whereas
acidic- and alkaline-extracted components revealed more Xyl and less
Glu and Rha (negligible), while Ara was not detected in any of the
extraction methods. However, the components differed slightly from
those reported by Chang et al. (2010) and Wu et al. (2012), and were
presumably influenced by differences in origin or extraction conditions.
According to Ji et al., (2020a) and Ji et al., (2020b), polysaccharides
derived from jujube were separated into three distinct monosaccharide
components of varying molar ratios. Notably, these components were
comparable to those observed in the present study, which was attributed
to differences in the cultivar, cultivation region, and extraction method.
Notably, the level of polysaccharides remains far from optimum for
regular extraction processes, with subsequent purification and acidic
hydrolysis being adopted to obtain a fine structure (Zhang et al., 2023a).
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Subsequently, jujube fruit and pandahai polysaccharides had total car-
bohydrate contents close to 95 % which were higher than the original
polysaccharides in this study after purifying water-extracted poly-
saccharides by GPC and acid hydrolysis for 2-6 h (Table 1). However,
the protein content of all groups decreased and was negatively corre-
lated with the acid hydrolysis time (p < 0.05). Therefore, GPC purifi-
cation and acid hydrolysis effectively remove proteins or complexes
covalently bound to polysaccharides to obtain biologically active gly-
coproteins or peptide polysaccharides (Zhang et al., 2007). Similar de-
creases were observed in uronic acid content. We hypothesized that acid
hydrolysis may reduce the carboxyl group of uronic acid (COO") by
combining hydrogen ions (H') with uncharged -COOH under acidic
conditions. It is possible that the acidic conditions led to the breakage of
the polysaccharide glycosidic bonds, which were removed during dial-
ysis via the diffusion effect. In addition, the monosaccharide compo-
nents of jujube fruits and pandahai polysaccharides changed
significantly after acid hydrolysis compared to the original poly-
saccharides. The monosaccharide composition of jujube fruits showed
an increase in Man content depending on the hydrolysis time, whereas
Gal, Xyl, and Rha contents increased after 2 h of acid hydrolysis but
decreased inexplicably and significantly after 4-6 h (Table 1). However,
Glu and Ara contents decreased and were negatively correlated with the
hydrolysis time. In contrast, the monosaccharide components of pan-
dahai polysaccharides, such as Gal, Man, Glu, and Rha, increased, fol-
lowed by a decrease with hydrolysis time, while Ara was positively
correlated with hydrolysis time, which was opposite to Xyl (Table 1).
Therefore, 6 h of acidic hydrolysis increased the Gal, Glu, Ara, and Rha
content.

Overall, the pandahai polysaccharide components are similar to
those reported by Ai et al. (2012) and Oppong et al. (2018). Moreover, Li
et al. (2011) showed that the uronic acid content of water-soluble
polysaccharides from jujube also decreased after hydrolysis with TCA.
Notably, large molecules are not available for microbial utilization and
metabolism, whereas small molecules (monosaccharides or oligosac-
charides) facilitate the proliferation of Bifidobacteria (Gibson, 1999).

3.3. Antioxidant capacity evaluation of polysaccharides with different
extractions

The DPPH radical scavenging capacity has been frequently used to
evaluate polysaccharide antioxidants in vitro (Ji et al., 2020a). Chang
et al. (2010) reported that the galacturonic acid content in poly-
saccharides exhibits a dose-dependent relationship with DPPH free
radical scavenging capacity. However, molecular weight is reportedly
negatively correlated with antioxidant capacity; in particular, small
oligogalacturonide molecules (1 kDa) performed satisfactorily (Huang
et al., 2011). It is widely accepted that low-molecular-weight com-
pounds exhibit greater efficacy in their interactions with free radicals
(Zhang et al., 2023D).

In this study, ECso of DPPH free radical scavenging ability showed
that the polysaccharides of jujube fruits in water, acidic, and alkaline
extracts were 2.06, 0.82, and 0.85 mg/mL (p < 0.05), respectively
(Table 2), which were consistent with previously published studies (Ji
et al., 2020a; Wu et al., 2007b). ECs¢ of pandahai polysaccharides were
5.66, 2.46, and 2.78 mg/mL (p < 0.05) (Table 2). This suggests that
acidic and alkaline-extracted jujube fruits and pandahai polysaccharides
were approximately two-fold better than water extracted, but lower
than BHT (control group). Therefore, we predicted that the reaction rate
coefficient (k) of the DPPH free radical scavenging ability of jujube fruits
and pandahai polysaccharides was significantly weaker than that of BHT
(p < 0.05), with no significant difference between the extraction
methods. Moreover, the jujube fruit and pandahai polysaccharides
served as suitable electron donors, which would reduce free radicals and
achieve the chain reaction of the termination of free radicals.

Alkaline-extracted polysaccharides of jujube fruits (ECsg of 1.09 mg/
mL, and k of 96.04) from FRAP assay were similar to those as reported by
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Fig. 1. Effects of temperature and concentration on viscosity of jujube (Zizyphus jujuba Mill.) and pandahai (Sterculia lychnophora Hance) crude extracted poly-
saccharides using different treatments.

Chang et al. (2010) and Ji et al., (2020a), while pandahai (ECsg of 4.71
mg/mL and k of 31.41) performed substantially better than others (p <
0.05) yet inferior to the control group (EDTA; ECs of 0.26 mg/mL and k
of 163.14). Although a positive correlation has been reported between
uronic acid content and FRAP (Chang et al., 2010), this was not observed
in the present study. Overall, the antioxidant capacity of poly-
saccharides from jujube fruits was superior to that of pandahai fruits,
albeit lower than that of BHT and EDTA. In addition, acidic- and
alkaline-extracted polysaccharides may have their different active
groups, contributing to different antioxidant capacities.

viscosities of the jujube fruit and pandahai polysaccharides were dose-
dependent on the concentration of polysaccharides, ranging from 60
to 5,500 cps. The viscosities of the polysaccharides were negatively
correlated with temperature. This may be attributed to the swelling state
that seems to be exhibited in these polysaccharide solutions at high
temperatures, and the results agreed with those of Ai et al. (2012). In
addition, the viscosities were in the following order: water > acidic >
alkaline extraction; these results were consistent with previous findings
(Ai et al, 2012). In this study, jujube fruits and pandahai poly-
saccharides exhibited Newtonian fluid properties, which were hypoth-
esized to be related to their molecular weights. The higher the molecular
. . L weight, the more flexible is the chain, leading to a higher degree of
3.4. Eff ects.of various temperatures and concentrations on the viscosity of pseudo-plasticity (Wang et al., 2021). Additionally, the branching of
polysaccharides polysaccharides is critical for enhancing solution viscosity (Bai et al.,
The viscosity of the polysaccharide extracted from jujube fruit water 2017).
was not significantly different from 5,100-5,500 cps at 50-80 °C, but
viscosity significantly decreased to 4,000 cps at 90 °C (p < 0.05) (Fig. 1).
Additionally, 16 % at 50 °C-70 °C and 20 % at 50 °C-80 °C showed the
highest viscosities outside the measurable range while acid-extracted
polysaccharides showed the same 16 % and 20 % concentration vis-
cosities at 50 °C and 50 °C-60 °C; alkaline-extracted polysaccharides
revealed no such phenomenon. Interestingly, the viscosities of the
pandahai polysaccharide extracts followed similar trends. However, the

3.5. Molecular weight distribution of polysaccharides

The molecular weight of a polysaccharide is a critical factor affecting
its biological activities and is essential for structural analyses (Zhang
et al., 2023a). The molecular weight distribution of polysaccharides
extracted from jujube fruits and pandahai hydrolyzed with 2 M HCI for
2, 4, and 6 h showed that the initial jujube molecular weights (Fig. 2A1)
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Table 3
Effects of polysaccharides (10 mg/mL) with different degrees of hydrolysis on jujube fruits (Zizyphus jujuba Mill.) on proliferation of five probiotic intestinal bacteria (in
vitro).
Sample Strain Treatments Co-culture time (h)/Unit: log CFU/mL
0 12 24 48 72
Jujube Bifidobacterium bifidum Control 6.27 + 717 +0.16"  8.78 + 8.67 + 7.63 + 0.16
fruits 0.07" 0.02¢F 0.08% &
Water-extracted followed by 2 M HCl 2 6.03 + 8.08 +0.07°"  10.07 + 9.79 + 8.62 +
hydrolysis at h 0.04 0.02°® 0.01°¢ 0.10%
4 6.29+£0.03  8.06+0.17F  10.20 + 9.70 + 8.64 +
h kI 0.08%" 0.13°¢ 0.244E
6 6.42 + 7.84 + 9.31 + 9.50 + 8.15 &
h 0.01Y 0.45°F¢ 0.05¢¢ 0.17<¢ 0.26F
Bifidobacterium longum Control 6.51 + 7.17 £ 0.20°  8.89 + 8.52 + 7.89 +
0.19%’ 0.02%¢ 0.05°¢ 0.149¢
Water-extracted followed by 2 M HCl 2 6.31 + 6.97 + 0.177 8.64 + 8.74 + 8.31 +
hydrolysis at h 0.14% 0.04°F 0.12%F 0.01¢
4 6.27 + 7.02+ 0137 873+ 8.84 + 8.22 +
h 0.24% 0.05%¢ 0.26%¢ 0.19EF
6 6.74 + 7.08 +0.07°" 852+ 8.57 + 8.47 +
h 0.068' 0.07°E 0.21%E 0.08"E
Lactobacillus delbrueckii Control 7.31 + 8.17 £0.10F  8.62 + 8.94 + 8.68 +
0.48M 0.04°¢ 0.14%P 0.06¢
Water-extracted followed by 2 M HCI 2 7.48 + 8.21 +0.11F  8.61 + 9.42 + 8.77 +
hydrolysis at h 0.10™ 0.07°¢ 0.12%CP 0.08
4 7.31 £ 8.20 £0.17%F 852+ 9.03 + 8.42 &
h 0.15™ 0.12¢¢F 0.11°° 0.10%FF
6 7.26 + 8.2240.12°F  8.62+ 9.36 + 8.69 +
h 0.098" 0.05% 0.08°¢ 0.05%
Propionibacterium Control 5.58 + 6.83 +0.138" 872+ 8.55 + 7.43 +
freudenreichir 0.34" 0.11% 0.13°F 0.38fH
Water-extracted followed by 2 M HCl 2 5.66 + 7.85+0.11° 984 + 8.77 + 7.92 +
hydrolysis at h 0.22° 0.06°¢ 0.07%¢ 0.03%
4 5.63 + 7.8340.12¢  10.09 + 9.26 + 7.80 +
h 0.01" 0.1238 0.240 0.18
6 5.42 + 7.84+0.45¢ 931 + 8.79 + 8.15 +
h 0.01" 0.05° 0.17%¢ 0.26%F
Clostridium perfringens Control 7.27 + 8.28 +0.14"  9.29 + 8.14 + 7.29 +
0.34°H! 0.19°° 0.21 0.14°#
Water-extracted followed by 2 M HCl 2 6.90 + 8.30 £0.03F 952+ 7.87 + 7.36 +
hydrolysis at h 0.18¢ 0.32% 0.18% 0.08°"
4 7.21 + 8.23+0.20F 959 + 7.26 + 7.10 £
h 0.06°" 0.03%> 0.24°H! 0.17¢
6 7.14 + 8.17 +£0.36T  9.43 + 7.78 + 7.15 +
h 0.18™! 0.23%° 0.14% 0.14°

Lowercase letters with different superscripts in same column indicate significant differences (p < 0.05).
Superscripted capital letters indicate significant differences between the groups (p < 0.05).

were in the estimated range of 22,800—112,000 Da, similar to previous
studies (Chang et al., 2010). The molecular weight range of pandahai is
788,000-2,000,000 Da (Fig. 2B1). As expected, both polysaccharides
had smaller molecular weights and broader distributions after acidic
hydrolysis (Fig. 2A2-A4 and B2-B4). In contrast, the small molecule
distribution increased with the acid hydrolysis time. Chen et al. (2020)
reported that smaller polysaccharide chains are more likely to pass
through biofilms and can be more effective without provoking an im-
mune stress response.

3.6. Polysaccharide structures analyzed by FTIR

Four samples of jujube fruit polysaccharides and acidic hydrolyzed
polysaccharides were analyzed using FTIR. The results showed that all
groups exhibited an absorption peak at 3,200-3,600 cm ™' wavelength,
corresponding to a hydroxyl group. The peak was most significant after
2 h of acidic hydrolysis and decreased with increasing hydrolysis time
(Fig. 3A). All groups exhibited C—H functional groups with aldehyde
stretching and vibration at 2,850-2,950 cm’l, similar to those reported
by Xie et al. (2023) and Xu et al. (2022). In addition, polysaccharides
from jujube fruit and the acidic hydrolyzed 2 h groups revealed an ar-
omatic nitrile (R—C=N; Csp3—H) functional group at 2,300-2,400 em™!
(Patra et al., 2023; Zhang et al., 2023b), while the 4 h and 6 h acidic
hydrolyzed groups lacked this group. Therefore, R-C=N disappeared

with hydrolysis time. Polysaccharides of jujube fruits show the stretch-
ing vibration peak of C=0 at 1,730-1,760 cm ' wavelength. The peaks
of esterified/reduced carboxyl groups (COOCH3) and free carboxyl
groups (COO—) were detected at 1,600-1,630 cm ! (Ji et al., 2020b;
Kou et al., 2022; Xie et al., 2023; Zeng et al., 2015; Zhang et al., 2023b),
whereas only reduced/free carboxyl groups were detected in the three
groups at 2-6 h of acidic hydrolysis. The absorption peaks were detected
in all groups at 1,400-1,600 cm ™!, which were for C—O stretching vi-
brations, and the significant absorption peaks between 1,010-1,095
em ™! indicate the possible presence of pyranose rings (Chang et al.,
2010; Ji et al., 2020b; Nie et al., 2018; Xie et al., 2023; Xu et al., 2022;
Zhang et al., 2023b), with the maximum peak at 2 h of acidic hydrolysis.
The results of this study indicated that acid hydrolysis induced the
conversion of reduced carboxyl groups to free groups, whereas acidic
hydrolysis increased the reduced/free carboxyl group peaks in all three
groups from 2 to 6 h. However, the number of free carboxyl groups
decreased with increasing hydrolysis time. These results agree with the
changes in uronic acid content. We hypothesized that the reduced free
carboxyl groups may have caused the formation of free carboxyl groups
by the hydroxyl ions.

Moreover, FTIR results of pandahai and its acidic hydrolyzed poly-
saccharides exhibited the same trend. The absorption peaks of the hy-
droxyl groups of each group appeared at 3,200-3,600 cm ™! wavelength,
whereas the C—H functional group of the aldehyde stretching vibration
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Table 4
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Effects of polysaccharides (10 mg/mL) with different degrees of hydrolysis on pandahai (Sterculia lychnophora Hance) on proliferation of five probiotic intestinal

bacteria (in vitro).

Sample Strain Treatments Co-culture time (h)/Unit: log CFU/mL
0 12 24 48 72
Pandahai  Bifidobacterium bifidum Control 6.13 +0.08" 728 +0.17"  9.03 + 8.54 + 7.52 +
0.15% 0.14F 0.2780H
Water-extracted followed by 2 M HCl 2 6.18 +0.07%  8.07 £0.07¢ 11.17 + 9.89 + 8.51 + 0.21°F
hydrolysis at h 0.28%A 0.27°¢
4 6.26 +0.05"  7.96 +0.27°°  11.27 + 9.67 + 8.53 + 0.35F
h 0.34%4 0.16¢
6 6.34 + 0.04%  8.03 + 10.11 + 9.30 + 8.26 +
h 0.18¢ 0.18% 0.23%CP 0.37°F
Bifidobacterium longum Control 6.13+0.087  6.80+0.048 835+ 9.24 + 7.73 +
0.04F 0.043<P 0.09°H
Water-extracted followed by 2 M HCl 2 6.02+0.11%  652+0.05" 8.41+ 9.27 + 8.45 + 0.08°F
hydrolysis at h 0.03 0.17%¢
4 6.29 + 6.76 + 0.048 838+ 9.34 + 8.18 +
h 0.29mK 0.15F 0.24%¢ 0.14°4FG
6 6.17 +0.06  7.07 +0.407  8.09 + 8.96 + 7.80 +
h 0.129F¢ 0.15°¢ 0.07%H
Lactobacillus delbrueckii Control 7.13 + 0.48°%! 8.71 + 9.02 + 9.24 + 8.86 +
0.13%F 0.41%°F 0.41%¢ 0.120E
Water-extracted followed by 2 M HCI 2 7.28 + 0.12¢ 8.84 + 9.01 + 9.42 + 8.64 + 0.16
hydrolysis at h 0.17°F 0.73%F 0.21°¢
4 7.43 £0.15%  8.40 + 8.92 + 9.36 + 8.24 +
h 0.71bcdF 0.21°F 0.33%¢ 0.209%¢
6 7.37 £0.08 855+ 9.12 + 9.48 + 8.96 + 0.10°F
h 0.21°% 0.52%°F 0.84%¢
Propionibacterium Control 6.78 £ 0.34"  7.93+0.13C 9724+ 7.86 + 7.30 +
freudenreichir 0.11°¢ 0.09% 0.248
Water-extracted followed by 2 M HCl 2 6.56 + 7.85+0.117C 9.84+ 8.77 + 7.92 + 0.03
hydrolysis at h 0.220V 0.06°¢ 0.07%
4 6.73+0.01" 773 + 9.09 + 8.25 + 7.43 +
h 0.12%¢ 0.120 0.10°F 0.1481
6 6.62 +0.01Y 764 + 9.31 + 7.71 + 7.49 +
h 0.45! 0.05°¢ 0.12f%¢ 0.2781
Clostridium perfringens Control 7.85+0.13¢  8.05 + 9.07 + 7.36 + 7.20 + 0.24M!
0.12°F¢ 0.07? 0.06"¢
Water-extracted followed by 2 M HCl 2 7.96 +0.02°¢  8.25 + 9.46 + 7.57 + 7.12 4 0.27"
hydrolysis at h 0.224¢F 0.24%¢ 0.118€
4 812+ 8.57 + 9.79 + 7.52 + 7.23 +0.12M
h 0.16°"¢ 0.14% 0.13%¢ 0.108¢
6 8.04 + 8.59 + 9.76 + 7.26 + 7.13 + 0.15"
h 0.219FG 0.32%F 0.21°¢ 0.228"

Lowercase letters with different superscripts in the same column indicate significant differences (p < 0.05).
Superscripted capital letters indicate significant differences between the groups (p < 0.05).

Table Al
Compositional analysis of jujube fruit (Zizyphus jujuba Mill.) and pandahai
(Sterculia lychnophora Hance).

Items (%) Jujube fruits Pandahai
Moisture 13.15 + 1.02% 11.18 + 0.78°
Crude protein 5.01 4+ 0.08% 412 +0.19°
Crude fat 0.47 + 0.14° 5.29 + 0.15%
Crude fiber 3.28 + 0.19" 3.61 +0.11%
Ash 1.88 £+ 0.01* 1.99 + 0.02%
Nitrogen-free extract (NFE)* 89.36 + 0.36" 84.99 + 0.21°

Sample compositions expressed as percentages on weight basis (n = 3); *NEF =
100 % - (Crude protein + Crude fat + Crude fiber + Ash); lowercase letters with
different superscripts in the same column indicate significant differences (p <
0.05).

appeared at 2,850-2,950 cm™! (Fig. 3B). However, peaks of the
R—G=N functional group at 2,300-2,400 cm ™! decreased significantly
during acidic hydrolysis in all three acid-hydrolyzed groups compared to
the polysaccharide group. Similarly, the esterified carboxyl groups
(1,600-1,630 cm ™' wavelength) of pandahai polysaccharide increased
with acidic hydrolysis, whereas C=0 (1,730-1,760 cm ™' wavelengths)
decreased with acidic hydrolysis. The pyranose rings (1,010-1,095
cm 1) peaked at 2 h of acidic hydrolysis, all consistent with the above

jujube fruit measurements.
3.7. Invitro effects on proliferation of intestinal bacteria

The gut microbiota has multiple physiological roles; beneficial bac-
teria (Lactobacillus and Bifidobacterium) facilitate gastrointestinal health,
prevent infections, and treat diarrhea (Chen et al., 2023; Tsai et al.,
2023; Xu et al., 2023). Several reports have been published concerning
the crucial role of the gut-brain axis in the health of the host, which
affects the physiological functions of the brain and nervous system, such
as immune and endocrine functions (Bostick et al., 2022; Chen et al.,
2023; Tsai et al., 2023; Xu et al., 2023). Therefore, the gut microbial
ecosystem is a complex network of bacteria that positively and nega-
tively affects human health (Huang & Yeh, 2022).

In this study, the effects of the molecular weight of polysaccharides
on the growth of five known strains of intestinal bacteria (four strains of
probiotic bacteria, Bifidobacterium bifidum, Bifidobacterium longum,
Lactobacillus delbrueckii, and Propionibacterium freudenreichir; one strain
of the harmful bacterium Clostridium perfringens) were evaluated using
extracted and acid-hydrolyzed polysaccharides (10 mg/mL) from jujube
fruits and pandahai. These results showed that the three groups of jujube
fruit increased the proliferation of B. bifidum and P. freudenreichir by
~1-4 log CFU/mL compared to the control group (extracted poly-
saccharides) during 0-72 h of incubation (p < 0.05) (Table 3). Acidic
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hydrolysis for 2-4 h during the 24 h incubation increased the prolifer-
ation of these two probiotic bacteria up to 10 log CFU/mL compared to
the control group and those acidic-hydrolyzed for 6 h (p < 0.05).
However, after incubation with Bifidobacterium longum and Lactobacillus
delbrueckii, the highest proliferation capacity was achieved at 48 h
(Table 4). Unfortunately, the four kinds of jujube fruit polysaccharides
in this study exhibited no inhibitory effect against Clostridium per-
fringens, while the group acid-hydrolyzed for 2 h experienced the lowest
bacterial count at 0 h (6.90 + 0.18 log CFU/mL). It is plausible that this
outcome is affected by sampling error.

Moreover, in the four groups of pandahai polysaccharides, the
maximum bacterial counts were achieved after 24 h of incubation with
B. bifidum and P. freudenreichir, among which the three groups of acidic
hydrolyzed pandahai polysaccharides showed the best performance,
with maximum bacterial counts ranging from 10.11 to 11.27 log CFU /
mL (p < 0.05) (Table 4). We hypothesized that the molecular weight,
structure, and primary branched-chain monosaccharide composition
may be related to their suitability for the growth and utilization of
B. bifidum and P. freudenreichir. In addition, the maximum bacterial
counts of 8.96-9.48 log CFU/mL (p < 0.05) were achieved by all groups
of B. longum and L. delbrueckii cultivated for 48 h. Notably, pandahai
polysaccharides exhibited similar results as jujube fruit polysaccharides
in the proliferation of the four strains of probiotic bacteria, whereas no
inhibitory effect was observed on the harmful bacterium C. perfringens.
Therefore, according to these results, 2-4 h of acid hydrolysis of poly-
saccharides by jujube fruits and pandahai used in the present study
resulted in better performance and beneficial effects of the beneficial
bacterial substances to promote the proliferation of B. bifidum,
B. longum, L. delbrueckii, and P. freudenreichir in cultures from 0 to 72 h.
However, the molecular weights and compositions of the main branched
polysaccharides chains were correlated. Notably, Yang et al. (2023)
reported that the addition of 0.05 %-0.2 % Potentilla anserine poly-
saccharide during yogurt fermentation favors the maintenance of viable
counts of beneficial bacteria in laboratory-scale yogurt; however, the
difference may not be industrially significant when the fermentation
results are studied in detail. This phenomenon may be associated with
lactic acid bacteria obtaining a carbon source from lactose or glucose
more readily than from polysaccharides (Aljewicz et al., 2020). Overall,
this could be attributed to the acid-hydrolyzed polysaccharides from
jujube fruits and pandahai being close to oligosaccharides in molecular
weight distribution, facilitating the proliferation of Bifidobacteria spp.
Hence, the probiotic properties of jujube fruits and pandahai require
further confirmation through gastrointestinal simulations or animal
studies.

4. Conclusions

According to the results of this study, the extraction of poly-
saccharides from jujube fruit and pandahai using acidic and alkaline
methods produced a higher polysaccharide yield than water extraction,
increasing the uronic acid and protein contents while improving anti-
oxidant capacity, including DPPH radical scavenging ability and FRAP.
The viscosities of the two polysaccharides showed the same trend and
were dose-dependent, with viscous properties observed at 50-80 °C. The
water-extracted polysaccharides from jujube fruit and pandahai have
broader thermal processing conditions. In addition, the monosaccharide
composition of jujube fruits and pandahai polysaccharides among the
three extraction methods included Gal, Man, Glu, Ara, Xyl, and Rha.
However, the ratio of polysaccharides to acid-extracted polysaccharides
differed significantly (p < 0.05). The jujube fruit and pandahai-acid-
hydrolyzed polysaccharides contained smaller molecules and more
carbohydrates, thus improving their biological activities. FTIR spec-
troscopy confirmed that the functional group composition of poly-
saccharides and acid-hydrolyzed jujube fruits and pandahai changed
significantly. Finally, in vitro, the proliferative effects of adding 10 mg/
mL jujube fruit and pandahai acid-hydrolyzed polysaccharides for 2-4 h
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on four known strains of beneficial bacteria were demonstrated.
Therefore, this study suggests the development of functional foods,
contributing to the expansion of functional food ingredients and
providing a polysaccharide extraction method for jujube fruit and
pandahai.
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