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Introduction: Currently, the large-scale consumption of fresh citrus fruits in 
the form of juices, jams, and purees results in significant quantities of waste 
consisting of citrus peels, pulp, and seeds.

Methods: To improve the utilization rate of whole citrus fruits and reduce 
the generation of processing waste, the best pre-optimized enzymatic 
fermentation conditions were used to treat whole citrus fruits and to analyse 
the changes in nutritional and active components (Enzymatic: pectinase, 
cellulase, hemicellulase added at a ratio of 1:1:1 for 63.326  min at a temperature 
of 60°C, with 0.506% of each enzyme added; Fermentation: Lacticaseibacillus 
rhamnosus TR08, Lactiplantibacillus plantarum subsp. Plantarum CICC 6257, 
and Limosilactobacillus fermentum CCFM1139 were added at a ratio of 1:1:1 
for 30  h, with the concentration was 108 CFU/mL, and the total amount added 
was 6%).

Results: Results showed that after enzymatic hydrolysis, the mineral elements 
(Nitrogen, phosphorus), total amino acid, vitamin C, and organic acid content 
increased. For soluble sugars, the contents of fructose and glucose increased, 
whereas the sucrose content decreased. Fermentation had a minimal effect on 
the mineral content; however, the total amino acid, vitamin C, and soluble sugar 
contents decreased. Additionally, when comparing the samples after enzymatic 
fermentation to those after enzymatic hydrolysis alone, the total phenols, total 
flavonoids, carotenoids and antioxidant activities were significantly increased by 
1.39, 1.49, 1.21 and 3.79 folds, respectively.

Discussion: This study addresses the challenges of utilizing fruit residue in the 
current market, including high treatment costs and environmental pollution, by 
providing a novel perspective on the enzymatic hydrolysis and fermentation of 
whole red oranges. Furthermore, it aims to improve the nutritional, functional, 
and health benefits of citrus fruit products.
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1 Introduction

Citrus fruits are highly favored for their unique flavor and high 
nutritional value, making them suitable for fresh consumption or 
processing into juice, jam, and puree. These products are rich in 
soluble sugars, organic acids, vitamin C (Vc), minerals, amino 
acids, and functional substances such as flavonoids and carotenoids 
(Yuasa et  al., 2021). The global production of citrus fruits is 
approximately 158.5 million tons and continues to increase 
annually. However, citrus fruit processing generates a significant 
amount of waste, comprising approximately 50% of the mass of 
fresh fruit, leading to resource waste and environmental burdens 
(Zema et al., 2018). Citrus fruit waste is considered an effective 
bioresource material for various applications in the food and 
nonfood industries because it contains valuable compounds 
(Santos et al., 2022). Therefore, novel, environmentally friendly 
processing methods are needed to increase the overall utilization 
rate of citrus fruits and increase the value added to the 
citrus industry.

Enzymatic hydrolysis refers to the use of active enzymes to 
hydrolyze specific substances, achieving the hydrolysis and 
biotransformation of polysaccharides and other macromolecules 
(Rasera et  al., 2023). It is widely used in the food processing 
industry to convert raw materials into products, optimize the 
nutritional structure of products, adjust product functional 
properties, and increase product yield (Mok et al., 2023). The cell 
walls of plant in fruit pomace mainly consist of cellulose, 
hemicellulose, and pectin, which severely hinder the conversion 
and reuse of available substances (Bashline et al., 2014; Mok et al., 
2023). Different types of enzymes can be  used to degrade 
structures in plant cell walls, increasing cell wall porosity and 
allowing the release of nutrients and active substances, which is 
the primary purpose and means of food processing (Santos et al., 
2022). The most common enzymes used to degrade cell wall 
components are cellulase, hemicellulase, and pectinase, which act 
synergistically to relax the cell structure, facilitating the 
extraction and utilization of nutrients (Marić et  al., 2018). 
Compared with single enzymes, mixed enzymes are used at lower 
doses to promote the production of reducing sugars, the release 
of polyphenolic compounds, and the extraction of active 
substances (e.g., naringin and hesperidin) from citrus jam 
(Ruviaro et al., 2019; Tao et al., 2022).

Probiotics, primarily lactobacilli, bifidobacteria, yeasts, and 
lactococci, are defined as live microorganisms that confer health 
benefits to the host (Cosme et  al., 2022). The functions of 
pro-biotics include improving gut health, enhancing immune 
responses, suppressing lactose intolerance, preventing cancer, 
reducing serum cholesterol levels, lowering the risk of colon 
cancer, and enhancing the immune system of consumers (Kechagia 
et  al., 2013; Sionek et  al., 2023). Through the life activities of 
probiotics, these beneficial microorganisms can directly or 
indirectly produce metabolites during fermentation, improving 
product quality, enhancing product flavor, increasing product 
functional activity, and extending shelf-life (Ruviaro et al., 2019; 
Guan et al., 2021). Probiotics can also produce active enzymes such 
as amylase, peptidase, protease, dehydrogenase, decarboxylase, and 
β-glucosidase during fermentation, which can improve the 
digestibility and nutritional value of various foods and convert 

major food substrates into functional bioactive substances 
(Cheirsilp et al., 2023).

In addition, the application of enzymatic hydrolysis combined 
with probiotic fermentation in the processing of fruits such as 
peaches, apples, citrus fruits, and plums has become a current 
hotspot for researchers (Fernandes Pereira and Rodrigues, 2018). 
In previous studies, it was found that after enzymatic hydrolysis 
and fermentation of whole citrus fruits, the total content of 
polyethoxylated flavonoids (PMFs) and flavanones increased 
significantly, the total content of organic acids decreased 
significantly, and the antioxidant capacity improved (Tao et al., 
2022). Combining the methods of first acid hydrolysis of citrus 
extracts followed by fermentation with lactobacilli can accelerate 
the conversion of flavonoid glycosides with lower biological 
activity into aglycones with higher activity (König et al., 2023). The 
processing waste of citrus juice, after being subjected to both 
enzymatic hydrolysis and fermentation methods, has resulted in an 
increased content of dietary fiber, with fermentation emerging as 
the optimal method (Yi et  al., 2014). Therefore, the combined 
method of enzymatic hydrolysis and fermentation for processing 
citrus fruits is an effective way to enhance their value. However, 
there are currently limited studies on the nutritional and health 
benefits of red mandarin after whole fruit enzymatic hydrolysis and 
fermentation, which restricts the application of red mandarin fruits.

In summary, this study explores the impact of a combined 
method of enzymatic hydrolysis and probiotic fermentation on the 
nutritional quality (mineral elements, amino acids, and Vc), flavor 
compounds (soluble sugars and organic acids), phytochemicals 
(total phenols, total flavonoids, and carotenoids), and health 
benefits (antioxidant activity) of whole red mandarin. The aim is 
to enhance the flavor, improve the nutrition, and provide health 
benefits for red mandarin products. The research results can 
improve the utilization rate of whole red mandarin during 
processing, thereby reducing resource waste while further 
enhancing the economic value of red mandarin fruits. This 
provides a theoretical basis for further developing red mandarin 
resources and exploring deep processing methods.

2 Materials and methods

2.1 Plant materials

At commercial maturity, the red mandarin (Citrus reticulata 
Blanco cv. ‘Dahongpao’) materials used in this study were 
harvested from Dazhou Town, Wanzhou District, Chongqing 
Municipality, in late October 2022. After being harvested, they 
were immediately transported to the Key Laboratory of 
Agricultural Biosecurity and Green Production of the Ministry of 
Education of the Upper Yangtze River at Southwest University. 
Fruits free from pests, diseases, and other damage were selected 
and then soaked in 1.0% (v/v) sodium hypochlorite solution for 
2 min, rinsed with running tap water, air-dried at 25°C, and stored 
in a freezer at-20°C for later use.

Pectinase (100 kU/g), cellulase (100 kU/g), and hemicellulase 
(100 kU/g) were purchased from Henan Wanbang Chemical 
Technology Co., Ltd. Lacticaseibacillus rhamnosus TR08 (LR)
、Lactiplantibacillus plantarum subsp. Plantarum CICC 6257 (LP), 
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and Limosilactobacillus fermentum CCFM1139 (LF) were 
purchased from Zhenjiang Tianyi Biotechnology Co., Ltd.

2.2 Preparation of citrus whole fruit 
homogenate, enzymatic hydrolysis, and 
postenzymatic fermentation

2.2.1 Preparation of Citrus reticulata Blanco cv. 
‘Dahongpao’ whole-fruit homogenate

Frozen Citrus reticulata Blanco cv. ‘Dahongpao’ fruits were 
thawed at 25°C. The fruit stems were removed, and the fruits were 
then crushed and homogenized in a blender (MJ-PB12Easy219, 
Midea, China) for 5 min until a uniform fruit pulp was achieved. This 
homogenate was stored in a-80°C freezer for further processing. The 
juice sample obtained by filtering the homogenate through 200-mesh 
gauze was labeled CK.

2.2.2 Enzymatic hydrolysis the Citrus reticulata 
Blanco cv. ‘Dahongpao’ whole-fruit homogenate

The pH of the red mandarin homogenate prepared in Section 
2.2.1 was adjusted to 3.42 using food-grade citric acid. Subsequently, 
1.5% (w/v) of a mixed enzyme solution (cellulose: hemicellulase: 
pectinase at a ratio of 1:1:1, 100 kU/g) was added. The mixture was 
subjected to enzymatic hydrolysis in a water bath at 60°C for 
63.326 min Following hydrolysis, the enzyme-treated homogenate was 
inactivated at 90°C for 10 min. The inactivated homogenate was then 
filtered through 200-mesh gauze, and the resulting juice sample was 
labeled AEH.

2.2.3 Fermented the Citrus reticulata Blanco cv. 
‘Dahongpao’ whole-fruit homogenate

The prepared enzyme-hydrolyzed red mandarin homogenate was 
divided into 200 g portions and added to 250 mL sterilized conical 
flasks, and sealed properly. The sealed flasks were then subjected to 
pasteurization (70°C for 30 min). Once cooled to 25°C, 6% (w/v) 
pre-activated mixed lactic acid bacteria culture (LR: LP: LF) 
fermentum at a ratio of 1:1:1, each with a concentration of 108 CFU/
mL was inoculated onto the homogenate under aseptic conditions. 
Lactic acid fermentation was carried out at 37°C for 30 h. Following 
fermentation, the homogenate was filtered through 200-mesh gauze 
to obtain the red mandarin juice sample, which was labeled AF.

CK, AEH, and AF were stored in an ultralow-temperature freezer 
(UF3410, Thermo Fisher Scientific, USA) at-80°C for future analysis.

2.3 Nutrient determination

2.3.1 Mineral elements
Following a method proposed by McKenzie et al. (2010) with 

slight modifications, 30 mL of mixed acid solution 
(HNO3:HClO4 = 4:1) was added to 10 mL of CK, AEH, AF 
(prepared in Section 2.2). The digested CK, AEH, and AF were 
cooled to 25°C, transferred to 50 mL volumetric flasks, and left at 
25°C for 12 h. The mixture was subsequently heated at 120°C for 
2–3 h on a DB–B adjustable hotplate (produced by Jiangsu Jintan 
Shuibeixing Instrument Factory, China) until black smoke no 
longer appeared. Digestion was continued at 150–200°C until the 

residual digestion solution was reduced to 1–2 mL and became 
colorless and transparent. After cooling, the volume of the digested 
solution was adjusted to 10 mL with distilled water (Milli–Q, 
Millipore Corporation, USA). Elemental analysis of kalium (K), 
calcium (Ca), natrium (Na), ferrum (Fe), and zinc (Zn) was 
performed via flame atomic absorption spectroscopy (FAAS) with 
an atomic absorption spectrometer (AA–7000, Shimadzu 
Corporation, Japan), following the method outlined by Karaaslan 
et al. (2018). Additionally, the determination of cuprum (Cu) and 
manganese (Mn) contents was conducted via graphite furnace 
atomic absorption spectroscopy (GFAAS) according to a procedure 
described by Costa et al. (2021). The concentrations of K, Ca, Na, 
Fe, Zn, Cu, and Mn were calculated via a standard curve, and the 
results were reported in mg/L FW (fresh weight) along with their 
standard deviations.

The molybdenum blue spectrophotometric method for 
phosphorus (P) determination (Huo and Li, 2012) was used with 
slight modifications. Briefly, 1 mL of CK, AEH, and AF (prepared 
in Section 2.2) was mixed with 10 mL of HNO3, 1 mL of HClO4, 
and 2 mL of H2SO4, respectively, and subjected to digestion on an 
adjustable hotplate until the digestion solution became colorless 
and transparent. After cooling, 4 mL of distilled water was added 
to remove excess acid, followed by further cooling and volume 
adjustment to 10 mL with distilled water. Subsequently, 200 μL of 
the resulting solution was transferred to a test tube and mixed with 
200 μL of ammonium molybdate solution (50 g/L), 100 μL of 
sodium sulfite solution (200 g/L), and 100 μL of phenol solution 
(5 g/L). The mixture was then adjusted to a total volume of 2.5 mL 
with distilled water and allowed to react for 30 min. Configuration 
of the phosphorus standard solution: 0.4394 g KH2PO4 was 
weighed, an appropriate amount of water was added to dissolve the 
chemical, which was subsequently transferred to a 1,000 mL 
volumetric flask, water was added to bring it to the final volume, 
and the mixture was mixed well. A total of 10 mL of phosphorus 
standard stock solution (100.0 mg/L) was added, and the mixture 
was placed in a 100 mL volumetric flask, diluted with water to the 
final volume, and mixed well. The phosphorus content was 
determined at 660 nm using a spectrophotometer (Lambda 25, 
PerkinElmer Inc., USA). The P content was calculated via a 
standard curve. The results are expressed as mg/L FW plus 
standard deviation.

2.3.2 Amino acids
Following a methodology described in previous studies (Wistaff 

et al., 2021), the content of 15 amino acids was determined. A total of 
2.5 mL of CK, AEH, and AF (prepared in Section 2.2) were placed in 
an amino acid hydrolysis tube, to which 20 mL of HCl (6 mol/L) and 
1 mL of phenol (1%, w/v) were added. The tube was flushed with N2 
until all of the air was displaced, and the tube was tightly sealed with 
a cap. Hydrolysis was conducted at 110°C for 24 h, followed by cooling 
and centrifugation at 4000 rpm for 10 min. The supernatant was 
evaporated to near dryness at 80°C, and then 2 mL of distilled water 
was added before evaporation was carried out again. This process was 
repeated twice, and finally, the volume was adjusted to 6 mL.

To 1 mL of the resulting solution, 500 μL of phenyl isothiocyanate-
acetonitrile solution (0.1 mol/L) and 500 μL of triethylamine-
acetonitrile solution (0.1 mol/L) were added, and the mixture was 
placed in a 50°C water bath for 45 min. Subsequently, 2 mL of 
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n-hexane was added, and the solution was vortexed for 1 min before 
leaving it undisturbed until phase separation occurred.

The lower layer was filtered through a 0.45 μm organic 
membrane filter and subjected to amino acid analysis via high-
performance liquid chromatography (HPLC) (Waters, USA). The 
separation was performed on a Sunfire C18 column 
(250 mm × 4.6 mm, 5 μm) at 36°C with mobile phase A: 0.1 mol/L 
sodium acetate buffer solution (pH 6.5) and mobile phase B: 80% 
acetonitrile at a flow rate of 1 mL/min, and the injection volume 
was 10 μL. The detection wavelength was 254 nm. The amino acid 
concentrations were quantified according to the peak area via an 
external standard method. The results are expressed as mg/L FW 
plus standard deviation.

2.3.3 Vitamin C (Vc)
The determination of the Vc content was conducted following a 

method outlined by Nováková et al. (2008) with slight modifications. 
A total of 6 mL of CK, AEH, and AF (prepared in Section 2.2) was 
mixed with 24 mL of metaphosphoric acid solution (20 g/L) and 
subjected to ultrasonic extraction at room temperature for 5 min. 
After centrifugation at 4000 rpm for 5 min, the supernatant was 
filtered through a 0.45 μm aqueous membrane filter and analyzed 
via HPLC.

Column: Waters Sunfire C18 column (250 mm × 4.6 mm, 
5 μm). Mobile phase: A: 6.8 g KH2PO4 and 0.91 g C19H42BrN were 
dissolved in water, and the volume was adjusted to 1 L (pH 
adjusted to 2.5 ~ 2.8 with H3PO4); B: 100% methanol. B: 100% 
methanol. A:B = 98:2 was mixed, passed through a 0.45 μm filter 
membrane, and degassed via ultrasonication. The flow rate was 
0.7 mL/min, the detection wavelength was 245 nm, and the 
column temperature was 25°C. The amount of Vc was calculated 
via a standard curve. The results are expressed as mg/L FW plus 
standard deviation.

2.4 Flavor substance determination and 
soluble sugar and organic acid contents

The contents of soluble sugars (glucose, fructose, sucrose) and 
organic acids (tartaric acid, malic acid, citric acid, oxalic acid, 
lactic acid, and acetic acid) were determined via methods described 
in a previous study by Santos et al. (2022). Briefly, 1 mL of CK, 
AEH, or AF (prepared in Section 2.2) was centrifuged at 5000 × g 
for 2 h, evaporated at 45°C and then resuspended in 1 mL of 
distilled water. The aqueous solution was filtered through a 0.22 μm 
hydrophilic polytetrafluoroethylene (PTFE) membrane filter 
(Ampel Laboratory Technologies, Shanghai, China) and loaded 
into HPLC vials. The soluble sugars were separated using an 
amino-phase C18 column (Waters, SunFire). The mobile phases 
were 85% (v/v) acetonitrile (phase A) and 15% (v/v) water (phase 
B) at a flow rate of 1.0 mL/min. The temperature of the column was 
40°C, the flow rate of the carrier gas was 40 P, and the temperature 
of the drift tube was 65°C. The separation of the organic acids was 
carried out on a Waters Sunfire C18 column (5 μm particle size, 
150 × 4.6 mm). The mobile phase was 40 mM KH2PO4-H3PO4 buffer 
(pH 2.4). The flow rate and column temperature were set at 0.8 mL/
min and 30°C, respectively, and the detection wavelength was 
210 nm. The contents of soluble sugars and organic acids were 

calculated using a standard curve. The results are expressed as 
mg/L FW plus standard deviation.

2.5 Determination of phytochemical 
substances

2.5.1 Total phenolics (TPC) and total flavonoids 
(TFC)

The extraction method for TPC and TFC was adapted from Zhao 
et  al. (2017) with slight modifications. In brief, 0.40 g of sample 
(prepared in Section 2.2) was mixed with 8 mL of methanol (80%, v/v) 
and subjected to ultrasonic extraction at 50°C for 45 min. The mixture 
was then centrifuged at 5000 rpm for 10 min, after which the 
supernatant was collected. This extraction process was repeated twice, 
and the supernatants were combined and adjusted to a final volume 
of 25 mL to obtain the extract for further analysis.

The determination of the TPC was conducted using the Folin–
Ciocalteu method (Liu et  al., 2022) with slight modifications. A 
volume of 120 μL of the extract was mixed with 4 mL of distilled water 
and 400 μL of Folin–Ciocalteu reagent, followed by incubation in the 
dark for 5 min. Subsequently, 2 mL of Na2CO3 solution (5%, w/v) was 
added, and the volume was adjusted to 10 mL with distilled water. The 
mixture was then allowed to react in the dark for 60 min, after which 
the absorbance was measured at 765 nm with a spectrophotometer. 
The TPC content was expressed as milligrams of gallic acid equivalents 
(GAE) per gram of FW (mg GAE/g FW).

The TFCs were determined via the NaNO2-Al(NO3)3 colorimetric 
method (Liu et  al., 2022) with slight modifications. A volume of 
500 μL of the extract was sequentially mixed with 200 μL of NaNO2 
solution (5%, w/v) and 700 μL of distilled water, followed by 
incubation in the dark for 6 min. Then, 300 μL of Al(NO3)3 solution 
(10%, w/v) was added, and the mixture was incubated in the dark for 
another 6 min. Subsequently, 2 mL of NaOH solution (1 mol/L) was 
added, and the volume of the mixture was adjusted to 5 mL with 
distilled water. The mixture was further incubated in the dark for 
15 min, after which the solution absorbance was measured at 500 nm 
with a spectrophotometer. The TFC content was expressed as 
milligrams of rutin equivalents (RE) per gram of FW (mg RE/g FW).

2.5.2 Carotenoids
The carotenoid content was determined according to the method 

outlined by Wei et al. (2023), with slight modifications. Specifically, 
50 mL of extraction solvent (hexane: acetone: ethanol = 2:1:1, v/v) was 
added to a 10 mL sample (prepared in Section 2.2), followed by 
ultrasonic extraction at 25°C for 40 min. This extraction process was 
repeated twice, and the supernatants were combined. The collected 
supernatant was centrifuged at 6500 rpm for 5 min at 4°C, and the 
organic phase was collected after phase separation. The collected 
liquid was evaporated to near dryness at 40°C and redissolved in 
methyl tert-butyl ether (MTBE), and the liquid volume was adjusted 
to 2 mL.

Subsequently, 2 mL of 10% methanol-KOH solution was added, 
and the mixture was saponified in the dark for 12 h. Afterward, 5 mL 
of distilled water and 2 mL of MTBE were added for extraction, and 
the organic phase was collected. This extraction process was repeated 
twice with 2 mL of MTBE each time. The organic phases were 
combined, dried with 0.25 g of anhydrous Na2SO4 for 30 min to 1 h, 
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and evaporated to dryness under nitrogen gas. The residue was 
redissolved in MTBE, and the liquid volume was adjusted to 1.5 mL, 
followed by filtration through a 0.22 μm organic mem-brane filter 
(model) before analysis by HPLC.

The carotenoid content was determined via HPLC on a YMC C30 
column (250 mm × 4.6 mm, 5 μm). Mobile phase A was MTBE, mobile 
phase B was methanol, mobile phase C was H2O, and a gradient 
elution program was used. The elution program was as follows: 60% 
B/40% C initially; 80% B/20% C from 0 to 5 min; 15% A/81% B/4% C 
from 5 to 10 min; 85% A/11% B/4% C from 10 to 60 min; 100% B from 
60 to 71 min; and 71–72 min before returning to the initial state to 
re-equilibrate. The flow rate was 1.0 mL/min, the injection volume was 
10 μL, the detection wavelength was 450 nm, the column temperature 
was 27°C, and the detection time was 50 min. The carotenoid content 
was calculated via a standard curve. The results are expressed as mg/L 
FW plus standard deviation.

2.6 Determination of antioxidant activity

The antioxidant activity was determined via three methods, 
namely, ABTS radical scavenging activity, DPPH radical scavenging 
activity, and FRAP ferric ion reduction activity, following methods 
described by Wei et al. (2023) with slight modifications. Standard 
curves were prepared using Trolox solution in 80% methanol. The 
results are expressed as Trolox equivalent (TE) per mL of FW (μmol/
mL TE FW). All of the samples were diluted 5-fold with distilled water 
and left to be measured.

For ABTS analysis, 5 mL of ABTS aqueous solution (7 mmol/L) 
was mixed with 88 μL of K2S2O4 solution (140 mmol/L) and left to 
react in the dark for 12–16 h. Before use, the ABTS solution was 
diluted with anhydrous ethanol to achieve an absorbance of 0.70 ± 0.02 
at 734 nm. This diluted solution was used as the ABTS reaction 
mixture. Then, 40 μL of the sample was mixed with 3.90 mL of the 
ABTS reaction mixture under dark conditions and allowed to react for 
10 min. Subsequently, the solution absorbance was measured 
at 734 nm.

DPPH analysis: 100 μL of the sample was mixed with 3.80 mL of 
DPPH solution (75 μmol/L) and allowed to react in the dark for 
30 min. Subsequently, the solution absorbance was measured 
at 517 nm.

For FRAP analysis, acetate buffer (0.3 mol/L, pH 3.6), FeCl3 
solution (20 mmol/L), and a working solution of TPTZ (10 mmol/L) 
prepared with HCl (40 mmol/L) were used. These three solutions were 
mixed at a certain ratio (10:1:1) to obtain the TPTZ solution. Then, 
100 μL of the sample was mixed with 3.90 mL of the TPTZ solution 
under dark conditions and allowed to react for 30 min. Afterward, the 
solution absorbance was measured at 593 nm.

2.7 Statistical analysis

All collected data were processed via Excel 2018, and analysis and 
graphing were performed via Origin Pro 2021 software. Significant 
differences between samples were evaluated via one-way analysis of 
variance (ANOVA) followed by Duncan’s multiple range test, with 
p < 0.05 considered to indicate statistical significance. All the 

experiments were repeated three times, and the results are expressed 
as the mean ± standard deviation (SD).

3 Results

3.1 The effects of enzymatic hydrolysis and 
postenzymatic fermentation on the 
mineral contents of red mandarin juice

The influence of enzymatic hydrolysis and postenzymatic 
fermentation on the mineral element content of whole red mandarin 
juice is shown in Figure 1A. In the CK, the contents of Na, K, and Mg 
were relatively high, ranging from 40.77 mg/L FW to 78.76 mg/L FW; 
the contents of Fe, Ca, and P ranged from 1.89 mg/L FW to 11.03 mg/L 
FW; and the contents of Zn, Cu, and Mn were the lowest, ranging 
from 0.24 mg/L FW to 0.51 mg/L FW. After enzymatic hydrolysis, the 
contents of Na and P significantly increased. Compared with that of 
the CK, the Na content increased by 28-fold, whereas the P content 
increased by 9.6-fold. The high content of Na and P in the peel and 
seeds of red oranges results in a significant increase in the levels of 
these two elements after enzymatic hydrolysis of the whole fruit. The 
Zn and Fe contents increased by 1.4-fold and 1.3-fold respectively, 
compared with those of the control. Although the contents of Cu, Mg, 
K, and Mn also increased, the increase was relatively small. Ca was the 
only element whose content decreased after enzymatic hydrolysis, 
with a 2.2-fold reduction. Compared with enzymatic hydrolysis, 
fermentation had a minor effect on the mineral element content. 
Compared with those during enzymatic hydrolysis, the contents of Ca, 
Fe, K, Zn, Cu, and Mn increased. The element that showed the most 
significant increase was Mn, with a 1.3-fold increase. While the 
contents of Mg, Na, and P all decreased, the most significant decrease 
was in P, with a 0.5-fold reduction.

3.2 Influence of enzymatic hydrolysis and 
postenzymatic fermentation on the amino 
acid content in red mandarin juice

Determination of the amino acid content in red mandarin pulp 
revealed a total of 15 amino acids, including 8 amino acids essential 
to human health (histidine, threonine, methionine, isoleucine, 
phenylalanine, leucine, tryptophan, and lysine), 1 semiessential amino 
acid (arginine), and 7 nonessential amino acids (aspartic acid, 
glutamic acid, glycine, proline). The results are presented in 
Figure 1B. The total amino acid content in the CK was 2.82 ± 0.03 g/L 
FW, which increased to 3.48 ± 0.04 g/L FW after enzymatic hydrolysis 
but decreased to 3.06 ± 0.06 g/L FW after fermentation. Phenylalanine 
(Phe) had the highest content in the CK group, at 48.00 ± 26.48 mg/L 
FW, whereas proline (Pro) had the lowest, at 8.76 ± 0.46 mg/L 
FW. After enzymatic hydrolysis, the contents of methionine (Met), 
isoleucine (Ile), and tryptophan (Trp) decreased, whereas the contents 
of other amino acids increased. Among them, glutamic acid (Glu) and 
phenylalanine (Phe) showed the most significant increases, with 
increases of 266.89 mg/L FW and 176.68 mg/L FW, respectively. After 
fermentation, the contents of glutamic acid (Glu), isoleucine (Ile), 
phenylalanine (Phe), and lysine (Lys) significantly decreased.
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3.3 Influence of enzymatic hydrolysis and 
postenzymatic fermentation on the contents 
of Vc, TPC, and TFC in red mandarin juice

The effects of enzymatic hydrolysis and postenzymatic 
fermentation on the Vc content in red mandarin pulp juice are shown 
in Figure  2A. The Vc content in the CK was 30.00 ± 0.62 mg/L 
FW. After enzymatic hydrolysis, the Vc content increased to 
50.09 ± 0.41 mg/L FW, representing a 66.97% increase compared with 
that of CK. After fermentation, the Vc content slightly decreased to 
46.62 ± 0.69 mg/L FW. These findings indicated that enzymatic 
hydrolysis and postenzymatic fermentation increased the Vc content 
in red mandarin pulp juice, enhancing its nutritional quality.

Changes in the TPC and TFC of red mandarin pulp juice after 
enzymatic hydrolysis and postenzymatic fermentation were determined, 
and the results are shown in Figures 2B,C. The TPC and TFC increased 
after enzymatic hydrolysis and were further enhanced by fermentation. 
The TPC in CK was 1.7 ± 0.69 mg/g GAE FW. After enzymatic 

hydrolysis, the TPC increased to 2.32 ± 0.15 mg/g GAE FW, representing 
a 36.47% increase compared with that of CK. After fermentation, the 
TPC continued to increase to 2.53 ± 0.07 mg/g GAE FW. The TFC in the 
CK treatment was 1.08 ± 0.04 mg/g RE FW. After enzymatic hydrolysis, 
the TFC increased to 1.19 ± 0.11 mg/g RE FW, representing a 10.19% 
increase compared with that of CK. After fermentation, the TFC 
significantly increased to 1.31 ± 0.06 mg/g RE FW.

3.4 Influence of enzymatic hydrolysis and 
postenzymatic fermentation on 
carotenoids in red mandarin juice

Five types of carotenoids, namely, lutein, zeaxanthin, β-cryptoxanthin, 
α-carotene, and β-carotene, were measured in red mandarin pulp, as 
shown in Figure 3. β-Cryptoxanthin, lutein, and β-carotene were the 
major carotenoids in red mandarin juice, whereas α-carotene was not 
detected in the CK. α-Carotene was detected in the red mandarin pulp 

FIGURE 1

Effects of enzymatic and postenzymatic fermentation on the contents of mineral elements (A) and amino acids (B). Values followed by different superscripts 
(a–c) are significantly different (p < 0.05). The vertical bars represent the SDs of the means. CK: Juice obtained after filtration of whole fruit homogenate. AEH: 
Juice obtained by enzymatic hydrolysis and filtration of whole fruit homogenates. AF: Juice obtained by filtering after fermentation with AEH.

FIGURE 2

Effects of enzymatic and postenzymatic fermentation on the contents of the carotenoids Vc (A), TPC (B), and TFC (C). Values followed by different 
superscripts (a–b) are significantly different (p < 0.05). The vertical bars represent the SDs of the means. CK: Juice obtained after filtration of whole 
fruit homogenate. AEH: Juice obtained by enzymatic hydrolysis and filtration of whole fruit homogenates. AF: Juice obtained by filtering after 
fermentation with AEH.
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after enzymatic hydrolysis, and the contents of all five carotenoids 
significantly increased, ranging from 0.58 mg/L FW to 3.49 mg/L FW, 
representing increases of 58 to 275% compared with those in the 
CK. Fermentation also increased the contents of the five carotenoids, with 
lutein showing the greatest increase of 1.56 mg/L FW, whereas the 
increases in the other four carotenoids were relatively modest.

3.5 Influence of enzymatic hydrolysis and 
postenzymatic fermentation on soluble 
sugars and organic acids in red mandarin juice

The contents of three soluble sugars (fructose, glucose, sucrose) 
and seven organic acids (tartaric acid, malic acid, citric acid, oxalic 

acid, lactic acid, acetic acid, and succinic acid) were determined 
during the enzymatic hydrolysis and postenzymatic fermentation 
processes (Figure 4A). Soluble sugars are key factors affecting fruit 
quality, directly influencing sweetness and flavor. The highest 
content of sucrose was found in untreated red mandarin pulp juice 
(118.08 ± 1.50 g/L FW), followed by glucose (37.35 ± 1.38 g/L FW), 
and fructose had the lowest content (6.79 ± 1.50 g/L FW). Enzymatic 
hydrolysis increased the contents of glucose and fructose in red 
mandarin juice by 48.97 g/L FW and 17.19 g/L FW, respectively. 
After enzymatic hydrolysis and postenzymatic fermentation, the 
total decrease in sucrose content reached 117.40 g/L FW, indicating 
that sucrose was the most consumed sugar among the three soluble 
sugars. As shown in Figure 4B, acetic acid (26.58 ± 1.45 g/L FW) was 
the most abundant organic acid in red mandarin pulp, followed by 
citric acid, whereas oxalic acid had the lowest content (0.15 ± 0.00 g/L 
FW). After enzymatic hydrolysis, the contents of lactic acid and 
acetic acid significantly increased, with increases of 1.48 g/L FW and 
10.18 g/L FW, respectively, whereas the changes in the contents of 
the other four organic acids were not significant. Fermentation 
significantly affected the contents of lactic acid, acetic acid, and 
oxalic acid. The lactic acid content increased by 0.85 g/L FW, the 
acetic acid content decreased by 14.13 g/L FW, and oxalic acid was 
not detected after fermentation.

3.6 Influence of enzymatic hydrolysis and 
postenzymatic fermentation on the 
antioxidant activity of red mandarin juice

The antioxidant capacity of the three samples was evaluated using 
the DPPH, ABTS, and FRAP methods, as shown in Table 1. The trends 
in the antioxidant capacity measured by the three methods were 
generally consistent across the different samples. The range of DPPH 
radical scavenging activity was 3.31–3.87 μmol/g TE FW; the range of 
ABTS radical scavenging activity was 1.72–1.92 μmol/g TE FW; and 
the FRAP values ranged from 3.52–3.61 μmol/g TE FW. To better 
evaluate the total antioxidant capacity of the samples, the 
comprehensive antioxidant performance index (APC index) was used 

FIGURE 3

Effects of enzymatic and postenzymatic fermentation on the 
carotenoid content. Values followed by different superscripts (a–c) 
are significantly different (p  <  0.05). The vertical bars represent the 
SDs of the means. CK: Juice obtained after filtration of whole fruit 
homogenate. AEH: Juice obtained by enzymatic hydrolysis and 
filtration of whole fruit homogenates. AF: Juice obtained by filtering 
after fermentation with AEH.

FIGURE 4

Effects of enzymatic and postenzymatic fermentation on the contents of soluble sugars (A) and organic acids (B). Values followed by different superscripts 
(a–c) are significantly different (p < 0.05). The vertical bars represent the SDs of the means. CK: Juice obtained after filtration of whole fruit homogenate. AEH: 
Juice obtained by enzymatic hydrolysis and filtration of whole fruit homogenates. AF: Juice obtained by filtering after fermentation with AEH.
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in this study for evaluation. The APC of the studied samples ranged 
from 91.03 to 100%. The total antioxidant capacity of the three 
samples was ranked as follows: AF > AEH > CK. These results indicated 
that enzymatic hydrolysis and postenzymatic fermentation effectively 
enhanced the antioxidant capacity of red mandarin pulp (see 
Figure 5).

3.7 Pearson’s correlation analysis

Pearson’s correlation analysis was conducted to investigate the 
correlations between the levels of mineral elements, amino acids, Vc, 
carotenoids, soluble sugars, organic acids, total phenolics, total 
flavonoids, and antioxidant activity in red mandarin juice obtained 
after enzymatic hydrolysis and postenzymatic fermentation. The 
results from the three methods of antioxidant capacity analysis were 

positively correlated with eight indicators, with Pearson coefficients 
ranging from 0.20 to 1.00. According to the DPPH results, the Pearson 
coefficient between the TFC and antioxidant activity was the highest 
at 1.00 (p < 0.05), followed by the TFC with a Pearson coefficient of 
0.99 (p < 0.05) and the third was amino acids with a Pearson coefficient 
of 0.97 (p < 0.05). According to the ABTS measurements, the TPC and 
TFC had the highest Pearson coefficients with antioxidant activity, 
both of which were 0.99 (p < 0.05). This was followed by amino acids, 
with a Pearson coefficient of 0.96 (p < 0.05). According to the FRAP 
results, the highest Pearson coefficient between TPC and antioxidant 
activity was 0.87 (p < 0.05), the second highest was TFC, with a 
Pearson coefficient of 0.78 (p < 0.05), and the third highest was amino 
acids, with a value of 0.74 (p < 0.05). These findings indicate that, 
compared with other substances, TPC, TFC, and amino acids make 
more significant contributions to the antioxidant capacity of red 
mandarin juice (Table 2.).

TABLE 1 Effects of enzymolysis and postenzymatic fermentation on the antioxidant activity of C. reticulata Blanco cv. Dahongpao juice.

Sample ABTS (μmol/mL TE 
FW)

DPPH (μmol/mL TE 
FW)

FRAP (μmol/mL TE 
FW)

APC Rank

CK 3.31 ± 0.15b 1.72 ± 0.01b 3.52 ± 0.01b 91.03 3

AEH 3.72 ± 0.03a 1.75 ± 0.02b 3.53 ± 0.04b 95.33 2

AF 3.87 ± 0.13a 1.92 ± 0.08a 3.61 ± 0.05a 100 1

Values followed by different superscripts (a–b) are significantly different (p < 0.05). The APC represents the comprehensive evaluation score of each antioxidant activity determination method. 
The APC index was calculated by assigning an equal weight to all analyses, assigning an index value of 100 to the best-scoring data of each group of experiments, calculating the index scores of 
all other samples in the group using the antioxidant index score = [(sample score/best score) × 100], and calculating the average of the index scores obtained by the three antioxidant methods as 
a composite index of antioxidant capacity. Rank represents the order of the comprehensive antioxidant capacity of each sample.

FIGURE 5

Correlation analysis between measured indicators and antioxidant activity. The asterisk indicates p  <  0.05.
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4 Discussion

Enzymes, as catalysts, bind to plant cell walls, causing partial bond 
breakage, thereby releasing active intracellular components (Sheldon 
and van Pelt, 2013). Dal Magro et al. (2016) reported that, compared 
with single enzyme formulations, the cooperative effect of multiple 
enzymes enhances plant cell wall degradation, increasing juice yield 
and the release of bioactive compounds. Fermented foods have been 
an essential part of the human diet since ancient times, extending 
shelf-life, enhancing the sensory properties of food, and improving the 
digestibility of proteins and carbohydrates, as well as the bioavailability 
of vitamins and minerals (Sanlier et al., 2019). In this study, enzymatic 
hydrolysis and fermentation of whole red mandarin pulp resulted in 
higher contents of mineral elements, total amino acids, Vc, organic 
acids, and soluble sugars in the AEH than in the CK. The synergistic 
action of pectinase, cellulase, and hemicellulase enzymes increased the 
release of juice and compounds, creating a favorable fermentation 
environment for subsequent cofermentation with Lacticaseibacillus 
rhamnosus TR08, Lactiplantibacillus plantarum subsp. Plantarum 
CICC 6257, and Limosilactobacillus fermentum CCFM1139, thereby 
increasing the nutritional value and flavor of red mandarin juice.

Mineral elements play crucial roles in regulating internal balance 
within the human body, contributing significantly to normal 
metabolism and reducing disease risk (Mohammadifard et al., 2019). 
The bioavailability of mineral nutrients in plant products is often low 
due to their complexation with compounds present in the plant 
matrix, such as oxalates, phytates, polyphenolic compounds, and 
dietary fibers, which bind or chelate metal ions in in-soluble forms 
(Suliburska and Krejpcio, 2014). In this study, the enzymatic 
hydrolysis of citrus pulp released metal ions, some of which are less 
bioavailable; in AEH, the contents of mineral elements increased, 
except for calcium, which decreased. Oxalate acts as a chelating agent 
for positively charged metal ions, including calcium ions (Peng et al., 
2021). Postenzymatic hydrolysis of red mandarin pulp disrupts cell 
walls, increasing the oxalate content, which can precipitate as insoluble 
calcium oxalate, potentially contributing to the reduction in calcium 
content (Kim, 2017). In our study, the contents of elements such as 
magnesium, sodium, and phosphorus were lower in AF than in AEH, 
likely due to consumption by lactobacilli during fermentation to 
support their normal metabolism and growth (de Souza et al., 2015). 
Nevertheless, after enzymatic hydrolysis and fermentation of red 
mandarin pulp, the contents of mineral elements in the AF, excluding 
calcium, were greater than those in the CK.

Amino acids are crucial nutrients involved in regulating essential 
metabolic pathways and processes vital for growth and maintenance 
in organisms (Wu, 2009; D’Este et al., 2018) and are key nutrients 
found in citrus fruits and critical participants in the Maillard reaction 
(Liu et al., 2020). In this study, the total amino acid content in AEH 
significantly increased compared with that in CK. The enzymatic 
reactions catalyzed by the three enzymes decompose large protein 
molecules, releasing protein hydrolysates from whole red mandarin 
fruits and thereby increasing the total amino acid content (Lolli et al., 
2023). However, due to heat inactivation at 90°C after enzymatic 
hydrolysis, Maillard reactions may have occurred, potentially leading 
to a decrease in the individual amino acid contents. The total amino 
acid content in AF was slightly lower than that in AEH, with glutamic 
acid showing the most significant reduction. Similar to our findings, 
Costa et al. (2021) reported de-creases in Ile, Phe, Lys, and total free T
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amino acids after fermentation of citrus juice with lactic acid bacteria. 
We speculate that during the fermentation of whole red mandarin 
fruits, some amino acids may have been utilized as nitrogen sources 
for the growth and metabolism of lactic acid bacteria. Conversely, 
amino acid metabolism by lactic acid bacteria can produce volatile 
compounds contributing to the formation of aromas in fermented 
citrus juices (Castellano et al., 2012). Compared with the original 
citrus pulp CK, enzymatic hydrolysis and fermentation increased the 
total amino acid content in the juice, providing not only enhanced 
nutrition but also imparting a more flavorful taste to the juice.

Vc is one of the most important nutrients in citrus fruits (Suri 
et al., 2022). It is a water-soluble compound with excellent antioxidant 
properties that is capable of mitigating oxidative stress by maintaining 
the activity of ascorbate peroxidase and supporting immune function 
in the human body (Mditshwa et al., 2017). In addition to pulp, citrus 
peels also contain abundant Vc; enzymatic degradation of citrus peel 
cell walls and polysaccharides can increase the release rate of Vc (Ni 
et al., 2014; Suri et al., 2022). In this study, the Vc content in AEH 
increased by 66.97% after enzymatic hydrolysis (Di Cagno et  al., 
2009). Fermented tomato juice has been reported to have a higher Vc 
content than nonfermented juice. However, in our study, the Vc 
content in AF decreased after fermentation, possibly due to the lower 
total organic acid content in AF than in AEH, which reduces the 
acidity of the juice, thereby destabilizing Vc and causing oxidation and 
loss (Znamirowska et al., 2021). Nevertheless, the Vc content in the 
AF remained significantly greater than that in the CK.

Soluble sugars and organic acids are important nutritional 
components and flavor substances in fruit and vegetable juices (Li 
et al., 2023). In the enzymatic hydrolysis process of this study, the 
sucrose content in AEH decreased, whereas the glucose and fructose 
contents increased, resulting in a slight overall decrease in total 
sweetness perception substances but with significant compositional 
changes. Research has shown that mixed enzyme hydrolysis can 
increase the hydrolysis rate and amount of monosaccharides released 
after enzymatic hydrolysis, where sucrose is partially degraded, 
leading to a decreased content, whereas the contents of 
monosaccharides such as glucose and fructose increase (Lao et al., 
2020), which is similar to our findings. During fermentation, plant 
lactic acid bacteria preferentially utilize simple carbohydrates such as 
sugars and glucose (Oguntoyinbo et al., 2016); in Costa et al. (2021)‘s 
study, all sugars significantly decreased after fermentation. In our 
study, the total soluble sugar content continued to decrease in AF, with 
sucrose being nearly completely consumed, whereas the glucose and 
fructose contents remained relatively stable. This may be  because 
lactic acid bacteria use sugars from AEH as reaction substrates (Liu 
et al., 2023); early in fermentation, lactic acid bacteria likely utilize 
sucrose more than glucose and fructose because the breakdown rate 
of sucrose is faster than that of lactobacilli. Later, lactic acid bacteria 
utilized glucose and fructose as carbon sources for growth and 
reproduction (Cho et al., 2006; Yang et al., 2018). In terms of sweetness 
sub-stances, the levels of glucose and fructose increased in AF, 
replacing sucrose as the main sugar contributing to sweetness.

Postenzymatic hydrolysis, the contents of acetic acid in AF 
increased significantly, whereas the contents of malic acid and citric 
acid remained almost unchanged, possibly due to their involvement 
in the citric acid cycle and tricarboxylic acid cycle (Yang et al., 2022). 
The acetic acid content in AF significantly decreased, oxalic acid 
completely disappeared, and the lactic acid content substantially 

increased. Ghamry et al. (2023) reported that plant lactic acid bacteria 
have strong capabilities-in oxalic acid degradation. Therefore, it is 
speculated that during the fermentation of red mandarin juice, the 
three strains of lactic acid bacteria may have consumed acetic acid and 
oxalic acid as carbon sources, leading to a significant decrease in acetic 
acid and oxalic acid contents postfermentation; moreover, lactic acid 
bacteria converted glucose in the juice into lactic acid, resulting in 
increased lactic acid content. In terms of acidic substances, oxalic acid 
and acetic acid have pungent odors, whereas lactic acid provides mild 
acidity and a natural preservation effect. These changes in acidity 
undoubtedly contribute favorably to the final product’s taste.

Citrus fruits also contain many other antioxidant bioactive 
compounds, primarily carotenoids and phenolic compounds, which 
vary in quality and quantity depending on fruit species and varieties, 
collectively contributing to health benefits (Suri et al., 2022). In this 
study, TPC and TFC significantly increased in whole red mandarin 
pulp after enzymatic hydrolysis and fermentation. The enzymatic 
hydrolysis of CK by these three enzymes releases bound compounds 
such as PMFs and flavanones unique to citrus peels, increasing their 
bioavailability and converting flavonoid glycosides into more water-
soluble glycosidic ligands (de Souza et al., 2015), thereby increasing 
the content of TPC and TFC in AEH. The continued increase in TPC 
and TFC in AF may be attributed to lactic acid bacteria producing 
enzymes such as β-glucosidase, α-glucosidase, and various 
glycosidases or esterases during fermentation, which hydrolyze 
glycosidic and ester bonds, releasing bound phenolic compounds into 
soluble or insoluble forms and increasing their content (Landete et al., 
2014; Tao et al., 2022). Additionally, lactic acid bacteria can convert 
flavonoid glycosides into free flavonoid aglycones, significantly 
increasing the flavonoid content (Bisakowski et al., 2007).

Carotenoids can associate with stabilizing intermediates such as 
proteins, fatty acids, and sugars (Daruwalla et al., 2020). In our study, 
the carotenoid content increased significantly after mixed enzyme 
hydrolysis, with α-carotene detected in AEH, which was absent in 
CK. It has been shown that enzymatic hydrolysis softens citrus tissues, 
disrupts the cell walls of both the peel and pulp, reduces the lipid and 
lignin contents, and releases protein–carotenoid complexes, thereby 
increasing the extractability of carotenoid pigments (Santamaría et al., 
2000; Nath et al., 2016). Santos et al. (2022) reported that lactic acid 
bacteria can increase the total carotenoid content during peach pulp 
fermentation. In our study, the increase in ca-rotenoid content in AF 
may be attributed to the ability of Lactiplantibacillus plantarum subsp. 
plantarum to produce the C30 carotenoid 4,4′-diaponeurosporene 
(Antognoni et al., 2019). Additionally, metabolites from the three 
strains of lactic acid bacteria can increase the antioxidant activity of 
red mandarin juice, reduce carotenoid oxidation and isomerization, 
and potentially reduce the specific accumulation of glutathione or 
related thiol compounds, thereby reducing lipid oxidation (Mapelli-
Brahm et al., 2020).

Bioactive compounds offer health benefits to consumers by 
protecting against free radical-mediated deterioration and slowing 
lipid oxidation, demonstrating stronger antioxidant activity than 
synthetic antioxidants (Maisuthisakul et  al., 2007). In this study, 
correlation analysis was conducted on amino acids, mineral elements, 
Vc, organic acids, soluble sugars, TPC, TFC, carotenoids, and 
antioxidant capacity, revealing that TPC, TFC, and amino acids 
significantly contribute to antioxidant activity. Compared with CK, 
AEH resulted in a decrease in total sugars but an increase in other 
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substances. In contrast, after fermentation, AF presented decreased 
total levels of amino acids, mineral elements, Vc organic acids, and 
soluble sugars, whereas the TPC, TFC, and carotenoid contents 
significantly increased. TPC, TFC, and carotenoids are positively 
correlated with antioxidant capacity (Maisuthisakul et  al., 2007; 
Laophongphit et al., 2023). Phenolic compounds possess structural 
forms capable of donating hydrogen atoms to free radicals (Aryal 
et al., 2019). Due to its relatively high TPC, TFC, and carotenoid 
contents, AF can help combat free radicals in the body, providing 
significant antioxidant health benefits.

In summary, through enzymatic hydrolysis and fermentation 
processes, this study has improved the utilization rate of the entire 
citrus fruit, utilizing the phytochemical properties in the peel and 
seeds of red mandarin, enhancing the nutritional and health benefits 
of the jam. Therefore, this study provides a theoretical basis for 
improving the utilization rate of the entire citrus fruit and enhancing 
the nutritional and health benefits of jam. Given that this study 
explores a product containing probiotics, preserving freshness while 
maintaining the activity of probiotics to the greatest extent possible is 
a topic worthy of further research in the future. In subsequent 
research, further exploration of the product specifications of 
‘Dahongpao’ red mandarin jam should be conducted to provide more 
reliable data references for the development of red mandarin resources.

5 Conclusion

This study has developed a jam rich in nutrients and bioactive 
substances using the whole fruit of ‘Dahongpao’ red mandarin as the 
raw material through enzymatic hydrolysis and fermentation 
processes. After processing, the nutritional content and health benefits 
of red tangerine have increased significantly, and due to changes in 
soluble sugars and sour substances, the product has a delightful sweet-
and-sour taste. Enzymatic hydrolysis followed by fermentation 
increased the content of vitamin C, total phenols, total flavonoids, and 
carotenoids, which were 1.39, 1.49, 1.21, and 3.79 folds higher than 
those in the original red mandarin, respectively. Therefore, this jam 
has advantag fold es in both nutritional and health benefits compared 
to fresh fruit, in addition to potential benefits in standardization. The 
optimized enzymatic hydrolysis and fermentation process parameters 
obtained in this study can be  applied in industrial production, 
facilitating the transformation of laboratory data into large-scale 
factory production. This will enhance the utilization rate of the whole 
fruit on a larger scale and reduce waste of resources.
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