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Abstract: Intervention with natural products is becoming a promising obesity control strategy as
healthy eating becomes increasingly popular. The present study aimed to prepare a citrus-based
functional jelly (CFJ) from citrus by-products and investigate its bioactive effects in mice. The results
of the CFJ preparation showed that the optimal formula of CFJ was 29.12%, 20%, and 3.61% for chenpi,
orange juice, and pectin, respectively. The optimized CFJ can be personalized and designed with jelly
shapes using 3D food printing technology. The evaluation of the biological activity of the CFJ] showed
that it was low in calories, with a total phenolic content of 12.44 & 0.26 mg GAE/g. Moreover, the CFJ
has a good free radical scavenging ability for ABTS. The results of the mouse experiments showed
that the CFJ significantly suppressed the body weight gain and fat deposits with a dose-dependent
effect, compared with the control group (p < 0.05). In addition, the activities of the antioxidant-related
enzymes (CAT and SOD) of the mice were also enhanced after a supplementation with the CFJ. In
short, the CFJ is a functional snack enriched in phenolic substances with low-calorie, antioxidant
and anti-obesity properties. This work promotes the utilization of citrus by-products and the healthy
development of its processing industry.
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1. Introduction

With the abundance of resources and the rapid development of society, human dietary
habits and diet structure have also changed. The long-term excessive intake of a high-calorie
diet has become an essential cause of the high prevalence of metabolic chronic conditions,
such as obesity, nonalcoholic fatty liver, hyperlipidemia, and diabetes [1-3]. Thus, dietary
intervention and prevention are emerging as a potential treatment strategy for obesity and
its metabolic syndrome [4]. The increasing amount of research has found that obesity is
tightly linked to oxidative stress [5,6]. The consumption of a high-calorie diet promotes
oxidative stress, not only by inducing the mitochondrial dysfunction and peroxisomal
oxidation of fatty acids, but also by reducing the activity of antioxidant enzymes, such as
superoxide dismutase (SOD) and catalase (CAT) [7]. Therefore, dietary supplementation
with antioxidants will contribute to weight management and obesity prevention [8,9].
In addition, dietary fiber could control the appetite by regulating the gastrointestinal
transport [10], and the fermentation of products, such as short-chain fatty acids, in the
intestine, which also improve metabolic diseases by regulating the gut microbiota [11]. The
development of safe, effective, and long-term obesity prevention products has become a
hot research topic, especially the development of products, based on natural resources.

Citrus is one of the most abundant types of fruit in the world, and its juice is widely con-
sumed because of its flavour and beneficial properties [12]. Orange (Citrus junos Sieb. ex Tanaka)
is one of the most common fruits for fruit juice processing. Its juice is rich in vitamin C

Antioxidants 2022, 11, 2418. https:/ /doi.org/10.3390/antiox11122418

https://www.mdpi.com/journal /antioxidants


https://doi.org/10.3390/antiox11122418
https://doi.org/10.3390/antiox11122418
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://doi.org/10.3390/antiox11122418
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox11122418?type=check_update&version=1

Antioxidants 2022, 11, 2418

2 of 20

and phenolic compounds [13], especially flavonoids, which have been proven to have
anti-adipogenesis and anti-obesity activities [14]. At the same time, citrus derivatives have
been widely studied for their numerous health benefits. Chenpi is made from the dried and
aged peel of Citrus reticulata Blanco and its cultivated variants in the Rutaceae family. In the
homologous culture of medicine and food, chenpi occupies a critical position [15]. When
used as traditional Chinese medicine (TCM), Chenpi is most frequently used to regulate Qi
and strengthen the spleen [15]. Qi could be understood as the energy circulating throughout
the body [15]. To regulate Qi in TCM, refers to the use of medicine to treat Qi-stagnation,
Qi-flowback or Qi-deficiency [16], which in layperson’s terms means soothing our emotions,
including anger, irritability, and frustration. Chenpi is rich in various bioactive components,
including volatile oils, flavonoids, alkaloids, and polysaccharides [17]. It has been increas-
ingly found that chenpi could exert anti-inflammatory and antioxidant effects [18,19], by
regulating the blood glucose homeostasis [20] and prevent obesity [18]. In addition, pectin
extracted from citrus peel residue is a soluble dietary fiber and is frequently used as a
dietary supplement. Pectin brings many health benefits by regulating the gut flora, such as
modulating the immune barrier in the gastrointestinal tract and controlling or preventing
inflammatory conditions [21,22]. Generally, pectin can be classified into high methoxylated
pectin (HMP) and low methoxylated pectin (LMP), and the latter is commonly used as an
essential material for the making of jelly [23]. As the main by-product of citrus processing,
applying pectin in the citrus peel to jelly production will boost the efficient utilization of
citrus resources.

People tend to prefer healthy and leisurely foods, in modern society. As mentioned
above, orange juice, chenpi, and LMP all show favorable advantages in promoting health
benefits. Therefore, we aimed to develop a formulation for functional jelly, based on citrus
products. A single-factor experiment (SFE) and response surface methodology (RSM) were
used to optimize the formulation of citrus-based functional jelly (CFJ). Moreover, the 3D
food printing technology was performed to further explore the potential of a personalized
design of the CFJ. Further, the bioactivities of the CF] were explored in vitro and in vivo.
We expect that this work can provide a new idea for the future functional food industry,
while providing consumers with more food consumption options.

2. Materials and Methods
2.1. Materials

Oranges (navel orange) were purchased from a local store in Changsha and produced
in Hunan Province (Changsha, China). The chenpi (red Pericarpium Citri Reticulatae) that
was aged for 3 years, was bought from the Jiangmen Xinhui Tangerine Peel Market Co.,
Ltd. (Jiangmen, China). LMP, extracted from citrus peel (purity > 98%), was obtained from
Xi’an Shouherb Biotech Co., Ltd. (Xi’an, China). Food-grade CaCl, was purchased from
Chonggqing Ruihancheng Technology Co., Ltd. (Chongqing, China). All ingredients used in
the preparation of the jelly were food-grade.

2.2. Development of the Citrus-Based Functional Jelly
2.2.1. Preparation of the Citrus-Based Functional Jelly

Prior to the preparation of the citrus-based functional jelly, the chenpi is crushed, to
obtain chenpi powder. The decoction method of traditional Chinese medicine was used,
20 g of chenpi powder was added to 400 mL of drinkable water, decocted for 40 min, and
then filtered through a vacuum filter while hot. The decoction of chenpi was concentrated
to a concentration of 1 g/mlL, using a rotary evaporator (N-1300V-W, Tokyo Rikakikal
Co., Ltd., Tokyo, Japan) at 50 °C and 0.09 MPa. The orange was peeled and squeezed, to
obtain orange juice. The jelly samples were prepared, according to the previous studies
reported [24,25]. Briefly, LMP was added to 20 mL of drinkable water and stirred in a
water bath at 65-75 °C, until the pectin was completely dissolved, after which different
volumes of the chenpi decoction and orange juice were added and mixed well. Then, 10 mL
of the CaCl, solution of different concentrations was added, and an appropriate amount of



Antioxidants 2022, 11, 2418

3 0f20

drinkable water was added to bring the total volume to 100 mL. Finally, the mixture was
homogenized and canned into conventional jelly moulds, pasteurized, and stored at 4 °C.

2.2.2. Sensory Test of the Citrus-Based Functional Jelly

The sensory evaluation is generally considered a scientific product evaluation method
for analysing people’s satisfaction with a product through their senses of sight, smell,
touch, and taste. The analysis of the CFJ’s sensory evaluation was carried out by a sensory
assessment panel consisting of 20 people trained in food science. The four aspects of the
CFJ, colour and lustre, texture, aroma, and taste, were evaluated and scored. The scores
of the above four components were added together to obtain the total” sensory evaluation
score of the CFJ, and the optimal formulation showed the highest total sensory score. The
sensory scoring criteria are shown in Table 1.

Table 1. The evaluation criterion of the CFJ.

Indicators Scoring Details

Dark brown and well-distributed in colour (7-10%).
Colour and lustre (10%) Brown and evenly coloured (4-6%).
Light brown and non-uniform in colour (0-3%).

Superior chewiness, uniform texture without bubbles, delicate,
and smooth (21-30%).
Texture Nice chewiness, the texture is basically uniform, with a
(30%) few bubbles (11-20%).
Poor toughness, non-uniform texture, with a large amount
of bubbles (0-10%).

Rich aroma of chenpi and orange flavour with no bad odour (21-30%).
Aroma Slight aroma of chenpi and orange flavour (11-20%).
(30%) Does not have an obvious aroma of chenpi and orange, and has an
undesirable flavour (0-10%).

A smooth and delicate taste, with the best sweet and sour taste, and
no noticeable post-bitterness (21-30%).
Delicate taste in general, with a suitably sweet and sour taste, and
accompanied by a post-bitter or mild acidity (11-20%).
Tastes rough, too sour or too sweet, with a heavy bitterness (0-10%).

Taste
(30%)

2.2.3. Design of the Single-Factor Experiments (SFEs)

The SFE was used to evaluate the influence of adding different amounts of the chenpi
decoction, orange juice, pectin, and CaCl,, on the sensory evaluation of the CFJ. It can
provide a reference for the factor levels in the response surface optimization experiments.
The calcium ions are necessary for preparing the jelly using LMP, which forms a gel
state with pectin. The concentration range of the CaCl, in the CF] was selected from
0.8-18 mg/mL, with reference to the results reported in a previous study [26]. The content
of the chenpi decoction, the main functional ingredient of the CFJ, was selected in the range
of 10-35%, based on the recommended daily intake of chenpi for humans [15]. The orange
juice content was chosen as 15-40%, as orange juice could enhance the citrus aroma of the
CFJ and increase the vitamin C content of the product. Pectin is the essential ingredient
for the preparation of the jelly, which provides a toughness while keeping the shape of
the jelly. Thus, 1-6% of the pectin content in the CFJ was selected with reference to Peng
M.E et al. [27]. The jelly samples were produced by mixing different concentrations of the
chenpi decoction, orange juice, pectin, and the CaCl, base, on the procedure described. Each
CFJ sample was sensorily evaluated and the sensory assessment panel gave a total sensory
evaluation score.
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2.2.4. Design of the Response Surface Methodology (RSM)

The RSM is a statistical method that uses a rational experimental design and experi-
ments to investigate the functional relationship between the factors and the response values
to seek the optimal process parameters [28]. The levels of each factor of the RSM were
picked from the findings of the SFE. Following the SFE experiments, the optimal calcium
addition concentration was obtained, we further investigated the effects of the three main
functional components of the CFJ on the total sensory evaluation of the CFJ, using the RSM
experiments. In the subsequent experiments, the concentration of CaCl, in all of the CFJ
formulations was maintained at 1.4 mg/mL. A three-factor and three-level experiment
were designed using the Box-Behnken model. The effects of the chenpi decoction, orange
juice, and the pectin content in the CFJ on the total sensory evaluation, were explored.
The independent variables A, B, and C were the addition of the chenpi decoction, orange
juice, and citrus pectin, and their three levels are denoted by 1, 0, and —1, respectively. The
detailed factors and the levels of the RSM are shown in Table 2. The optimal formulation of
the CFJ was determined through a regression equation using the total sensory evaluation
score as the response value (R). The best formulation for the preparation of the CF] was
used as a sample for the subsequent experiments.

Table 2. Variables and the range of values for the SFE and RSM.

Factors of the SFE Variables

Addition of chenpi decoction (%) 10 15 20 25 30 35
Addition of orange juice (%) 15 20 25 30 35 40
Addition of pectin (%) 1 2 3 4 5 6
Concentration of CaCL, (mg/mL) 0.8 1.0 1.2 1.4 1.6 1.8

Independent Variables of the RSM _1 Le\(;els 1

A: addition of chenpi decoction (%) 25 30 35

B: addition of orange juice (%) 20 25 30

C: addition of pectin (%) 3 4 5

2.2.5. 3D Food Printing of the Citrus-Based Functional Jelly

The objective of this experiment is to investigate whether the CFJ, optimized by the
formulation, can be used for the personalized jelly shape design using 3D food printing. The
CFJ samples are prepared using the best formula obtained from the RSM experiments and
then used as raw material for the 3D printing. The CFJ 3D printing trials were completed in a
professional 3D food printing company (Hangzhou Shiyin Technology Co., Ltd., Hangzhou,
China). A 3D food printer (Foodbot 52, Hangzhou Shiyin Technology Co., Ltd.) with a
nozzle diameter of 0.84 mm was used to conduct the printing experiments. The precise
print shape of the CFJ (cube: 15 x 15 x 15 mm) was preset using Cural5.02.1 software
(Ultimaker BV, Arnhem, Netherlands). The printing infill velocity (mm/s) and the infill
density (%) defines the deposition rate of the material and the amount of material extruded
the during printing, both of which are key factors in determining the success of the 3D
printing [29]. Two different printing parameters were set, according to the producer’s
printing recommendations: the infill velocity of 10 (mm/s) with an infill density of 100%
and an infill velocity of 15 (mm/s) with an infill density of 90%. In addition, the printed
infill pattern was set to be linear and the printed temperature was 40 °C. The optimal
printing parameters were determined, based on the appearance and size of the finished
CFJ print, to match the design structure.

2.3. Assay of the Main Nutritional and Bioactive Contents of the Citrus-Based Functional Jelly

The measurement indicators for the content of the main nutritional composition in the
CFJ include energy, protein, fat, carbohydrate, and sodium. The above components were
measured or calculated according to their respective Chinese national standards [27].
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The concentration of the total flavonoids (TFs) in the CFJ, was assayed by a spectropho-
tometric method, as previously published [30]. In brief, 0.5 mL of the CFJ solution was
mixed with 12.5 mL of 30% ethanol and 1 mL of 5% sodium nitrite solution, and incubated
for 6 min. Then, the mixture was mixed with 1 mL of a 10% aluminium nitrate solution.
Then, following 6 min of the reaction, 10 mL of a 4% sodium hydroxide solution was
mixed. The absorbance at 510 nm was measured within 15 min, using a spectrophotometer
(Shimadzu Instrument Co., Ltd., Suzhou, China). The content of the TF is expressed as mg
rutin equivalent (RE)/g fresh weight.

The concentration of the total phenolics (TP) was determined using the Folin- Ciocalteu
reagent [31,32]. In brief, 20 uL of the CFJ solution was mixed with 9.98 mL distilled water
and 1 mL of the Folin—Ciocalteu reagent. Then, after avoiding a light reaction for 5 min,
5 mL of 5% aqueous sodium bicarbonate and 9 mL of distilled water were added, then
mixed and placed in the dark for 60 min. The absorbance of the mixture was determined at
765 nm using a spectrophotometer (Shimadzu Instrument Co., Ltd., Suzhou, China). The
content of the TP is represented as mg gallic acid equivalent (GAE)/g fresh weight.

The specific phenolics and flavonoids contained in the CFJ were analysed using HPLC.
The chromatographic column was a Sustain C;g 250 mm x 4.6 mm column (particle size
5 pm; Shimadzu, Kyoto, Japan). The column temperature was 30 °C, the mobile phase
Al was 0.1% formic acid water, mobile phase was B-methanol, and the flow rate was
0.25 mL/min. The gradient elution conditions were 0-1 min, 10% B; 1-3 min, 10-33% B;
3-10 min, 33% B; 10-15 min, 33-50% B; 15-20 min, 50-90% B; 20-21 min, 90% B; 21-22 min,
90-10% B; 22-25 min, 10% B. The injection volume was 5 pL. All substances in the CF] were
quantified using the standard curves for the respective substances.

2.4. Assessment of the Antioxidant Ability of the Citrus-Based Functional Jelly In Vitro

The antioxidant ability of the CFJ] was measured with three commonly used methods,
namely 2,2-azinobis (3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) and 2,2-diphenyl-1-
octanohydrazide (DPPH) radical scavenging methods, and the ferric reducing antioxidant
power (FRAP) methods [33]. Trolox, a commonly used antioxidant, was used as a positive
control experiment, and the antioxidant capacity of the CFJ was also expressed as pmol
Trolox equivalents (TEs)/g fresh weight. Since the antioxidant capacity of the CFJ itself
exceeds the assay threshold in the kit, the sample needs to be diluted. In our experiments,
the CFJ for the ABTS scavenging ability test was diluted 80-fold, the CFJ for the DPPH
scavenging ability test and the FRAP reduction ability identification was diluted 50-fold
with the extraction buffer in the kit. Finally, these assays were based on the instructions of
the corresponding kits, purchased from Suzhou Comin Biotechnology Co., Ltd. (Suzhou,
China). In brief, 950 pL of the ABTS reaction solution was added to 50 uL of the sample,
shaken for 10 min, and the absorbance was measured at 734 nm using the microplate reader
(Thermo Scientific, Waltham, MA, USA). Simultaneously, 950 uL of the DPPH reaction
solution was added to 50 uL of the sample, shaken for 20 min, and the absorbance was
measured at 515 nm by the microplate reader. Meanwhile, 190 uL of the FRAP reaction
solution was added to 10 uL of the sample, shaken for 20 min, and the absorbance was
measured at 593 nm by the microplate reader. The antioxidant activity was calculated using
the following equations:

ABTS scavenging activity (umol Trolox/g) = (Acontrol — Asample — 0.0208) /0.5012/ Vsample X 80 D

DPPH scavenging activity (pmol Trolox/g) = (Acontrol — Asample — 0.0404)/0.6616/Vgample X 50 2)

FRAP reducing capacity (umol Trolox/g) = (Asample — Acontrol + 0.0062)/1.1164/Vgample X 50 3)
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2.5. Investigation of the Bioactivities of the Citrus-Based Functional Jelly in Mice
2.5.1. Animal Experiment

Four-week-old male C57BL/6] mice were bought from the Hunan SJA laboratory
animal Co., Ltd. (Changsha, China). All animals were kept in an environment with a
temperature-controlled (21-23 °C) and light-dark cycle (12 h/12 h). The animals had free
access to food and drinking water. All animals were administered and treated in conformity
with the protocols approved by the Hunan Agricultural University Institutional Animal
Care and Use Committee (202005).

Following seven days of adaptive culture, forty mice were assigned, randomly, to
the following four groups (n = 10), control group (C), high concentration CFJ group (H),
medium concentration CFJ group (M), and low concentration CFJ group (L). Mice in groups
H, M, and L were orally gavaged with 10, 5, and 2.5 g/kg body weight (BW), of CF]J,
per day, for 8 weeks, respectively. The medium concentration of the CFJ] was converted
from the maximum recommended daily intake of chenpi for humans [15]. Group C was
given the equivalent amount of saline, as well. All groups were fed a normal diet (Hunan
SJA Laboratory Animal Co., Ltd., Changsha, China) throughout the experiment. The
main nutritional composition of the normal diet is shown in the Table 3. The BW and
food intake of the mice were measured and recorded every week. Following 8 weeks of
experimentation, the blood samples were obtained from the orbital sinus of the mice, and
then the mice were killed by cervical dislocation. Liver samples, subcutaneous adipose
tissue (SAT) samples, abdominal adipose tissue (AAT) samples, and brown adipose tissue
(BAT) samples of the mice were immediately collected and weighed.

Table 3. The main nutritional composition of a normal diet.

Ingredients

Crude Protein

Ether Extract  Crude Fiber Crude Ash Powder Water Content Calcium Phosphorus

Content

>18%

>4% <5% <8% <10% 1.0-1.8% 0.6-1.2%

2.5.2. Histological Examination

The liver samples were fixed with a 4% paraformaldehyde solution and the SAT
was fixed with a fat fixative. The liver and SAT samples were dehydrated with ethanol,
embedded with paraffin, sectioned, and stained with hematoxylin and eosin (H&E) [34].
The tissue sections were visualized and photographed using a light microscope (Nikon
Eclipse E100, Tokyo, Japan) at 40 x magnification.

2.5.3. Serum Chemistry Analysis

The blood samples were centrifuged with a frozen centrifuge at 4 °C, 3000 rpm for
10 min, and the serum supernatant was removed and stored at —80 °C until the assay [35].
The concentrations of the serum total cholesterol (TC), serum triglycerides (TG), serum low-
density lipoprotein cholesterol (LDL-C), and serum high-density lipoprotein cholesterol
(HDL-C) were assessed. The markers of the antioxidant capacity were measured, covering
superoxide dismutase (SOD) and catalase (CAT). All serum indexes were measured follow-
ing the protocol of the corresponding kit obtained from Nanjing Jiancheng Technology Co.,
Ltd. (Nanjing, China).

2.6. Statistical Analysis

The SPSS software (version 26.0, IBM, New York, USA) was used for the statistical anal-
ysis. The data compared between the various groups were analysed using a nonparametric
test. All of the data were mapped using GraphPad Prism 8. All results were shown as
mean =+ standard deviation. A p < 0.05 was considered a statistically significant difference.
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3. Results
3.1. Development of the Citrus-Based Functional Jelly
3.1.1. The Effect of the Single Factor on the Citrus-Based Functional Jelly

As can be seen from Figure 1a, the total sensory evaluation (TSE) of the CFJ increased
with the increase of the chenpi decoction, and the TSE reached its highest when the content
of the chenpi decoction was 30%. Still, after that, the TSE showed a decrease. (Figure 1a).
Figure 1b indicates the effect of the orange juice content on the TSE of the CFJ, when the
amount of the chenpi decoction was 30%. We observed an upward trend in the TSE of
orange juice, ranging from 15% to 25%, then decreased with the increase of the orange juice
concentration (Figure 1b). It showed that the optimal amount of orange juice to be added
was 25%. In addition, the effect of pectin on the TSE of the CF] when the chenpi decoction
was added at 30% and the orange juice content was 25%, is illustrated by Figure 1c. The
TSE of the CFJ rose with the increased addition of pectin from 1~4%, while the further
growth of the pectin addition induced a decline in the TSE. Based on the above single-factor
test results, the optimal CaCl, concentration was investigated at a 30% addition of the
chenpi decoction, a 25% addition of orange juice, and a 4% addition of pectin. The optimal
concentration of CaCL; is 1.4 mg/mL, based on the total sensory results (Figure 1d). Jellies
formed with the calcium ion concentrations above 1.4 mg/mL, have a poorer taste, resulting
in lower scores in the TSE. Thus, the range of 25-35% for the chenpi decoction, the range of
20-30% for orange juice, and the range of 3-5% for pectin, were selected for the RSM. The
concentration of CaCl; in all CFJ formulations was maintained at 1.4 mg/mL.

a
b
80 - - 80+ i
c & c e —
§ 1t g ]+ N
> 60+ 2 60+ L]
2 3
g S
o 40+ > 404
3 g
o 20+ n 20+
c c
Q [+ 4
7] 7]
0 4+ T
10 15 20 25 30 35 15 20 25 30 35 40
Additions of chenpi decoction (%) Addition of orange juice (%)
C
- 100 -
80~ B . i"//\
c i 7 i c 80+ e
] E/Er——i ] ° ] / B .
% 60+ t?:‘ [ ] .
ER ER e L
s s
® 407 @ 404
5 g
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o +r—rTr-rr-r-r-r-rT-—r 0

0?8 ) 1?0 ) 1:2 ) 1?4 ) 1:6 ) 1:8 )
The concentration of CaCl, (mg/mL)

1 2 3 4 5 6
Addition of pectin (%)

Figure 1. The effect of the single factor on the CFJ. (a) The effect of the additions of the chenpi
decoction on the total sensory evaluation of the CFJ (the highest total sensory score for CFJ at 30%
chenpi decoction); (b) the total sensory evaluation score of the CFJ varies with the additions of orange
juice (15%-40%) (the highest total sensory score for CFJ at 25% orange juice); (c) effect of pectin on the
total sensory evaluation of the CFJ (the highest total sensory score for CFJ at 4% pectin); (d) effect of
the concentration of CaCL; on the total sensory evaluation of the CFJ (the highest total sensory score
for CFJ at 1.4 mg/mL CaCLy,).
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3.1.2. Optimization of the Citrus-Based Functional Jelly Preparation Formulations by the RSM

We applied the RSM (Box—Behnken design) to optimize the development of the CFJ.
The design of the factors, the levels, and the corresponding results are illustrated in Table 4.
The following regression equation of the three factors and the total score of the sensory
evaluation (R) was obtained by conducting the result analysis:

R = —307.375 + 23.765 A — 2.5 B + 47.425 C + 0.12 AB — 0.65AC + 0.1 BC — 0.409 A? — 0.059 B? — 4225 C2 4)

Table 4. Experimental design and the results of the CFJ response surface design.

A: Chenpi . o . .o R: Total Senso
Run Decoctionp(%) B: Orange Juice (%)  C: Pectin (%) Evaluation Sco?;

1 35 25 5 60.12 £ 3.37
2 35 20 4 71.16 +2.35
3 30 25 4 83.30 & 3.56
4 35 30 4 64.20 + 4.89
5 25 25 3 69.15 £ 4.04
6 35 25 3 74.10 £ 3.60
7 25 25 5 67.90 £ 4.08
8 30 25 4 83.80 &+ 2.62
9 30 25 4 82.00 £ 3.73
10 30 25 4 81.30 £ 3.11
11 30 30 5 66.20 + 3.17
12 30 20 5 80.90 £ 2.02
13 30 20 3 88.19 £2.03
14 25 20 4 83.00 +4.10
15 30 25 4 81.00 + 3.94
16 25 30 4 63.90 + 3.87
17 30 30 3 71.10 £ 4.38
181 29.12 20 3.61 89.16 £2.13

! The optimal formula and its predicted values of R, based on the regression equation.

The adequacy, reproducibility, and accuracy of the model can be checked with a F-test,
t-test, and a R? analysis. As shown in Table 5, the total p-value of the model was <0.0001,
which indicates that the model is valid. The p-value of the lack of fit was 0.1523 > 0.05, which
suggests that the original hypothesis cannot be rejected and the model can be considered as
not misfit. Moreover, the R? of 0.981 for the model showed an agreement with the adjusted
R? (0.957), suggesting that the actual R values matched favorably with the predicted values.
In addition, the coefficient of variation (CV) of the model was 2.4% (<10%) and the value
of adequate precision was 20.6 (>4), indicating a favourable reproducibility and accuracy.
Therefore, the response value R can be predicted at different levels of the independent
variables from this regression equation.

Table 5. Analysis of variance results for the CFJ 1

Source Sum of Squares  df Mean Square  F-Value p-Value

Model ! 1176.98 9 130.78 40.6 <0.0001 significant
é\'c”@’?i” 28.13 1 28.13 8.73 0.0213
ecoction
B'%riire‘ge 4205 1 4205 13053  <0.0001
C-Pectin 91.13 1 91.13 28.29 0.0011
AB 36 1 36 11.18 0.0124
AC 4225 1 4225 13.12 0.0085
BC 1 1 1 0.3104 0.5948
A2 440.21 1 440.21 136.65 <0.0001
B2 9.16 1 9.16 2.84 0.1356
Cc? 75.16 1 75.16 23.33 0.0019
Residual 22.55 7 3.22
Lack of Fit 15.75 3 5.25 3.09 0.1523 . f.‘?.t
significant

1R2=09812, Adj. RZ =0.957, C.V. (%) =24, adequate precision = 20.61.
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The ANOVA results showed that both orange juice and pectin had an exceptionally
significant effect (p < 0.01) on the sensory evaluation (R-value), while the chenpi decoction
also had a significant effect (p < 0.05). The F-value indicates the significance of the influence
of the factor on the R-value, with larger F-values indicating a greater importance. In this
model, the effect of orange juice on the sensory evaluation of the CFJ] was greater than
the other two ingredients. The p-values in the model indicated that AC, A%, and C? were
extremely significant differences (p < 0.01), AB was significantly different (p < 0.05), and
the other factors were not significant (p > 0.05).

Both the three-dimensional (3D) response surface and the contour plots could represent
the interaction relationship between the factors. A steep response surface and elliptical
contours indicated a significant interaction between the factors. The contours of AB and
AC were nearly elliptical and the 3D response surface was relatively steep, suggesting a
remarkable interaction between these two factors (Figure 2a,b). Although the 3D response
surface of BC was steep, the contour was similar to circular, showing no significant interaction
between the two factors (Figure 2c). The findings are consistent with the ANOVA analysis.
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Figure 2. Cont.
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Figure 2. Response surface plots showing the effect of the chenpi decoction with orange juice (a),
chenpi decoction with pectin (b), and orange juice with pectin (c) on the sensory evaluation.

Finally, the optimal predicted value of the response value R was obtained at 29.12% for
the chenpi decoction, 20% for orange juice, and 3.61% for pectin, with R (predicted) = 89.16,
and the relative error between the actual test result (R = 88.23) was only 0.93%, suggesting
a relatively high fit of the model.

3.1.3. 3D Food Printing of the Citrus-Based Functional Jelly

The 3D food printing test was performed to evaluate the feasibility of the personalized
printing for the CFJ. Both printing parameters set in our tests were generally successful
in printing the expected jelly shape. We have pre-designed a desired print shape for the
CFJ, as shown in Figure 3a (cube 15 x 15 x 15 mm). The cross-section of the printed
shape shows the visualization of the filling direction of the material extrusion during the
printing process (Figure 3b). Successfully, we have the finished print (Figure 3c,d). When
the printing parameter is the infill velocity of 15 (mm/s) with an infill density of 90%,
the jelly obtained has a minor depression in the middle, due to material deposition, by
observing the appearance of the jelly and measuring its size. Overall, the printed CF]
sample matched well with the designed structure by measuring the size of the CFJ.

Figure 3. Three-dimensional food printing of the CF]J. (a) Three-dimensional printed shape of the
15 x 15 x 15 mm cube, designed with Cural5.02.1 software. (b) Cross-sectional view of the 3D
shape. The yellow part is the print infill part, and the middle slash indicates the infill patterns of the
CF]J. (c) Three-dimensional printed cubic jelly obtained with an infill velocity of 10 (mm/s) with an
infill density of 100%. (d) Three-dimensional printed cubic jelly obtained with an infill velocity of
15 (mm/s) with an infill density of 90%.



Antioxidants 2022, 11, 2418

11 of 20

3.2. Analysis of the Main Nutritional and Bioactive Contents of the Citrus-Based Functional Jelly
3.2.1. Nutritional Composition

Usually, the products developed are subjected to the determination of their five main
ingredient content, including energy, protein, fat, carbohydrate, and sodium. As shown in
Table 6, a little protein and fat content was found in the CFJ, 0.1% and 0.53%, respectively.
Moreover, the carbohydrate content in the CFJ was 20.4%, and the energy of the CFJ in
100 g fresh weight was calculated to be 360 k] (86.12 calories).

Table 6. Nutritional composition of the optimised citrus-based functional jelly.

Composition Per 100 g Fresh Weight NRV% !
energy 360 + 4.35 (k]) 4%
protein 0.53 £0.01 (g) 1%

fat 0.1£0.02(g) 0%

carbohydrate 204 £0.45 (g) 7%

sodium 18.3 + 0.32 (mg) 1%

! Nutrient reference values (NRVs) refer to the abbreviation of the “Chinese food label nutrient reference values”,
which is a reference standard dedicated to food labelling, comparing the amount of the nutrient content of the food,
and is a nutritional reference scale for consumers when choosing food. Nutrient reference values are mainly based on
the recommended daily intake (RNI) and the appropriate intake (Al) of the dietary nutrients for Chinese residents.

3.2.2. Determination of the Bioactive Substances and the Antioxidant Capacity of the
Citrus-Based Functional Jelly

The phenols and flavonoids are closely related to the antioxidant capacity of the CF].
In this part, we measured the content of the TP and TF in the CFJ, respectively, and also
determined their antioxidant capacity in vitro. The optimized CFJ contains 12.44 £ 0.26 mg
GAE/g fresh weight and 3.64 & 0.21 mg RE/g fresh weight of the TP and TF, respectively
(Figure 4a). Further, the specific phenolics were quantified. The CFJ] was detected to contain
22 phenolic compounds, of which the six with the highest concentrations were hesperidin,
nobiletin, naringin, diosmin, naringenin, and sinensetin (Table 7). Two of the top six most
abundant substances were poly methoxy flavones (nobiletin and sinensetin).

a b
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4 - = '; . i
» 104 = N
. o 80+
o 7 E
w84 =
x - = 60—
b
T T
g’ . % 40 -
— 4 - M — Q -
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[ =) ]
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Figure 4. The content of the bioactive components of the CFJ (a) and its antioxidant capacity, in vitro (b).

Meanwhile, the antioxidant capacity of the CFJ] was measured in vitro. As shown in
Figure 4b, the scavenging effectiveness of the CFJ on the ABTS and DPPH radicals was
the equivalent of 88.87 & 3.87 and 12.44 + 0.26 umol TE/g fresh weight, and the reducing
capacity of the FRAP was 28.24 & 0.84 umol TE/g fresh weight.
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Table 7. The concentration of the specific phenols and flavonoids contained in the CFJ.

Components Content Components Content
(ug/g Fresh Weight) (ug/g Fresh Weight)

Hesperidin 509.71 = 1.60 Tangeretin 1.79 £0.13
Nobiletin 143.10 £ 3.21 Luteolin 1.09 + 0.16
Naringin 116.68 4+ 1.53 Chrysin 0.91 £+ 0.06
Diosmin 17.78 = 0.33 L-epicatechin 0.82+0.19
Naringenin 15.21 £ 0.62 Baicalin 0.54 +£0.17
Sinensetin 15.20 £+ 0.37 Fisetin 0.38 4+ 0.04
Vitexin 11.38 £ 0.29 Cynaroside 0.25 £ 0.02

Rutin 8.94 £+ 0.18 Taxifolin 0.230.00
Neohesperidin 8.10 + 0.25 Catechin 0.22 £+ 0.01
Isovitexin 6.66 +0.22 Quercetin 0.14 £ 0.02
Apigenin 3.25+£0.19 Kaempferide 0.11 £ 0.02
Puerarin 2.13 £ 0.09 Quercitrin 0.03 £ 0.01

3.3. Bioactive Effects of the Citrus-Based Functional Jelly on Healthy Mice
3.3.1. Citrus-Based Functional Jelly Preventing the Development of Obesity

Following 8 weeks of the CFJ supplementation, the body weight of mice decreased
extremely, in the high concentration CFJ group (H) compared with the control group (C)
(p < 0.001) (Figure 5a). The low concentration CFJ group (M) showed a trend of promoting
weight gain, but there was no significant difference. The weight of the mice in group C
and the medium concentration CFJ group (M) was similar. At the same time, the food
intake of the mice supplemented with the CFJ, decreased in a dose-dependent manner,
and group H was remarkably lower than group C (p < 0.001) (Figure 5b). The ratio of the
liver to body weight also decreased in a dose-dependent manner, the groups M and H had
significantly lower results than group C (p < 0.001 and p < 0.001). Interestingly, the body
fat rate of the mice increased with the increase of the CF] supplementary concentration
(Figure 5¢). Compared with group C, the ratio of the subcutaneous adipose tissues (SATs)
to the body weight, decreased significantly in group L and group M (p < 0.05), but there
was no significant change in group H (Figure 5d). Meanwhile, the ratio of the abdominal
adipose tissues (AATs) to the body weight in group L, was significantly lower than that
in group C (p < 0.05), but there was no significant effect in group M and H (Figure 5e).
Notably, we observed a trend of a dose-dependent increase in the brown adipose tissues
(BATs) to the body weight ratio in mice following the CFJ supplementation, the H group
was raised significantly, compared to the C group (Figure 5f).

Consistently, the histopathological examination of the SATs showed that the inhibitory
effects of the CF] on the adipocyte enlargement, were negatively correlated with the
concentrations (Figure 5g). The enlargement of the adipocytes was obviously inhibited in
the L group, in comparison with the C group. The M group and H group also showed a
particular inhibitory effect, which showed that the cell size of the adipose tissue (SAT) was
directly proportional to the body fat rate. There was no difference in the histopathological
examination of the liver of mice between the four groups, with an intact liver histology,
regular hepatocyte morphology, and no steatosis or inflammation (Figure 5g). These
findings indicated that the CF] could potentially prevent obesity by reducing body weight
gain and fat accumulation, and controlling the appetite of the mice.



Antioxidants 2022, 11, 2418

13 of 20

Body weight (g)

SAT -

30 =

—e—C
—a— L
—a—M b C
—v—H 0 )
27 4.0 )
* = 5.5 *ookk
3 * 5
* = =)
*|* % 3.5-] ‘5 5.01 *% B
24 - D 2 2 = v
) . 3 454 R L
£ 3.0 a
214 T E 4l g
6 2.5 = v
T o 3.59
5
18 — — 2.0 T -1 T T 2 30 T 1 1
0 2 6 8 c L M H - Cc L M H
Time (weeks)
d € f
1.5+ N _ 0.6 *
_— =4
= 2 < v
= £ 5 %
5 =l ® - ad
2 g 3 n
E > 0.4
> 5 o
> =) ©
3 g 2 T
o = = 0.3
= > <
< < o0
» 0.2 T

Figure 5. CFJ preventing the development of obesity. (a) Body weight changes in mice (n = 7-10, the
control group was expressed as C, and the groups supplemented with low concentration, medium
concentration, and high concentration FCJ were expressed as L, M, and H, respectively), (b) the
average daily food intake of the mice, the ratio of the liver (c), subcutaneous adipose tissues (d),
abdominal adipose tissues (e), and brown adipose tissues to the body weight (f), (g) The observation
of the SATs and liver by H&E staining (40x). * p < 0.05, ** p < 0.01, and *** p < 0.001.

3.3.2. Impact of the Citrus-Based Functional Jelly Supplementation on the Blood Lipid Profile

The concentration of the TC, TG, and LDL-C in the serum of the mice supplemented
with the CFJ, was significantly increased, while the level of the HDL-C was significantly
lower, compared with group C (p < 0.05) (Figure 6). However, this phenomenon was
alleviated with the increase of the supplementary concentration of the CFJ.
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Figure 6. Impact of the CFJ supplementation on the blood lipid profile. Level of cholesterol (TC)
(a), triglycerides (TG) (b), low-density lipoprotein cholesterol (LDL-C) (c), high-density lipoprotein
cholesterol (HDL-C) (d) in serum (1 = 7-10, since mice have individual differences, the mice had
unexpected deaths during rearing that were not related to the experimental material, and in addition,
mice that had serious deviations from normal weight during rearing were excluded). * p < 0.05;
** p <0.01; *** p < 0.001.

3.3.3. Citrus-Based Functional Jelly Enhances the Antioxidant Ability In Vivo

The activity of CAT and SOD in the serum reflects the body’s ability to alleviate
oxidative stress. As shown in Figure 7, the CAT activity in the serum was significantly
increased in groups M and H, compared with group C, whereas there was no significant
effect in the L group (Figure 7a). It is noteworthy that the SOD activity was significantly
decreased in group L, compared to group C. In contrast, there was no significant difference
in other groups (Figure 7b). Although there was no significant effect, we find that the
serum antioxidant ability of mice showed an increasing trend after the administration of
our product with a dose-dependent effect. These findings indicate that the antioxidant
ability of the mice could be enhanced by supplementing with the CFJ.
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Figure 7. CFJ improved antioxidant ability in vivo. The activity of catalase (CAT) (a) and superoxide
dismutase (SOD) in serum (b). * p < 0.05 and ** p < 0.01.

4. Discussion

As lifestyles change and people focus more on eating healthy, many natural products
with health benefits are being discovered. Based on the obesity management strategy of
natural product intervention, we have developed a functional snack (CFJ) that is well suited
to satisfy the demand of people for nutrition and health. In previously published studies,
chenpi has shown excellent antioxidant effects in vitro and in vivo [36,37]. Therefore, chenpi
was the main functional ingredient during the development process, which provides the
CFJ with more prosperous bioactive substances and better health benefits. In the SFE, we
noticed a decrease in the CFJ sensory scores with the increasing content of chenpi above
30%. It may be because the bitter compounds, such as limonoids in the chenpi, can be
accumulated in the CFJ as the concentration of the chenpi decoction increases [15]. Orange
juice can provide the CFJ with abundant vitamin C and phenolic substances, which can
enhance both the flavour and the nutrition of the CFJ. Calcium ions are necessary for
the LMP to produce jelly [38], similar to the results of previously published studies [39],
pectin can form relatively good gels and be suitable for 3D food printing at a calcium
ion concentration of 1.4 mg/mL. The main objective of RSM is to obtain the optimum
formulation of the functional ingredients [40]. In our experiments, the optimized CFJ
sensory acceptability was high, with significant effects of orange juice and pectin on the
overall sensory evaluation.

Nowadays, the typical way to produce large-scale jellies is to use traditional plastic
moulds, but the limitations of the moulds make it challenging to produce more complex
shapes [41]. Compared with traditional tactile tools, 3D food printing is more capable of
meeting the needs of consumers for personalization [42]. The most successful examples
of 3D printing applications in the food industry are chocolates [43], in addition to similar
paste-like foods, such as mashed potatoes [44] and fruit purees [29]. As a result of the test,
the CF] made using the optimal formula can meet the requirements of 3D food printing and
successfully print the desired food shape. Although the cost of using traditional moulds, to
obtain jelly shapes, is lower at this stage, many people are unsatisfied with the same old
food shapes. Thus, personalization will be the future trend, and it is necessary to explore
the 3D food printing of the CFJ.

Similarly, Khouryieh, H.A. et al. prepared a low-calorie grape jelly containing 10 calories
per serving [45]. Acosta O. et al. produced a low-calorie blackberry jelly that offered under
8 calories per recommended amount [46] and a mixed fruit jelly that offered less than 12 calo-
ries for each recommended amount [47]. Previous studies reported that foods with reference
intakes defined as 30 g or less and not exceeding 40 calories per reference serving, were
considered low-calorie products [47]. Actually, based on the comprehensive consideration of
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the recommended intake of each ingredient in the CF]J, the daily intake of the CFJ should be
less than 30 g, thus providing less than 25.8 calories per serving of the CFJ.

The results showed that the CFJ is rich in phenols and flavonoids (12.44 + 0.26 GAE
mg/g and 3.64 £+ 0.21 RE mg/g fresh weight, respectively), which may be due to the
inclusion of chenpi and orange juice. Both chenpi [20] and orange juice [48] are rich in
phenolic compounds, and flavonoids are the most abundant phenols [49]. The total phenol
content (TPC) in the dried peels of Citrus reticulata (chenpi) was about 42-51.8 mg GAE/g,
and the total flavonoid content (TFC) was approximately14.0-31.9 mg/g [17], which varies
from the place of origin. Moreover, orange juice’s total phenols and flavonoids varied
significantly with different varieties and sources. The TPC of 100% orange juice was 34 mg
GAE/500 mL, determined by Dourado, G.K. et al. [50], and the TPC and TFC in fresh
orange juice were about 89.0 £ 5.4 mg GAE/100 mL and 57.3 mg RE/100 mL, determined
by Vieira EN. et al. [51].

The ABTS, DPPH, and FRAP methods are commonly performed to determine the
antioxidant capacity in vitro [52]. Since the reaction principles of the three assays are differ-
ent, it is necessary to apply them jointly to obtain a better precise result for the antioxidant
ability [53,54]. Citrus fruits are generally considered to have the good antioxidant capacity.
Studies by Chunhua Zhu et al. indicated that the ABTS scavenging ability of citrus varied
from 72.94 to 45.37 mmol TE/g fresh weight (FW), 10.29 to 21.31 mmol TE/g FW, in the
DPPH assay, and 10.8 to 17.66 mmol TE/g FW, in the FRAP assay [55]. Kopjar, M. et al.
developed a gel with citrus fiber/blackberry and its antioxidant ability in ABTS, DPPH,
and FRAP assays were 1.526 + 0.099 umol TE/100 g, 216.55 & 1.57 nmol TE/100 g, and
291.05 £ 0.96 nmol TE/100 g, respectively [56]. A significantly higher scavenging of ABTS
by the CFJ than by the DPPH assay and the FRAP test was observed in our study. This dif-
ference may be due to the fact that the various antioxidants present in the CF] respond in a
different manner to the free radicals or ferric ions used in the test method [52]. Furthermore,
the scavenging capacity of the CFJ for ABTS was remarkably higher than that of DPPH, due
to the ABTS test tending to react with highly pigmented and hydrophilic antioxidants, more
than with the DPPH method [57]. Similar findings were reported in previous studies [33],
where the antioxidant ability of fruit or vegetable extracts, determined by the ABTS method,
was better than with the DPPH and FRAP methods [57]. Additionally, the vitamin C in
orange juice is extremely susceptible to oxidation by oxygen in the air [58,59]. Although
we have tried to minimize the time of exposure to air when preparing and measuring the
antioxidant activity of the jelly, such as measuring the antioxidant activity immediately after
the sample preparation, some of the vitamin C in the jelly will still be oxidized. Therefore,
the actual antioxidant activity of the jelly may be larger than the experimentally measured
value. We expect to minimize the oxidation of vitamin C during further production of the
jelly, in the future.

We noticed a decline in body weight gain and white adipose tissue (WAT) and an
increase in brown adipose tissue (BAT) in healthy mice, after the consumption of high
concentrations of the CFJ. The primary role of WAT is to store energy, while BAT is respon-
sible for thermogenesis [60]. Our results suggest that the CF] may exert an anti-obesity
effect by promoting thermogenesis in the body. Meanwhile, the anti-obesity effect of the
CFJ may be closely related to chenpi [61]. The Chenpi extract was reported to reduce the
adipogenesis of 3T3-L1 adipocytes [62] and alleviate obesity and hepatic steatosis induced
by a high-fat diet [63]. Moreover, orange juice, another major component of the CFJ, may
have a significant role, due to its richness in vitamin C and flavonoids. Moro (a blood
orange) juice was reported to inhibit body weight gain, inguinal fat accumulation [64], and
fatty liver in high-fat diet mice [65]. Furthermore, a clinical trial has shown that orange
juice can reduce weight and improve obesity-related symptoms when combined with a
reduced-calorie diet [66]. In general, the mechanisms by which dietary fiber contributes to
weight loss include delaying gastric emptying, reducing glucose diffusion, and preventing
fat absorption [67]. Dietary fibers that can form gels, similar to pectin, could bind bound
bile acids and micelle components [68], which in turn reduce the fat absorption in the
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intestine. It may be key to the pectin-mediated reductions in weight gain. Moreover, Pectin
is a kind of soluble dietary fiber that could improve obesity and the metabolic syndrome,
and increase satiety after intake [69]. Therefore, pectin could reduce weight by increasing
satiety [70]. In our experiments, the mice’s body weight, food intake and liver weight were
reduced after high concentrations of the CFJ] were administered. It is indicated that the
anti-obesity effect of the CFJ] may be achieved by increasing the satiety in mice.

Generally, the high levels of TC, TG, LDL-C and the low levels of HDL-C in the serum
are positively correlated with obesity and hyperlipidemia [71]. A study by Qian Y. et al. has
shown that the administration of chenpi powder reduced the TC concentration in healthy
mice [20]. In a similar study, serum HDL-C levels in healthy mice were significantly reduced
after supplementation with low concentrations of Ganpu tea [72]. In our experiment, it was
observed that the serum TC, TG, and LDL-C levels of mice supplemented with the CFJ] were
obviously higher than those of the C group. At the same time, the HDL-C concentration
was markedly lower than that of the C group. However, this phenomenon was alleviated
with the increase in the supplementary concentration of the CFJ. It may be related to the
appetite and body weight of mice. The appetite of mice was slightly increased by the intake
of the CFJ at low concentrations, resulting in the higher body weight of mice in group L,
than in group C (but not significantly). However, with the increase in the CF] concentration,
the appetite of the mice was inhibited and their body weight decreased.

CAT and SOD are necessary antioxidant enzymes in the body, and their synergistic
effect can scavenge free radicals [73]. Our experiment has shown that supplementing the
CFJ with medium and high concentrations could enhance the antioxidant capacity in vivo
by increasing the CAT and SOD activity. It can be explained by the chenpi decoction. Chenpi
is rich in poly methoxy flavones (PMFs) [74], which may provide anti-inflammatory and
antioxidant benefits [17]. Furthermore, these antioxidant effects may be partly associated
with the concentration of vitamin C in orange juice. This result corresponds to the in vitro
antioxidant assay of the CFJ. Overall, the potential anti-obesity and antioxidants exhibited
by the CFJ in healthy mice may result from the combined effect of several main components.

5. Conclusions

In summary, a kind of formulation of the functional jelly was developed, based
on citrus products, including chenpi, orange juice, and citrus pectin, in this study. Our
results show that the CFJ we developed is a healthy and beneficial snack rich in bioactive
substances with low-calorie and antioxidant in vitro properties. The CFJ prepared by the
best formula could also be personalized by the 3D food printing technology for the jelly
shape. Moreover, in vivo results show that supplementing the CFJ daily may prevent
obesity and improve the antioxidant ability. The development of the CFJ in this study used
citrus-based raw materials, which could promote the utilization of citrus by-products and
the healthy development of the citrus processing industry.
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