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Abstract: Plant extracellular vesicles (PEVs) have attracted increasing attention due to their rich
composition, good antioxidant and anti-inflammatory activity, and ability to transport drugs. As a
common fruit, citrus is an ideal material for extracting PEVs because of the diversity and abundance
of bioactive substances in it. In our study, citrus-derived extracellular vesicles (CEVs) were extracted
from red mandarin (Citrus reticulata Blanco cv. ‘Dahongpao’) and it was found that they contain high
levels of lipids, proteins, and carbohydrates. The high levels of total phenols and total flavonoids
suggest that CEVs have good chemical antioxidant properties. We also demonstrated through cell
experiments that CEVs have significant antioxidant and anti-inflammatory effects. Furthermore,
we found that CEVs have an encapsulation rate of 71.5 & 0.19% and a high drug-carrying capacity
of 4.96 £ 0.22% and can enhance antioxidant and anti-inflammatory activity when loaded with
tangeretin. Our results show that CEVs contain abundant bioactive components, have low toxicity,
exhibit good antioxidant and anti-inflammatory properties, and can serve as drug delivery agents.
This study has important implications for utilizing citrus materials and developing natural anti-
oxidative and anti-inflammatory biomaterials.
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1. Introduction

Extracellular vesicles (EVs) represent a diverse population of membrane-bound struc-
tures that are released by eukaryotic cells into the extracellular environment [1,2]. The
diameter of these vesicles is typically below 500 nanometers, and they feature a phospho-
lipid bilayer and encapsulate a variety of molecules including lipids, proteins, and nucleic
acids [3-5]. Having traditionally regarded them as focal points for cellular waste elimina-
tion, recent studies have unveiled the multifaceted beneficial roles of extracellular vesicles
in cellular signaling, antiviral defense, and various other physiological processes [6-9].
This discovery has sparked an enthusiastic exploration into the potential health benefits
associated with extracellular vesicles.

Plant-derived extracellular vesicles (PEVs) are small vesicles, enclosed by a membrane,
that are released by plant cells. These vesicles closely resemble the size and morphology of
exosomes found in mammalian cells [10,11]. PEVs are considered fundamental components
of the defense mechanism plants employ against pathogen invasion [12]. Alongside lipids,
proteins, and nucleic acids, PEVs possess a rich assortment of metabolic byproducts within
their internal compositions [13,14]. These metabolic byproducts often possess remarkable
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biological activities such as anti-inflammatory and antioxidant effects. The types and
quantities of these metabolites are usually correlated with the extraction matrix of PEVs [13].
Thus, the inherent nutritional characteristics and potential health value of fruits have
sparked significant interest in extracting PEVs from fruits for their antioxidant properties
and potential application in nutritional therapies [15-17]. This growing interest stems from
the recognition of the valuable role that PEVs derived from fruits can play in promoting
overall health and well-being.

PEVs extracted from fruits such as grapes, grapefruits, lemons, apples, and straw-
berries exhibit notable antioxidant activity and contribute to maintaining intestinal home-
ostasis [16,18-20]. Furthermore, the ability of PEVs to withstand the challenges of the
gastrointestinal environment has led to their recognition as the components of a novel drug
delivery system [21,22]. By encapsulating exogenous molecules such as medications or
other beneficial substances, PEVs offer an enhanced platform for delivering therapeutic
agents with improved efficacy [23,24]. This unique characteristic of PEVs presents exciting
opportunities for targeted and efficient drug delivery, opening new avenues in medical
research and treatment.

The aim of this study is to extract extracellular vesicles from the red mandarin (Citrus
reticulata Blanco cv. ‘Dahongpao’), analyze their composition and properties, investigate
their potential role in mitigating biological cellular oxidative stress and inflammation, and
assess their potential as carriers for drug delivery. To achieve this, the study used PEG
precipitation to extract CEVs and was divided into three parts: 1. Characterization, compo-
sition analysis, chemical antioxidant activity testing, and storage stability testing of CEVs.
2. Studying the ability of CEVs to mitigate oxidative stress induced by H,O, treatment
and reduce LPS-induced cell inflammation in RAW264.7 macrophages. 3. The loading of
tangeretin onto CEVs as a carrier and testing the antioxidant and anti-inflammatory effects
of CEVs-TAN (Citrus-derived extracellular vesicles loaded with Tangeretin) on cells treated
with H,O, and LPS.

2. Materials and Methods
2.1. Reagents and Materials

Red mandarin (Citrus reticulata Blanco cv. ‘Dahongpao’) was gathered from Puya
Village, Dazhou Town in Wanzhou District, Chongqing. It was then transported to the Key
Laboratory of Agricultural Biosafety and Green Production at the School of Horticulture
and Landscape Architecture, Southwest University in Chongqing, China. Tangeretin was
procured from Shaanxi Huike Botanical Development Co., Ltd. (Shaanxi, China). PEG6000
was purchased from Chengdu Kelong Chemical Reagent Factory (Chengdu, China). PLGA
was purchased from Nanjing Herbal Source Biotechnology Co., Ltd. (Nanjing, China).
RAW264.7 mouse macrophages were purchased from Procell (Wuhan, China). Dulbecco’s
Modified Eagle Medium (DMEM) was purchased from gibco(Shanghai, China). Fetal
bovine serum (FBS) was purchased from Yeasen Biotechnology (Shanghai) Co., Ltd. (Shang-
hai, China). Penicillin/Streptomycin was purchased from Yeasen Biotechnology (Shanghai)
Co., Ltd. (Shanghai, China). Lipopolysaccharides (LPSs) were purchased from Nanjing
Herbal Biotechnology Co., Ltd. (Nanjing, China). Hydrogen peroxide (H202) was pur-
chased from Chongqing Chuandong Chemical Co., Ltd. (Chongqing, China). Nitric oxide
test kits were purchased in Beyotime (Shanghai, China). Superoxide dismutase kit, peroxi-
dase kit, and peroxidase kit were purchased from Shanghai Youxuan Biotechnology Co.,
Ltd. (Shanghai, China). Polyvinyl alcohol (PVA) was purchased from Chengdu Kelogne
Chemical Co., Ltd. (Chengdu, China).

2.2. Extraction of CEVs

Juice the whole fruit with a joyoung wallbreaker (model: L18-P161), then crush and
homogenize. Filter the resulting homogenate through a 60-mesh, four-layer gauze to obtain
a filtrate. Centrifuge the filtrate at 4 °C and 2000x g for 10 min to remove large particle
impurities and collect the supernatant. Then, centrifuge the filtrate at 4 °C and 6000x g for
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20 min to remove the precipitate and collect the supernatant. Next, centrifuge the filtrate
at 4 °C and 10,000x g for 30 min to remove impurities such as tissues, cell debris, and
lipids and collect the supernatant. Lastly, centrifuge the supernatant at 10,000x g until no
impurity particles settle and collect the clear supernatant. Further filter the centrifuged
supernatant through a 0.45 um filter to remove smaller impurities. To prepare the 40%
PEG6000 solution, weigh and dissolve 40 g of PEG6000 in 100 mL of ultrapure water.
Then, mix the collected supernatant with the prepared solution to obtain a 10% PEG6000
concentration. Stir the mixture well and incubate it overnight at 4 °C. After incubation,
centrifuge the mixture at 10,000x g for 30 min at 4 °C to form a precipitate. Dissolve the
precipitate in an appropriate amount of PBS solution and filter it through a 0.22 pm filter to
obtain CEVs using the PEG method.

2.3. Evaluation of CEVs
2.3.1. Analysis of CEV Morphology by Using Transmission Electron Microscopy

Prepare samples for JEM-1200EX imaging (100 KV): place sealing film on glass sheet
and secure copper mesh with forceps. Add 10 puL drops of sample to mesh and remove
excess liquid with filter paper. Apply 10 uL of 3% uranyl acetate, wait 1-3 min, and remove
excess stain with filter paper. Let mesh dry naturally for 10 min. The TEM (Transmission
Electron Microscope, JEM-1200EX, JEOL Ltd., Tokyo, Japan) has a point resolution of
0.14 nm. A carbon support membrane with a pore size of 230 mesh is used. The imaging
software (4.6.0) employed is Olympus Image Share.

2.3.2. Malvern Laser Particle Size Analyzer

The Nano ZS90 particle size and zeta potential analyzer, along with a Nano Zetasizer
Model ZS dynamic light scatterometer, was used to analyze the particle size and potential of
extracellular vesicles from Citrus reticulata Blanco cv. ‘Dahongpao’. The prepared samples
were diluted 50 times with PBS before the determination. The particle size of Citrus reticulata
Blanco cv. ‘Dahongpao’ extracellular vesicles was measured at 25 °C at an angle of 173°
using a Nano Zetasizer Model ZS dynamic light scatterometer. The measurements were
performed at a temperature of 25 °C. The average values were determined by averaging
the results of three measurements for each sample, with 100 runs per measurement.

2.3.3. Identification of CEVs Components
Protein Content Determination

A quantity of 1 mL of CEV sample was taken out under freezing conditions and added
to 500 uL of RIPA buffer with protease inhibitor (RIPA: FMSP = 100:1). The EVs’ suspension
was mixed with strong RIPA lysis buffer and shaken. The EVs were ice-bathed for 30 min,
and during this time, the sample was repeatedly pipetted up and down using a pipette
gun to ensure complete cell lysis. The supernatant was collected using centrifugation at
12,000 g for 5 min and used as the total protein solution. The total protein content of
the supernatant was determined using a BCA protein assay. Plant extracellular vesicles
are similar to those of animals, and reference is made to the quantification method using
exosomes, using the proteins of CEVs as standards for subsequent experiments [25,26].

Lipid Content Determination

The total lipid content of the CEVs was determined using the Bligh and Dyer method
with methanol/chloroform extraction [27]. Under frozen conditions, 1 mL of the EV sample
was extracted by adding a 2:1 (v/v) mixture of methanol/chloroform (3 mL). Chloroform
(1 mL) and ddH,O (1 mL) were added to the mixture and vortexed. The mixture was
centrifuged at 2000 g for 10 min at 22 °C to obtain two phases (i.e., aqueous and organic
phases). The upper organic phase was taken and the solvent was rotary-evaporated at
60 °C until dryness. The weight of total lipids was measured after weighing the dried
samples.
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Total Sugar Content Determination

Under frozen conditions, 1 mL of CEV sample was taken out and added to 20 mL of
anhydrous ethanol, and this was followed by ultrasound treatment for 30 min. The mixture
was centrifuged at room temperature at 4000 r/min for 10 min, and the solvent fraction
was removed. The remaining organic solvent was evaporated under nitrogen protection,
then the weight of the dry residue, which represents the total sugar content, was measured.

Determination of Total Phenol and Total Flavonoid Content

The extracted CEVs were firstly deconstructed using a low-temperature ultrasonic
extraction solution to disrupt the vesicle structure, with 60% power for 2 s on and 2 s
off, lasting for 1 min. The resulting CEVs were named Ult-CEVs. Then, the CEVs were
chemically deconstructed using TritonX-100 at a volume ratio of CEVs to TritonX-100 of
1:1000. The treated CEVs were placed at room temperature for 30 min and named Trx-CEVs.
The treated CEVs were freeze-dried to dry solids and dissolved into 80% methanol, and
then their total phenolic and total flavonoid contents were determined. Total phenolic
determination: The total phenolic content of the CEVs was measured using the Folin-phenol
method. Specifically, 0.3 mL of CEVs was mixed with 4 mL of distilled water and 400 uL of
Folin—Ciocalteu reagent. After being kept in the dark for 5 min, 2 mL of Na,COj3 solution
(5%) was added. The mixture was then kept in the dark for 60 min for a reaction to occur
before the total phenolic content was measured using a spectrophotometer at 765 nm. Total
flavonoid determination: A quantity of 0.5 mL of the CEV sample was mixed with 0.7 mL
distilled water and 0.2 mL of 5% NaNO,, and the mixture was shaken and placed in the
dark for 6 min. Then, 0.2 mL of 10% Al(NOj3); was added and shaken and the mixture was
again placed in the dark for 6 min. Next, 2 mL of 1 mol-L~! NaOH was added, and the
mixture was shaken and brought up to a total volume of 5 mL with 1.4 mL distilled water.
The mixture was shaken well and placed in the dark for a further 15 min. Absorbance was
measured at 500 nm.

Determination of Flavonoids

The extracted CEVs were freeze-dried into solids and assayed by HPLC. The freeze-
dried samples were mixed with 90% ethanol by volume, sonicated at 300 W for 30 min, and
centrifuged at 1000x g for 10 min to obtain the supernatant, which was then analyzed by
HPLC with specific parameters as described by Zixiao Jiang in the extraction process of
polymethoxyflavones from the sour orange (Citrus aurantium L.) [28].

2.3.4. Chemical Evaluation of the Antioxidant Capacity of CEVs

We measured the chemical antioxidant properties of CEVs, Ult-CEVs, and Trx-CEVs
by using three assays, namely ABTS radical scavenging activity, DPPH radical scavenging
activity, and FRAP ferric ion reduction capacity, which were used to evaluate the chemical
antioxidant properties of CEVs. To standardize our results, we used Trolox as a reference
standard and expressed the findings in Trolox Equivalent (TE) per mL (umol/mLTE). Prior
to analysis, all samples were diluted five times with distilled water. For the ABTS assay,
we mixed ABTS solution (7 mM) and K;,5,0, solution (140 mM) and then allowed them
to react for 12-16 h before diluting the mixture with anhydrous ethanol to an absorbance
value of 0.70 £ 0.02 at 734 nm. Then, we added 40 puL of each sample or Trolox solution to
3.90 mL of the diluted ABTS solution and incubated this under light-proof conditions for
10 min before reading the absorbance at 734 nm. For the DPPH assay, we added 100 pL
of each sample or Trolox solution to 3.80 mL of DPPH solution (75 pmol/L), which was
protected from light for 30 min, and then measured the mixture at 517 nm. In the FRAP
assay, we prepared acetate buffer (0.3 mol/L, pH = 3.6), FeCls solution (20 mmol/L), and
TPTZ working solution (10 mmol/L) using HCl (40 mmol/L). We mixed these solutions in
a 10:1:1 ratio to obtain TPTZ solution and then measured the absorbance at 593 nm after
incubating 100 pL of each sample or Trolox solution with 3.90 mL of TPTZ solution for
30 min under light-proof conditions.
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2.3.5. Storage Stability

The CEVs was separately placed in centrifuge tubes and stored at two different
temperatures, namely 4 °C and —80 °C. The stored samples were tested for changes in
particle size and potential on days 1, 5, 10, and 15.

2.4. Assessment of Anti-Inflammatory and Antioxidant Capacity
2.4.1. Cell Recovery and Culture

To prepare the complete medium, a combination of 10% serum and 1% penicillin
and streptomycin in DMSO was used. The frozen RAW264.7 macrophages were then
removed and thawed in a stable aqueous solution at 37 °C. After warming to 37 °C, the
RAW?264.7 macrophages were placed into a sterilized 50 mL centrifuge tube, and then, 4 mL
of complete culture medium was added. Following this, the cells were centrifuged for 5 min
at room temperature with a speed of 1000 rpm. Next, the supernatant was discarded and
4 mL of complete culture medium was added to resuspend the RAW264.7 macrophages.
The suspension obtained was slowly added dropwise to a 6-well plate for incubation with
light shaking to evenly spread the cells in the well (2 mL of cell suspension per well). After
observation under a microscope, the RAW264.7 macrophages were subsequently incubated
in an incubator at RH = 80%, 37 °C, and 5% CO,.

2.4.2. Cell Viability Assay

An amount of 2 x 10° cells in a volume of 100 uL was added to each well of a 96-well
cell culture plate and incubated for 24 h. Following that, RAW264.7 cells were treated with
fresh medium containing varying concentrations of CEVs and CEVs-TAN (ranging from
0 pg/mL to 400 pg/mL). After being placed in the incubator for another 24 h, the cell
cultures were removed, and 10 pL of CCK-8 solution was added to each well. The plate
was then incubated at 37 °C for 1 h before we measured the optical density (OD) at 450 nm
using an enzyme marker from Thermo Scientific, Waltham, MA, USA.

2.4.3. H,O,-Induced Oxidative Stress

The 30% H,O, solution was diluted with complete medium to yield concentrations of
0.002-0.0055%. RAW264.7 macrophages were cultured in a 96-well plate and added with
100 pL of the prepared H,O, solutions at different concentrations, with three replicates for
each concentration treatment. The cell culture plates were then incubated for 2 h. After
the incubation, the complete medium and H;O, solutions in the plate were removed. A
quantity of 100 puL of PBS was added slowly to wash the cells. Then, the PBS was aspirated,
and a mixture of 100 puL of complete medium and CCK-8 reagent solution (in a ratio of 9:1)
was added to each well. The plate was put back into the incubator for an additional hour.
At the end of the incubation, the optical density (OD) of the cell culture medium at 450 nm
was measured using a microplate reader.

2.4.4. Nitrogen Monoxide (NO) Determination

After allowing the GriessA and B solutions to reach room temperature, transfer 50 pL
of supernatant from each well into a new 96-well plate. Next, mix GriessA and B solutions
in equal volumes and then add 100 pL of the mixed solution to each well of the 96-well
plate containing the supernatant samples. Mix the contents of each well thoroughly before
measuring the absorbance at 540 nm.

2.4.5. Malondialdehyde (MDA) Determination

To perform the assay, 5 million collected cells were added to 1 mL of extraction solution.
After cell lysis according to the kit instructions, 300 puL of Reagent 1 was added together
with 100 pL of sample solution. The mixture was then subjected to centrifugation after
a water bath treatment at 95 °C for 30 min. Next, 200 uL of supernatant was carefully
transferred to a new 96-well plate for absorbance analysis. The absorbance values were
measured at 532 nm and 600 nm.
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2.4.6. Antioxidant Enzyme Index Determination

The cells were collected and resuspended in 500 pL of extraction solution. Sonica-
tion was performed with a power of 20%, using 3-s pulses at 10-s intervals, for a total of
30 repetitions to break up the cells. The activity of CAT enzyme was measured by de-
termining OD values at 240 nm, while POD enzyme activity was determined at 450 nm
following the operating procedures provided in the respective kits. The OD values of
CAT at 240 nm and POD at 450 nm were then recorded. For T-AOC determination, the
cells were resuspended in 1 mL of extraction solution and sonicated using a power of
20% with 3-s pulses at 10-s intervals, repeated 30 times, as per the instructions of the Total
Antioxidant Capacity Reagent kit. The OD value at 593 nm was determined to assess the
total antioxidant capacity of the sample.

2.4.7. LPS Induce Cellular Inflammation

To prepare a lipopolysaccharide (LPS) solution, we dissolved 1 mg of LPSs in 1 mL of
PBS. The LPS solution was then diluted with complete medium to obtain a concentration
of 3 pg/mL. Next, 5 x 10° cells were added into each well of a six-well cell culture plate
and incubated for 24 h until adherent. Following this, the supernatant was discarded, and
2mL of 3 ug/mL LPS solution was added into each well. The cells were allowed to incubate
with LPSs for 4 h.

2.4.8. Expression Measurement of Inflammatory Factors

Cells were collected with a cell scraper and added to 600 pL of cell lysate (TTANGEN,
Beijing, China). The lysed cells were used for RNA extraction and cDNA transcription using
the Evo M-MLV Reverse Transcription Premix Kit (AG, Hunan, China). Quantification
was performed using the SYBR Green Pro Taq HS Premix qPCR kit (AG, Hunan, China).
Primers for inflammatory genes were synthesised by UW Genetics (Shenzhen, China).

2.5. CEVs Loaded with Tangeretin
2.5.1. Preparation of CEVs-TAN

First, 0.1 g of PLGA and 0.1 g of Tangeretin were added to dichloromethane and
sonicated at 60% power for 10 min until completely dissolved, then they were added to
1% PVA with constant magnetic stirring and placed on ice using a 20% power ultrasonic
extractor working for 2 s and stopping for 2 s for a total of 2 min. At a temperature of 4 °C,
we centrifuged the mixture at a speed of 8000 rpm for 10 min, removed the supernatant,
and then centrifuged again for another 10 min at the same speed of 8000 rpm. The cen-
trifuged supernatant was centrifuged at 14,000 rpm for 40 min at 4 °C, the supernatant was
discarded, and the precipitate was taken and re-dissolved in 0.5 mL of PBS and collected to
obtain PLGA-Tangeretin nanoparticles. The prepared CEVs were then mixed with PLGA-
Tangeretin nanoparticles at a volume ratio of 1:1 and sonicated at 40% power for 5 min,
followed by centrifugation at 14,000 rpm for 40 min at 4 °C. The supernatant was discarded
and re-dissolved in PBS to obtain CEVs-TAN.

2.5.2. Drug Encapsulation and Loading Efficiency Evaluation

The drug loading efficiency of CEVs and the encapsulation rate of Tangeretin by
PLGA was determined by using a Beckman Coulter UV spectrophotometer. After be-
ing freeze-dried, the sample was weighed (10 mg) and then dissolved in a solution of
ethanol:dichloromethane (10:1, v:v) at a concentration of 5 mL. The resulting mixture
was sonicated for 10 min at 60% power, and subsequent to centrifugation at 8000 g for
10 min, the supernatant was collected for further determination. The UV spectrophotome-
ter was employed to determine the maximum absorption wavelength of Tangeretin. The
absorbance values at this wavelength were measured for different Tangeretin concentra-
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tions, and a standard curve was subsequently established. The encapsulation rate (ER) and
loading capacity (LC) are calculated using the following equations:

1 — free content

Encapsulation rate (ER) = input amount

)

_ Extracellular vesicle drug content
~ Total mass of extracellular vesicles

Loading capacity (LC) 2

2.6. Statistical Analysis

All data were reported as “mean =+ standard deviation” of at least triplicate mea-
surements per sample. One-way analysis of variance (ANOVA) and Duncan’s test were
conducted using SPSS 17.0, and p < 0.05 was considered statistically significant.

3. Results
3.1. Identifification and Characterization of CEV's

This experiment described that the CEVs were obtained from juice by using the
PEG6000 polymer precipitation method, as shown in Figure 1A. The transmission elec-
tron microscopy image shows that the extracted CEVs are spherical vesicles of about
200 nanometers in size, with irregular shapes in the middle of the vesicles, which is con-
sistent with the experimental results of a previous study [29]. Figure 1B confirms the size
range of CEV particles to be approximately 60-500 nanometers through the analysis of
the nanometer particle characteristics and zeta potential analyzer, with an average size
of about 190 nanometers. In addition, the measured electric potential is approximately
—5 My, and the PDI coefficient is approximately 0.17, indicating that the distribution of
CEVs is relatively narrow and has good singularity.

B

Intensity (Percent)
=
o

1 10 100 1000 10,000
Side (nm)

Figure 1. Shape and particle size of CEVs. Transmission electron microscopy morphology of
CEVs (A); particle size diagram of CEVs (B).

3.2. Chemical Composition of CEVs

Figure 2A displays the sugar, protein, and lipid contents of CEVs. The total sugar
content of CEVs was determined to be 6.29 =+ 0.18 mg/mL using the Phenol-Sulfuric Acid
Assay method; the protein content was determined to be 46.38 £ 0.43 mg/mL using the
BCA method, and the lipid content of CEVs was determined to be 78.80 £ 1.83 mg/mL
using the Bligh and Dyer method.
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Figure 2. Determination of the chemical composition contents of CEVs. Determination of total sugar
content, total lipids, and total protein content of CEVs (A); the total phenol and total flavonoid
contents in CEVs were determined both by themselves as well as by ultrasonic deconstruction and
chemical deconstruction (B); types and contents of flavonoids detected in CEVs (C). Values in the
same row with different superscript letters are significantly different (p < 0.05).

Figure 2B determines the differences between the contents of total phenols and total
flavonoids in CEVs under different conditions. The total phenol content in CEVs was
681.02 £ 13.98 ug/mL and the total flavonoid content was 333.61 + 38.16 nug/mL. After ul-
trasonic deconstruction, the total phenol content in Ult-CEVs increased to 755.09 & 5.38 ug/mL
while the chemical deconstruction of Trx-CEVs revealed a total flavonoid content of
538.06 + 5.36 ng/mL. The contents of both total phenols and total flavonoids after decon-
struction were higher than those in CEVs. As shown in Figure 2C, three citrus flavonoids
were detected in high quantities in the CEVs, consisting of Neohesperidin, Sinensetin, and
Nobiletin, with the highest content being that of Nobiletin, reaching 15.44 4 0.194 mg/mL,
followed by Sinensetin at 4.678 £ 0.276 mg/mL. The Neohesperidin content was
2.54 4+ 0.286 mg/mL.

3.3. Chemical Antioxidant Activity of CEVs

The CEVs, Ult-CEVs, and Trx-CEVs were analyzed for their antioxidant activity using
ABTS, DPPH, and FRAP assays, respectively. The antioxidant capacity of the CEV samples
was measured by eliminating ABTS+ and DPPH+ radicals and calculating the absorbance
values. The reduction capacity was determined through a blue complex formation using
the FRAP method. The chemical antioxidant capacity of the Ult-CEVs was found to be
stronger than that of the CEVs, possibly due to the increase in antioxidant substances
after ultrasonic deconstruction, leading to an enhancement of their antioxidant capacity
(Table 1).

Table 1. Chemical antioxidant capacity of CEVs under different conditions.

Antioxidant Activities (umol/g TE)

NO.
ABTS DPPH FRAP APC Rank
1 CEVs 37578 £1.92P 68564+ 022° 18543 + 0.58°¢ 94.32 3
2 Ult-CEVs  369.11 +£1.92¢ 75,62 4+0.772 192.60 + 0.50 2 98.11 1
3 Trx-CEVs 39133 £0.002  73.054 022> 18743 +029° 97.97 2

Note: ABTS, DPPH, and FRAP are methods used to measure antioxidant activity while APC represents the total
score of all three measurements combined. The rank shows the order of each sample’s overall antioxidant capacity.
Values in the same row with different superscript letters are significantly different (p < 0.05).

3.4. Storage Stability

Batches of prepared CEVs were stored at 4 °C and —80 °C to investigate variations
in particle size during storage (Table 2). We measured the particle size, potential, and PDI
indices of CEVs to observe their stability under different storage conditions. Over time, the
particle size, potential, and PDI values of the CEVs stored at 4 °C exhibited an increasing
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trend. The particle size of the CEVs increased significantly from 165.63 £ 1.97 nm to
333.70 &+ 11.72 nm during storage at 4 °C, with the particle size values more than doubling
after 15 days of storage. In contrast, the particle size of the CEVs increased slightly from
172.90 + 1.32 nm to 196.16 £ 1.69 nm when stored at —80 °C, and the increase in particle
size over fifteen days was only around 23 nm. The potential of the CEVs decreased
significantly from —5.38 & 0.03 mV to —11.00 £ 0.46 mV, and the PDI increased from
0.17 4 0.01 to 0.66 £ 0.10 after being stored for 15 days at 4 °C, indicating a decrease in the
stability of CEVs during storage. Conversely, there was no substantial change observed in

the potential and PDI of the CEVs stored at —80 °C from day one up to 15 days.

Table 2. Changes in physical characteristics of CEVs at different storage temperatures and times.

Storage Temperature

Storage Time

Average Particle Size

Zero Potential

Simple Name ©C) (Day) (am) @mV) PDI
1 165.63 +1.97d —538+0.03d 0.17 £ 0.01 c
5 185.93 + 131 —6.54+035¢ 0.20 4 0.01
4 10 247.73 + 6.00 b ~9.90 +0.17b 0.52 + 0.05 b
15 33370 £ 11.72a ~11.00 £ 046a  0.66+0.10a
CEVs 1 172.90 + 132 c —446+027a 0.17 + 0.02 a
s 5 202.40 + 3.86 a 357 +042a 018 +0.01 a
10 200.77 + 1.76 ab —586+083b 0.20 + 0.03a
15 196.16 + 1.69 b —413+056a 0.18 + 0.02 a

Note: Values in the same row with different letters are significantly different (p < 0.05).

3.5. Effect of CEVs on Cell Viability

RAW264.7 cells were treated with different concentrations of CEVs and incubated
for 24 h in the cell culture box to detect their toxicity towards the cells. Cell viability
was measured using a CCK-8 assay kit, and the corresponding values were calculated.
The results showed that after 24 h of cultivation, the blank group’s cell viability was
79.40 & 2.78% while the treatment group’s cell viability increased with an increase in the
concentration of CEVs (Figure 3). When the CEVs reached a concentration of 400 pug/mL,
cell activity reached 102.10 £ 3.87%, and increasing the CEV concentration to 500 ng/mL or
600 pg/mL showed no significant difference in cell activity compared to that of the group
treated with 400 pg/mL, displaying an effect of promoting cell viability.

0.4+

0.3+

— o

cell viability (%)
o
N}
1
L e

0.1

0.0- T T T
CEVs — 50 100 200 300 400 500 600
(ng/ml)

Figure 3. Toxicity of CEVs to RAW264.7 cells. Toxicity of different concentrations of CEVs on

RAW?264.7 cells. Values in the same row with different superscript letters are significantly different
(p <0.05).
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3.6. Cellular Antioxidant Activity of CEVs
3.6.1. Determination of NO and MDA Indicators

Cells produced an excessive amount of NO when induced by hydrogen peroxide,
which could cause damage to cells. The NO content in the cell culture medium was
measured using an NO detection kit. As shown in Figure 4A, the control group’s NO
concentration reached 8.6 & 0.35 umol/mL after hydrogen peroxide treatment. However,
after adding CEVs, the NO content decreased in the cell culture medium. When the CEV
concentration reached 400 pug/mL, the NO content in the cell culture medium decreased to
5.20 £ 4.67 pmol/mL and there was no significant difference compared to that of the blank

group.
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Figure 4. Determination of the effect of CEVs on cellular NO and MDA indicators after H,O,
treatment of cells. NO content in cell supernatants at different concentrations of CEVs (A). Effect
of CEVs on changes in intracellular MDA content after H,O, treatment (B). Note: ‘pro” stands for
protein. Values in the same row with different superscript letters are significantly different (p < 0.05).

The MDA content in the cells was measured using an MDA detection kit to evalu-
ate changes in the cells’ antioxidant capacity under different treatment conditions. As
shown in Figure 4B, the blank group had an MDA content of 0.084 &+ 0.0013 nmol/mg
prot. Treatment with H,O, led to an increase in the MDA content, which rose up to
0.1024 + 0.0017 nmol/mg prot in the control group. However, after CEV treatment, the
MDA content in the cells decreased. When the CEV concentration was 100 mg/mL, the
MDA concentration in the cells was 0.085 £ 0.0007 nmol/mg prot, which did not differ
significantly from the MDA content of the blank group. This indicates that CEVs have a
certain antioxidant effect and can reduce the damage caused by oxidative stress to cells.

3.6.2. Determination of Enzyme Activity Indicators

This study aimed to evaluate the antioxidant capacity of RAW264.7 cells treated with
different concentrations of CEVs and CEVs-TAN after H,O,-induced oxidative stress by
analyzing SOD, CAT, and T-AOC assay kits. The results are shown in Figure 5A; following
H,0; treatment, the SOD value of the cells decreased significantly from 269.72 £ 7.49 U/mg
prot to 129.74 &+ 7.84 U/mg protein. However, CEV treatment increased the SOD value,
which reached 198.61 £ 9.34 U/mg prot at a concentration of 400 pg/mL, similar to
that of 100 ng/mL, suggesting that CEVs can enhance cellular SOD activity. As shown
in Figure 5B, after H,O, treatment, the CAT value in the cells was 5.14 & 0.083 U/mg
prot. Treatment with CEVs at a concentration of 100 pg/mL resulted in a CAT value of
6.27 £ 0.28 U/mg prot, similar to that of the blank group, but when the concentration was
increased to 400 ug/mL, a significant increase in the CAT value was observed; it measured
8.63 £ 0.15 U/mg prot, indicating CEVs’ ability to promote cellular antioxidant capacity.
These findings suggest that CEVs can elevate cellular CAT content and strengthen cellular
antioxidant defense mechanisms. Moreover, the normal T-AOC value in the cells was
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0.0044 £ 0.00024 U/mg prot, which decreased to 0.0012 & 0.00014 U/mg prot after H,O,
treatment. However, CEV treatment restored the T-AOC values gradually, bringing them
to 0.0039 £ 0.00011 U/mg prot at a concentration of 400 ng/mL, indicating CEVs’ ability
to promote the recovery of the cellular antioxidant capacity after oxidative stress, as shown
in Figure 5C.

A B C

300 104 0.005+
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0.003+4
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SOD (U/mg prot)
CAT (U/mg prot)
T-AOC (U/mg prot)
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0 4 0,000
H,0, - + + + +  Hy0, - + + + + H,0,

CEVs —  — 100 200 400 CEVs —  — 100 200 400  CEVs —  — 100 200 400
(ng/ml) (ug/ml) (ng/ml)

Figure 5. Determination of intracellular enzyme activity under different treatments of H,O;-induced
oxidative stress in cells. SOD content and differences under different CEV concentration treatments
(A); CAT content and differences under different CEV concentration treatments (B); T-AOC content
and differences under different CEV concentration treatments (C). Values in the same row with
different superscript letters are significantly different (p < 0.05).

3.7. Anti-Inflammatory Activity of CEVs
3.7.1. Determination of NO Indicators

The study induced inflammation in cells using 3 ug/mL of LPSs and assessed the cellu-
lar status under different concentrations of CEV treatment by determining the NO levels. As
shown in Figure 6, the NO content of cells in the blank group was 1.53 £ 0.31 pmol/mL. Af-
ter LPS treatment, the NO content increased to 4.13 & 0.31 umol/mL, indicating a significant
2.82-fold increase compared to the blank group. However, treating cells with CEVs gradually
reduced the NO content as the CEV concentration increased. When the concentration of
CEVs reached 400 ng/mL, the NO content in cells was restored to 2.87 £ 0.12 umol/mL.
The experimental results demonstrate that LPS treatment induces cellular inflammation and
significantly increases cellular NO content. However, treating cells with different concentra-
tions of CEVs effectively reduces the cellular NO levels. The restoration of NO content to
near-normal levels at a CEV concentration of 400 ng/mL suggests that CEVs can effectively
reduce the elevation of NO content caused by inflammation in cells.

54
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Figure 6. The content of cellular NO under different CEV concentration treatments after LPS induction.
Values in the same row with different superscript letters are significantly different (p < 0.05).
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3.7.2. Measurement of Inflammatory Factors

The experiment determined the changes in the expression of pro-inflammatory factors
(IL-6, IL-1B, TNFa) and anti-inflammatory factors (IL-10) under different concentrations of
CEV treatment after LPS induction (Figure 7). After LPS induction, the gene expression lev-
els of cellular pro-inflammatory factors (IL-6, IL-18, and TNFx) were significantly increased
compared to the blank group. The expression of IL-6 increased from 0.106 £ 0.0027 in the
blank group to 0.240 £ 0.0149. However, after CEV treatment, the expression of these pro-
inflammatory factors decreased. LPS induction significantly increases the gene expression
levels of pro-inflammatory factors (IL-6, IL-18, and TNFw) in cells, while CEV treatment
can effectively reduce their gene expression levels. At a concentration of 400 pug/mL CEVs,
the expressions of IL-6, IL-15, and TNFa decreased to 0.195 £ 0.00940, 0.470 £ 0.0213, and
0.195 £ 0.00940, respectively. At a CEV concentration of 400 ug/mL, the expressions
of IL-6, IL-1B, and TNF« decreased to near-normal levels, indicating the potential thera-
peutic effect of CEVs against inflammation. After CEV treatment at a concentration of
400 ng/mlL, the expression of IL-10 decreased from 0.0226 £ 0.00148 in the control group
to 0.0102 + 0.00071.
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Figure 7. Differences between the expressions of inflammatory factors under different concentrations
of CEV treatment after LPS-induced cellular inflammation. Differences between IL-6 expression
under different concentrations of CEV treatment (A); differences between IL-1 expression under
treatment with different concentrations of CEVs (B); differences between the expression of TNFx
under different concentrations of CEV treatment (C); differences between IL-10 expression under
different concentrations of CEV treatment (D). Values in the same row with different superscript
letters are significantly different (p < 0.05).

Relative gene expression level
Relative gene expression level

3.8. Preparation of CEVs-TAN and Its Antioxidant and Anti-Inflammatory Evaluation
3.8.1. Loading of Tangeretin by CEVs

CEVs were obtained from red mandarin by whole fruit juice extraction using the
PEG6000 polymer precipitation method as shown in Figure 8A. The extracted CEVs were
combined with PLGA-TAN nanoparticles in a volume ratio of 1:1:v:v, as shown in Figure 8B,
and then ultrasound treatment was used to enable the CEVs to encapsulate the PLGA-TAN,
resulting in CEVs-TAN, as shown in Figure 8C. It is clear from the TEM image that PLGA-
TAN is encapsulated by CEVs and has a good dispersion. As shown in Figure 8D, the
size range of the CEVs-TAN particles was determined by analysing the properties of the
nanoparticles and the zeta potential analyser; the particle size range of CEVs-TAN was com-
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parable to that of the CEVs, but the average size was approximately 220 nm. The measured
potential was approximately —4.8 mV and the PDI coefficient was approximately 0.17.
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Figure 8. CEVs loading Tangeretin: indicator assay. CEVs (A), PLGA-TAN (B), and CEVs-TAN (C)
projection electron microscope images; particle size diagram of CEVs-TAN (D); standard curve of
Tangeretin (E).

The solubility of tangeretin was measured by dissolving it in a 10:1 mixture of ethanol
and dichloromethane and then measuring the maximum wavelength of absorption using
a UV spectrophotometer set at a wavelength of 320 nm. To construct a standard curve
for the solubility of tangeretin, a sample of tangeretin monomer was diluted to concen-
trations in the range 3-12 pug/mL and the absorbance values were measured using UV
spectrophotometry. The equation describing the linear relationship between concentration
and absorbance for the solubility of tangeretin is y = 0.102x — 0.2707 (Figure 8E). This
linear regression equation can be used to calculate the solubility of Tangeretin at any given
concentration from its absorbance value. The amount of Tangeretin and PLGA precipitated
after loading was determined by UV-Vis spectrophotometry. The amount of free tangeretin
after centrifugation was then calculated using the same method. Using the formula given
in Section 2.5.2, the encapsulation efficiency of CEVs-TAN for Tangeretin was calculated
to be 71.5 & 0.19%. The drug loading capacity of red mandarin extracellular vesicles for
tangeretin was determined using UV spectroscopy and found to be 17.83 &+ 0.63 mg/mL.
Based on this formula, the total mass of CEVs (represented by the protein content) com-
pared to the loaded Tangeretin content is the drug loading capacity of CEVs-TAN, which
was calculated to be 4.96 + 0.22%.

3.8.2. Antioxidant and Anti-Inflammatory Evaluation of CEVs-TAN

In this study, the antioxidant capacity of CEVs-TAN after tangeretin loading was
evaluated by comparing 400 pg/mL concentrations of CEVs, CEVs-TAN, and TAN with
an equivalent dose to CEVs-TAN. The oxidative potential of CEVs-TAN was assessed by
measuring MDA content, SOD, and T-AOC levels. The results demonstrated that the MDA
content in the CEVs-TAN group was significantly lower, at 0.0636 + 0.000485 nmol/mg,
compared to the TAN and CEV groups. Moreover, both CEVs and CEVs-TAN treatment
groups exhibited the highest levels of SOD and T-AOC, at 236.299 =+ 9.773 U/mg prot and
0.00456 £ 0.000277 U/mg prot, respectively. These findings suggest that loading tangeretin
onto CEVs can significantly enhance their antioxidant activity, and CEVs-TAN has a strong
antioxidant capacity compared to TAN and CEVs.

In the LPS-induced inflammation model, the CEVs-TAN group showed significantly
lower levels of IL-6 and TNFa gene expression compared to the TAN and CEV treatment
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groups, with values of 0.0310 + 0.00189 and 0.375 £ 0.0195, respectively (as shown in
Figure 9D,E). Moreover, there were significant differences in the gene expression levels
of IL-6 and TNFx between the CEVs-TAN group and both the TAN and CEV treatment
groups. In summary, these results suggest that the CEVs-TAN group may present a more
effective approach for treating LPS-induced inflammation.
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Figure 9. Determination of antioxidant indices and expression of anti-inflammatory factor levels
in cells under CEVs-TAN treatment. Differences in MDA (A), SOD (B), and T-AOC (C) contents of
cells treated with CEVs, TAN, and CEVs-TAN after hydrogen peroxide-induced oxidative stress;
differences in IL-6 (D) and TNF« (E) gene expression in cells treated with CEVs, TAN, and CEVs-TAN
after LPS-induced cell inflammation. Values in the same row with different superscript letters are
significantly different (p < 0.05).

4. Discussion

Extracellular vesicles (EVs) play a critical role in mediating intercellular communica-
tion in various organisms, serving to maintain stem cells and regulate immune function,
repair body tissues [30], and transport proteins, sugars, lipids, bioactive substances, and
genetic material within their lipid bilayer packaging during physiological and pathological
processes [31,32]. In the medical field, extracellular vesicles are used as a natural drug
with an efficient loading effect, allowing the loading of multiple drugs, prevention of drug
degradation, and enhanced endocytosis for the delivery of therapeutic agents or anticancer
agents [33-35]. Existing studies have tested and evaluated the effects of extracellular vesi-
cles loaded with proteins, small molecule drugs, nanoparticles, genetic material, etc. [36,37].
In the field of plant research, extracellular vesicles (EVs) extracted from plants have also
been used as tools for drug delivery. EVs derived from tomato and grapefruit can be used as
nanocarriers to load heat shock protein 70 (HSP70) and deliver it to glioblastoma cells [38].
In addition to their protein delivery capabilities, extracellular vesicle-like nanoparticles
derived from cabbage exhibit the remarkable ability to encapsulate antisense DNA oligonu-
cleotides and successfully transport them into human cells. This exciting finding highlights
the significant promise of utilizing plant extracellular vesicles for advanced nucleic acid
therapies [24]. The wide range of biological sources of plant-derived EVs, their good
biological activity, and their potential as nano-delivery carriers have led to enthusiasm for
research on EVs from different plant sources, especially edible ones.

A large number of extracellular vesicles (EVs) were isolated from whole fruit of red
mandarin (Citrus reticulata Blanco cv. ‘Dahongpao’) using PEG sedimentation in this
experiment. Firstly, the isolated EVs were analyzed and identified. Transmission electron
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microscopy demonstrated that the CEVs were spherical or irregularly spherical with a
particle size of about 150 nm. These results suggest that we extracted small vesicles from
red mandarin, as these vesicles usually have a particle size of less than 200 nm [39]. The
morphology and particle size of our CEVs were similar to those of the vesicles obtained
from grapefruit, but differed significantly from those obtained from ginger, which had
a particle size of 300-400 nm [40,41]. This difference may be related to the fact that we
used 0.22 um filter membranes during the extraction of CEVs. We obtained the total
sugar, total protein, and total lipid content of the extracted extracellular vesicle sample.
As CEVs are composed of a phospholipid bilayer structure, they primarily consist of lipid
components, with the measured lipid content at 78.80 & 1.83 mg/mL being the highest
among the measured components. Additionally, CEVs contain a wide range of protein
components, with a protein content of 46.38 + 0.43 mg/mL. EVs usually include a variety
of metabolites as part of intercellular communication, and these metabolites generally
possess favorable bioactivity and are some of the main components of EVs that perform
their functions [42]. In addition to the presence of neohesperidin, we also detected the
presence of polymethoxyflavones (PMFs) in the CEVs we obtained, wherein the PMFs
components were noliletin and sinensetin. This may be related to the fact that we used
red mandarin to extract the EVs in our experiments, as the CEVs contained components
that were consistent with those we previously detected in red mandarin [43]. This finding
of ours is also consistent with previous studies, such as those on grapefruit-derived EVs
containing higher amounts of naringin, the most abundant flavonoid in grapefruit [44].
This again demonstrates the consistency between the components contained in EVs and
their extracted materials. As a sub-group of plant flavonoids, PMFs have been found
to possess broad biological activities such as anticancer, anti-inflammatory, antioxidant,
neuroprotective, and antimicrobial effects, which have garnered increasing attention in the
research community [45]. The experiment demonstrated that CEVs exhibit more significant
antioxidant activity under chemical and physical disruption, which may be attributed to
the enhanced antioxidant capacity resulting from the exposure of bioactive substances
when the structure of red mandarin extracellular vesicles is damaged.

EVs from edible plant sources have shown promising results in health promotion,
especially in antioxidant qualities and inflammation inhibition. For example, extracellular
vesicles from strawberry have shown significant effects in preventing oxidative stress in
human mesenchymal stromal cells [46]. On the other hand, ginger-derived extracellular
nanoparticles can inhibit inflammation by attenuating the expression of inflammatory
factors (TNFu, IL-6, IL-1f) in the lungs [47]. The results of our cell experiments revealed
that CEVs can effectively alleviate HyO;-induced oxidative stress, as evidenced by mea-
surements of NO, MAD, and oxidative stress-related enzyme activity. Furthermore, CEVs
can also effectively reduce the inflammation response induced by LPSs. These findings
provide important guidance and basis for the use of extracellular vesicles in the treatment
of various diseases, which can be considered as emerging medical materials with wide
application prospects. Extracellular vesicles have shown great potential for treating cardio-
vascular diseases, neurodegenerative diseases, inflammatory bowel disease, cancer, and
other conditions by delivering specific bioactive substances such as proteins, nucleic acids,
and drugs to target cells. Moreover, their wide availability and ease of cultivation and
production, as well as their relative safety and low toxicity, make extracellular vesicles a
feasible option for development and application as drugs or health supplements from both
plant and animal sources. Therefore, extracellular vesicles can be seen as new and ideal
medical materials with broad application potential [48].

The phospholipid layer contained in EVs and the inherent nanoscale size make EVs
components of a drug delivery system of natural origin. It has been shown that EVs
from grapefruit, cabbage, and ginseng can encapsulate specific bioactive molecules to
exert their effects [23,24,38]. In addition to the direct application of EVs as drug delivery
carriers, lipids can be extracted from EVs and further encapsulated with exogenous drugs
to obtain lyophilised nanodrugs. For example, lipid components have been extracted
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from mulberry leaves and further encapsulated with FP127 to obtain nanomedicines for
the treatment of colitis [49]. Lipids derived from grapefruit have been used to prepare
synthetic nanoparticles to deliver short interfering RNA, DNA expression vectors, and
proteins to different types of cells [27]. In this experiment, we found that CEVs have good
anti-inflammatory and antioxidant properties and can be used as novel antioxidants, and
in order to explore the abilities of CEVs as naturally sourced antioxidants even further, the
possibility of using CEVs as nanocarriers for drug encapsulation was explored. From the
electron microscopy images, it was revealed that after sonication, the CEVs encapsulated
PLGA-TAN, showing good field-of-view cleaning and dispersion. It was also found that the
particle size of the encapsulated CEVs-TAN was larger than that of the original CEVs, which
is consistent with the findings of other groups [50]. Cytotoxicity tests showed that CEVs had
no toxic effects on cells, highlighting their potential as good medical delivery materials due
to their low toxicity, low-cost mass production, biodegradability, and absence of biological
contamination [51]. It was also found that loading tangerine onto CEVs did not alter the
bioactivity of tangeretin but exhibited good antioxidant and anti-inflammatory functions.
This finding is consistent with previous findings where researchers used grapefruit-derived
extracellular vesicles in combination with hydrophobic agents including curcumin, folic
acid, and Zymosan A [27]. While the experiment has yielded promising results, it is clear
that there is still much to be learned about plant cell vesicles. The composition of these
vesicles is complex and contains a rich variety of genetic materials, including mRNA,
miRNA, and other RNAs. Future research should focus on exploring the relationship
between mRNA and the antioxidant and anti-inflammatory properties of red mandarin
extracellular vesicles in greater depth [52].

5. Conclusions

In conclusion, CEVs were extracted from red mandarin fruit and analyzed using
transmission electron microscopy and particle size measurements to confirm their origin as
red mandarin extracellular vesicles. The components of CEVs were analyzed, revealing
high levels of total sugars (6.29 £ 0.18 mg/mL), total proteins (46.38 & 0.43 mg/mL), and
lipids (78.80 = 1.83 mg/mL). Total phenols and flavonoids were also detected in the CEVs
after lysis, with concentrations of 755.09 & 5.38 ug/mL and 538.06 £ 5.36 pug/mL, respec-
tively. Three types of citrus flavonoids, including Sinensetin, naringin, and neohesperidin,
were also detected in the CEVs. Comprehensive analysis of various indicators, such as
particle size, potential, and PDI, revealed that CEVs stored at —80 °C were relatively stable.
Regarding the exploration of CEVs’ functions and applications, chemical antioxidant assays
showed that CEVs displayed good antioxidant activity. In cell experiments, CEVs exhib-
ited a strong ability to reduce oxidative stress-related enzyme activity caused by HyO,,
demonstrating excellent cellular antioxidant performance. Additionally, CEVs reduced
the expression levels of inflammation factors (IL-6, TNFw, IL-1B, and IL-10) induced by
LPSs, showing anti-inflammatory potential. Furthermore, Tangeretin was encapsulated
into the CEVs at an encapsulation efficiency of 71.5 &= 0.19%, and the drug-loading capacity
was 4.96 = 0.22%. After encapsulation, CEVs-TAN demonstrated good antioxidant and
anti-inflammatory abilities. In summary, the results of this study provide insights into both
the composition and stability of CEVs extracted from red mandarin fruit as well as their
biological activities and potential applications for drug delivery and disease treatment.

Author Contributions: Z.Y.: Resources, Methodology, Data curation, Writing—original draft, review
and editing. S.L.: Writing—original draft, Software, Methodology, Data curation. L.Z.: Resources,
Methodology, Data curation, Writing—review and editing. Y.Y.: Data curation, Writing—review and
editing. Z.Z.: Supervision, Funding acquisition, Validation, Writing—review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: Funding support for this work comes from Natural Science Foundation of Chongging
(grant number: CSTB2022NSCQ-MSX0293).

Data Availability Statement: Data are contained within the article.



Antioxidants 2023, 12, 1706 17 of 19

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Raposo, G.; Stoorvogel, W. Extracellular Vesicles: Exosomes, Microvesicles, and Friends. J. Cell Biol. 2013, 200, 373-383. [CrossRef]

2. Kalra, H,; Drummen, G.P.C.; Mathivanan, S. Focus on Extracellular Vesicles: Introducing the Next Small Big Thing. Int. ]. Mol. Sci.
2016, 17, 170. [CrossRef]

3.  Fuhrmann, G.; Herrmann, I.K.; Stevens, M.M. Cell-Derived Vesicles for Drug Therapy and Diagnostics: Opportunities and
Challenges. Nano Today 2015, 10, 397-409. [CrossRef] [PubMed]

4. Tkach, M.; Théry, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go. Cell 2016, 164,
1226-1232. [CrossRef] [PubMed]

5. Kamerkar, S.; LeBleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.F.,; Melo, S.A.; Lee, ].].; Kalluri, R. Exosomes Facilitate Therapeutic
Targeting of Oncogenic KRAS in Pancreatic Cancer. Nature 2017, 546, 498-503. [CrossRef]

6. Bobrie, A.; Colombo, M.; Raposo, G.; Théry, C. Exosome Secretion: Molecular Mechanisms and Roles in Immune Responses.
Traffic 2011, 12, 1659-1668. [CrossRef] [PubMed]

7. Cheng, L.; Hill, A.F. Therapeutically Harnessing Extracellular Vesicles. Nat. Rev. Drug Discov. 2022, 21, 379-399. [CrossRef]
[PubMed]

8. Ludwig, A.-K.; Giebel, B. Exosomes: Small Vesicles Participating in Intercellular Communication. Int. J. Biochem. Cell Biol. 2012,
44, 11-15. [CrossRef]

9. Lopez-Verrilli, M.A.; Court, F.A. Exosomes: Mediators of Communication in Eukaryotes. Biol. Res. 2013, 46, 5-11. [CrossRef]

10. Dad, HA.; Gu, T-W.; Zhu, A.-Q.; Huang, L.-Q.; Peng, L.-H. Plant Exosome-like Nanovesicles: Emerging Therapeutics and Drug
Delivery Nanoplatforms. Mol. Ther. 2021, 29, 13-31. [CrossRef]

11. Kim,J;Li, S;; Zhang, S.; Wang, ]. Plant-Derived Exosome-like Nanoparticles and Their Therapeutic Activities. Asian J. Pharm. Sci.
2022, 17, 53-69. [CrossRef] [PubMed]

12.  Hansen, L.L.; Nielsen, M.E. Plant Exosomes: Using an Unconventional Exit to Prevent Pathogen Entry? J. Exp. Bot. 2017, 69,
59-68. [CrossRef] [PubMed]

13.  Woith, E.; Guerriero, G.; Hausman, J.-F.; Renaut, J.; Leclercq, C.C.; Weise, C.; Legay, S.; Weng, A.; Melzig, M.F. Plant Extracellular
Vesicles and Nanovesicles: Focus on Secondary Metabolites, Proteins and Lipids with Perspectives on Their Potential and Sources.
Int. ]. Mol. Sci. 2021, 22, 3719. [CrossRef]

14. Subharta, S.; Barlian, A.; Hidajah, A.C.; Notobroto, H.B.; Ana, I.D.; Indariani, S.; Wungu, T.D.K.; Wijaya, C.H. Plant-Derived
Exosome-like Nanoparticles: A Concise Review on Its Extraction Methods, Content, Bioactivities, and Potential as Functional
Food Ingredient. J. Food Sci. 2021, 86, 2838-2850. [CrossRef] [PubMed]

15. Teng, Y,; Ren, Y.; Sayed, M.; Hu, X,; Lei, C.; Kumar, A.; Hutchins, E.; Mu, ].; Deng, Z.; Luo, C.; et al. Plant-Derived Exosomal
MicroRNAs Shape the Gut Microbiota. Cell Host Microbe 2018, 24, 637-652.e8. [CrossRef]

16. Zhang, M.; Viennois, E.; Xu, C.; Merlin, D. Plant Derived Edible Nanoparticles as a New Therapeutic Approach against Diseases.
Tissue Barriers 2016, 4, €1134415. [CrossRef]

17.  Boeing, H.; Bechthold, A.; Bub, A.; Ellinger, S.; Haller, D.; Kroke, A.; Leschik-Bonnet, E.; Miiller, M.].; Oberritter, H.; Schulze, M.;
et al. Critical Review: Vegetables and Fruit in the Prevention of Chronic Diseases. Eur. J. Nutr. 2012, 51, 637-663. [CrossRef]

18. Ju,S.;Mu,],; Dokland, T.; Zhuang, X.; Wang, Q.; Jiang, H.; Xiang, X.; Deng, Z.-B.; Wang, B.; Zhang, L.; et al. Grape Exosome-like
Nanoparticles Induce Intestinal Stem Cells and Protect Mice from DSS-Induced Colitis. Mol. Ther. 2013, 21, 1345-1357. [CrossRef]

19. Wang, Q.; Ren, Y,; Mu, J.; Egilmez, N.K.; Zhuang, X.; Deng, Z.; Zhang, L.; Yan, J.; Miller, D.; Zhang, H.-G. Grapefruit-Derived
Nanovectors Use an Activated Leukocyte Trafficking Pathway to Deliver Therapeutic Agents to Inflammatory Tumor Sites.
Cancer Res. 2015, 75, 2520-2529. [CrossRef]

20. Raimondo, S.; Naselli, F; Fontana, S.; Monteleone, F,; Lo Dico, A.; Saieva, L.; Zito, G.; Flugy, A.; Manno, M.; Di Bella, M.A.;
et al. Citrus Limon-Derived Nanovesicles Inhibit Cancer Cell Proliferation and Suppress CML Xenograft Growth by Inducing
TRAIL-Mediated Cell Death. Oncotarget 2015, 6, 19514-19527. [CrossRef]

21.  Arai, M.; Komori, H.; Fujita, D.; Tamai, I. Uptake Pathway of Apple-Derived Nanoparticle by Intestinal Cells to Deliver Its Cargo.
Pharm. Res. 2021, 38, 523-530. [CrossRef]

22. Yang, M.; Liu, X,; Luo, Q.; Xu, L.; Chen, F. An Efficient Method to Isolate Lemon Derived Extracellular Vesicles for Gastric Cancer
Therapy. |. Nanobiotechnol. 2020, 18, 100. [CrossRef]

23. Xu, X.-H.; Yuan, T.-]J.; Dad, H.A.; Shi, M.-Y,; Huang, Y.-Y,; Jiang, Z.-H.; Peng, L.-H. Plant Exosomes as Novel Nanoplatforms for
MicroRNA Transfer Stimulate Neural Differentiation of Stem Cells In Vitro and In Vivo. Nano Lett. 2021, 21, 8151-8159. [CrossRef]

24. You,].Y,; Kang, S.J.; Rhee, WJ. Isolation of Cabbage Exosome-like Nanovesicles and Investigation of Their Biological Activities in
Human Cells. Bioact. Mater. 2021, 6, 4321-4332. [CrossRef]

25. Kim, M.; Jang, H.; Park, ].H. Balloon Flower Root-Derived Extracellular Vesicles: In Vitro Assessment of Anti-Inflammatory,
Proliferative, and Antioxidant Effects for Chronic Wound Healing. Antioxidants 2023, 12, 1146. [CrossRef]

26. Mahdipour, E. Beta Vulgaris Juice Contains Biologically Active Exosome-like Nanoparticles. Tissue Cell 2022, 76, 101800. [CrossRef]


https://doi.org/10.1083/jcb.201211138
https://doi.org/10.3390/ijms17020170
https://doi.org/10.1016/j.nantod.2015.04.004
https://www.ncbi.nlm.nih.gov/pubmed/28458718
https://doi.org/10.1016/j.cell.2016.01.043
https://www.ncbi.nlm.nih.gov/pubmed/26967288
https://doi.org/10.1038/nature22341
https://doi.org/10.1111/j.1600-0854.2011.01225.x
https://www.ncbi.nlm.nih.gov/pubmed/21645191
https://doi.org/10.1038/s41573-022-00410-w
https://www.ncbi.nlm.nih.gov/pubmed/35236964
https://doi.org/10.1016/j.biocel.2011.10.005
https://doi.org/10.4067/S0716-97602013000100001
https://doi.org/10.1016/j.ymthe.2020.11.030
https://doi.org/10.1016/j.ajps.2021.05.006
https://www.ncbi.nlm.nih.gov/pubmed/35261644
https://doi.org/10.1093/jxb/erx319
https://www.ncbi.nlm.nih.gov/pubmed/29036447
https://doi.org/10.3390/ijms22073719
https://doi.org/10.1111/1750-3841.15787
https://www.ncbi.nlm.nih.gov/pubmed/34151426
https://doi.org/10.1016/j.chom.2018.10.001
https://doi.org/10.1080/21688370.2015.1134415
https://doi.org/10.1007/s00394-012-0380-y
https://doi.org/10.1038/mt.2013.64
https://doi.org/10.1158/0008-5472.CAN-14-3095
https://doi.org/10.18632/oncotarget.4004
https://doi.org/10.1007/s11095-021-03018-8
https://doi.org/10.1186/s12951-020-00656-9
https://doi.org/10.1021/acs.nanolett.1c02530
https://doi.org/10.1016/j.bioactmat.2021.04.023
https://doi.org/10.3390/antiox12061146
https://doi.org/10.1016/j.tice.2022.101800

Antioxidants 2023, 12, 1706 18 of 19

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Wang, Q.; Zhuang, X.; Mu, ].; Deng, Z.-B.; Jiang, H.; Xiang, X.; Wang, B.; Yan, ].; Miller, D.; Zhang, H.-G. Delivery of Therapeutic
Agents by Nanoparticles Made of Grapefruit-Derived Lipids. Nat. Commun. 2013, 4, 1867. [CrossRef]

Jiang, Z.; Li, Z.; Wang, F.; Zhou, Z. The Protective Effects of Sour Orange (Citrus Aurantium L.) Polymethoxyflavones on Mice
Irradiation-Induced Intestinal Injury. Molecules 2022, 27, 1934. [CrossRef]

Mu, J.; Zhuang, X.; Wang, Q.; Jiang, H.; Deng, Z.-B.; Wang, B.; Zhang, L.; Kakar, S.; Jun, Y.,; Miller, D.; et al. Interspecies
Communication between Plant and Mouse Gut Host Cells through Edible Plant Derived Exosome-like Nanoparticles. Mol. Nutr.
Food Res. 2014, 58, 1561-1573. [CrossRef]

Cheng, Q.; Shi, X.; Han, M.; Smbatyan, G.; Lenz, H.-].; Zhang, Y. Reprogramming Exosomes as Nanoscale Controllers of Cellular
Immunity. . Am. Chem. Soc. 2018, 140, 16413-16417. [CrossRef]

van Niel, G.; Carter, D.R.F; Clayton, A.; Lambert, D.W.; Raposo, G.; Vader, P. Challenges and Directions in Studying Cell-Cell
Communication by Extracellular Vesicles. Nat. Rev. Mol. Cell Biol. 2022, 23, 369-382. [CrossRef] [PubMed]

Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection, Content, Release, and
Uptake. Cell Mol. Neurobiol. 2016, 36, 301-312. [CrossRef] [PubMed]

Mahaweni, N.M.; Kaijen-Lambers, M.E.H.; Dekkers, J.; Aerts, ].G.J.V.; Hegmans, ].PJ.]. Tumour-Derived Exosomes as Antigen
Delivery Carriers in Dendritic Cell-Based Immunotherapy for Malignant Mesothelioma. J. Extracell Vesicles 2013, 2, 22492.
[CrossRef] [PubMed]

Luan, X.; Sansanaphongpricha, K.; Myers, I.; Chen, H.; Yuan, H.; Sun, D. Engineering Exosomes as Refined Biological Nanoplat-
forms for Drug Delivery. Acta Pharmacol. Sin. 2017, 38, 754-763. [CrossRef]

Stefanick, J.F.; Ashley, ].D.; Kiziltepe, T.; Bilgicer, B. A Systematic Analysis of Peptide Linker Length and Liposomal Polyethylene
Glycol Coating on Cellular Uptake of Peptide-Targeted Liposomes. ACS Nano 2013, 7, 2935-2947. [CrossRef]

Meng, W.; He, C.; Hao, Y.; Wang, L.; Li, L.; Zhu, G. Prospects and Challenges of Extracellular Vesicle-Based Drug Delivery System:
Considering Cell Source. Drug Deliv. 2020, 27, 585-598. [CrossRef]

Munagala, R.; Aqil, F; Jeyabalan, J.; Gupta, R.C. Bovine Milk-Derived Exosomes for Drug Delivery. Cancer Lett. 2016, 371, 48-61.
[CrossRef]

Kilasoniya, A.; Garaeva, L.; Shtam, T.; Spitsyna, A.; Putevich, E.; Moreno-Chamba, B.; Salazar-Bermeo, J.; Komarova, E.; Malek,
A.; Valero, M,; et al. Potential of Plant Exosome Vesicles from Grapefruit (Citrus x Paradisi) and Tomato (Solanum Lycopersicum)
Juices as Functional Ingredients and Targeted Drug Delivery Vehicles. Antioxidants 2023, 12, 943. [CrossRef]

Barzin, M.; Bagheri, A.M.; Ohadi, M.; Abhaji, A.M.; Salarpour, S.; Dehghannoudeh, G. Application of Plant-Derived Exosome-like
Nanoparticles in Drug Delivery. Pharm. Dev. Technol. 2023, 28, 383—402. [CrossRef]

Savc, Y.; Kirbas, O.K,; Bozkurt, B.T.; Abdik, E.A.; Tasli, PN.; Sahin, F.; Abdik, H. Grapefruit-Derived Extracellular Vesicles as a
Promising Cell-Free Therapeutic Tool for Wound Healing. Food Funct. 2021, 12, 5144-5156. [CrossRef]

Kalarikkal, S.P; Prasad, D.; Kasiappan, R.; Chaudhari, S.R.; Sundaram, G.M. A Cost-Effective Polyethylene Glycol-Based Method
for the Isolation of Functional Edible Nanoparticles from Ginger Rhizomes. Sci. Rep. 2020, 10, 4456. [CrossRef]

Stanly, C.; Alfieri, M.; Ambrosone, A.; Leone, A.; Fiume, I.; Pocsfalvi, G. Grapefruit-Derived Micro and Nanovesicles Show
Distinct Metabolome Profiles and Anticancer Activities in the A375 Human Melanoma Cell Line. Cells 2020, 12, 2722. [CrossRef]
Li, Z.; Zhao, Z.; Zhou, Z. Simultaneous Separation and Purification of Five Polymethoxylated Flavones from “Dahongpao”
Tangerine (Citrus Tangerina Tanaka) Using Macroporous Adsorptive Resins Combined with Prep-HPLC. Molecules 2018, 23, 2660.
[CrossRef]

Wang, B.; Zhuang, X; Deng, Z.; Jiang, H.; Mu, J.; Wang, Q.; Xiang, X.; Guo, H.; Zhang, L.; Dryden, G.; et al. Targeted drug delivery
to intestinal macrophages by bioactive nanovesicles released from grapefruit. Mol. Ther. 2014, 3, 522-534. [CrossRef] [PubMed]

Chen, Q.; Gu, Y;; Tan, C.; Sundararajan, B.; Li, Z.; Wang, D.; Zhou, Z. Comparative Effects of Five Polymethoxyflavones Purified
from Citrus Tangerina on Inflammation and Cancer. Front. Nutr. 2022, 9, 963662. [CrossRef] [PubMed]

Perut, F; Roncuzzi, L.; Avnet, S.; Massa, A.; Zini, N.; Sabbadini, S.; Giampieri, F.; Mezzetti, B.; Baldini, N. Strawberry-Derived
Exosome-Like Nanoparticles Prevent Oxidative Stress in Human Mesenchymal Stromal Cells. Biomolecules 2021, 11, 87. [CrossRef]

[PubMed]

Teng, Y.; Xu, F; Zhang, X.;; Mu, J.; Sayed, M.; Hu, X,; Lei, C.; Sriwastva, M.; Kumar, A.; Sundaram, K.; et al. Plant-Derived
Exosomal MicroRNAs Inhibit Lung Inflammation Induced by Exosomes SARS-CoV-2 Nsp12. Mol. Ther. 2021, 29, 2424-2440.
[CrossRef]

Zhang, Z.; Yu, Y,; Zhu, G.; Zeng, L.; Xu, S.; Cheng, H.; Ouyang, Z.; Chen, J.; Pathak, ].L.; Wu, L.; et al. The Emerging Role of
Plant-Derived Exosomes-Like Nanoparticles in Immune Regulation and Periodontitis Treatment. Front. Immunol. 2022, 13, 896745.
[CrossRef]

Yang, W.; Ma, Y.; Xu, H.; Zhu, Z.; Wu, ].; Xu, C,; Sun, W.; Zhao, E.; Wang, M.; Reis, R.L.; et al. Mulberry Biomass-Derived
Nanomedicines Mitigate Colitis through Improved Inflamed Mucosa Accumulation and Intestinal Microenvironment Modulation.
Research 2023, 6, 0188. [CrossRef]

Li, C.; Song, Q.; Yin, X.; Song, R.; Chen, G. Preparation, Characterization, and In Vitro Anticancer Activity Evaluation of
Broccoli-Derived Extracellular Vesicle-Coated Astaxanthin Nanoparticles. Molecules 2022, 27, 3955. [CrossRef]


https://doi.org/10.1038/ncomms2886
https://doi.org/10.3390/molecules27061934
https://doi.org/10.1002/mnfr.201300729
https://doi.org/10.1021/jacs.8b10047
https://doi.org/10.1038/s41580-022-00460-3
https://www.ncbi.nlm.nih.gov/pubmed/35260831
https://doi.org/10.1007/s10571-016-0366-z
https://www.ncbi.nlm.nih.gov/pubmed/27053351
https://doi.org/10.3402/jev.v2i0.22492
https://www.ncbi.nlm.nih.gov/pubmed/24223258
https://doi.org/10.1038/aps.2017.12
https://doi.org/10.1021/nn305663e
https://doi.org/10.1080/10717544.2020.1748758
https://doi.org/10.1016/j.canlet.2015.10.020
https://doi.org/10.3390/antiox12040943
https://doi.org/10.1080/10837450.2023.2202242
https://doi.org/10.1039/D0FO02953J
https://doi.org/10.1038/s41598-020-61358-8
https://doi.org/10.3390/cells9122722
https://doi.org/10.3390/molecules23102660
https://doi.org/10.1038/mt.2013.190
https://www.ncbi.nlm.nih.gov/pubmed/23939022
https://doi.org/10.3389/fnut.2022.963662
https://www.ncbi.nlm.nih.gov/pubmed/36159482
https://doi.org/10.3390/biom11010087
https://www.ncbi.nlm.nih.gov/pubmed/33445656
https://doi.org/10.1016/j.ymthe.2021.05.005
https://doi.org/10.3389/fimmu.2022.896745
https://doi.org/10.34133/research.0188
https://doi.org/10.3390/molecules27123955

Antioxidants 2023, 12, 1706 19 of 19

51. Teng, Y.; Mu, J.; Hu, X,; Samykutty, A.; Zhuang, X.; Deng, Z.; Zhang, L.; Cao, P; Yan, J.; Miller, D.; et al. Grapefruit-Derived
Nanovectors Deliver MiR-18a for Treatment of Liver Metastasis of Colon Cancer by Induction of M1 Macrophages. Oncotarget
2016, 7, 25683-25697. [CrossRef] [PubMed]

52. Li, D; Yao, X;; Yue, J.; Fang, Y.; Cao, G.; Midgley, A.C.; Nishinari, K.; Yang, Y. Advances in Bioactivity of MicroRNAs of
Plant-Derived Exosome-Like Nanoparticles and Milk-Derived Extracellular Vesicles. . Agric. Food Chem. 2022, 70, 6285-6299.
[CrossRef] [PubMed]

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


https://doi.org/10.18632/oncotarget.8361
https://www.ncbi.nlm.nih.gov/pubmed/27028860
https://doi.org/10.1021/acs.jafc.2c00631
https://www.ncbi.nlm.nih.gov/pubmed/35583385

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Extraction of CEVs 
	Evaluation of CEVs 
	Analysis of CEV Morphology by Using Transmission Electron Microscopy 
	Malvern Laser Particle Size Analyzer 
	Identification of CEVs Components 
	Chemical Evaluation of the Antioxidant Capacity of CEVs 
	Storage Stability 

	Assessment of Anti-Inflammatory and Antioxidant Capacity 
	Cell Recovery and Culture 
	Cell Viability Assay 
	H2O2-Induced Oxidative Stress 
	Nitrogen Monoxide (NO) Determination 
	Malondialdehyde (MDA) Determination 
	Antioxidant Enzyme Index Determination 
	LPS Induce Cellular Inflammation 
	Expression Measurement of Inflammatory Factors 

	CEVs Loaded with Tangeretin 
	Preparation of CEVs-TAN 
	Drug Encapsulation and Loading Efficiency Evaluation 

	Statistical Analysis 

	Results 
	Identifification and Characterization of CEVs 
	Chemical Composition of CEVs 
	Chemical Antioxidant Activity of CEVs 
	Storage Stability 
	Effect of CEVs on Cell Viability 
	Cellular Antioxidant Activity of CEVs 
	Determination of NO and MDA Indicators 
	Determination of Enzyme Activity Indicators 

	Anti-Inflammatory Activity of CEVs 
	Determination of NO Indicators 
	Measurement of Inflammatory Factors 

	Preparation of CEVs-TAN and Its Antioxidant and Anti-Inflammatory Evaluation 
	Loading of Tangeretin by CEVs 
	Antioxidant and Anti-Inflammatory Evaluation of CEVs-TAN 


	Discussion 
	Conclusions 
	References

