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Purpose: In recent years, a variety of nanoparticles with excellent anticancer and delivery properties have emerged for cancer therapy.
However, potential toxicity, high production cost and complex preparation procedures have been obstacles to their use in biomedicine.
Here, we obtained cucumber-derived nanovesicles (CDNVs) at high yield and low cost by simple juicing and ultracentrifugation. The
anticancer effects of CDNVs were evaluated in vitro and in vivo.

Methods: Transmission electron microscope, nanoparticle tracking analysis and laser particle size analysis were used to characterize
the morphology, diameter and zeta potential of CDNVs, respectively. The anticancer effects of CDNVs in vitro were evaluated by
MTT and apoptosis assays. The mechanism was further explored by measuring the protein levels of signal transducer and activator of
transcription 3 pathway, reactive oxygen species, cell cycle distribution and caspase activity. In-vivo anticancer efficacy was evaluated
by measuring tumor volume and weight of mice in three different treatment groups (CDNVs, cucurbitacin B and PBS).

Results: CDNVs inhibited proliferation of human non-small cell lung cancer cells by suppressing signal transducer and activator of
transcription 3 activation, generating reactive oxygen species, promoting cell cycle arrest, and activating the caspase pathway. These CDNVs
exhibited strong anticancer effects both in vitro and in vivo, and reduced the rate of tumor growth without obvious toxicity to mouse visceral
organs. Compared with an equivalent dose of cucurbitacin B, CDNVs exerted stronger anticancer effects in vitro and in vivo.
Conclusion: These results demonstrate that CDNVs suppress tumor growth. This study addresses the development of cancer
therapeutic drugs using plant-derived nanovesicles that are cost-efficient, simple to produce in high yields, and provide an alternative
approach to drug isolation that may help advance sustainability of medicinal plants.
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Introduction

As a life-threatening disease, cancer is of major public health and economic concern worldwide.' ™ Different treatment
strategies have been widely explored in cancer therapy, including chemotherapy and photothermal, photodynamic, and gene
therapy.”’ In these strategies, therapeutic agents are typically bound to or encapsulated in nanocarriers such as exosomes,
liposomes, micelles, and inorganic, DNA and protein nanoparticles,® ' for efficient delivery to tumors in vivo. Regardless of
the value of these nanocarriers for drug delivery, the complex manufacturing processes required for synthetic nanocarriers
limit the scale of production, and potential in-vivo toxicity remains a challenge to their clinical use. Hence, there remains an

urgent need to develop simple, safe, and effective drug delivery systems.
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Currently, increased attention is being given to development of green, sustainable and biocompatible materials for delivery
of bioactive compounds for pharmaceutical and medical applications. The potential of plant-derived nanovesicles (PDNVs) as
safe nanocarriers for drug delivery has been demonstrated in recent studies in which simple preparation procedures were
described.'*'> PDNVs typically exist in roots, stems, leaves and fruits of plants, and are involved in plant cell
communication.'®!” PDNVs have several potential advantages as nanocarriers. Firstly, they can be efficiently obtained and
thus offer the possibility of large-scale production.'®'? Secondly, PDNVs have cross-kingdom effects.”*' Thirdly, PDNVs
can pass through the blood-brain barrier without crossing the placental barrier, so they can deliver drugs for brain diseases,
such as Parkinson’s disease and stroke, without impacting the fetus.”* Fourthly, PDNVs may possess inherent targeting
characteristics and display affinity toward particular tissues.”® Also, PDNV structure is usually minimally affected by loading,
and their high biocompatibility supports drug delivery and efficacy.>* Thus, PDNVs have been exploited as excellent
candidates for encapsulation of chemotherapeutic drugs, RNAs, proteins, and other therapeutic anticancer agents.** 2

Another important feature of PDNVs is that they contain intrinsic bioactive compounds that may help boost their anticancer
effects, making them even more appealing. For example, Ozkan et al found that garlic-derived nanovesicles (GaDNVs) induce
apoptosis by activating intrinsic pathways without having been loaded with therapeutic drugs,”’ suggesting that bioactive
compounds in GaDNVs have anticancer effects. However, most studies have not identified the bioactive molecules that endow
PDNVs with such anticancer effects, let alone compared the anticancer effects of free and encapsulated bioactive molecules.?**’
Without that information, it is difficult to usefully discuss the advantages of PDNVs in anticancer research.

Cucurbitacin B (CuB), a tetracyclic triterpenoid molecule, has been reported to inhibit development of leukemia, breast
cancer, lung cancer and hepatoma.®® > However, satisfactory anticancer activity often requires a large dose of CuB because of
its low solubility and bioavailability.>**> To overcome this limitation, Bakar-Ates et al and Tang et al utilized nanocarriers,
lipid polymer hybrid nanocarriers and nanomicelles, to load CuB, and both exhibited greater cytotoxicity than free CuB.*>*¢
But the limitations of synthetic nanocarriers, like complex preparation and potential in-vivo toxicity, limit their use as
mentioned above.

As a member of the Cucurbitaceae family of plants, cucumbers contain CuB. Thus, we reasoned that cucumber-derived
nanovesicles (CDNVs) could be natural nanocarriers that contain CuB and can exert native anticancer activity against various
cancers without requiring extraction and loading of CuB. As shown in Scheme 1, we isolated CDNVs using simple juicing and
centrifugation methods, and found that CDNVs contained CuB and exhibited superior cytotoxicity to free CuB. We explored
the mechanism of the anticancer effects of CDNVs, and found that they could suppress the signal transducer and activator of
transcription 3 (STAT3) pathway, enhance reactive oxygen species (ROS) generation, promote cell cycle arrest and increase
caspase activity. We reasoned that the lipid bilayers of CDNVs are likely to provide CuB with an enclosed environment and
thus improves the bioavailability of CuB. Encapsulated CuB may retain its original structure and activity as it travels through
the circulatory system to target cells and initiate cell apoptosis pathways. We also evaluated the safety and anticancer effects of
CDNVs in vivo using BALB/c nude male mice bearing tumors consisting of human lung cancer (A549) cells.

This research provides a new perspective on therapeutic drug isolation from medicinal plants. Nowadays, medicinal
plants are increasingly considered as a rich resource of ingredients for drug development. However, extraction and
isolation of bioactive compounds are typically inefficient, which is not ideal for large-scale production. For example,
isolation of 1 g of Taxol typically requires 2 yew trees.’’ Thus, rather than directly extracting bioactive compounds by
complex processing methods, isolation of natural PDNVs that contain them may increase efficiency and efficacy,
minimize waste, maximize sustainability, and eventually help to drive the global green economy and satisfy the growing
worldwide demand for traditional medicine and ethnomedicine.

Materials and Methods

Materials

Cucumbers were purchased from a local market, and were identified by Prof. Yonghong Zhang (the School of Pharmacy,
Fujian Medical University). A voucher specimen (No. CSL-20220118) has been deposited in the Pharmacognosy Laboratory
of the School of Pharmacy, Fujian Medical University, Fuzhou, China. CuB, Hoechst stain, and caspase-9 and caspase-3
activity detection kits were obtained from Solarbio Science & Technology Co., Ltd (Beijing, China). Phosphate-buffered
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Scheme | CsDNVs obtained by juicing and centrifugation were used to inhibit tumor development in nude mice.

saline (PBS), penicillin-streptomycin solution and fetal bovine serum (FBS) were supplied by Hyclone (Shanghai, China).
Roswell Park Memorial Institute (RPMI) 1640, Trypsin-EDTA and BCA protein assay kits were purchased from Thermo
Fisher Scientific (Shanghai, China). DiO, Dil and ROS assay kits were obtained from Beyotime Biotechnology (Shanghai,
China). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) was supplied by Sigma-Aldrich
(Shanghai, China). Annexin V-FITC/PI apoptosis detection kits and cell cycle detection kits were purchased from Jiangsu
KeyGEN BioTECH Corp., Ltd (Nanjing, China). Anti-STAT3 and anti-phosphorylated STAT3 (phospho Y705) antibodies
were obtained from Abcam (Shanghai, China). Tumor necrosis factor-a. (TNF-a) and interleukin-13 (IL-1B) ELISA kits were
purchased from Bioss (Beijing, China).

Cells and Animals

A549 cells were obtained from American Type Culture Collection (ATCC, Shanghai, China). Human gastric
carcinoma cells (HGC-27), human hepatocellular carcinoma cells (HepG2) and human breast cancer cells (MDA-
MB-231) were obtained from Cell Bank, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in
RPMI 1640 containing 10% FBS and 1% penicillin-streptomycin solution under a humidified atmosphere at 5% CO,
and 37 °C.
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Male BALB/c nude mice (6-8 weeks, 16-20 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). Animal studies were performed in accordance with guidelines for the care and use of laboratory
animals of Fujian Medical University and approved by the Laboratory Animal Management Committee of Fujian
Medical University.

Isolation of CDNVs

CDNVs, including cucumber sarcocarp-derived nanovesicles (CsDNVs) and cucumber pericarp-derived nanovesicles
(CpDNVs) were obtained by juicing and ultracentrifugation. Briefly, the cucumbers were thoroughly washed with
deionized water. Then the sarcocarp and pericarp were separated and ground into juice in PBS by a blender. The juice
was then filtered through gauze to remove large fibers. Residual cells, fibers and large vesicles were removed by
centrifuging the filtrate at 5000 x g for 10 min and 10,000 x g for 35 min using a high-speed centrifuge (Heal Force
Development Ltd. Neofuge 23R, HongKong). Finally, the supernatant was ultracentrifuged at 30,000 x g for 30 min using
an ultracentrifuge (Hitachi, CP100NX, Japan) to obtain CDNV pellets, which were resuspended in PBS for later use.

Characterization of CDNVs

CDNYV morphology was observed by transmission electron microscope (TEM, FEI, Tecnai G2), diameter was measured
by nanoparticle tracking analysis (NTA), and zeta potential was measured by a laser particle size analyzer (LPSA). To
prepare TEM grids, a drop containing CDNVs was fixed with 4% paraformaldehyde (PFA) and then covered by a 200-
mesh copper grid. After 20 min, the copper grid was removed and treated with a drop of 2% uranyl acetate for another 5
min to negatively stain the CDNVs. The grids were then dried at room temperature for TEM imaging.

CuB Analysis

High performance liquid chromatography (HPLC) was used to determine the retention times of CuB and CDNV extracts.
The extraction process can be briefly described as follows: CDNV pellets were resuspended in methanol and ultrasonicated
for 15 min. The solution was then centrifuged and the supernatant was collected; the precipitate was resuspended in
methanol and again ultrasonicated and centrifuged. This process was repeated twice, and all supernatants were collected
and combined. Before analysis, the supernatant was filtered through 0.22 pm filters. For analysis, the mobile phase
consisted of 45% acetonitrile and 55% distilled water, and the detection wavelength was 228 nm. The content was analyzed
at 30 °C using a flow velocity of 1 mL/min.

Liquid Chromatography Mass Spectrometry (LC-MS) was used to determine the contents of the CDNVs. Firstly, full
scan mode and multiple reaction monitoring (MRM) mode were used to confirm the parent and daughter ions of CuB.
Then CDNV extract was scanned in MRM mode to investigate whether it contained the same daughter ion as CuB.

Cellular Uptake of CDNVs

In the cellular uptake assay, A549 cells were seeded into glass-bottomed cell culture dishes at a concentration of 2x10°
cells/dish and cultured at 37 °C overnight. Then CDNVs were labeled with a green fluorescent lipophilic dye, DiO, for 30
min at 37 °C, followed by washing twice with PBS. Subsequently, A549 cells were incubated with DiO-labeled CDNVs
for 1, 4 and 8 h at 37 °C. The A549 cells were then stained by a red cell-membrane dye, Dil, for 15 min and fixed with
4% PFA for 20 min. Finally, Hoechst 33,258 was used to stain the A549 cell nuclei for 15 min. Cells were observed
under a confocal laser scanning microscope (Leica, TCS SP, Germany).

Cell Viability

Cell viability was determined by the MTT assay. A549, HGC-27, HepG2 and MDA-MB-231 cells were seeded into
96-well plates at a density of 10,000 cells/well. After 24 h co-incubation with a range of concentrations of free CuB
or CDNVs, the cells were treated with 100 uL MTT at 37 °C for 4 h, and 150 pL dimethylsulfoxide was then added
to dissolve the formazan for absorbance measurements at 570 nm using a microplate analyzer (BioTek Instruments).
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Apoptosis Assay

A549 cells were incubated with 10 nM CuB, CDNVs containing 10 nM CuB, or PBS alone for 24 h, and then collected
and washed twice with PBS. Subsequently, 500 pL binding buffer supplied with the Annexin V-FITC/PI apoptosis
detection kit was used to resuspend the cells. Then 5 pL. AnnexinV-FITC and 5 pL propidium iodide (PI) were added to
cells in sequence and incubated at room temperature for 15 min in the dark. Finally, the treated cells were analyzed by
flow cytometry (Becton, Dickinson and Company, FACSVerse).

Western Blotting (WB)

WB was used to assess expression of STAT3 and phosphorylated STAT3 (p-STAT3) in A549 cells before and after
incubation with free CuB (0, 0.01, 0.1, 1 and 10 nM) and CsDNVs (containing 0, 0.044, 0.089, 0.177 and 0.354 nM CuB)
for 24 h. Briefly, treated cells were collected and lysed by radioimmunoprecipitation assay lysis buffer containing 1%
phenylmethylsulfonyl fluoride and 1% phosphatase inhibitors on ice for 30 min, then centrifuged at 12,000 rpm for 10
min to obtain the protein supernatant. After heat denaturation, proteins were separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. Subsequently, 5% skim
milk was used to block the PVDF membranes for 2 h. After washing by TBS (tris-buffered saline) and TBST (tris-
buffered saline + Tween 20), PVDF membranes were incubated with STAT3, p-STAT3 or B-actin primary antibody
followed by a secondary antibody. Finally, protein expression was measured by covering the PVDF membranes with
developing solution in a WB imaging system, and the relative intensity of protein band was analyzed by Image Lab
software.

Cell Cycle Assay

A549 cells were treated with CsDNVs (protein concentration was 0.17 pg/mL) and PBS (control group). In accordance
with the cell cycle detection kit protocol, the treated cells were collected and fixed with pre-cooled 70% ethanol at 4 °C
overnight. Subsequently, the fixed cells were centrifuged to remove the ethanol and washed twice with PBS, after which
they were immersed in pre-prepared PI/RNaseA solution and incubated for 30 min in the dark at room temperature for
cell cycle analysis by flow cytometry.

ROS Detection

A549 cells were treated with PBS, Rosup, CuB and CsDNVs for 4 h. After washing by FBS-free RPMI 1640 for 3 times,
A549 cells were incubated with DCFH-DA for 20 min. Finally, Hoechst 33,258 was used to stain the A549 cell nuclei for
20 min. Cells were observed under an inverted fluorescence microscope (Leica, DMI3000 B, Germany).

Caspase-9 and Caspase-3 Activity Assay
After treatment with CsDNVs (protein concentration was 0.17 pg/mL) for 24 h, A549 cells were collected by centrifugation
at 1000 rpm for 5 min. In accordance with the caspase-3 and caspase-9 activity detection kit protocols, cells were lysed in
100 pL reagent II on ice for 15 min, and then centrifuged at 15,000 x g for 15 min to obtain the supernatant, of which 50 pL
was further incubated with 40 uL reagent I and 10 pL reagent III at 37 °C. Subsequently, the absorbance of the above mixture
was measured at 405 nm by a microplate analyzer for calculation of paranitroaniline (pNA) concentration using the pNA
standard curve. Finally, the caspase-3 and caspase-9 activities were calculated as follows:

Caspase-3 or caspase-9 activity (U/mg protein) = 2x/C,/T, where x represents pNA concentration, C,, represents
protein concentration of the sample, and T represents incubation time of the sample in reagents I and III.

Hemolysis Test

Fresh blood was obtained from nude mice and centrifuged at 1000 x g for 5 min to collect red blood cells (RBCs). After
washing 3 times with PBS, the RBCs were resuspended in PBS to a concentration of 2%. Subsequently, 2% RBCs were
added to equal volumes of PBS, H,O and CsDNVs (containing 118, 236, 472 nM CuB), respectively. After incubating at
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37 °C for 1 h, the mixtures were centrifuged at 10,000 X g for 5 min to obtain the supernatant, the absorbance of which
was measured at 541 nm by a microplate reader. The hemolysis ratio was calculated as follows:

Hemolysis ratio (%) = (A CsDNVs —Apgs) / (AHZO _APBS) x100%

Quantitative Measurement of Proinflammatory Cytokines

Mice were randomly divided into 3 groups that were administered 200 pL. PBS, 472 nM CuB or CsDNVs containing 472
nM CuB by intravenous injection every day for 7 days. Twenty-four hours after the final treatment, serum of the mice
was collected to measure the proinflammatory cytokines. In accordance with the assay protocol, 100 uL standards and
serum samples were added to antibody-coated microplates, followed by incubation of 50 uL biotinylated antibody for
120 min to form a sandwich structure. After washing, 100 pL horseradish peroxidase-labeled streptavidin was added to
the microwells and incubated at room temperature. After 30 min, the microwells were washed again, and 100 pL
chromogenic substrate was added and incubated for 20 min in the dark. Finally, stop buffer was used to terminate the
reaction and the solution turned yellow. The TNF-a and IL-1p concentrations were calculated according to the equation
for the standard curve of absorbance as a function of concentration.

In-Vivo CsDNV Antitumor Activity Assay

In order to investigate the in-vivo anti-tumor activity of CsDNVs, a lung cancer mouse model was established by
subcutaneously inoculating A549 cells (2x10° cells) into the left flanks of mice. When the tumor volume reached ca.
80 mm®, mice were randomly divided into 3 groups and respectively administered 200 pL PBS, 472 nM CuB or CsDNVs
containing 472 nM CuB by intravenous injection every other day for 14 days. During the treatment period, body weight
and tumor volume were recorded every day. After 14 days, mice were sacrificed to remove the solid tumors for
photographing and weighing. Then the tumors and major organs (heart, liver, spleen, lung and kidney) were obtained
for hematoxylin-eosin (H&E) staining and transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL)
assays.

CsDNYV Distribution in vivo

CsDNVs containing 472 nM CuB were incubated with lipophilic DiR dye (100 uM) at 37 °C for 30 min, then centrifuged
to discard free dye followed by washing twice with PBS. The pellets were resuspended in PBS to produce the CsDNVs-
DiR solution. Subsequently, mice were treated with 200 uL. CsDNVs-DiR or an equal amount of free DiR solution by tail
vein injection. After 3, 6, 12 and 24 h, the distributions of CsDNVs and free DiR in tumors were observed using a small
animal imaging system.

Statistical Analysis
Statistical differences were determined using Student’s #-test. P < 0.05 was used as the minimal level of statistical
significance.

Results and Discussion

Isolation and Characterization of CDNVs

CDNVs were isolated by centrifuging juice from cucumbers (CsDNVs from sarcocarp and CpDNVs from pericarp) at
100,000 x g for 60 min followed by a typical exosome isolation protocol. However, the CsDNVs and CpDNVs both severely
aggregated (Figure 1A and C), a problem that also exists for other PDNVs isolation protocols when using high centrifugal
force for extended durations.>>*® Thus, to obtain monodisperse CDNVs with intact morphology, the centrifugation parameters
were adjusted. We first shortened centrifugal time to 30 min, but the CsDNVs and CpDNVs were still broken, and the
aggregation problem just improved slightly (Figure 1B and D). Inspired by PDNVs isolation protocols that use centrifugal
forces below 100,000 x g,**** we further optimized centrifugal force and found that the smallest CDNV diameters were
obtained using 30,000 x g (Figure 1E and F), suggesting that reducing centrifugal force decreases vesicle aggregation. TEM
showed that CsDNVs and CpDNVs isolated under these optimized conditions (30,000 % g, 30 min) were monodisperse and
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Figure | Characterization of Cucumber-derived nanovesicles (CDNVs). (A and B) TEM images of CsDNVs obtained under a centrifugal force of 100,000 g for 60 min and 30
min, respectively. (C and D) TEM images of CpDNVs obtained under a centrifugal force of 100,000 g for 60 min and 30 min, respectively. Scale bar: 200 nm. (E and F) Diameters
of CsDNVs and CpDNVs, respectively, obtained under different centrifugal forces. **p < 0.01 vs 30,000 % g group. ***p < 0.001 vs 30,000 x g group. N=3. (G and H) TEM images
of CsDNVs and CpDNVs, respectively, obtained under a centrifugal force of 30,000 g for 30 min. Scale bar: 200 nm. (I and J) Distribution of diameters of CsDNVs and CpDNVs,
respectively, obtained under a centrifugal force of 30,000 g for 30 min. (K and L) Zeta potentials of CsDNVs and CpDNVs, respectively, obtained under a centrifugal force of
30,000 g for 30 min. (M), (N and O) LC-MS analysis of CuB, CsDNV and CpDNV content, respectively.

exhibited intact saucer-shaped structures (Figure 1G and H), and NTA indicated that the diameters of CsDNVs and CpDNVs
were about 180 nm and 129 nm (Figure 11 and J), respectively, consistent with the TEM results. As shown in Figure 1K and L,
the zeta potentials of the CsDNVs and CpDNVs were about —13.9 mV and —11.3 mV, respectively. A negative charge is
desirable since it prolongs the half-life of CDNVs in the blood circulation.*! In order to investigate the stability of CDNVs
(method details in the supplementary material), we also measured the diameter and PDI change of CDNVs in 10% and 50%
FBS solution. As Figure S1 showed in the Supplementary Material, the diameter and PDI of CDNVs did not change much in
different concentrations of FBS solution at 37°C in 24 h, indicating that CsSDNVs were relatively stable. These results
suggested that CDNVs obtained under 30,000 x g centrifugal force for 30 min were structurally intact, well dispersed, stable,

and had a diameter and electric potential suitable for in-vivo delivery to tumor tissues.
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HPLC and LC-MS for CuB Analysis

Cucumbers not only contain large quantities of beneficial nutrients, but also have phytochemical and therapeutic potential
that may help treat and even prevent some medical conditions, and are considered medicinal plants in ethnomedicine
such as traditional Mongolian medicine and Dai medicine. Cucumbers are rich in CuB, which many studies have shown
to inhibit cancer cell growth.’*? Herein, we performed HPLC to identify CuB in CDNVs. As shown in the chromato-
grams of Figure S2, both CsDNVs and CpDNVs had a peak retention time of 14.7 min, the same as for CuB, indicating
that both CsDNVs and CpDNVs contained CuB. These two kinds of CDNVs were further analyzed by LC-MS. The
daughter ions m/z 481.5 for both CsDNVs and CpDNVs (Figure IN and O) were consistent with the daughter ion m/z
481.4 for CuB (Figure 1M), further confirming the presence of CuB in CDNVs. These results demonstrated that CDNVs
are a natural nanocarrier of CuB. Without the need of complex encapsulating procedures for CuB in synthetic and
artificial nanocarriers,>>*® CDNVs serve as both a nanocarrier and a resource of CuB to improve the bioavailability and
thereby a better anticancer effect of CuB without the risk of the potential toxicity from engineered nanoparticles.

Cellular Uptake of CDNVs
To investigate delivery of CuB to cancer cells via CDNVs, we analyzed uptake of CDNVs by A549 cells using confocal

laser scanning microscope. As shown in Figures 2A and S3A, DiO-labeled CsDNVs and CpDNVs were effectively
internalized by A549 cells. In addition, as incubation time increased, fluorescence in the A549 cells gradually increased
(Figures 2B and S3B), suggesting that CDNVs are taken up by A549 cells in a time-dependent manner. To investigate
whether CuB enter the cells with CDNVs (method details in the supplementary material), A549 cells incubated with
CDNVs were lysed for LC-MS analysis. As Figure S4 shown, CuB daughter m/z ion was detected at the same retention time

(2.0 min, MRM) in CuB standard solution, lysis solution of CsDNV's and CpDNVs treated cells, respectively, demonstrat-
ing that CuB did enter the cells with CDNVs.

Anticancer Effects of CDNVs in vitro
The anticancer effects of CDNVs in vitro were assessed by the MTT assay. As shown in Figure 2C, cell viability
gradually decreased as CuB concentration increased. CsDNVs and CpDNVs caused significant cytotoxicity toward A549
cells with a 50% inhibitory concentration (ICso) of 4.82 nM and 6.71 nM, respectively (Table S1), while the ICs, value of
CuB for A549 cells was 95.51 nM, similar to that of a previous study.>* Chromatin condensation in A549 cells was
clearly observed after treatment with CsDNVs or CpDNVs, both of which contain 20 nM CuB. Little chromatin
condensation occurred in A549 cells after treatment with 20 nM free CuB (Figure S5), suggesting that CDNVs that
contain CuB possess higher anticancer potency than does free CuB. The annexin V-FITC/PI assay was used to further
evaluate the cytotoxicity of CuB and CDNVs toward A549 cells. As shown in Figure 2D and E, after treatment with
equivalent concentrations of CuB, the percentage of apoptotic cells treated with free CuB was the lowest, CpDNVs
higher, and CsDNVs the highest, consistent with the MTT results. These results suggest that the superior cytotoxicity of
CDNVs may benefit from the structure of nanovesicles, as they not only protect CuB from the influence of complex
external environment factors, but also promote the uptake of CuB by A549 cells.

In order to investigate whether other PDNVs have stronger cytotoxicity to A549 cells, we isolated aloe and Stachys
geobombycis derived nanovesicles, and explore their cytotoxicity by MTT assay (method details in the supplementary
material). As shown in Figure S6, aloe derived nanovesicles exhibited weak cytotoxicity, and Stachys geobombycis

derived nanovesicles had no cytotoxicity to A549 cells. In addition, we also compared the cytotoxicity of CsDNVs to
other plant-derived materials and clinically available drugs in other research papers.’’****> Garlic derived nanovesicles
were also found having cytotoxicity to A549 cells,?’ but they only inhibited ca. 65% of the cell viability which was lower
than CsDNVs. In comparison to clinical available drugs, such as DOX, 5-fluorouracil, cisplatin and taxol, CsDNVs also
exhibit better cytotoxicity than 5-fluorouracil and cisplatin.****> Although the cytotoxicity of DOX and taxol are similar
to CsDNVs, long-term use of DOX can induce cell resistance,** resulting in a low efficacy to cancer therapy. Taxol is

extracted from yew trees which are natural rare plants, so it is detrimental to the environment and may increase patients’
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economic burden.** Considering the high anticancer efficacy, anti-resistance potential, and low production cost, CSDNVs
may be a more satisfactory drug for clinical lung cancer therapy.

Additional cancer cell lines, including HepG2 cells, MDA-MB-231 cells and HGC-27 cells, were used to evaluate the
anticancer effects of CDNVs. As shown in Figure S7, both CsDNVs and CpDNVs have cytotoxicity to all the investigated
cancer cell lines in a dose-dependent manner, suggesting potent cytotoxicity. As shown in Table S1, the ICs, values of
CDNVs for these cancer cells were all below 10 nM. Bakar-Ates et al and Tang et al used lipid polymer hybrids and micelles
to load CuB, which resulted in enhanced cytotoxicity toward MDA-MB-231 and HepG2 cells, respectively.*>*° However,
the ICs( values of CDNVs in our study were even lower than theirs (14.75 uM for a CuB-lipid polymer hybrid with MDA -
MB-231 cells and 76.95 nM for CuB-micelles with HepG-2 cells), suggesting that anticancer efficacy of CuB may be
greater with CDNVs than artificially prepared vesicles. Furthermore, unlike CuB-lipid polymer hybrids and CuB-micelles
that require extra CuB extraction and loading steps, simpler preparation makes production of CDNVs more feasible for
mass manufacture.

Given that CsDNVs inhibited cell viability to a greater extent than did CpDNVs, we only investigated CsDNVs in the
following experiments.

The Mechanism of the Anticancer Effects of CsDNVs

STAT3 mediates diverse cellular processes, including proliferation,*® metastasis,*’ differentiation,*® and angiogenesis.*’
While STAT3 activation is strictly controlled in healthy cells, STAT3 is constitutively activated by phosphorylation in
various types of cancers, where it dimerizes and enters the nucleus to bind to specific genes to promote transcription.>”
Suppression of STAT3 activation has emerged as a promising therapeutic strategy for numerous cancers. There is
evidence that CuB-induced cell apoptosis involves the STAT3 pathway.’'>* Thus, to further investigate the superior
anticancer efficacy of CsDNVs compared with free CuB, the levels of STAT3 and p-STAT3 in A549 cells treated with
free CuB or CsDNVs were measured by WB. Given that tyrosine phosphorylation of STAT3 is essential for the Janus
kinase STAT3 (JAK-STAT3) pathway, which is the canonical pathway for STAT3 activation, primary antibody targeting
to phosphorylated tyrosine-705 (pY705) was utilized here to detect p-STAT3. As shown in Figure 3A-C, A549 cells
treated with CsDNVs expressed less p-STAT3 in a concentration-dependent manner, while the total level of STAT3
protein was unaffected. This result suggests that CsDNVs inhibited p-STAT3 levels, mainly by suppressing STAT3
phosphorylation rather than decreasing total STAT3 expression. The effects of CuB on STAT3 phosphorylation were
similar to those of CsDNVs (Figure 3D—F), consistent with previous research.’® Interestingly, CsSDNVs containing less
CuB (0.354 nM) reduced the relative intensity of the p-STAT3 WB band more than did free CuB (10 nM). We believe it
may be the serum albumin in FBS that affected free CuB suppressing the STAT3 phosphorylation. Serum albumin can
bind to free CuB to form a dimer before CuB is internalized by cells since the binding constant of CuB to serum albumin
is relatively high.”> Dimerization of CuB might reduce binding of CuB to STAT3, thereby reducing its effect on
suppression of STAT3 activation.”’ However, the lipid bilayers of CsDNVs can separate CuB from serum albumin,
allowing the CuB within CsDNVs to inhibit STAT3 phosphorylation at lower concentrations. Since STAT3 mediates
metastasis, we also investigate the CsDNV anti-metastasis efficacy to A549 cells (method details in the supplementary
material). As shown in Figure S8A and B, CsDNVs can inhibit cell metastasis. It is worth noting that CuB-mediated

suppression of STAT3 phosphorylation is associated with reduced cell resistance to drugs,”* thus CsDNVs may increase
cancer cell sensitivity to some drugs to enhance their anticancer efficacy.

Next, the mechanism of CsDNV inhibition of A549 cell proliferation was further explored. Several cellular processes,
including proliferation, differentiation, senescence, and apoptosis, are intimately linked to cell cycle regulation.
Abnormal differentiation and growth of malignant tumors are generally associated with cell cycle dysregulation, and
cell apoptosis is usually associated with cell cycle arrest. Therefore, the distribution of CsDNV-treated A549 cells within
the cell cycle was analyzed. As shown in Figure 3G and H, treatment with CsDNVs (protein concentration, 0.17 pg/mL)
resulted in an increase in the percentage of cells in G2/M phase from 4.4% to 8.61%, suggesting that CsDNVs could
induce cell cycle arrest in G2/M phase.

An increase in the levels of ROS is believed to inhibit tumor growth and promote apoptosis. It has also been reported that
ROS can induce gasdermin D (GSDMD) oligomerization and increase membrane pore formation, further leading to
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pyroptosis, which has recently received more and more attention in the field of cancer therapy.”> We therefore investigated
ROS generation in CsDNV-treated A549 cells. As shown in Figure 31 and J, both CsDNV-treated and CuB-treated cells were
obviously fluorescent, similar to the positive control group (Rosup-treated), whereas cells in the negative control group (PBS-
treated) were less fluorescent. These results suggest that CsDNVs can stimulate production of ROS.

Excess ROS can also destroy the mitochondrial membrane, releasing cytochrome C into the cytoplasm. The released
cytochrome C further combines with apoptotic protein-activating factor 1 (Apaf-1) to recruit and activate pro-caspase 9
to initiate the caspase cascade (a group of proteases involved in eukaryotic apoptosis).”® Since CsDNVs could stimulate
ROS generation, we also measured caspase-9 activity in A549 cells after CsDNV treatment. As shown in Figure 3K,
caspase-9 activity increased from 3.64 to 4.37 U/mg protein/h upon treatment with CsDNVs (protein concentration, 0.17
pug/mL). Caspase-9 can further initiate caspase-3 activity. As shown in Figure 3L, after treating with CsDNVs (protein
concentration, 0.17 pg/mL), caspase-3 activity increased from 4.71 to 6.70 U/mg protein/h. It is well known that caspase-
3 can degrade structural and functional proteins in cells, ultimately leading to cell apoptosis, and it has been reported that
CuB can improve caspase-9 and —3 activities.”®> We therefore suggest that CsDNVs might also promote cell apoptosis
through activation of caspase.

In summary, we conclude that CsSDNV's may exert anticancer effects via the four pathways shown in Scheme 1. First,
CsDNVs can suppress STAT3 phosphorylation, further inhibiting gene expression. Second, CsDNVs can induce A549
cell cycle arrest in G2/M phase and hinder cell division. Third, CsDNVs can increase ROS generation, which destroys
DNA and decreases cell survival. And fourth, CsDNVs can increase caspase-9 and caspase-3 activities to degrade
structural and functional proteins. Admittedly, more research is needed to explore other potential mechanisms.

Safety of CsDNVs
Hemolysis tests, measurements of proinflammatory cytokines, and H&E staining were used to evaluate the safety of
CsDNVs.

The hemolysis test results are shown in Figure 4A. RBCs (2%) were incubated with different concentrations of
CsDNVs, and no internal hemoglobin release was observed. The corresponding hemolysis ratios of the CsDNVs
measured with a microplate reader were all below 5% (Figure 4B), indicating that CsDNVs injected intravenously do
not destroy erythrocytes. In addition, levels of proinflammatory cytokines, including TNF-a and IL-1B, were measured in
mouse serum (Figure 4C and D). The results showed that differences in the levels of serum proinflammatory cytokines in
these two treatment groups (PBS and CsDNVs) were not statistically significant (p > 0.05). To further evaluate the safety
of CsDNVs, H&E-stained organ sections from mice administered PBS or CsDNVs were analyzed by microscopy. There
was negligible damage observed in organ sections from mice in these two treatment groups (Figure 4E): cardiac muscle
fibers appeared complete in sectioned heart muscle, no obvious inflammation was observed in liver sections, few
granulocytes were observed in spleen sections, the thickness of alveolar walls did not change significantly in lung
sections, and little tubular vacuolization was observed in kidney sections. Taken together, these data show that CsSDNVs
are nontoxic in vivo, which alleviates safety concerns about the use of CsDNVs in mouse tumor therapy.

The Anticancer Effects of CsDNVs in vivo

To investigate the anticancer effects of CsDNVs in vivo, we explored their efficacy in BALB/c nude male mice bearing
tumors composed of A549 cells. The time intervals of CsDNVs and CuB treatment regimen was shown in Figure 5A. As
shown in Figure 5B, tumors in mice from the CsDNV group grew more slowly than those from the PBS group (p < 0.05),
whereas the growth rate of tumors in mice administered free CuB was not significantly different from that in the PBS
group (p > 0.05). Regardless of the different growth rates of tumors in mice from these three groups, there were no
statistically significant differences in body weight (p > 0.05) (Figure 5C).

Mice were sacrificed on day 14 to measure tumor weight and size (Figure 5D and E). Tumor weight was lowest in the
CsDNV group, while the difference in average tumor weight between the free CuB and PBS groups was insignificant. In
Figure SE, tumors in the CsDNV group were also the smallest, consistent with the tumor growth curve. Histological
analysis was used to further evaluate CsDNV treatment efficacy (Figure 5F). H&E staining of tumor sections revealed
that tumors in the PBS group exhibited nearly no damage, while tumors from the group treated with free CuB showed
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only slight necrosis. However, after treatment with CsDNVs, tumors exhibited prominent necrosis. The results of the
TUNEL assay are shown in Figure S9A and B. Apoptotic cells were observed in tumor sections from mice treated with
CsDNVs, but not in the free CuB or PBS groups. These data suggest that CsDNVs possess greater anticancer activity
than does free CuB in vivo. In order to investigate whether CsDNV's can inhibit STAT3 activation in vivo (method details
in the supplementary material), the level of STAT3 and p-STAT3 in mouse tumor tissues treated with CsDNVs and free
CuB have been detected by immunohistochemistry technique, and the related results were shown in Figure S10A and B.
The relative expression level of STAT3 and p-STAT3 was quantified in Figure S10C and D, in which we can see that the
STAT3 expression level did not change after treated by CuB and CsDNVs. The p-STAT3 expression level decreased after
CsDNVs treatment, while it did not change after CuB treatment. These results indicated that CsDNVs can inhibited the
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Figure 5 CsDNV anticancer properties in vivo. (A) The time intervals of CsDNVs and CuB treatment regimen. (B) Tumor volume of nude mice administered PBS, CuB or
CsDNVs by tail vein injection. *p < 0.05. N=5. (C) Mouse body weight was recorded daily during the treatment period. N=5. (D) Tumor weight of nude mice administered
PBS, CuB or CsDNVs by tail vein injection. *p < 0.01. N=5. (E) Tumor size of nude mice shown after treatment with PBS, CuB or CsDNVs for 14 days. (F) H&E staining of
tumor tissues from different treatment groups. Scale bar: 100 um. (G) Fluorescence intensity of mice treated with CsDNVs-DiR and free DiR was observed using a small
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p-STAT3 expression in tumor tissues. Since STAT3 mediate angiogenesis, we also measured the angiogenesis-related
factors CD31 expression in tumor tissue from different treatment groups (method details in the supplementary material).

As Figure S11A and B shown, CsDNVs can inhibit CD31 expression, which is helpful to inhibiting tumor growing. This
may be a result of increased bioavailability of CuB resulting from protection of the nanovesicle structure of CsSDNVs, as
a previous study reported that the bioavailability of CuB encapsulated by nanocarriers was 1.6 times greater than free
CuB, and encapsulated CuB could consequently suppress tumor growth rate more effectively.*

Besides increased bioavailability, enhanced permeability and retention may also lead to stronger anticancer effects of
CsDNVs. To test this possibility, the biodistribution of CsDNVs in mice was investigated using a small-animal imaging
system. DiR, a lipophilic, near-infrared fluorescent cyanine dye used for labeling cytoplasmic membranes, was used to
label CsDNVs and track their distribution in vivo. As shown in Figure 5G, the fluorescence intensity of tumors from the
DiR-CsDNV group was much stronger than that from the DiR group, demonstrating that CsDNVs could accumulate in
tumor tissue, which may contribute to their superior anticancer effects in vivo.

Conclusion

In this research, an in-depth exploration of CsDNVs has been carried out for the first time, and we provide critical
evidence demonstrating their anticancer effects. CsDNVs were obtained using a simple method of juicing and ultra-
centrifugation, and their structure, diameter and zeta potential was similar to mammalian exosomes. We found that these
CsDNVs could be taken up by A549 cells where they inhibited proliferation by suppressing STAT3 phosphorylation,
enhancing ROS generation, promoting cell cycle arrest and increasing caspase activity. Compared with free CuB,
CsDNVs possessed greater anticancer activity, both in vitro and in vivo, which may result from the improved bioavail-
ability of CuB as a result of the protective effect of the lipid bilayer of CsDNVs and accumulation of CuB in tumor tissue
via enhanced permeability and retention. In addition to their native therapeutic potential, CsSDNVs can also be used to
load other agents for synergetic cancer therapy. Other bioactive molecules in CsDNVs may also contribute to inhibition
of tumor growth. However, given that CuB widely exists in cucurbitaceous plants, and exhibits anticancer activity in
various cancer, we only analyzed CuB in CDNVs in this paper as a simplified study model, and expected it to be a start
and a reference for future CDNV research. More studies are required to fully understand the underlying mechanisms of
CDNYV anti-cancer activity, and to appropriately apply the results to clinical applications. This research provides a novel
perspective on therapeutic drug isolation from medicinal plants, which are more likely to be sustainable and help drive
the global green economy.
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