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Purpose: Plant-derived nanovesicles (PDNVs) are promising candidates for next-generation drug delivery system due to their
scalability, low cytotoxicity and immunogenicity, and efficient cellular uptake. Here, tomato fruit-derived PDNVs were loaded with
tolvaptan, a vasopressin V2-receptor antagonist with the aim to reduce drug cytotoxicity, control drug release and to improve drug
efficiency in vitro.

Methods: Tolvaptan was encapsulated by extrusion and electroporation. Entrapment efficiency (EE%) and drug loading capacity
(DLC%) were optimized by changing the drug-to-PDNV ratio and time-dependent drug release rate was evaluated at two different pH.
Tolvaptan-loaded PDNVs were characterized using physiochemical and morphological methods. Cellular uptake of fluorescently
labelled tolvaptan-loaded PDNVs was evaluated. The cytotoxicity and effects of tolvaptan-loaded PDNVs on cyst formation and cell
migration were studied in different renal cell cultures.

Results: Electroporation resulted in higher EE% and DLC% than extrusion for the encapsulation of tolvaptan into PDNVs. MDCK
cells efficiently uptake tolvaptan-loaded PDNVs. The release of the tolvaptan was time and pH dependent. Enhanced cell proliferation,
suppressed cyst growth, and altered cyst morphology compared with controls was observed. Migration assay demonstrated that
tolvaptan-encapsulated PDNVs had a favourable effect on enhancing wound healing and cell migration in renal cells.

Conclusion: Tolvaptan-loaded PDNVs show promising features as a natural next-generation nanoscale delivery system in vitro for
time and pH-dependent release of hydrophobic drugs, such as tolvaptan.
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Introduction

In the fields of biotechnology and pharmaceutical research, the confluence of new drug delivery strategies and natural
substances has opened up possibilities for new therapeutic interventions.'* Natural nano-drug delivery systems are
increasingly being investigated as promising solutions to overcome the barriers faced in clinical applications. Amongst
these, nanometer-sized, biomembrane enclosed plant-derived vesicles have emerged recently due to their intrinsic
characteristic to transport complex bioactive cargoes including proteins, lipids, and nucleic acids.®> Here, we use “plant-
derived nanovesicles” (PDNVs) as an umbrella term for the kind of nanomaterial obtained from homogenized whole
plants, plant tissues or organs. PDNVs are isolated from homogenized and therefore highly complex materials using
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methods commonly applied in extracellular vesicle (EV) research, such as ultracentrifugation, size-exclusion chromato-
graphy, and tangential flow filtration. Pristine PDNVs contain a highly complex mixture of intracellular and extracellular
transporter vesicles as well as vesicles formed during the isolation process. These nanomaterials hold promise as natural
nano-drug delivery systems because of their biocompatibility, low immunogenicity, and ability to navigate biological
barriers.*® Moreover, the production of PDNVs is easily scalable.

PDNVs have been isolated from various plants, such as ginger,” ' grapefruit,' "> kiwi,'* cucumber,® cabbage,'”
asparagus,'® and tomato,'” just to mention some. They could be sustainable alternatives to mammalian EVs with the
potential for large-scale production, thus advancing prospects for novel drug delivery interventions. Several PDNVs have
been loaded with different natural or synthetic molecules and have been studied for their potential to deliver exogenous
ingredients in vitro and in vivo. For example, grapefruit PDNVs were loaded with curcumin and doxorubicin to alleviate
inflammation and inhibit tumor growth, respectively, in a DSS-induced mouse colitis model.'' In other studies, grapefruit
PDNVs loaded with therapeutic microRNAs were used to target brain cancer'? or liver metastasis of colon cancer."
Finally, kiwifruit PDNVs were also exploited for the delivery of sorafenib, a protein kinase inhibitor drug to target
hepatocellular carcinoma cells (HCC)."* PDNVs could be useful as cell-free therapy for several diseases. Drug-delivery
applications of PDNVs isolated from different sources have been recently reviewed.'® There are several potential
advantages of using PDNVs as nanocarrier of various drugs for the treatment of diseases. These include their natural
green origin, the opportunity to isolate them in a high yield from economical plant resources, biocompatibility,
biodegradability, and stability within the gastrointestinal tract.

We previously isolated micro- and nano-sized PDNVs from tomatoes using differential ultracentrifugation (dUC), and
subsequently applied size-exclusion chromatography (SEC) or density gradient ultracentrifugation (DGUC) purification
methods to obtain distinct PDNVs populations.'”'® These tomato-derived PDNVs have been shown to possess intrinsic
anti-inflammatory activity, which was further increased by encapsulation of the exogenous natural compound
curcumin.”® Indeed, the low-density DGUC fraction of tomato PDNVs was shown to downregulate the production of
IL-1B at the mRNA level in a model of LPS-induced inflammation in the THP-1 human monocytic cell line, and
a proteomic analysis of this PDNVs subpopulation revealed several inflammatory modulators as part of the protein
constituents.

Here, by building on the intrinsic anti-inflammatory and carrier properties of tomato-derived PDNVs, we aimed to
supplement them with antiproliferative activity by encapsulating a synthetic drug, tolvaptan. Tolvaptan is a vasopressin
antagonist selective for the V2-subtype vasopressin receptor (V2R)?' and can act as an antagonist chaperone for the
mutated V2R receptor, showing high selectivity for V2R.** Recently, tolvaptan was shown to arrest renal cyst growth in
autosomal dominant polycystic kidney disease (ADPKD)**2® and cellular proliferation in cultured renal cancer cells.?’

Clinical trials, such as TEMPO 3:4 (NCT00428948) and the Replicating Evidence of Preserved Renal Function: an
Investigation of Tolvaptan Safety and Efficacy in ADPKD (REPRISE) trial (NCT02160145) have demonstrated that
tolvaptan treatment was effective in decreasing renal volume growth, declining the estimated glomerular filtration rate
(GFR), and maintaining renal function in patients with ADPKD.?>-*® It has also efficacy on the patients who are at the
risk of renal failure or with quickly progressive ADPKD.?’ However, tolvaptan has potential side effects too. For
instance, increased thirst and urination are the frequently observed adverse reactions, coming from the diuretic impact of
tolvaptan.'' Besides, some patients may also experience electrolyte imbalances,” particularly elevated sodium levels
(hypernatremia), caused by increased water excretion,30 liver enzyme abnormalities,3° nausea, or diarrhea.*° Therefore,
tolvaptan treatment requires careful monitoring by healthcare providers, and some modifications might be required to
control adverse reactions.

Tolvaptan exhibits low solubility (50 ng/mL at 25 °C, pH 2-12), low permeability, and low bioavailability. To
enhance oral bioavailability, methods to improve solubility, dissolution rate, and permeability have been employed,

3 *! and self-emulsifying formulations.*! To improve water

including liposomes,”' nanosuspensions,®' solid dispersions,
solubility and enable intravenous use Tolvaptan, Fujiki et al synthetized tolvaptan sodium phosphate (OPC-61815) as
a pro-drug of tolvaptan that was evaluated in a pharmacokinetics study.>* Lee et al addressed this issue by optimizing
a self-microemulsifying drug delivery system through a design of the experiment (DoE) approach.®' Employment of oils,

surfactants, and cosurfactants like Capryol® 90, Tween 20, and Transcutol® HP, increased self-emulsification efficiency
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in the formulation that resulted in an increased tolvaptan bioavailability. Targeting tolvaptan delivery to specific sites
remains challenging. One possible option could be the use of plant-derived nanovesicles for their encapsulation. PDNVs
have been demonstrated to possess unique advantages in the fabrication of nanocarriers for drug delivery.’

In this study, we employed two loading methods to encapsulate tolvaptan: extrusion and electroporation. The physical
and morphological characteristics and impact of tolvaptan-loaded tomato PDNVs on the regulation of cell proliferation,
cytotoxicity, uptake, cell migration, and cystogenesis were studied using different kidney cell lines each mimicking
different aspects of kidney-related conditions. Ureteric bud (UB) cells are useful for modeling nephrogenesis, and Madin-
Darby canine kidney (MDCK) cell is a commonly used cell line that retains many characteristics of the distal nephron
and used for in vitro cystogenesis studies. Moreover, two of the cell lines were cancer cell lines, Renca and Caki-1.
Renca is an epithelial cell line that was isolated from the kidney of a male mouse with renal cortical adenocarcinoma
while Caki-1 cells, representing renal carcinoma and cell migration models.

Materials and Methods
Isolation of PDNVs from Tomato Fruit and Loading Them with Tolvaptan

Tomato (Solanum lycopersicum L., 1753) Piccadilly plump tomatoes were from commercial source from Real Frutta S.r.
I, Napoli, Italy. PDNVs were isolated using dUC as described by Bokka et al.'” Tolvaptan was obtained from
MedChemExpress (Sollentuna, Sweden). Tolvaptan was encapsulated in PDNVs using two methods: extrusion and
electroporation.

Preparation of Tolvaptan-Loaded Tomato PDNVs by Extrusion

Tomato PDNVs (5 mg protein) were vacuum-dried (Speed Vac, SC100, Savant Instruments, Inc. Farmingdale, NY,
USA), re-suspended in 1 mL of methanol, and transferred to a round-bottom glass vial. Tolvaptan (0.5 mg) dissolved in
methanol (1 mg/mL) was added to the PDNVs sample (PDNVs:tolvaptan ratio 1:0.1), and the solvent was evaporated
slowly under a nitrogen stream. The dried sample was rehydrated in extraction buffer (filtered using 0.02 ym Whatman®
Anotop® syringe filter) at 65 °C overnight. The sample was centrifuged at 500 x g for 5 min, the supernatant was filtered
through a 0.22 pm syringe filter (Whatman®), and then extruded using an Avanti mini extruder (Avanti Polar Lipids Inc.,
Alabama, USA) 42 extrusion cycles with two different polycarbonate membranes, 0.2 pum and 0.1 pm pores. The
extruded sample was re-purified by UC at 100,000 x g for 2 h at 4 °C using an SW55Ti rotor.

Preparation of Tolvaptan-Loaded Tomato PDNVs by Electroporation
Electroporation was performed at two different PDNVs to tolvaptan ratios 1:1 and 10:1 keeping the tolvaptan quantity
fixed at 0.5 mg and using either 0.5 mg or 5 mg PDNVs. PDNVs (protein concentration 4.2 mg/mL) and tolvaptan (1 mg/
mL solution in methanol) were mixed in a 2 mL Eppendorf tube. After overnight incubation at room temperature, the
sample was transferred to an Eppendorf tube and diluted with Resuspension Buffer R (Neon™ Electroporation System,
Invitrogen, Carlsbad, CA, USA) at a 1:1 ratio. The diluted mixture (100 pL) was carefully loaded into a Neon pipette.
Electroporation was performed by applying a voltage of 750 V, with a pulse width of 15 ms and five pulses. The
electroporated sample was repurified in a 2 mL Quick-Seal polyallomer tube by UC at 100,000 x g for 3 h at 4 °C using
a TLA 120.2 rotor, Beckman Optima TL ultracentrifuge).

After loading, the protein concentrations of the samples were determined using a Qubit Protein Assay (Thermo Fisher
Scientific, Rockford, IL, USA) according to the manufacturer’s instructions. Tolvaptan concentrations were determined
using UV-Vis spectrophotometry based on the absorbance measured at 269 nm.

Determination of Entrapment Efficiency (EE%) and Drug Loading Capacity (DLC%)
The entrapment efficiency (EE%) and drug loading capacity (DLC%) of tolvaptan loading into the PDNVs were
calculated according to the following equations:*°

EE (%)=(amount of the encapsulated tolvaptan)/(initial amount of tolvaptan added)x100%

DLC (%)=(amount of the encapsulated tolvaptan)/(total amount of the PDNVs carrier)x100%

The amount of the PDNVs is expressed in protein quantity.
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Drug Release Assay of Tolvaptan-Loaded PDNVs

The release of tolvaptan from nanovesicles was carried out under two conditions, PBS solution pH 7.4, and tris-HCL
solution pH 5.0. 300 pL of tolvaptan-loaded NVs containing 350 ug protein and 39 ug tolvaptan were loaded onto the
polyethersulfone (PES) membrane of Spin-X"® UF concentrator tube (100 kDa cutoff pore size, Corning, UK) with 5 mL
of PBS/tris-HCL solution, and stirred at room temperature. At each predetermined time point, 200 pL of sample was
collected from the release medium and the equal volume of buffer solution was added. The amount of tolvaptan in
collected samples was determined by UV-Vis spectroscopy by measuring the absorbance at 269 nm. The drug release rate
of tolvaptan was calculated according to the formula:

Drug release % = Amount of the released drug/Amount of the added drug x 100%

Characterization of Tomato Nanovesicles

Nanoparticle Tracking Analysis (NTA)

The nanoparticle concentration and size of both pristine tomato PDNVs and the drug-loaded tomato PDNVs were
assessed using nanoparticle-tracking analysis (NTA) on a NanoSight NS300 instrument (Malvern Panalytical, Malvern,
UK). Each sample, comprising 2 pg of PDNVs (expressed as protein quantity), was diluted to a volume of 1 mL with
Milli-Q water, and 1 mL of the diluted sample was introduced into the instrument. The analysis was conducted with
a camera level set at 14 and detection threshold at level 3. Subsequently, the acquired data were processed and examined
using the NTA software version 3.4.

Zeta Potential Measurements

The zeta potentials of both the pristine and drug-loaded PDNVs were determined using a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd., Malvern, UK), incorporating a laser source with a wavelength of 633 nm and a scattered
angle of 13°. The instrument was calibrated according to the manufacturer’s instructions by measuring the known surface
charge (40 + 5.8mV) of 100 nm polystyrene nanoparticles. Each sample, consisting of 2 pg of PDNVs (expressed as
protein quantity), was diluted to 1 mL in MilliQ water and 800 pL of the diluted sample was introduced into folded
capillary cell cuvettes of type DTS 1070 (Malvern Instruments Ltd., Malvern, UK). The zeta potentials of the samples
were measured three times at 25 °C, employing an automatic number of runs and voltage selection with an equilibration
time of 120 s.

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) imaging with a Tecnai G2 Spirit instrument (FEI, Eindhoven, The
Netherlands) was used to visualize the surface morphology of both the pristine and drug-loaded PDNVs. Briefly, 2 puL
of each sample was applied to a Formvar carbon-coated grid that had been glow-discharged. Subsequently, negative
staining was carried out using 2% uranyl acetate, and the samples were examined using a Tecnai G2 Spirit transmission
electron microscope (FEI, Eindhoven, The Netherlands). Images were captured at a magnification of 1:23000 using
a charge-coupled device camera (Quemesa; Olympus Soft Imaging Solutions GMBH, Miinster, Germany).

Cell Lines

The mouse Renca (American Type Culture Collection (ATCC) CRL-2947™) epithelial cell line derived from
a spontaneous renal cortical adenocarcinoma in BALB/cCr mice; Caki-1 (ATCC HTB-46™) human renal cell carcinoma
cell line and Madin-Darby canine kidney (MDCK, NBL-2, ATCC CCL-34™) were obtained from American Type
Culture Collection (ATCC). The ureteric bud (UB) immortalized cell line*® was gifted by Barasch’s lab (Columbia
University, USA). The MDCK, UB, and Renca cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% of fetal bovine serum (FBS) and 1% of penicillin. Caki-1 cells were cultured in Eagle’s
Minimum Essential Medium (EMEM) with 10% FBS). Cells were grown at 37 °C and 5% CO,.

Cytotoxicity and Cell Proliferation Assays
An IncuCyte Cell Count Proliferation Assay was used to measure the cytotoxicity, cell viability, and proliferation of the
pristine and drug-loaded PDNVs. The cells were detached by application of a proteolytic enzyme, trypsin, and
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centrifuged at 125 x g for 5 min, counted by TC20™ Automatic Cell Counter (Bio-Rad), resuspended at 1x10° cells/mL
concentration in DMEM supplemented with 10% FBS, 100 pL volumes were seeded into a 96-well flat bottom plate and
incubated at 37 °C, 5% CO, overnight. After overnight incubation, the medium was removed, and the cells were washed
with phosphate-buffered saline (PBS) and replaced with fresh medium containing tomato PDNVs samples. SYTOX
Green high-affinity nucleic acid stain (diluted with medium 1:10000) was used to label the dying cells. Scanning was
performed every 3 h at 10 x magnification, with a standard scan used to observe cell death over time. Dying cells were
automatically quantified using IncuCyte image analysis tools. All samples were plated in triplicate.

Uptake of Tomato PDNVs by MDCK Cells

MDCK cells were seeded on a 12 well plate in a glass slide at a density of 2x10° cells/well. Cells were treated with 10 pug
(1 mL/well, at the concentration of 0.01 pg/uL) of tomato PDNVs labelled with green fluorescent dye DiOC;g and
incubated for 1, 8, and 24 h at 37 °C. Then The cells were washed with PBS and fixed with 4% paraformaldehyde (PFA)
solution at 4 °C overnight. PFA was then removed, and the cells were washed with PBS. Cell nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, 62248, USA), and LysoTracker Deep Red (Invitrogen,
L12492, USA) was used to stain lysosomes in MDCK cells. The results were visualized using a Leica Stellaris § DIVE
confocal and multiphoton microscope (Leica Microsystems GmbH, Germany).

Flow Cytometry Analysis of Cellular Uptake

Quantitative cellular uptake of tolvaptan-loaded tomato PDNVs by MDCK cells was evaluated using flow cytometry.
MDCK cells were seeded in a 6 well plate at a density of 1.55x10° cells/well, and cultured for 24 h. Cells were further
treated with 20 pg of tomato PDNVs labelled with green fluorescent dye DiOC,g (2 mL/well, at the concentration of
0.01 pg/uL) and incubated for 1, 8, and 24 h at 37 °C. After incubation the medium was removed, cells were washed
with cold PBS twice, detached by trypsin, centrifuged at 300 x g for 3 min at 4 °C, resuspended in 300 pL of PBS, and
analyzed by a flow cytometer (BD FACS symphony A5 SE, BD Biosciences, San Jose, CA, USA). The obtained data
were analyzed using FlowJo software (version 10.10.0, FlowJo LLC).

In vitro Cyst Formation of MDCK Cells

For the cyst morphogenesis experiments, hESC-Qualified LDEV-Free Matrigel matrix (354277, Corning, NY, USA) was
thawed overnight in a 4 °C refrigerator before use. About 200 pL of Matrigel matrix (10 mg/mL) was transferred into
each well of a pre-chilled 24-well plate on the top of a glass coverslip, spread evenly with a pipette tip, and then
incubated at 37 °C for 30 min to allow the Matrigel matrix to form a gel. MDCK cells were washed once with PBS,
detached using trypsin to obtain a single-cell suspension, and pelleted by centrifugation at 125 x g for 5 min at room
temperature. The cells were resuspended in MDCK complete medium (DMEM supplemented with 10% FBS) to adjust
the final cell density to 3x10° cells/mL. About 250 uL volumes of cell suspension were added to each well of a precoated
24-well plate and then incubated at 37 °C for 30 min. The MDCK complete medium was chilled on ice and added
Matrigel matrix to 10% of the final volume (final concentration: 0.8 to 1.1 mg/mL). Matrigel matrix medium (250 pL)
was gently added to the plated culture. The cells were continuously cultured for eight days, and the Matrigel matrix
medium mixture was changed every two days. Images were obtained using a Leica Stellaris 8 DIVE confocal and
multiphoton microscope (Leica Microsystems GmbH, Germany).

Cell Migration Assay

An Incucyte ZOOM®™ 96-well scratch wound migration assay was performed to measure the basic cell migration
parameters in vitro. Caki-1, MDCK, UB, and Renca cells were seeded at a density of 5x10° cells/well in an Incucyte
ImageLock™ 96-well plate and incubated for 48 h. Once the cells reached 100% confluence, the culture medium was
removed, replaced with serum-free medium containing 0.1% (w/v) metamycin, kept for 6 h at 37 °C in 5% CO, before
making the scratching. Wounds were created using WoundMaker ™ (Essen Biosciences, San Jose, CA, USA), a 96-pin
mechanical device designed to create 700-800 um wide homogeneous wounds in cell monolayers on 96-well
ImageLock™ microplates. After creating wounds, the medium was removed, the cells were washed with PBS, and
serum-free medium containing PDNVs samples (5 pg of PDNVs based on protein content and 0.25/2.9 pg of tolvaptan)
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was added into the wells. The area that remained clear of cells was quantified for 48 h using an Incucyte S3 live analysis
system (Essen Biosciences). Digital images were obtained every 2 h. Assays were performed in triplicate.

Statistical Analysis

The experiments were conducted in triplicate unless stated otherwise, with results presented as mean values accompanied
by standard deviations. Statistical analysis was carried out using one-way ANOVA followed by Tukey’s post-hoc test,
utilizing OriginPro® 2022 (US). A p-value of less than 0.05 was considered statistically significant.

Results

Evaluation of Tolvaptan Loading into Tomato PDNVs and Characterization of
Tolvaptan-Loaded PDNVs

PDNVs were isolated from the Piccadilly variant of tomatoes by dUC method as described previously.'” The procedural
workflow employed for the isolation, drug loading, and characterization of drug-loaded tomato PDNVs is summarized in
Figure 1.

Two different methods, electroporation and extrusion, were evaluated for loading tolvaptan into the tomato PDNVs.
To avoid unloaded tolvaptan and debris in the final sample, PDNVs were repurified after loading using ultracentrifuga-
tion. The final nanoparticle, protein, and tolvaptan concentrations were determined, and the entrapment efficiency (EE%)
and drug loading capacity (DLC%) were calculated. Comparing the two methods, we observed slightly higher EE% and
DLC% and particle concentration with electroporation (Table 1). Therefore, electroporation was used to optimize the
loading at two different PDNVs to drug ratios. Keeping the initial tolvaptan quantity fixed at 0.5 mg, two PDNVs to
tolvaptan ratios were attempted by increasing the PDNVs quantities 10 times from a ratio of 1:1 to 10:1. Almost 10 times
more tolvaptan could be incorporated at a 1:1 ratio (2.9 pg) compared to a 10:1 ratio (0.3 pg). The EE% increased

Table | Encapsulation of Tolvaptan Into Tomato PDNVs Using Extrusion and Electroporation Methods, Entrapment
Efficiency (EE%) and Drug Loading Capacity (DLC%). PDNVs Quantity Is Expressed in the Measured Protein Quantity.
Particle Concentrations Were Measured by NTA and Expressed as Particle Numbers in mL of Final Sample

Loading Initial PDNVs / Final PDNVs / Particles / mL EE (%) DLC (%)
Tolvaptan Ratio Tolvaptan Ratio in Final Sample

Electroporation I:1 1:0.5 286 x 10" +£239x 10" 45 37

Electroporation 10:1 1:0.06 442x10'"'+ 3.21x10'° 16 6

Extrusion 10:1 1:0.05 793 x 10'°+52x 10° 12 5

Abbreviations: PDNVs, plant-derived vesicles; EVs, extracellular vesicles; HCC, hepatocellular carcinoma cells; dUC, differential ultracentrifugation;
SEC, size exclusion chromatography; DGUC, density gradient ultracentrifugation; V2R, vasopressin receptor; ADPKD, autosomal dominant polycystic
kidney disease; EE%, entrapment efficiency; DLC%, drug loading capacity; NTA, Nanoparticle Tracking Analysis; TEM, Transmission electron micro-
scopy; UB, ureteric bud; MDCK, Madin-Darby canine kidney; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; EMEM, Eagle’s
Minimum Essential Medium; PFA, paraformaldehyde; DAPI, 4',6-diamidino-2-phenylindole; PBS, phosphate buffered saline.
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considerably from 16 to 45 and DLC% from 6 to 37 (Table 1). Consequently, PDNVs electroporated at a 1:1 ratio with
tolvaptan were used in the in vitro experiments.

To characterize the PDNVs before and after loading with tolvaptan, the protein and particle concentrations, particle
sizes, and zeta potentials were determined. Tomato fruit-derived pristine PDNVs had a mean diameter of 224.1 + 12.6
nm, negative zeta potential of —55.03 mV, and contained 1.96x10'" + 2.6x10'" particles/mL (9.8 x10'° + 2.6x10’
particles/pg). After extrusion, we observed a reduction in diameter of the PDNVs (177.0 £ 9.7 nm), a lowered zeta
potential of ~62.45 mV, and a lowered particle number of 7.93x10'® + 5.2x10° /mL. These results suggest some loss and
resizing the vesicles upon extrusion, as expected. Electroporation, similar to extrusion, slightly reduced the size (191.3 +
6.3 nm) and zeta potential (<51.81 mV) of the vesicles but resulted in more particles numbers (2.86 x 10'" + 2.39x10'°
particles/mL) than extrusion.

Morphological Studies
The morphologies of the pristine and tolvaptan-loaded tomato PDNVs were analyzed by transmission electron micro-
scopy (TEM). Transmission electron microscopy (TEM) revealed spherical lipid bilayer structures (Figure 2). While the
vesicular structure was maintained upon loading, NTA results showed that the size of the tolvaptan-loaded PDNVs
slightly decreased. Moreover, some aggregation was observed in the extrusion-prepared samples. The higher grade of
aggregation can be attributed to the increased negative zeta potential of the particles.

However, we observed the preservation of the overall morphology and physical properties in both loading procedures,
which highlights the resilient nature of tomato PDNVs as a drug delivery platform.

A Tomato NVs B Tolvaptan-loaded tomato C Tolvaptan-loaded tomato
NVs by extrusion NVs by electroporation
e 9 e 2
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o
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Figure 2 Representative transmission electron microscopy (TEM) images of (A) pristine tomato nanovesicles (NVs). (B) tolvaptan-loaded tomato NVs by extrusion. (C)
tolvaptan-loaded tomato NVs by electroporation. (D) pristine tomato nanovesicles (NVs) after | year under —80 °C storage conditions. (E) tolvaptan-loaded tomato NVs
by extrusion after | year under —80 °C storage conditions. (F) tolvaptan-loaded tomato NVs by electroporation after 6 months under —80 °C storage conditions.
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Stability of Tolvaptan-Loaded Tomato PDNVs

To study the stability of pristine and tolvaptan-loaded tomato-derived PDNVs, their protein concentration, particle
concentrations, size distribution, zeta potential, and morphology was reevaluated after 6-12 months of storage at —80
°C. We observed that protein concentration changed only slightly in both pristine and tolvaptan-loaded PDNVs. Particle
concentration increased in pristine PDNVs (5.76 x 10'" + 2.24 x 10'° particles/mL), while it decreased in tolvaptan-
loaded PDNVs sample (1.82 x 10'" + 3.05 x 10'° particles/mL) respect to previous measurements. Particle size of
pristine (193.0 = 4.4 nm) and tolvaptan-loaded PDNVs (211.2 £+ 30.7 nm) demonstrated a good size stability. Despite
slight changes in { potential, from —62.45 mV to —55.33 mV in electroporation-prepared PDNVs, and from —51.81 mV to
—55.00 mV in pristine PDNVs, all samples maintained comparable surface charge and similar morphology (Figure 2D—
F), indicating preserved colloidal and structural stability.

pH-Dependent Drug Release Rate

The release profile of tolvaptan from tomato NVs was analyzed under two pH conditions: physiological (pH 7.4) and
slightly acidic (pH 5.0) environments over 48 hours. At pH 7.4, the release rate increased gradually, beginning with an
average release of 7% at 1 hour and increasing to 13% at 4 hours, 20% at 24 hours, and 25% by 48 hours (Figure 3). On
the other hand, at pH 5.0, the release rate was significantly higher, starting at 12% at 1 hour and rising sharply to 25% at
4 hours, 30% at 24 hours, and finally reaching 39% at 48 hours. The gradual increase in tolvaptan release over time,
without an initial burst, indicates a controlled and sustained release mechanism under both physiological and acidic
conditions. The results show that release rates vary depending on pH, demonstrating pH-sensitive drug release behavior,
with enhanced drug release in acidic environments. This suggests that the nanovesicle system may preferentially release
tolvaptan in slightly acidic environments, such as those found in diseased tissues, enhancing its potential for targeted

therapeutic applications.

The Effect of Tolvaptan-Loaded Tomato PDNVs on Cytotoxicity and Cell Proliferation
The biological effects of tolvaptan-loaded tomato PDNVs were studied in vitro using different kidney cell lines. Based on

2035 and to avoid toxic doses of PDNVs and tolvaptan, for the cell proliferation and

previously published data,
cytotoxicity assays cells were treated with 5 pg of PDNVs (expressed as protein content) in all tests. The tolvaptan-
loaded PDNVs contained either 0.25 pug or 2.9 ug tolvaptan to test the dose dependence.

We observed that treatment with tolvaptan alone, especially at higher concentrations, reduced cell proliferation in all

cell lines, as indicated by a decrease in the number of cells in phase contrast (Figure 4A).
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Figure 3 Cumulative drug release profile of tolvaptan-loaded tomato nanovesicles (NVs) at pH 7.4 and pH 5.0 over 48 hours.
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Figure 4 (A) Cell proliferation and (B) cytotoxicity results of tolvaptan-loaded tomato-derived nanovesicles (NVs) prepared by extrusion and electroporation methods on
Caki-1, Madin-Darby canine kidney (MDCK), ureteric bud (UB), and Renca cell lines. Control samples include the same quantity of pristine NVs (5 pg) and tolvaptan (0.25
and 2.9 ug).

In Caki-1 cells, tolvaptan and tolvaptan-loaded PDNVs promoted cell proliferation even at low dose (0.25 pg),
whereas pristine PDNVs and tolvaptan at higher dose (2.9 pg) caused moderate increases in confluence. MDCK cells
showed a similar pattern, where tolvaptan at both doses and tolvaptan-loaded PDNVs loaded at low dose of tolvaptan
resulted in decreased growth of the cells compared to the control sample without any treatment and other samples. This
trend continued in UB and Renca cells, showing that treatment with tolvaptan-loaded PDNVs generally surpassed
tolvaptan alone in terms of cell proliferation.
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Additionally, treatment of cells with tolvaptan, particularly at higher doses, led to a significant increase in cell death,
as demonstrated by the green fluorescent SYTOX staining (Figure 4B). The treatment of Caki-1 and Renca cell lines with
PDNVs and tolvaptan alone enhanced cytotoxicity compared to the treatment using PDNVs loaded with the higher dose
(2.9 pg) of tolvaptan. The MDCK cell line followed this trend, with the highest increase in cytotoxicity observed for
tolvaptan alone and for tolvaptan-loaded PDNVs. Interestingly, tolvaptan loaded into tomato PDNVs at higher dose were
more cytotoxic to the UB cell line than tolvaptan (0.25 pg) alone, pristine PDNVs or low dose tolvaptan-loaded PDNVs.
These results, however, collectively suggest that tolvaptan alone at both doses is more toxic to cells, whereas its
incorporation into PDNVs reduces its cytotoxicity.

Uptake of Tolvaptan-Loaded Tomato PDNVs by MDCK Cells

To study the uptake of pristine and tolvaptan-loaded tomato PDNVs by the MDCK cell line, cells were treated with
DiOCg-labelled PDNVs. The cells were stained with nuclear and lysosomal dyes, followed by fixation, and images were
captured at 1, 8, and 24 h using a confocal microscope (Figure 5SA and B). Figure 5A shows that both pristine and
tolvaptan-loaded tomato-derived PDNV's were progressively taken up by cells over time. Clear localization of PDNVs to
lysosomes was observed after 24 h of incubation (Figure 5C and D). Slightly more tolvaptan-loaded PDNVs were taken
up during the time interval studied. Quantitative colocalization analysis showed similar amounts of unloaded and
tolvaptan-loaded PDNVs in lysosomes (Figure 5C and D).

control NVs NVs+T
B
= 501
g ® 1h
> 40 e 8h
©
£ 301 ® 24h
o
—_
& 204
k)
© 10
S
o
2 o
NVs NVs+T
(o] NVs
1.0 o
v 0.8 jf
(1)
e
g 0.6
Soa] E=
E L]
0.2
0.0 T T T
1h 8h 24h
NVs+T
D
1.0 .
—f—
o 0.8
06 g ]
< 0.4
=
0.2
0.0 T T T
1h 8h 24h

Figure 5 (A) Uptake of tomato fruit-derived nanovesicles (NVs) by MDCK cells evaluated by confocal microscopy. DIOC g-labelled NVs (green fluorescent) were incubated
with cells. (B) Cellular uptake of tomato NVs alone (NVs) and with tolvaptan (NVs + T). Cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) staining (blue),
and lysosomes were stained by LysoTracker Deep Red (red); colocalization of (C) NVs and (D) tolvaptan-loaded NVs (NVs + (T) in lysosomes over time; the overlap of the
signals is expressed as Manders’ M| coefficient. The level of significance was p < 0.05 (*¥¥¥).
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Quantitative Flow Cytometric Analysis of Tomato PDNVs’ Uptake by MDCK Cells
We quantified PDNVs uptake in MDCK cell line using flow cytometry. Figure 6 displays flow cytometry histograms and
summary data for time-dependent PDNVs uptake analyzed based on FITC fluorescence (B510-A channel). The control
consisted of untreated cells, while experimental groups were cells treated with tolvaptan-loaded PDNV samples for 1, 4,
8, and 24 h). The flow cytometry analysis demonstrated a time-dependent increase both fluorescence intensity of PDNVs
and percentage of cell containing PDNVs compared to the control (Figure 6B and C). In the control group, there was
a minimal low FITC signal intensity. However, after 1 h there was already an increase in fluorescence intensity and the
number of PDNV-containing cells. A sharp increase was observed after 4 and 8 h, and by 24 h uptake of vesicles
continued to rise slightly, reaching 55% of cell population and 38,980 counts (Figure 6A and C). Overall, these results
confirm that PDNV was efficiently taken up by the cell and in a time-dependent manner.

Application of Tolvaptan-Loaded Tomato PDNVs on Three-Dimensional (3D) MDCK
Cell Culture

To study cystogenesis and the effect of tolvaptan-loaded PDNVs on cyst formation and development three-dimensional
MDCK cells, an in vitro model of cyst formation, were cultured. After 8 days, cell morphology and cyst formation were
monitored using confocal microscopy. Representative images of the cysts are shown in Figure 7A.

Confocal microscopy images revealed major changes in cyst shape across the treatment groups. While the control
sample showed a number of circular cysts with well-defined lumens, it was observed that both tolvaptan alone and
encapsulated into PDNVs led to a decrease in cyst development and alteration of cyst shape when compared to untreated
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Figure 6 Flow cytometry analysis of uptake tolvaptan-loaded tomato-derived nanovesicles (NVs). (A) Histograms showing NVs uptake over time (1, 4, 8, 24 h) compared to
untreated control sample. (B) Mean intensity of NVs over time. (C) Percentage of cell population for NVs uptake over time.
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Figure 7 (A) Confocal images of cysts formed in three dimensional MDCK cells after 8 days of culture in Matrigel matrix. (B) The number of cysts per frame with circular
or irregular shape. (C) The number of cysts per frame with single or multiple lumens. The level of significance was p < 0.05 (¥¥¥).

control sample and pristine tomato PDNVs. Tomato-derived PDNVs treatment reduced the number of cysts with
irregular shapes and fewer single lumens. Treatment with tolvaptan, a known inhibitor of cyst growth, resulted in
considerable reduction in cyst size and number, with many cysts exhibiting irregular shapes. The morphological
deformation of cysts was also monitored when the cells were treated with tolvaptan-loaded tomato PDNVs, with more
irregularly shaped cysts indicating a potential synergistic effect of the treatments in suppressing cyst formation.

The number of cysts per frame by the end of day 8 with single or multiple lumens and with circular or irregular
shapes is shown in Figure 7B and C. PDNVs, tolvaptan, and tolvaptan-loaded PDNVs showed a significant increase in
the number of cysts with irregular shapes (p < 0.05) compared to the control, which displayed a higher proportion of
circular-shaped cysts. Figure 7C shows the number of cysts in single versus multiple lumens. Relatively few single-

lumen cysts were observed in all treatment groups, including the control group.
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Our results suggest that treatment with native tomato PDNVs, tolvaptan, and tolvaptan-loaded PDNVs altered the
morphology of the lumen structure of cysts in MDCK 3D cultures, showing the potential to disrupt cyst growth.

The Effect of Tolvaptan-Loaded Tomato PDNVs on Cell Migration

To quantify the fundamental cell migration characteristics in vitro, an Incucyte ZOOM® 96-well scratch wound migration assay
was performed. Caki-1, MDCK, UB, and Renca cells were seeded in 96-well plates and incubated for two days, and the
monolayers were scratched using a wound maker. After rinsing the wounds with PBS, serum-free medium containing tomato
PDNVs (5 pg), tolvaptan-loaded PDNVs with two different doses of tolvaptan (0.25 and 2.9 pg), and the same quantity of free
tolvaptan (0.25 and 2.9 ug) was added to the wells. The rate of gap closure was evaluated using the Incucyte S3 live analysis
system for 48 h, and images were obtained using the software every 2 h. The results are shown in Figure 8.
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Figure 8 Wound closure was assessed after 48 hours of treatment or without treatment (control sample), wound width measurement and representative images of (A)
Caki-1, (B) MDCK, (C) UB, and (D) Renca cells (Images were recorded over time using Incucyte S3 live analysis system (EssenBiosciences).
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Results of scratch wound migration assay performed at various time points demonstrated that treatment with
tolvaptan-loaded PDNVs with higher (2.9 png) and lower (0.25 pg) concentrations leaded the wounds to close entirely
after 48 hours on MDCK and Caki-1 cells (Figure 8A and B). However, the improvement in Renca cells was not
appreciable (Figure 8D), and on UB cells only the sample treated with a higher dose of tolvaptan was slightly effective
(Figure 8C). Nevertheless, all types of cells treated with free drug, especially at higher dose of tolvaptan (2.9 ng),
continued to show less progress even after 48 h. A lower dose of free tolvaptan caused the scratch to close completely
after 48 h in the Caki-1 cells.

These results indicate that tolvaptan-loaded PDNVs are a more effective delivery system than free tolvaptan,
promoting better cell migration and wound closure, particularly in Caki-1 and MDCK cells. Renca and UB cells showed
resistance to all treatments, whereas UB cells responded only slightly to tolvaptan-loaded PDNVs with a higher dose of
tolvaptan.

Discussion

In our previous work, we showed that native tomato PDNVs inhibit LPS-induced inflammation of THP-1 cells in vitro,
and the observed anti-inflammatory effect could be increased by the loading of a natural substance, curcumin.?® In this
study, we aimed to investigate the potential of tomato PDNVs as a nano-drug delivery system for tolvaptan. Tolvaptan is
a vasopressin V2 receptor antagonist that has been shown to reduce fluid retention in cysts and slow down the
progression of ADPKD.***°® However, its off-target side effects that significantly affect the patient’s quality of life,
including hepatotoxicity, excessive urine output, and continuous thirst, remain an issue.*” Tolvaptan is recognized as
a class IV agent of the Biopharmaceutical Classification System and is characterized by both poor solubility and low
permeability, which significantly impacts its bioavailability.'*'* Its water solubility is very low, around 50 ng/mL over
a pH range of 2-12.*! Advanced formulation strategies such as solid dispersions, lipid-based delivery systems, and self-
microemulsifying drug delivery systems have been introduced with the aim of improving tolvaptan solubility or
bioavailability.*' These methods not only address the solubility challenges but also aim to enhance the overall therapeutic
effectiveness of tolvaptan. In this study, we focused on an alternative strategy that leverages the transport capability of
PDNVs. Two different loading methods, extrusion and electroporation, were tested and optimized for efficient encapsu-
lation of tolvaptan. The intact vesicular structure of tolvaptan-loaded PDNVs was confirmed by physical (NTA and zeta
potential analyses) and morphological (TEM) characterization (Figure 2). The successful cellular uptake of both the
pristine and tolvaptan-loaded PDNVs was confirmed using the MDCK model cell line (Figures 5 and 6). In addition, we
performed in vitro experiments to evaluate the cytotoxicity and bioactivity of the tolvaptan-loaded tomato fruit-derived
PDNVs. Intriguingly, tolvaptan-encapsulated PDNVs showed different cytotoxicity and proliferation in the different cell
lines studied (Figure 4A and B). This could be explained by the cell-specific response to tolvaptan, which may be
affected by the cellular context and the signaling pathways involved. Generally, low doses of tolvaptan-loaded PDNVs
enhanced cell proliferation, suggesting a dose-dependent effect. Moreover, tolvaptan-loaded PDNVs demonstrated less
cytotoxicity than tolvaptan alone, thereby demonstrating the potential to improve their therapeutic efficacy in kidney cell
models.

Considering that tolvaptan is known as an effective medicine for reducing the weight of the kidney, enlargement of
cysts, and progression of ADPKD,?**¢ in this study, we investigated the beneficial effect of tolvaptan-loaded tomato
PDNVs on the inhibition of cystic growth by in vitro cyst morphogenesis assay performed on a Matrigel matrix using the
MDCK cell line. This cell line is commonly used as a mammalian model of cyst morphogenesis. MDCK cells embedded
in the extracellular matrix (eg, collagen and Matrigel) form three-dimensional (3D) cultures, which are spherical cysts
with a hollow lumen surrounded by a single layer of polarized cells.*' These emerging 3D model systems are useful
in vitro tools with unique advantages over traditional two-dimensional cell cultures, allowing the study of disease
pathways and drug responses. Owing to their ability to better mimic the complex cellular interactions occurring in living
organisms, the potential biomedical applications of this approach are broad, including basic biology, clinical research,
regenerative medicine, and drug development. We also screened for significant alterations in the cyst morphology after
treatment with tolvaptan and tolvaptan-loaded PDNVs. Notably, both tolvaptan alone and when encapsulated in PDNVs
resulted in a decrease in cyst size and quantity, as well as an increase in irregularly shaped cysts (Figure 7). The
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suppression of cyst growth (Figure 4A) may result from the inhibition of adenylyl cyclase/cyclic AMP pathway, which is
known to reduce fluid secretion and cell proliferation.**

This finding indicates a possible synergistic effect on cyst growth suppression and a potential therapeutic strategy
targeting cystic conditions. As ADPKD has also been reported to potentially increase patient risk for cancer, further
investigation of shared targets between ADPKD and cancer could assist in identifying shared susceptibility to both
diseases and the development of preventative therapeutic measures. The results of the Incucyte ZOOM®™ scratch wound
migration assay demonstrated that tolvaptan-loaded tomato PDNVs at two different doses had a relatively favorable
effect on enhancing wound healing and cell migration in mammalian kidney cell models, particularly in Caki-1 and
MDCK cells (Figure 8).

In contrast, UB and Renca cells showed resistance to all treatments, suggesting the need for further investigation into
the mechanisms underlying their reduced responsiveness.

Overall, in this study, we demonstrated that tomato PDNVs have potential as next-generation targeted nanodelivery
systems by encapsulating a synthetic hydrophobic drug used in the treatment of ADPKD and other kidney disorders.
However, further studies are needed to improve the drug-loading capacity and to reveal the underlying mechanisms of
action. Furthermore, in vivo experiments are necessary to evaluate the therapeutic efficacy of tolvaptan-loaded PDNVs in
kidney-related conditions.

Conclusion

In this study, we explored the use of PDNVs as an effective nanodelivery system for a synthetic drug, a vasopressin V2-
receptor antagonist used in the treatment of ADPKD. By comparing the two loading methods, electroporation and
extrusion — electroporation showed better efficiency for drug loading.

Cytotoxicity assays revealed that tolvaptan-loaded PDNVs had varying effects on the viability of different renal cell
lines, with some showing enhanced proliferation. Additionally, tolvaptan-loaded PDNVs were effectively taken up by
MDCK cells, and a cyst formation assay using MDCK cells confirmed that tolvaptan-loaded PDNVs inhibited cyst
formation and altered the cyst shape, underscoring their therapeutic potential in polycystic kidney disease. These PDNVs
also showed promise in enhancing cell migration, particularly in Caki-1 and MDCK cell lines.

Overall, tomato-derived PDNVs show promise as a natural next-generation nanoscale delivery system capable of
improving the therapeutic efficacy of hydrophobic drugs, such as tolvaptan. Future in vivo studies are necessary to
validate the therapeutic potential of tolvaptan-loaded PDNVs and to further optimize the drug-loading process.
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