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Exploring the effects of paclitaxel-
loaded zein nanoparticles on
human ovarian carcinoma cells
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The development of innovative antitumor formulations that are able to increase the mortality of
cancer cells while decreasing the efficacious pharmacological dosage is a fundamental goal of modern
oncological research. In this study a paclitaxel (PTX)-nanomedicine was tested on two lines of human
high-grade serous ovarian carcinoma (hHGS-0C). Zein, a vegetal protein, was employed to obtain
nanoparticles containing the lipophilic compound (NanoPTX) characterized by a mean diameter of
160 nm, a narrow size distribution, a negative zeta potential and a prolonged release of the drug
over time. NanoPTX was tested on HEY and COV362 cells demonstrating an increase of apoptosis,
particularly on the papillary cystadenocarcinoma cells (55.2% p value 0.037 for NanoPTX vs 70.25%,
p value 0.08 for PTX) with respect to the free form of the drug. The fluorescent nanosystems were
characterized by a significant cell uptake after a few hours of incubation and they promoted a
reduction in the intracellular reactive oxygen species. The results need to be validated on different
hHGS-OC cells and the real efficacy of the proposed nanomedicine needs to be investigated using in
vivo models of ovarian carcinoma.
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Abbreviations

ATCC American Type Culture Collection

BSC Biopharmaceutical classification system
DCF Dichlorofluorescein

DMEM Dulbecco’s Modified Eagle Medium
EOC Epithelial ovarian cancer

EPR Enhanced permeability and retention
FACS Fluorescence-activated cell sorting

FDA Food and Drug Administration

FT-IR Fourier-transform infrared spectroscopy

H,DCFDA  2'-7’-Dichlorodihydrofluoresceindiacetate
hHGS-OC  Human high grade serous-ovarian carcinoma

hOC Human ovarian carcinoma

MTT assay  3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide assay
NanoPTX Paclitaxel-loaded zein nanoparticles
oC Ovarian cancer

PBS Phosphate-buffered saline

PE Phycoerythrin

PI Propidium iodide

PTX Paclitaxel

RB Rose bengal

ROS Reactive oxygen species

SDS Sodium deoxycholate
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TEM Transmission electron microscope
TSA Total surface area
VNP Volume of a single nanoparticle

The biopharmaceutical classification system (BSC) categorizes the antineoplastic agent paclitaxel (PTX) as a
BCS category IV chemical medication (the most difficult category for oral drug delivery), due to its low systemic
bioavailability (less than 8%) and poor pharmacokinetics after administration’. Indeed, the bulky chemical
structure, the low aqueous solubility (<0.01 mg/mL) and high lipophilicity (logP 3.96), the recrystallization
upon dilution, and the limited permeability in the biological environment are all reasons behind its challenging
delivery®?.

In order to address these limitations, the first commercially-available form of paclitaxel (Taxol®) was developed
as an intravenous infusion formulated by solubilizing the active compound in a co-solvent mixture 1:1 v/v made
up of dehydrated ethanol and Cremophor® EL (poly-oxy-ethylated castor oil)**. However, the organic solvents
were responsible for several negative side effects including severe allergic reactions, myelosuppression and
neurotoxicity. For this reason, it was necessary to infuse the drug over a longer period and pretreat the patient
with steroids and antihistamines®. Moreover, PTX exerts its pharmacological activity on both cancerous and
normal tissues. Consequently, there is a strong need for innovative formulations able to increase the localization
of the drug in the tumor compartments, maximizing its therapeutic efficacy”®. Several polymeric systems have
been investigated for the delivery of drugs, but only a few of them have been approved for human use?®.

Progress in nanomedicine promotes the development of various nanosystems containing PTX with the aim
of improving the therapeutic outcome of the active compound. Most of these are micelles made up of synthetic
materials (Genexol PM?®, Nanoxel® and Paclical®), while the only liposomal formulation approved for human
use (Lipusu®) is available exclusively in Asia. Abraxane® (nab™ paclitaxel), a drug approved by the FDA (Food
and Drug Administration) in 2005, is the first albumin-based nanomedicine characterized by nanosystems with
a mean diameter of 130 nm. It reaches the tumor through the protein transport pathways, including the gp60
receptor and caveolae-mediated endothelial transcytosis across the blood-tumor barrier'®. Currently it is being
used for the treatment of metastatic breast cancer, locally advanced or metastatic non-small-cell lung cancer and
metastatic pancreatic cancer!!.

Proteins are useful biomaterials for the development of nanocarriers of active compounds, due to their
biodegradability and their inherent properties'2. Indeed, protein-based nanosystems can retain a huge variety
of drugs, protecting them from degradation and inactivation following their administration, while increasing
the amount of active compounds within the tumor mass. This results in a decrease of the unfavorable adverse
phenomena on off-target organs. In addition, the high permeability of the tumor vasculature together with
the absence of adequate lymphatic drainage promote the preferential accumulation of nanoparticles in the
microenvironment of various solid tumors by the enhanced permeability and retention (EPR) effect. Among the
various proteins recently employed, zein, a prolamin contained in the endosperm of maize and obtained from
the by-products of agricultural processes fulfills all the previously described requirements as well as boasting
low cost, bio-adhesion and antioxidant features'*!'. Indeed, zein nanoparticles, due to their biodegradable and
biocompatible nature, can take advantage of the EPR effect to enhance the delivery of active compounds to solid
tumors, such as chemotherapeutic drugs.

In view of these findings, PTX has been successfully entrapped within zein nanoparticles, resulting in a novel
nanomedicine with high stability and in vitro antitumor efficacy on human cancer cells, such as K562 and MCF-
7, with respect to the free form of the drug solubilized in ethanol'®. In the current study this formulation has
been proposed for the first time to improve the treatment of human ovarian cancer (hOC), one of the most lethal
gynecological carcinomas, in which PTX is the front-line chemotherapy treatment!®~%°.

Results

Physico-chemical characteristics of zein nanoparticles

Recently, the development of zein nanosystems containing PTX (NanoPTX) has been proposed as a suitable
formulation able to promote the administration of the active compound in polar media, thus avoiding the main
limitations of the organic solvents'®. Briefly, empty nanosystems stabilized with SD (Nanozein) exhibited a
hydrodynamic diameter of approximately 110 nm and a negative Zeta potential of -34 mV. The addition of
0.3 mg/ml of PTX to the protein solution slightly increased the particle size (158 nm) and polydispersity index
(0.21), while preserving the suitability of the formulation for parenteral administration (See Table S1). Higher
concentrations of PTX caused destabilization, leading to macroaggregates and sedimentation. The Zeta potential
remained unchanged (-31 mV) ensuring electrostatic repulsion and preventing aggregation, which guarantees
stability for intravenous formulations (See Table S1).

Moreover, the morphological analysis performed using the TEM technique showed that both formulations
retained a homogeneous morphology with a well-defined spherical shape, indicating that the addition of PTX
did not compromise the colloidal structure, supporting the results of photon correlation spectroscopy (See
Fig. la,b).

The evaluation of the entrapment efficiency of PTX within zein nanoparticles demonstrated that the active
compound is efficiently retained by the polymeric matrix (40%, with respect to the amount of the drug initially
added, with a loading capacity of 3.84%)'° (See Table S1).

The surface properties of zein nanoparticles were also investigated using the Rose Bengal assay (See Fig. 1c).
SD-free zein nanoparticles were used as control because the protein is widely recognized as an example of a
hydrophobic raw material. The stabilization of nanosystems with SD significantly decreased the hydrophobic
characteristics of the colloids.
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Fig. 1. (a) TEM micrographs of Nanozein decorated with SD and (b) NanoPTX. Bar =150 nm. (c) Surface
hydrophobicity of Nanozein, SD-Nanozein and NanoPTX. **p <0.01 with respect to the surfactant-free zein
nanoparticles used as control. (d) Release profiles of PTX from zein nanoparticles in physiological (pH 7) and
acidic (pH 5) environments as a function of incubation time. The analysis was performed at 37 °C. Values are
the mean of three experiments + standard deviation.

The release profile of PTX from the nanosystems was then investigated in buffers simulating both
physiological and tumoral environments. Figure 1 shows that the leakage of PTX from zein nanoparticles was
slightly increased in an acidic medium as compared to that obtained in pH 7 (See Fig. 1d).

Various mathematical models were used to analyze the release profile of PTX in order to gain insight into the
mechanisms governing the leakage of the drug from the nanocarriers. The correlation coeflicient (r) was used as
a criterion to select the most consistent theoretical model corresponding to the drug release pattern. According
to the obtained r2, the model that best fits the drug release from the nanosystem was the Higuchi model (0.9825
pH 5.5; 0.9806 pH 7.4), which is typical of polymeric matrix-based systems (Table 1). The results support the
conclusion that the primary mechanism involved in the release of the drug is diffusion, as described by Fick’s law,
exhibiting a square root-time dependence.

Infrared Fourier transform measurements were performed in order to gather information regarding the
nature of the interactions occurring between the components of the nanoparticles. Figure 2 shows the FT-IR
spectra of the different formulations, their physical mixtures and the compounds employed for the preparation
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Release medium Zero-order | First-order | Higuchi | Korsmeyer-Peppas | Hixson-Crowel
Aqueous solution (pH 5.5) | 0.9496 0.9742 0.9825 0.6438 0.9673
PBS (pH 7.4) 0.9472 0.9685 0.9806 0.6533 0.9622

Table 1. Correlation coefficient (r?) of release kinetics of PTX from zein nanoparticles according to various
mathematical models.
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Fig. 2. FT-IR spectra of zein, SD, their physical mixture, empty zein nanoparticles (Nanozein) and PTX-
loaded zein nanoparticles (NanoPTX).

of the nanosystems. The spectrum of zein powder showed characteristic absorption bands corresponding to the
amide I and amide II groups (at 1640 and 1515 cm™!, respectively). In particular, the C=O stretching vibration
was mainly attributed to the amide I group, while the N-H bending coupled to the -C-N stretching vibration was
related to the amide II group. In addition, the signal at 3282 cm™! corresponded to an O-H stretching band and
the peak related to the asymmetric methyl group (CH,) was recorded at 2928 cm™ 2°-22, The PTX fingerprints
were located at 3510 cm™! (O-H stretch), 1733 cm™ (C=0 stretch of the ester group), 1648 cm™' (N-H bond),
1242 cm™ (C-N stretch) and 704 cm™ (C-C stretching), which were also shown in the FT-IR spectra of the
physical mixture?*-?°. The SD spectrum showed signals at 2935, 2862, and 1558 cm™! related to the CH stretching
vibration and the COO~ stretching vibration modes as previously reported?. As can be observed in Fig. 2, the
infrared spectrum of the physical mixture was the result of the superimposition of the single spectrum of the
three components. In the nanoparticles the O-H stretching peak of zein and SD shifted from 3280 cm™ to
3297 cm™!, while the absorption bands of amides I and II of the protein shifted from 1640 to 1653 cm™' and 1515
to 1558 cm™!, respectively. This demonstrated the presence of hydrogen bonds and electrostatic interactions
between the components. It was interesting to observe that the characteristic bands of PTX encapsulated within
the zein nanoparticles decreased or vanished completely, probably because they were masked by the polymeric
structure, confirming that the active compound was effectively entrapped inside the colloidal systems.
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Antioxidant effects of zein nanoparticles on human ovarian carcinoma cell lines

The cytotoxicity of Nanozein was evaluated on Hey and COV362 cells after 24 h incubation by means of a
PI assay. As shown in Fig. 3A, Nanozein did not induce significant tumor-cell death at the concentrations of
nanosystems tested on both cell lines. Subsequently, intracellular ROS levels were quantified by incubating the
cells with increasing amounts of Nanozein for 24 h (See Figure S2). The results of the DCF cytofluorimetric assay,
shown in Fig. 3B, demonstrate that Nanozein is able to reduce intracellular ROS in both the cell lines tested, at
a concentration of 5 pg/ml in the HEY (FC 0.57 pvalue 0.02) and of 10 ug/ml in the COV362 (FC 0.87 pvalue
0.05) cell lines. The incubation of fluorescent zein nanoparticles with chemo-sensitive and chemo-resistant cells
showed that the colloidal systems were efficiently uptaken and localized in the cytoplasm (See Figure S3).

NanoPTX affects apoptosis in hOC cells

The patients who are diagnosed late are referred to as hOC patients and, although they respond well to surgery
and first-line chemotherapy treatments, they often relapse into metastases and develop chemo-resistance!”"!5.
The two cell lines utilized in this study are in vitro models of both: the chemo-sensitive cells (the HEY cells,
derived from peritoneal deposits), and cells that are resistant to chemotherapeutic taxol-treatment (the COV362
cells, derived from pleural effusion)?’. Based on the results described above (Fig. 3), the two hOC cell lines were
treated with NanoPTX or PTX at the drug concentration of 5 pg/ml (HEY) and 10 pg/ml (COV362), amounts of
Nanozein able to decrease the intracellular ROS without any variation in cell viability. The results shown in Fig. 4
demonstrate, as expected, that PTX promotes an increase in the death of HEY chemo-sensitive cells. Notably,
NanoPTX induces cell death in a more effective way with respect to PTX in HEY cells (live cells: 85.3% untreated,
55.2% p value 0.037 NanoPTX vs 70.25%, p value 0.08 PTX) (Fig. 4A). Contrarily, in COV362 (Fig. 4B) neither
PTX nor NanoPTX were able to affect cell viability (live cells: 79.77% untreated, 76.35% NanoPTX, 75.15%
PTX).

The dose-dependent cytotoxicity of Nanozein, NanoPTX and PTX was also evaluated up to 72 h by MTT
assay (Figure S4). As expected, the COV362 cells were more resistant to NanoPTX and PTX with respect to
the HEY cells even at high concentrations of the drug (9 nM) and longer incubation times (72 h) (cell viability:
Nanozein 87%, NanoPTX 74%, PTX 75%). Vice versa, the HEY cells showed reduced metabolic activity after
just 24 h incubation when a drug concentration of 3 nM was employed (cell viability: Nanozein 97%, NanoPTX
79%, PTX 82%). This trend was emphasized after 72 h incubation.

Discussion

The absence of symptoms and of an effective screening program, besides high tumor heterogeneity all mean
that two thirds of the patients affected by ovarian cancer are diagnosed at an advanced stage of cancer and have
a survival rate of 5 years after receiving surgery and chemotherapy. This makes epithelial ovarian cancer (EOC)
one of the most lethal gynecological carcinomas!®17-?2°. EOC can be divided into four groups: serous (low and
high, the most widespread), mucinous, endometrioid and clear cell, which differ based on their histology and
their diffusion. Various therapies have been developed in recent years for the treatment of human high grade
serous OC (hHGS-OC), but despite this, the first-line chemotherapy is still PTX alone or in combination with
carboplatin'®!?. PTX is also chosen as a second-line therapy in platinum-resistant tumor recurrences®. Several
studies have found that high concentrations of PTX can revert microtubule detachment from the centrosomes
thus provoking fragmentation of the microtubules, while the administration of low doses [nM] of PTX induces
apoptosis, via p53 and p21, together with irreversible mitotic arrest*"-*2. For all these reasons, improving and
maximizing the potential of paclitaxel is desirable for the clinical treatment of patients affected by HGS OC.

In this context, the use of zein as a natural protein matrix for the delivery of PTX, as well as the simplicity
of the procedure used for the preparation of the nanosystems, are undoubtedly pluses for the nanomedicine
discussed in this study because they can fulfill the requisites of sustainability and also a plausible scale-up.
The results provided in our previous experimental work demonstrated the suitability of SD-stabilized zein
nanoparticles as delivery systems of PTX, showing their remarkable physical stability and the preservation of
the in vitro cytotoxic properties of the active compound after its encapsulation in the colloidal systems. These
findings prompted us to investigate the efficacy of this formulation on two lines of human high grade serous
ovarian carcinoma —for the first time to best of our knowledge. As can be observed in Fig. 1 the hydrodynamic
diameter of the nanosystems containing PTX was less than 200 nm which is an important aspect for the
accumulation of the nanocarriers in several types of solid tumors due to the passive targeting attributed to the
EPR effect®**. Moreover, the stabilization of the zein nanosystems with SD conferred several intriguing features
that might encourage their exploitation as innovative antitumor nanotherapeutics; chiefly, the negative surface
charges of the nanoparticles could contribute to prolonging their half-life'”. Indeed, the main parameters that
modulate the amount of adsorbed blood proteins are related to the surface characteristics of the nanoparticles,
such as zeta potential and hydrophilicity/hydrophobicity. In general, it has been reported that positively-charged
nanosystems are characterized by a higher rate of non-specific localization and a shorter plasmatic half-life as
compared to those with negative or neutral charges®°.

Moreover, the rose Bengal test showed that the addition of SD as a surfactant reduced the hydrophobic surface
properties of the colloids. This is a clear indication that the surfactant was integrated into the nanoparticles
and can modulate the characteristics of their surfaces and in fact we demonstrated that 1.25% of the amount
of the surfactant used during the sample preparation efficiently interacted with the protein matrix. However,
the inclusion of the active compound did not promote a significant modulation of Zeta potential with respect
to the empty formulation. These features had a great impact on the release profiles of the drug from the zein
nanoparticles. Indeed, the slow leakage of PTX may be related to the lipophilic character of the compound which
is better retained in the zein matrix as compared to water-soluble molecules, data in agreement with several
other experimental investigations®”~*2. In particular, the release of PTX from the colloidal systems was slightly
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Fig. 3. Nanozein reduces intracellular ROS levels without affecting cell viability. HEY and COV362 cell
viability was assessed through propidium iodide (PI) staining following treatments with increasing amounts
(5, 10, 20 and 40 pg/ml) of Nanozein for 24 h. The percentage of dead cells (PI positive) are reported in each
plot (plots are representative of single experiments) (a). CMH,DCFDA cytofluorimetric assay was carried
out. The intracellular ROS levels decreased after incubation with Nanozein for 24 h (HEY and COV362 cells
were treated with 5 ug/ml and 10 pug/ml of Nanozein, respectively) (b). Histogram values are expressed as
mean * standard deviation of three biological replicates (c): *p <0.05, **p <0.01 as compared to non-treated
cells. All the experiments were performed in triplicate.
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Fig. 4. Representative images and plots of PI/Annexin V-488 apoptosis assays performed on (a) HEY and
(b) COV362 cells. The cells were treated for 24 h with 5 pg/ml (HEY) or 10 ug/ml (COV362) of Nanozein,
NanoPTX and PTX. Plots are representative of single experiments. The images of treated and untreated cells
were acquired at 20x magnification with Leica LAS X Thunder Imaging Systems (Leica Microsystems Srl,
Milan, Italy). All experiments were performed in triplicate.

increased in an acid medium with respect to pH 7.5; this phenomenon was most likely caused by the ability of
the protein matrix to swell at low pHs, which allows the PTX to be efficiently released when it reaches the tumor
area!®. However, the formulation was characterized by a constant and prolonged drug release, confirming the
peculiar properties of zein nanosystems to retain the active compound for several days, favoring a conceivable
localization within the solid tumor compartment and allowing a potential decrease in the number of required
administrations and so the related side effects. In addition, the FT-IR analysis confirmed the strong interactions
of the PTX with the lipophilic portions of the protein that inhibit the fast release of the active compound. These
data agree with several experimental works that demonstrated that zein can strongly interact with terpenoids*-4°.

In order to study the efficacy of zein nanoparticles as a useful drug delivery system, the nanosystems containing
PTX (NanoPTX) were used to treat two hHGS OC cell lines and then compared to the same cells treated with
free PTX. ROS accumulation induces genomic instability and is a key mechanism for the promotion, initiation
and progression of tumor cells*. The zein nanoparticles (Nanozein) were observed to accumulate within both
chemo-sensitive and chemo-resistant cells (See Figure S2), decreasing the levels of ROS (See Fig. 3). In view of
these results, it is conceivable that the antioxidant activity exerted by the nanosystems can affect the metabolism
of tumor cells. In addition, NanoPTX significantly enhanced cell death with respect to free PTX (See Fig. 4),
providing the rationale of the use of zein nanoparticles as nanocarriers of the lipophilic compound.

In conclusion, the results are encouraging for the conceivable exploitation of the proposed nanomedicine
in additional preclinical investigations; namely, the real efficacy of NanoPTX needs to be evaluated on
xenograft and orthotropic models of OC and compared to those exerted by the formulations on the market.
The pharmacokinetic profile and the biodistribution of the nanomedicine are pivotal parameters that must be

Scientific Reports |

(2025) 15:10553 | https://doi.org/10.1038/s41598-025-90840-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

characterized in order to identify the ideal schedule of administration. Last but not least, the opportunity of
modulating the surface architecture of the zein nanoparticles through the linkage or deposition of targeting
moieties and the co-encapsulation of other active compounds within the protein matrix may be significant
technological advancements able to improve the safety and the effectiveness of the formulation for the treatment
of OC.

Materials and methods
Zein (CAS number 9010-66-62), sodium deoxycholate monohydrate (SD), paclitaxel (PTX) were all purchased
from Merck (Milan, Italy).

Preparation of PTX-loaded zein nanoparticles

The nanoprecipitation method was employed to obtain the zein nanoparticles'’. In detail, 2 mg/ml of zein were
dissolved in 3 ml of an ethanol/water solution (2:1 v/v) at room temperature and added to 5 ml of aqueous phase
made up of aqueous solution containing 1.25% w/v of SD, and then mechanically stirred at 600 rpm for 12 h on
a magnetic plate to favor the evaporation of the organic solvent!>. Fluorescent nanoparticles were prepared by
solubilizing fluorescein-DHPE (0.1% molar) in the organic phase during sample preparation.

PTX-loaded zein nanosystems (NanoPTX) was prepared by dissolving 0.3 mg/mL of the drug in ethanol.
Once the PTX was fully solubilized, an aqueous solution was added, followed by the addition of zein. The organic
phase was then mixed with 5 mL of the aqueous phase enriched with 1.25% w/v of SD. The resulting mixture was
mechanically stirred at 600 rpm for 12 h on a magnetic plate to facilitate the evaporation of the organic solvent.
Successively, the colloidal formulations were ultracentrifuged at 90 k rpm for 60 min at 4 °C, or suitably purified
by using Amicon® Ultra centrifugal filters (cut-off 10 kDa). In detail, 1 ml of the nanoparticle suspension was put
into the Amicon” filter unit and then centrifuged at 4000 rpm for 20 min. The suspension contained in the filter
was collected before the cytotoxicity experiments.

Physico-chemical characterization

The evaluation of the mean sizes, polydispersity index and Zeta potential were performed using photon correlation
spectroscopy with a Zetasizer Nano ZS (Malvern Panalytical Ltd., Spectris plc, England) and applying the third
order cumulant correlation function as previously reported. The results were expressed as the mean of three
different experiments +standard deviation. The morphology of the empty nanosystems and the PTX-loaded
zein nanoparticles was evaluated by means of a Transmission Electron Microscope (CM12 TEM, PHILIPS, The
Netherlands) equipped with an OLYMPUS Megaview G2 camera®’. The amount of PTX retained by the colloidal
systems was evaluated through HPLC analysis as previously reported!®. The entrapment efficiency (EE%) was
calculated as the percentage of the total amount of drug that became entrapped, according to the Eq. (1) below:

EE% = De/Da x 100 (1)

where De is the quantity of entrapped drug and Da is the quantity of PTX added during the preparation of
the systems. The percentage of the ratio between the total weight of the nanoparticles and the amount of drug
entrapped was used to express the loading capacity (LC%)*. The leakage of the PTX from the zein nanoparticles
was evaluated at various pHs (5 and 7.4) using the dialysis method as previously described!®. In particular,
1 ml of each formulation was placed in a dialysis bag (Spectra/Por with molecular cutoff 12,000-14,000 by
Spectrum Laboratories Inc.), secured with clips at both ends, and transferred to a beaker containing 200 ml of
a continuously-stirred PBS solution under sink conditions. 1 ml of release medium was removed and replaced
with the same volume of fresh solution at different incubation times. The previously mentioned HPLC method
was then used to analyze the collected samples. The amount of released PTX was expressed using the following
Eq. (2):

Release (% ) = drug,,,;/drug,,,q x 100 (2)

where drug , is the leakage of PTX at the time t and drug, _, is the amount of PTX contained within the zein
nanosystems.

Surface hydrophobicity and FT-IR analysis

The Rose bengal (RB) assay was used to examine the surface hydrophobicity of the nanosystems?*”. In summary,
1 ml of an aqueous solution of RB (0.1 mg/ml) was incubated with various concentrations of nanoparticles
(6.33-1.616 mg/ml) for 30 min while being constantly shaken. The samples were then centrifuged for 30 min
(4°C, 90 k x gin an Optima TL Beckman Ultracentrifuge s.r.l, Milan, Italy). The supernatant was collected at the
end of the process and examined at 548 nm using a Varioskan Lux microplate reader (Thermo Fischer Scientific,
Waltham, Massachusetts, USA). The Total Surface Area (TSA) of the Nanozein was calculated assuming that the
carriers were spherical in shape by using the following Eq. (3):

TSA = (SAxp) x (NTyp) 3)

where SA,, corresponds to the surface area of a single nanoparticle (4mr?), and NT,, is the total number of
nanoparticles present in the dilution, calculated as the ratio between the weight of the particles in each dilution
(mNP) and the density of the zein (p, calculated by picnometry as 1.43 g/mL), multiplied for the volume of a
single nanoparticle (VNP, 4/3nr). The ratio of bound to unbound molecules, or the partitioning quotient of Rose
bengal (PQ), was plotted against the TSA of the particles. The acquired slope values indicate the hydrophobicity
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of the investigated nanoformulations. A NicoletTM iS5 spectrometer with an iD7 Attenuated Total Reflectance
accessory (Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to assess the vibrational spectra of the
zein, the SD, the physical mixture, and the freeze-dried Nanozein or NanoPTX. The FT-IR spectra were obtained
using 64 acquisitions at a resolution of 4 cm™! and a wave number range of 500-4000 cm™!. The spectral analyses
were generated using OMNIC software.

Cell lines and cell culture

The HEY (derived from a moderately differentiated papillary cystadenocarcinoma of the ovary)*® and the
COV362 (derived from human ovarian epithelial-endometroid carcinoma)®® human cell lines were cultured in
DMEM. The cells were all purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
All media were supplemented with 10% foetal bovine serum, 50U of penicillin and 50 pg of streptomycin/ml
(Thermo Fisher Scientific, Milan, Italy). All cell lines were maintained at 37 °C in 5% CO,.

Reagents/treatments

For all the experiments, the cells were plated in 6-well plates at a density of 5x 10 cells/well in complete medium.
The next day, the cells were treated with different amounts of Nanozein, NanoPTX or PTX for 24 h, and then
analysed by flow cytometry. Free PTX (Paclitaxel TEVA, Milan, Italy) was used, at the same final concentration
as NanoPTX.

For the cell-uptake experiments, 2 x 10° cells were plated in a 6-well plate in complete medium. After 24 h,
HEY and COV362 cells were treated with 5 or 10 pg/ml of fluorescent nanoparticles for 4 h, respectively, washed
twice with PBS1 x and the micrographs acquired at 20 x magnification with a Leica LAS X Thunder Imaging
System (Leica Microsystems Srl, Milan, Italy).

Cell viability

The hHGS-OC cells were treated with various concentrations of Nanozein (0, 5, 10, 20 and 40 pg/ml) and a
propidium iodide (PI) assay was performed after 24 h. Untreated cells were used as a control. In detail, they
were centrifuged and the relative pellets were stained with PI. Acquisition of 2.0 x 10* events was carried out
with a FACS BD LSR FortessaTM X-20 cytofluorometer (BD Biosciences, Milan, Italy) and the PE-positive
fluorescence was analysed with the FlowJo software program (Tree Star, Inc., Ashland, OR, United States)*">2.
All the experiments were performed in triplicate.

In vitro cytotoxicity assay

The cytotoxicity of the various formulations was evaluated using the MTT assay as a function of the incubation
time (24, 48 and 72 h) and drug concentration (0, 3, 6 and 9 nM). Untreated cells were used as a control while
empty nanoparticles (tested at the same concentration as the colloidal formulation containing PTX) as a blank.
1.7 x 10* cells/well were plated eightfold in 96-well plates in complete medium and then treated with the various
formulations after 24 h.

To assess cell viability, 20 uL of tetrazolium salt (5 mg/mL) solubilized in phosphate-buffered solution was
added to each well. The plates were then incubated for an additional 3 h and then the absorbance was measured
using a microplate spectrophotometer (Thermo Scientific*Varioskan™ LUX) at a wavelength of 540 nm, with
a reference wavelength of 690 nm to account for background absorption. Cell viability was expressed as a
percentage and reported as the mean of five independent experiments + standard deviation and was calculated
using the following equation:

Cell viability (%) = AbsT/AbsC x 100

where:
ADbsT is the absorbance of treated cells.
AbsC is the absorbance of control (untreated) cells.

Evaluation of intracellular ROS

In order to determine the intracellular ROS levels, the incubation of hHGS-OC cells treated with Nanozein
(0, 5, 10, 20 and 40 pg/ml) was carried out for 10 min at 37 °C with the redox-sensitive probe 2'-7'-
Dichlorodihydrofluoresceindiacetate (CM—HZDCFDA; Thermo Fisher Scientific, Waltham, USA) according to
the instructions of the manufacturer. Untreated cells were used as a control. CM-H,DCFDA fluorescence was
analysed by flow cytometry using a FACS BD LSR Fortessa TM X-20 cytofluorometer (BD Biosciences) and
data were processed using Flow]o software (Tree Star, Inc.)?. All the experiments were performed in triplicate.

Apoptosis assay

Apoptosis analysis was performed through the Alexa Fluor®488 Annexin V/Dead Cell Apoptosis Kit (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). hHGS-OC cells were double stained with Alexa Fluor®488
Annexin V and PI for 15 min at RT in the dark. Each tube was diluted with 400 pl of Annexin Binding Buffer and
then analysed by flow cytometry using a FACS BD LSRFortessaTM X-20 cytofluorometer (BD Biosciences)™.
All data were processed with FlowJo software (Tree Star, Inc.). All the experiments were performed in triplicate.

Statistical analysis
The student’s t-test assuming unequal variances between two samples was used to determine significant
differences (p<0.05*, p<0.01 **, p<0.001 ***)>35%,
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