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Purpose: Cancer is one of the major causes of death worldwide affecting more than 19 million people. Traditional cancer therapies
have many adverse effects and often result in unsatisfactory outcomes. Natural flavones, such as apigenin (APG), have demonstrated
excellent antitumoral properties. However, they have a low aqueous solubility. To overcome this drawback, APG can be encapsulated
in nanostructured lipid carriers (NLC). Therefore, we developed dual NLC encapsulating APG (APG-NLC) with a lipid matrix
containing rosehip oil, which is known for its anti-inflammatory and antioxidant properties.

Methods: Optimisation, physicochemical characterisation, biopharmaceutical behaviour, and therapeutic efficacy of this novel
nanostructured system were assessed.

Results: APG-NLC were optimized obtaining an average particle size below 200 nm, a surface charge of —20 mV, and an
encapsulation efficiency over 99%. The APG-NLC released APG in a sustained manner, and the results showed that the formulation
was stable for more than 10 months. In vitro studies showed that APG-NLC possess significant antiangiogenic activity in ovo and
selective antiproliferative activity in several cancer cell lines without exhibiting toxicity in healthy cells.

Conclusion: APG-NLC containing rosehip oil were optimised. They exhibit suitable physicochemical parameters, storage stability
for more than 10 months, and prolonged APG release. Moreover, APG-NLC were internalised inside tumour cells, showing the
capacity to cause cytotoxicity in cancer cells without damaging healthy cells.

Keywords: antitumoral, lipid nanoparticles, apigenin, rosehip oil

Introduction
Cancer is one of the leading causes of death worldwide. In 2020, there were almost 19 million patients, and almost
10 million deaths were attributed to cancer."? Traditional therapies such as chemotherapy and radiotherapy have many
adverse effects and unsatisfactory treatment outcomes.™* Particularly, it has been estimated that over 50% of cancer
patients usually receive chemotherapy at some stage of their disease.” However, most existing cancer therapies
simultaneously affect healthy and tumour cells, resulting in significant adverse effects.®® In addition, these therapies
can lead to chemoresistance. Therefore, the development of novel therapeutic strategies is an unmet medical need.” "
In recent years, herbal medicines have gained wide attention owing to their beneficial effects against various diseases
such as cancer.'*'* Apigenin (APG) is a plant-derived flavone that possesses interesting properties, particularly potent
antitumour activity. It has been reported that APG possesses antitumour activity against different types of cancer by
triggering apoptosis, inducing autophagy, modulating the cell cycle, decreasing cell motility, inhibiting cancer cell
migration and evasion, and stimulating the immune response.'* '® Despite being a highly effective molecule that acts
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on many mechanisms inside the cell, its main problem is low bioavailability because of its poor water solubility and
metabolization in the intestine and liver.>"”

In recent years, pharmaceutical research has focused on the development of nanotechnological systems applied in
different fields, with special relevance to drug delivery.'® Nanocarriers can be designed to deliver drugs into specific
tissues. These nanocarriers can overcome the limitations of conventional treatments by enhancing drug solubility,
improving pharmacokinetics, increasing efficacy, and reducing adverse effects. In particular, nanoparticles for cancer
therapy constitute a highly interesting alternative because of the possibility of establishing passive targeting, since
tumoural cell properties allow them to selectively accumulate in these cells due to their enhanced permeability and
retention.' > Among several nanocarriers, lipid nanoparticles and nanostructured lipid carriers (NLC) have gained
attention because of their ability to encapsulate both lipophilic and hydrophilic drugs, employment of biocompatible
lipids, prolonged drug release, and easy scale-up.?' >

To increase the solubility of APG promoting an improvement of its bioavailability, in the present work we developed
APG-loaded NLC for the treatment of different types of tumors. Moreover, rosehip oil, a natural compound extracted
from the seeds of wild roses, was chosen as the liquid lipid owing to its pharmaceutical properties. Rosehip oil has
traditionally been used for dermal applications as a skin regenerator and possesses anti-inflammatory and antioxidant
effects. Furthermore, recent studies indicate that rosehips contain active compounds with antitumoral activity.**** These
properties might result in a synergic way between the anticarcinogenic activity of APG and the promising activity of this
active liquid lipid.***’

A dual formulation of last-generation lipid nanoparticles was developed and optimised for administration of APG and
rosehip oil. Physicochemical and morphological characterisation, compound interactions, and in vitro release profiles
were studied. Moreover, their antiangiogenic properties and cellular internalisation were evaluated. Furthermore, the

antiproliferative activity in different tumour cell lines was assesed.

Materials and Methods

Materials

APG was obtained from Apollo Scientific (Cheshire, UK). Compritol® 888 ATO was kindly gifted by Gattefossé
(Madrid, Spain). Tween® 80 (polysorbate 80) and Nile Red (NR) were purchased from Sigma—Aldrich (Madrid,
Spain). Rosehip oil was purchased from Acofarma Formulas Magistrales (Barcelona, Spain). All the other reagents
were of analytical grade. A Millipore Milli-Q Plus system was used to obtain purified water.

Preparation of APG-NLC

The production of APG-NLC was carried out using the hot high-pressure homogenisation method (Homogeniser FPG
12800, Stansted, United Kingdom). Firstly, a primary emulsion with a mixture of an aqueous phase containing the
surfactant, and a lipid phase containing the lipids and the drug, was prepared using an Ultraturrax® T10 basic (IKA,
Germany) at 8.000 rpm for 30 s. The production conditions were 85°C, three homogenisation cycles, and 900 bar of
pressure.”®

The production of APG-NLC labelled with NR (APG-NLC-NR) was carried out following the same procedure as
APG-NLC, but with the addition of a 0.0375 % of NR to the formulation.”’

Optimization of APG-NLC

Design of Experiments (DoE) was used to optimise the formulation parameters because of its ability to acquire
information by decreasing the number of experiments.*’>' A central composite factorial design (which contained 2
replicated centre points, 16 factorial points, and 8 axial points) was prepared using Statgraphics Centurion® 18 version
18.1.12 software (Virginia, USA). Four independent variables, APG concentration, surfactant concentration, lipid phase
concentration, and solid lipid concentration (LS/lipid phase), were analyzed to determine their effect on NLC physico-
chemical properties. The dependent variables studied were the mean particle size (Z,,), polydispersity index (PDI), zeta
potential (ZP), and encapsulation efficiency (EE).
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Physicochemical Characterization of APG-NLC

Z,, and PDI were evaluated by dynamic light scattering by using a ZetaSizer Nano ZS (Malvern Instruments, Malvern,
UK). Electrophoretic mobility was used to assess the ZP. For Z,, and PDI, the formulations were diluted 1:10 with Milli-
Q water. For ZP measurements, the nanoparticles were diluted 1:20. The entrapment efficiency (EE) was indirectly
measured by quantifying the non-encapsulated APG in the APG-NLC. Prior to analysis, the non-encapsulated APG was
separated from NLC by filtration/centrifugation at 14,000 rpm (Mikro 22 Microliter Centrifuge, Germany) using an
Amicon® Ultra-0.5 centrifugal filter device (Amicon Millipore Corporation, Ireland). The non-encapsulated APG passed

through the filter, which was analysed by HPLC. EE was determined using Eq. 1:*2
Total initial amount of APG — non — encapsulated APG

EE (%) = 100 1
(%) Total initial amount of APG M

APG quantification was performed using reverse-phase high-performance liquid chromatography (RP-HPLC). In brief,
samples were quantified using HPLC Waters 2695 (Waters, Massachusetts, USA) separation module, and a Kromasil®
C18 column (5 pum, 150 x 4.6 mm) with a mobile phase formed by a water phase containing 2 % acetic acid, and an
organic phase constituted by methanol. A gradient was applied (from 40 % to 60 % of water phase in 5 min and back in
next 5 min) at 0.9 mL/min. To quantify APG, a diode array detector Waters® 2996 at 300 nm was used, and data were

evaluated using Empower®™ 3 Software.*>*

Interaction Studies
Interaction Studies
Differential scanning calorimetry (DSC) was performed on a DSC 823e system (Mettler-Toledo, Barcelona, Spain).
Thermograms of APG-NLC and their components were obtained in a nitrogen atmosphere by using a heating ramp from
25 to 105 °C at 10 °C/min. The data acquired was evaluated with the software Mettler STARe V 9.01 dB (Mettler-
Toledo, Barcelona, Spain).?®*2
Fourier transform infrared (FTIR) spectra of APG-NLC and their components were determined using a Thermo
Scientific Nicolet iZ10 spectrometer coupled to a diamond ATR crystal and a DTGS detector (Barcelona, Spain).*
X-ray diffraction (XRD) profile of APG-NLC and their components was also assessed placing the samples between
two polyester layers of 3.6 um and exposing them to CuKa radiation (45 kV, 40 mA, . = 1.5418 A), in a working range

(26) of 2-60°, and using a step size of 0.026°, during 200 s per step.”®

Morphological Studies

Transmission electron microscopy (TEM) was employed to determine the morphology of the APG-NLC using a Jeol
1010 (Jeol USA, Massachusetts, USA). Firstly, copper grids were activated by UV light, and the APG-NLC (previously
diluted 1:10) were stained negatively with 2% of uranyl acetate.’

Stability Studies

APG-NLC were stored at 3 different temperatures (4, 25, and 37°C) for several months. The study was performed by
analysing light backscattering (BS) profiles using Turbiscan™ Lab equipment (Formulation Inc, Worthington, USA). For
this purpose, 10 mL of the sample was placed into a glass measurement cell, and BS data were acquired every 15-30
days. At the same timepoints, the values of Z,,, PDI, ZP, and EE were measured at 15 days or once a month until
destabilization.”'

Biopharmaceutical Behaviour

The in vitro APG release study was carried out by using Franz-type diffusion cells (Permegear, Germany) with
a diffusion area of 0.20 cm” and cellulose dialysis membrane (MWCO 12 kDa). A receptor medium accomplishing
sink conditions was used, which was constituted by a solution of PBS with 5% Tween® 80 and 20% ethanol at pH 7.4.%¢
The formulations were compared to free APG. The assay was carried out at 37 = 0.5 °C for 48 h. 300 pL of each
formulation were placed on the donor compartment, and at certain time intervals, 150 puL of the sample was collected
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using a syringe, and the withdrawn volume was replaced with the receptor solution. APG content of the receptor medium
was analysed using HPLC. Each sample was performed in triplicate, and the cumulative amount of APG was
calculated.”®

Antiangiogenic Capacity

To determine the antiangiogenic effects of APG-NLC, a modified chorioallantoic membrane (CAM) test was used.?” It
was carried out using fertilised chicken eggs incubated at 37 °C and 85 % humidity. A lateral window was opened on the
eggshell on the third day of incubation, and after 24 h of stabilization, 40 pL of the sample were inoculated to the CAM.
Afterwards, the membrane was sealed and incubated for 48 h. The controls of the experiments were NaCl as a normal
angiogenic development and basic fibroblast growth factor (bFGF) as a pro-angiogenic control (20 pL at 10 ng/mL).
Once CAM was evaluated, membranes were fixed by adding 4 % paraformaldehyde overnight at 4 °C. Next, membranes
were extracted and observed using a binocular loupe. Afterwards, the obtained images were processed, and the density of
the vessels in the CAM was automatically measured using Imagel vessel analysis plugin.

Biological Studies
Cell Lines
Human biphenotypic B myelomonocytic leukaemia MV4-11 and normal breast epithelial MCF-10A cells were acquired
from American Type Culture Collection (USA). Human lung carcinoma A549 and breast cancer MCF-7 cells were from
the European Collection of Authenticated Cell Cultures (UK). Human breast cancer MDA-MB-468 cells were acquired
from the Leibniz Institute, DSMZ-German Collection of Microorganisms and Cell Cultures (Germany). Cells were
grown at 37 °C with 5 % CO, humidified atmosphere, and media were supplemented with 2 mM I-glutamine (Merck,
Germany), 100 units/mL penicillin (Polfa Tarchomin S.A., Poland), and 100 pg/mL streptomycin (Merck, Germany).
MV4-11 and MDA-MB-468 cells were cultured in RPMI 1640 medium (IIET PAS, Poland) with 1.0 mM sodium
pyruvate (only MV4-11), 10% (MV4-11), or 20% (MDA-MB-468) fetal bovine serum (FBS) (all from Merck, Germany).
A549 cells were cultured in RPMI 1640+Opti-MEM (1:1) (IIET PAS, Poland and Gibco, UK) supplemented with 5%
foetal bovine serum (Merck, Germany). The MCF-7 cells were cultured in Eagle’s medium and supplemented with
insulin and 1% of MEM non-essential amino acids (Merck, Germany). Normal breast epithelial MCF-10A cells were
cultured in the HAM’S F-12 medium (Corning), supplemented with 10 % Horse Serum (Gibco), 0.5 pg/mL
Hydrocortisone, 20 ng/mL EGFh, 10 pg/mL insulin, and 0.05 mg/mL Cholera Toxin from Vibrio cholerae (all from
Merck, Germany).

Determination of Antiproliferative Activity

The solutions of APG (1 mg/mL), APG-NLC (1 mg APG/mL) and empty NLC were prepared by APG and NLC in
DMSO and water, respectively. Twenty-four hours prior the addition of the tested compounds, the cells were seeded in
96-well plates (Sarstedt, Germany) at a density of 1 x 10% or 0.5 x 10* (A549) cells/well. Antiproliferative capacity was
studied after 24 and 72 h of cells exposure to four different concentrations. Cytotoxic effects were examined using MTT
(MV4-11) or SRB assays, previously described.*® The ICs, (inhibitory concentration 50 %), which is cytotoxic to 50 %
of the cells, was calculated. ICs, values were evaluated for each experiment separately using the Prolab-3 system based
on Cheburator 0.4 software,>® and the mean values = SD are presented in Table 1. Both APG and APG-NLC were
assessed in triplicate, and the experiments were repeated up to 5 times.

Determination of Compounds Accumulation in Cells by Flow Cytometry

The APG-NLC were fluorescently labelled with NR to determine their accumulation in cells. Leukemia MV4-11 cells
were incubated for 5, 15, and 30 min and 60, 120, and 240 min with APG-NLC-NR (1.675 and 0.335 pg/mL). After
incubation, cells were collected and washed with PBS. The mean fluorescence of cells incubated with the tested
compounds labelled with NR was analyzed by flow cytometry using a BD LSRFortessa cytometer (BD Bioscience,
San Jose, USA). Untreated cells were used as unlabeled controls. The results were analysed using the Flowing software 2
(Cell Imaging Core, Turku Centre for Biotechnology, University of Turku Abo Akademi University).
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Table | Design of experiments and characterization of the different formulations developed

Independent Variables

Dependent Variables

Coded Level cApig (%) | Coded Level | cLipid (%) | Coded Level | cLS (%) | Coded Level | cTw (%) | Z,, £ SD (nm) PDI £ SD ZP £ SD (mV) | EE £ SD (%)
Factorial points
-1 0.1 -1 5 | 85 -1 2 176.1 £23 0.278 + 0.009 -21.7 0.7 99.9 0.1
| 0.2 -1 5 -1 65 | 4 2215 %25 0.313 £ 0.012 21405 96.7 0.1
| 0.2 | 10 -1 65 -1 2 2539 + 44 0.246 + 0.012 -22.6 £ 0.3 99.9 £ 0.1
-1 0.1 | 10 | 85 -1 2 2714 £55 0.273 + 0.008 -23.0+ 0.8 99.9 £ 0.1
-1 0.1 | 10 -1 65 -1 2 2437 £ 0.7 0.236 £ 0.014 -246 £ 0.5 99.7 £ 0.3
-1 0.1 | 10 -1 65 | 4 2147 £ 1.6 0.181 £ 0.010 -182+0.9 99.9 £ 0.1
-1 0.1 -1 5 | 85 | 4 1659 + 1.2 0.265 = 0.012 -17.6 £0.2 99.9 £ 0.1
-1 0.1 -1 5 -1 65 -1 2 1612 23 0.255 + 0.023 -223+04 95.1 £0.2
| 0.2 | 10 -1 65 | 4 2122+ 1.8 0.217 £ 0.019 -19.6 £ 0.2 99.9 £ 0.1
-1 0.1 | 10 | 85 | 4 2368 £ 2.0 0.244 + 0.017 -184+0.5 99.9 £ 0.1
| 0.2 -1 5 | 85 | 4 191.9 £ 27 0.318 + 0.058 -192 0.6 99.9 £ 0.1
-1 0.1 -1 5 -1 65 | 4 202.7 £ 24 0.203 + 0.002 -187 £ 0.2 97.7 £ 0.1
| 0.2 | 10 | 85 -1 2 304.6 £ 57 0.276 + 0.007 -20.1 £ 0.4 99.1 £ 0.1
| 0.2 -1 5 -1 65 -1 2 188.7 + 2.3 0.374 + 0.008 -222 +04 99.9 £ 0.1
| 0.2 | 10 | 85 | 4 2405 £ 2.5 0.277 £ 0.015 -18.0 + 0.4 99.6 0.1
| 0.2 -1 5 | 85 -1 2 2005 £ 2.8 0.425 + 0.015 <224+ 0.6 99.9 £ 0.1
Axial points
-2 0.05 0 7.5 0 75 0 3 1812+ 1.4 0.221 + 0.029 -195+03 99.9 £ 0.1
2 0.25 0 7.5 0 75 0 3 2303 £2.7 0.327 + 0.007 <202 +£0.2 99.9 £ 0.1
0 0.15 -2 2.5 0 75 0 3 202.0 £ 3.9 0.556 + 0.015 -223+03 99.9 £ 0.1
0 0.15 2 12.5 0 75 0 3 280.9 £5.7 0.259 + 0.009 -20.7 £ 0.4 99.9 £ 0.1
0 0.15 0 10 2 55 0 3 1873+ 1.3 0.195 = 0.012 -204 0.5 99.9 £ 0.1
0 0.15 0 10 2 95 0 3 2025 £33 0.331 £ 0.026 -20.7 £ 0.2 99.9 0.1
0 0.15 0 10 0 75 -2 | 2710 £ 43 0.231 + 0.020 -24.1 £ 0.7 99.9 £ 0.1
0 0.15 0 10 0 75 2 5 239.1 £ 1.6 0.182 + 0.027 -172+£0.8 98.1 £ 0.3
Central points
0 0.15 0 7.5 0 75 0 3 202.0 £ 0.8 0.267 £ 0.012 -203 £ 04 99.9 £ 0.1
0 0.15 0 7.5 0 75 0 3 199.3 £ 0.7 0.292 + 0.038 -19.6 £ 0.1 99.9 £ 0.1
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Results
APG-NLC Characterization and Optimization

The homogenisation parameters in order to produce NLC by high-pressure homogenization were previously optimised
using a composite factorial design with three levels and two factors. The independent variables were pressure, number of
homogenisation cycles, and primary emulsion time, and the dependent variables were Z,, and PDI (Figure 1). The results
showed that with an increase in the number of homogenisation cycles up to two and pressures up to 800 bar, it was
possible to produce nanocarriers with lower Z,, and PDI. However, it was established that the primary emulsion time
using Ultraturrax® did not affect the studied parameters; therefore, the method was set up in three homogenisation cycles
at 900 bar with a primary emulsion time of 30 s.

An optimised formulation was obtained by means of the DoE approach. The independent variables studied were the
amount of APG, the lipid phase (solid lipid and liquid lipid mixture), the percentage of solid lipids in the lipid phase, and
the amount of surfactant.

Table 1 shows the effect of the independent variables on the dependent variables analysed and the values obtained. As
can be observed, the Z,, of the formulations was 200 nm in most cases, as well as PDI values around 0.2, thus indicating
a homogeneous distribution of nanoparticles.*” The developed APG-NLC exhibited a negative surface charge of ZP <
—20 mV. This negative charge may be due to the ionisation of glyceryl behenate (a fatty acid in Compritol®™ 888 ATO).*!
Since the surface charge values are associated with the stability of colloidal dispersions, the developed formulations with
values of —20 mV were considered the most stable.** In all cases EE was higher than 95%, thus meaning that APG was
completely encapsulated.

As shown in Figure 2, the four variables studied had a significant effect on the formulation of NLC. The Z,, and PDI of
APG-NLC were significantly influenced by the concentration of the lipid phase but followed an opposite trend because more
solid lipids increased size (p < 0.05) but decreased NLC PDI (p < 0.01). Moreover, the surface charge was significantly
influenced by the surfactant (p < 0.001), and the EE % was significantly influenced by both liquid and solid lipids.

As shown in Figure 3, higher concentrations of the lipid phase provided larger APG-NLC but with less size dispersion
(Figure 3A and B). According to the surface response, in order to obtain APG-NLC below 200 nm, less than 9 % of lipid

Average size (nm) =O=—PDI
350 i o0s
soves -
300 I 045 Z
I ifi | ez [ =
20 : o4 apressure [
g if;: z 1
= X iz i: . 3 . AC
& 200 I s —— = 03s -
2 |l - i g w |
2 150 l\_ ~ '/l\' LA N AL AR 03 ec HH
u ® 3 « SNr_ I
z oA el B AL N/~ l\"x":‘i 111z cc B
100 H % Y NAO-OY| 025 |
"
- |
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Figure | Initial screening for APG-NLC development. (A) Representation of the values obtained of Z,, and PDI against the homogenization cycles and homogenization
pressure; (B) Pareto’s chart of the homogenization parameters; (C) Surface response of the influence of the pressure and cycles on the Zav; (D) Surface response of the
influence of the pressure and cycles on the PDI.
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Figure 3 DokE surface response of APG-NLC. (A) Concentration of Solid lipid regarding to the lipid phase and Surfactant influence on Z,,; (B) Concentration of APG and
Solid lipid regarding to the lipid phase influence on PDI; (C) Concentration of Surfactant and Solid lipid regarding to the lipid phase influence on ZP; (D) Concentration of

APG and Surfactant influence on EE.

phase and APG concentrations below 0.2 % should be used. However, to obtain a PDI of less than 0.2, higher

concentrations of the lipid phase seem necessary. Moreover, with respect to ZP, a lower surface charge was obtained

when a higher concentration of the surfactant was added (Figure 3C). EE was highly influenced by the amount of solid

lipids with low EE as the solid lipid content increased (Figure 3D). Considering all the evaluated parameters and the
trends, a formulation containing 0.1 % of APG, 7.5 % of total lipids, 65 % of solid lipids, and 3.5 % of surfactant has
been optimized to carry out further experiments.
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Interaction Studies of APG-NLC

The interactions between APG and the lipid matrix, carried out by DSC, FTIR, and XRD are shown in Figure 4. DSC
was performed to study the variations in the crystallinity and melting point of the lipid mixtures against APG-NLC. In
this sense, the melting temperature (T,,) of the lipid mixture was slightly lower than that of the lipid mixture with APG
(69.50 and 70.22°C, respectively). Moreover, the T, of the APG-NLC was slightly lower than that of the physical
mixture, probably because of its small size and surfactant incorporation.** Enthalpy values (AH) were similar between
the lipid mixture and lipid mixture-APG (AH Lipid mixture = 88.87 Jg ', AH Lipid mixture-APG = 97.79 Jg').
Moreover, AH of APG-NLC was lower being 71.10 Jg . In addition, APG was also assessed showing a Tj, of 365.5°C
and AH = 198.5 Jg ' *

FTIR analysis was used to study the interactions between APG, surfactant, and the lipid matrix (Figure 4B). The
FTIR spectrum of pure APG presented vibrational bands at approximately 3278 cm ™', characteristic of the O-H group.
Moreover, the C-H group exhibits multiple small peaks at 2800 cm™'. Additional peaks at 1650 and 1605 cm™' were
observed for the C-O group.*® Furthermore, there was no evidence of new strong bonds formed in the APG-NLC, and
APG peaks were not observed, thus confirming APG encapsulation in the lipid matrix.

The XRD profiles in Figure 4C show the physical states of the APG, APG-NLC, and their physical mixture. Intense
and sharp peaks for APG and the solid mixture of lipids are observed, indicating that these components possess
a crystalline structure. Typical signals of APG such as 7.07, 10.09, 11.25, 14.12, 15.03, 15.97, and 18.18° (20) were
found.*® Interestingly, APG peaks were not detected in the APG-NLC, which may indicate that APG was present in
a dissolved state in the NLC (molecular dispersion). Additionally, the crystallinity of the structures of all components was
studied. The lipid mixture showed three peaks, the smaller one in 19.34° (20), iec d = 0.46 nm, indicated the most stable
form of triacylglycerols, the f form, and two pronounced peaks at 21.38° (20) ie d=0.42 nm and 23.43° (20) ie d=0.38
nm, indicating the second stable form of triacylglycerols, the f’ form. In contrast, the APG-NLC profile showed the most
intense peak at 19.39° (20) and 23.62° (26), indicating good stability of the formulation.***74%
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Figure 4 Interaction studies of APG-NLC and their components. (A) DSC curves; (B) FTIR analysis; (C) X-ray diffraction patterns.
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Morphological Studies

Due to the fact that a single technique is not enough to characterise NLC, the morphology of the APG-NLC was
evaluated by TEM and compared with the results obtained by dynamic light scattering (Figure 5). Using TEM, it can be
observed that the APG-NLC showed almost spherical and soft round shapes with Z,, values below 200 nm. This was
consistent with the results found by dynamic light scattering. Moreover, as predicted by the obtained ZP values (—20

mV), particle aggregation was not observed.

Stability of APG-NLC
Stability studies were performed by measuring Z,,, PDI, ZP, and EE as well as by analysing the BS profiles at different

temperatures. Specifically, BS provides information on destabilisation mechanisms, such as sedimentation, agglomera-
tion, or aggregation, which can be observed when differences greater than 10 % are obtained.*’ In this way, BS profiles
of APG-NLC were studied at 4, 25, and 37 °C (Figure 6). The APG-NLC formulation was stable at 4 °C for a period of
11 months, maintaining constant physicochemical parameters, while at 25 °C, the stability endured 3 months, and at
37°C, it was stable for only 15 days.

Moreover, high temperatures accelerated particle destabilisation by decreasing the ZP. As it can be seen in Table 2,
the formulations kept at three different temperatures maintained their physicochemical parameters until the ZP dimin-
ished (12 months at 4 °C, 4 months at 25 °C and 15 days at 37 °C). All these phenomena were in accordance with the BS
results. As can be observed, at all the temperatures, the BS profile increased, probably because of decrease in ZP,
promoting aggregation phenomena that, in the case of 4 °C, seem to start after 1 year of storage. Additionally, the EE was
maintained at all temperatures. Considering these results into account, APG-NLC were stored at 4°C showing a good
stability up to 12 months.

Size Distribution by Intensity
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Figure 5 Physicochemical and morphological characterization. (A) TEM images with scale bar 500 nm; (B) TEM images with scale bar 200 nm; (C) Histogram of average size
distribution measured by dynamic light scattering; (D) Zeta potential plot measured by laser-Doppler electrophoresis.
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Figure 6 Backscattering profiles of APG-NLC stored at (A) 4 °C; (B) 25 °C; and (C) 37 °C.

Biopharmaceutical Behaviour

The in vitro release profile of APG from NLC against free APG demonstrated that the lipid formulation had a kinetic profile
characteristic of prolonged drug release formulations. The APG release from NLC best fit was a two-phase association. As
shown in Figure 7, an initial burst release of APG from the NLC was observed during the first 2 h. Afterwards, a slow release
of APG occurs probably releasing the APG encapsulated in the inner lipid core. Moreover, free APG showed a fast release,
achieving a 100 % before 24 h while the APG-NLC just released less than 30 %. The dissociation constant (Ky) of APG-NLC
was higher in both the slow and fast phases than in free APG (0.07 and 0.27 vs 0.02 h), thus indicating a prolonged release.’’
Moreover, the half-life results (t;,) showed that there was a burst release at the beginning during the fast phase of the
formulation, but during the slow phase, it had a sustained release, with a t,, value of 160.5 h.3°

Table 2 Physicochemical Parameters of APG-NLC Stored at Different Temperatures

Temperature (°C) | Month/Day | Z,, £ SD (nm) PDI £ SD ZP * SD (mV) | EE £ SD (%)

0 1952 £ 0.4 0.170 £ 0.011I -19.3 £ 0.1 99.9 + 0.1
4 2 1932 £ 0.7 0.171 £ 0.026 —17.7 £ 03 99.9 + 0.1

4 1954 £ 0.9 0.160 £ 0.002 -17.0+£03 99.9 £ 0.1

6 1949 £ 0.3 0.164 £ 0.017 -17.7 £ 0.2 99.9 £ 0.1

8 195.0 + 1.8 0.148 + 0.009 -175+04 99.9 £ 0.1

10 193.0 £ 1.9 0.151 £ 0.015 —20.8 £ 0.3 99.9 £ 0.1

12 193.5 + 2.1 0.161 + 0.002 -152 02 99.9 £ 0.1
25 2 201.9 £ 29 0.123 £ 0.017 -183 +02 99.9 £ 0.1

4 199.8 £ 1.7 0.125 £ 0.034 -148 £ 0.3 99.9 £ 0.1
37 15 days 209.2 £ 0.9 0.161 £ 0.025 —15.5+ 0.3 99.9 £ 0.1
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Figure 7 In vitro release profile of APG-NLC vs free APG carried out for 48 h and adjustment to a two-phase association and Plateau followed by one phase decay model
respectively.

Antiangiogenic Capacity

To study the antiangiogenic capacity of free APG, APG-NLC, and empty NLC, an in vitro assessment using CAM of
embryonated eggs was carried out. As shown in Figure 8, APG-NLC possessed a significantly lower (p < 0.01) vascular
density than the negative control (NaCl). Although free APG seems to exert antiangiogenic effects, these effects are not

significant. Moreover, empty NLC did not seem to have any effect on the blood vasculature.

Cytotoxicity Towards Selected Cancer Cell Lines
The antiproliferative activities of APG and APG-NLC towards leukemia (MV4-11), lung (A549), and two breast MCF-7
(ER+) and MDA-MB-468 cancer cell lines were evaluated after 24 h and 72 h. The toxicity of these compounds was
tested in normal human breast epithelial MCF-10A cells. The results were obtained by assessing cellular viability using
MTT (MV4-11) or SRB colorimetric assays. The data for the in vitro anticancer activity are reported in Table 3 and
expressed as the ICsy concentration of the compound (in pug/mL) that inhibited proliferation of the cells by 50%
compared to the untreated control cells.

As shown in Table 3, APG after 24 h of incubation was active only against leukaemia MV4-11 cells, and the activity
was 10 times lower than that observed after 72 h. Both empty and APG-NLC had similar activity after 24 h and 72
h against MV4-11 leukemia cells, whereas in human lung cancer A549 cells, the activity was similar only after 72
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Figure 8 Anti-angiogenic capacity. (A) Measurement of the vascular area (%) of the extracted membranes after 48 h of stimulation with each compound. Differences
between groups analysed by one-way ANOVA; (* p < 0.05; ** p < 0.01; ***p < 0.001); (B=F) Membranes after the incorporation of 48 h of product: (B) bFGF, (C) NaCl,
(D) Free APG, (E) APG-NLC with a black circle highlighting its effect, (F) Empty NLC.
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Table 3 The Half Maximal Inhibitory Concentrations (ICso) of APG, Empty NLC and APG-NLC Against Selected Cancer Cell
Lines and Non-Tumorigenic Human Breast Epithelial Cell Line (MCF-10A)

Compound Cell Lines 1Cs5o [ng/mL]
MV4-11 A549 MDA-MB-468 MCF-7 MCF-10A
24h 72h 24h 72h 24h 72h 24h 72h 24h 72h
APG 23.0+98 | 25+0.7 na. 335+63 na. 1.3+ 2.6 na 260+59 | na | 10.1 £5.0
Empty NLC 04+00 [05+02 |23+04 | 26+0.7 [ 25+05 | 06+02 | I64+13 | 23+03 na | 20.5+48
APG-NLC 03+£0.1 [03+£0.1 |77+32| 24+03 [29+£09 | 0401 | 162+06 | 1.8£0.6 na | 149+56

Notes: n.a. — not active, ICgq value higher than 33.5 pg/mL. Data are presented as mean * standard deviation (SD) calculated using Prolab-3 system based on
Cheburator 0.4 software.

h. Probably due to slow APG release, after 24 h, the activity was lower in the case of APG-NLC. Additionally, in breast
cancer cells, the effect was more potent after 72 h of incubation.

Moreover, the ICsy of the APG-NLC was 10-27 times lower against cancer cells than that of free APG. According to
the results obtained in Table 3, the most sensitive cell lines were leukemia MV4-11 and breast cancer MDA-MB-468
cells. Moreover, the comparison of APG-NLC anticancer activity against two different breast cancer models showed that
APG-NLC after 24 h and 72 h was more active against triple negative breast cancer (TNBC) MDA-MB-468 cells (ICs
2.9 pg/mL and 0.41 pg/mL) than ER-positive MCF-7 cells (ICso 16.2 pg/mL and 1.8 pg/mL). TNBC is usually more
aggressive, harder to treat, and more likely to come back (recur) than cancers that are hormone receptor- or HER2-
positive. APG-NLC also showed selective efficacy against tumour cells compared with normal MCF-10A cells (SI index
>1, Table 4). Importantly, this selectivity was not observed for the free APG, because it showed cytotoxicity in both, the
healthy and the cancer cell line.

Accumulation of APG-NLC in Tumoral Cells

To determine whether APG nanoformulations have the ability to accumulate in leukemia cells, a cytometric method and
staining of cell culture with the fluorescent dye NR was proposed. This dye binds to neutral fats and phospholipids. The
amount of bound dye is directly proportional to the content of neutral fats in the cells. Leukemia cells MV4-11 were
incubated with fluorescently labelled formulation APG-NLC-NR (two concentrations of APG-NLC-NR were studied,
0.335 and 1.675 pg/mL, respectively). After several time points, cell fluorescence was analysed using flow cytometry,
and the results are presented in Figure 9A and B. The obtained results confirm the assumption of the conducted research
that NLC formulations are an effective method of delivering biologically active substances inside the cells. The mean
fluorescence intensity (MFI) of the cells after incubation with APG-NLC-NR was compared with that of the control
(unlabelled cells). As shown in Figure 9A, after 5 min of incubation with labelled APG-NLC-NR, significantly higher
fluorescence was observed. At all time points, a significantly higher MFI was obtained than that of the control (p < 0.05).
Moreover, the accumulation of APG-NLC in the cells was fast and stable, and after 5 min, significant differences against
the control were obtained. After 240 min of incubation, the MFI values were maintained. The confirmation of
accumulation of APG-NLC-NR in the cancer cells is also the graph Figure 9B on which histogram for cells incubated

Table 4 The Selectivity Index (SI) of Tested Compounds

Compound Cell Lines/Calculated Selectivity Index Sl
MV4-11 A549 MDA-MB-468 MCF-7
APG 4.04 0.31 0.89 0.39
Empty NLC 41.00 7.88 34.17 8.90
APG-NLC 55.20 6.30 36.30 8.30

Notes: The Sl index = ICsq for normal cell line (MCF-10A)/ ICs, for respective cancerous
cell line. A beneficial SI > 1.0 indicates a drug with efficacy against tumor cells greater than
toxicity against normal cells.
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Figure 9 Accumulation of APG-NLC in MV4-1 | cells. (A) Mean fluorescent intensity after 5, 15, 30, 60, 120, 240 min with low and high concentration of APG-NLC; (B)
Flow cytometry histogram for higher concentration (1.675 pg/mL) of APG-NLC-NR. Black line: unlabelled control, red line: after 5 min; dark green line: after 15 min; blue
line: after 30 min, light green line: after 60 min; yellow line: after 120 min and purple line: after 240 min.

with labelled formulations is shifted in higher fluorescence intensity (A.U.) in comparison to control free unlabelled

leukaemia cells.

Discussion

In this study, a new formulation was developed loading of APG into a rosehip-based NLC. The fabrication method
selected was hot high-pressure homogenization, due to its multiple advantages such as its ability of large-scale
production, the avoidance of organic solvents, and its low cost.”’ Due to the high energy input, it allows to prepare
small uniform particles, which is suitable for nanoparticulate formulations.>>

To optimise the formulation, a design of experiments was applied. Using these studies, a full factorial design was
developed, and the analysis showed that all parameters induced statistically significant differences in Z,,, in which the
concentration of the lipid phase had the greatest influence, followed by the concentration of APG. These results are in
accordance with those obtained by other authors, in which increased drug and lipid amounts led to larger nanoparticles.>
Furthermore, the lipid phase significantly influenced the PDI, showing high values when the lipid phase decreased.
Otherwise, ZP was mainly affected by the concentration of the non-ionic surfactant Tween®™ 80, which became more
neutral with increasing surfactant amounts. This trend may be related to the absorption of the surfactant onto the NLC
surface.* Furthermore, APG encapsulation was high in all the assessments (>95%), probably because of the lipophilic
character of APG which had more affinity for the lipid-based internal structure of the NLC.>>*° Other authors
encapsulated APG into different NLC matrix by using a hot homogenizer method along with ultrasonication, obtaining
smaller nanoparticles, but less stable due to its ZP closer to 0 mV.>” Other research group prepared SLN encapsulating
APG by the melt emulsification and ultra-sonication method, in which they obtained small particles around 100 nm, but
with a higher PDI.>® Moreover, Liang and colleagues also prepared NLC but encapsulating a similar molecule, quercetin,
another natural flavone. In their study, they used a low energy method for the preparation of the NLC, the emulsifying
technique, leading to a polydisperse formulation (PDI > 0.3).>’

Interaction studies showed that the lipid matrix of the formulation became more amorphous in the presence of APG,
indicating that APG was solubilised in lipids.°® FTIR studies confirmed that no covalent bonds were formed between the
drug and the lipid matrix, so hydrogen bonds and hydrophobic forces could be the main forces between them, facilitating
the accommodation of APG inside the NLC and promoting its liberation from the particle.®’ Furthermore, the XRD
results suggested that APG-NLC could possess good and long stability due to the presence of the most stable forms of
triacylglycerols, the p and B’ forms.***’*® These results are in agreement with the stability studies, in which the
formulation was stable at 4°C for 12 months. Subsequently, the electrostatic forces between the APG-NLC may begin
to decrease, leading to aggregation and sedimentation (as observed in the backscattering profile).®> Despite this, in some
cases, sedimentation can be reversed by agitation, and in order to obtain stability for more than 12 months, APG-NLC
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can be freeze-dried.®® Moreover, interaction studies showed that APG was encapsulated into the NLCdue to the absence
of signals of APG in the different studied techniques.

In addition, the APG-NLC showed a sustained in vitro release profile, whereas the APG solution was released rapidly.
The fitted model for APG-NLC was a two-phase association, due to the formulation being able to provide a first fast
release, followed by a slow and prolonged liberation of APG to the medium. This kind of model explains many chemical
and biological processes, which could indicate a more complicated binding kinetics mechanism.®**® It was observed that
the release of the APG from the NLC reached approximately 30%, showing an initial burst release of APG in the early
phase, followed by a delayed release of APG (up to 24 h). Compared to other studies, these NLC showed a slower
release, which might be related to the high solubility of APG in the lipid matrix.®”®°

In in ovo angiogenesis studies, the anti-angiogenic activity of the APG-NLC was confirmed. It is well known that
APG exhibits antiangiogenic activity, which is related to its antitumoral properties.”” The controls of this study were the
negative control (NaCl) and a positive growth control (bFGF), which is known to activate angiogenesis. Although bFGF
is one of the most effective inducers of angiogenesis, it frequently contributes to pathological angiogenesis by stimulating
vascular endothelial mitogenesis and has been frequently used as an angiogenic polypeptide.”" In this study, a solution of
APG at the same concentration as APG-NLC was used (1 mg/mL). The results showed that APG slightly decreased the
number of microvessels in CAM. Other authors have reported that at higher concentrations than those assessed (from
1.35 to 5.4 mg/mL), APG was able to suppress normal angiogenesis in chick embryo.”> In contrast, APG-NLC
significantly decreased vascular density in the negative and positive controls. These results indicate that the encapsulation
of APG into lipid nanoparticles increases the bioavailability and bioactivity of the flavonoid.”® Since APG is an inhibitor
of several growth factors such as vascular endothelial growth factor (VEGF) and bFGE’* and empty NLC do not exert
any angiogenesis modulation effect, the developed NLC were able to enhance APG penetration, thus enhancing APG
antiangiogenic activity.””’’ Moreover, since angiogenesis provides an expanding tumour with oxygen and nutrients,
which are necessary for tumour growth, inhibition of angiogenesis could provide an effective tool for anticancer
therapy.”®

The antiproliferative activity of APG, empty NLC, and APG-NLC towards five different cell lines was evaluated after
24 and 72 h. For the leukaemia cell line (MV4-11), a solution of APG showed greater activity at 72 h than at 24 h. It has
been described that APG stimulates signalling pathways that result in cell proliferation inhibition and cell-cycle arrest in
fast-cycling cell. Moreover, other authors have confirmed that by increasing the incubation time of APG with leukaemia
cells, cytotoxicity increased.”” APG-NLC showed 20 times more activity than free APG at 24 and 72 h of exposure. This
was probably due to the ability of NLC to penetrate into the cells, increasing the amount of drug intracellularly.*® This
was confirmed by flow cytometry, which showed high and fast NLC internalisation. Moreover, in the lung cancer cell line
(A549), APG was not active at 24 h, but its activity increased at 72 h. Conversely, APG-NLC showed a greater effect
against this cell line, with the highest effect observed at 72 h. The worst prognosis for survival and most treatment-related
issues are associated with TNBC, which accounts for 10% to 22% of all cases of breast cancer that are diagnosed.
Furthermore, the absence of response to conventional hormonal therapy or therapies directed at specific receptors makes
treatment difficult.®’ In order to evaluate the potential of APG in aggressive cancer, the cell line MDA-MB-468 was used.
In the first 24 h, the flavonoid solution was not cytotoxic, as reported.*> At 72 h, it showed higher activity, which could be
related to its mechanism of action, targeting different signal transduction pathways.®* Nevertheless, APG-NLC showed
great cytotoxicity against the TNBC cell line after 24 and 72 h. Another breast cancer cell line (MCF-7) showed
cytotoxicity similar to that of APG. Other studies have reported that APG inhibits growth and induces apoptosis in
a dose-dependent relationship.** Similarly, APG-NLC were more cytotoxic than APG, and their activity increased at 72
h, probably because of the sustained release of APG from the formulation. To confirm the safety and selectivity of the
tested compounds, the cytotoxicity of the formulations was tested against a non-tumourigenic cell line (MCF-10A), and
the SI was calculated. The SI is an important parameter for the development of novel formulations. A low selectivity of
compounds means that patients are unable to receive the drug doses necessary to eradicate all cancer cells, because doing
so would be fatal and eradicate all other body cells.®> The results showed that APG was not selective for cancer lines,
except for leukaemia cells, whereas APG-NLC were selective for all tumour cells.
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In contrast, empty NLC showed similar antiproliferative activity against all tumour cell lines and high selectivity,
demonstrating excellent safety and efficacy. Since two of the three ingredients of the empty formulation had described
pharmacological interest, this led to the potent antitumour effects of the empty NLC. On the one hand, the non-ionic

surfactant Tween 80®

can effectively inhibit P-gp and plays an important role in mediating the opening of tight junctions,
which could enhance the paracellular uptake of NLC, increasing their permeability.%’87 On the other hand, besides the
traditional medicinal of rosehip oil when applied on the skin, in the last few year researchers have been reporting novel
pharmacological features. Rosehip oil is made from the seed of Rosa canina sp. and is rich in polyunsaturated fatty acids,
linoleic acid, linolenic acid, and phytosterols such as p-sitosterol.*® Recently, some authors assessed the extract of rosehip
against different cancer cell lines, including colon, lung, prostate, cervix, liver, brain, and breast, suggesting its potential
role in chemotherapy.?>*° After treating these cancer cell lines with whole rose hip extract or purified fractions of its
most important components, all studies have reported a noticeable decline in cell viability. These antioxidant properties
may be responsible for their antiproliferative effect.”> However, its activity may not only be due to its antioxidant
properties but is also capable of preventing cell proliferation.”® In another study, researchers tested the rosehip extract
against TNBC, and the results showed that it was able to decrease cell migration and inhibit cell growth by reducing two
enzymes (MAPK and Akt). In addition, in combination with commonly used chemotherapy, it was able to reduce cell
proliferation and migration in tissue cultures, suggesting that rosehip extract might be a useful addition to the thorough
treatment regime for patients with TNBC.”' These results revealed that the proposed combination of APG loading of
NLC containing rosehip oil could be a promising platform for the treatment of several cancers.

The cellular uptake of APG-NLC was studied by encapsulating the fluorescent dye NR using flow cytometry. The
selected cell line was leukaemic owing to its high cytotoxic activity. APG-NLC-NR showed rapid uptake in the first 5
min, and the fluorescence intensity remained stable for all experiments (4 h). These results could explain the high activity
against these cells, in which NLC were able to penetrate and remain inside. Some researchers concede that NLC
represent a good delivery system owing to their composition. As liquid lipids give NLC a less ordered lipid matrix, drugs
may be more effectively accommodated; in this case, the fluorescent die NR prevents premature drug release and
fluorescence signal loss. The incorporation of liquid lipids promotes higher cellular uptake and permeability across the

cellular membrane.”>%3

Conclusion

APG was successfully encapsulated into NLC containing rosehip oil with a particle size below 200 nm, a monodisperse
population, and high entrapment efficiency. The APG-NLC showed suitable stability for almost one year, as well as
prolonged release. In ovo and in vitro assays in tumour cells confirmed that APG increased its activity when encapsulated
in NLC. APG-NLC decreased the formation of new blood vessels, highlighting their antiangiogenic activity. Moreover,
the antiproliferative assays confirmed APG-NLC selectivity against tumour cells and cytotoxicity in leukaemia, lung, and
breast cancer cells. In addition, empty NLC did not show significant antiangiogenic properties, but in vitro antitumoral
assessments showed selective cytotoxicity against cancer cells, probably owing to the pharmaceutical properties of
rosehip oil.

These findings constitute a first approach for this type of nanoparticles including two natural active ingredients, such
as APG and rosehip oil, in which both the encapsulated compound and the matrix contribute to the pharmacological
effect, acting in a synergic way. This kind of formulation could establish a novel therapeutic approach for the treatment of
cancer.

In conclusion, APG-NLC have been successfully developed and physicochemically characterised, showing prolonged
release, antiangiogenic properties, and suitable activity against tumour cell lines.
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