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Protein-olive oil-in-water
nanoemulsions as encapsulation
materials for curcumin

acting as anticancer agent
towards MDA-MB-231 cells

Pankaj Bharmoria'?“*/, Meena Bisht'“*, Maria C. Gomes*, Margarida Martins?,
Marcia C. Neves?, Jodo F. Mano?, Igor Bdikin2, Jodo A. P. Coutinho® & Sénia P. M. Ventura'™*

The sustainable cellular delivery of the pleiotropic drug curcumin encounters drawbacks related to its
fast autoxidation at the physiological pH, cytotoxicity of delivery vehicles and poor cellular uptake.

A biomaterial compatible with curcumin and with the appropriate structure to allow the correct
curcumin encapsulation considering its poor solubility in water, while maintaining its stability for

a safe release was developed. In this work, the biomaterial developed started by the preparation

of an oil-in-water nanoemulsion using with a cytocompatible copolymer (Pluronic F 127) coated

with a positively charged protein (gelatin), designed as G-Cur-NE, to mitigate the cytotoxicity issue

of curcumin. These G-Cur-NE showed excellent capacity to stabilize curcumin, to increase its bio-
accessibility, while allowing to arrest its autoxidation during its successful application as an anticancer
agent proved by the disintegration of MDA-MB-231 breast cancer cells as a proof of concept.

Curcumin, a polyphenolic compound present in turmeric, is attracting a lot of interest in recent years due to
its potential clinical applications as a nutraceutical . Historically, curcumin has been used for centuries as a
broad-spectrum medicine in the form of raw turmeric powder in Asia’. Recent clinical trials have revealed its
pleiotropic activity including antioxidant, antimicrobial, anti-inflammatory and anticancer, thus justifying its
medicinal utility since ancient times*-°. However, the clinical success of curcumin as a nutraceutical is limited
by its poor solubility in water, bioavailability, and bio-accessibility or cellular uptake, as well as its fast autoxida-
tion at physiological pH (t,/, ~ 20 min)”-'°. Recently, Goto’s research group reported the curcumin enhanced
solubility of 8 mg mL™ with t,, ~ 260 min in its aqueous complex using fatty acid ionic liquids''. While fatty
acids can protect curcumin from autoxidation, they cause the poor cellular uptake of curcumin’? due to their
hydrophobic interactions with the fatty acids of the cell membrane. This ultimately cause deep insertion of
curcumin into the cell membranes limiting its diffusion to the cytoplasm?, explained the authors. Furthermore,
other strategies have been studied to overcome these problems, which include the development of micelles and
nanoemulsions'*'¢, liposomes and carbohydrate-coated liposomes'’~'%, emulsions and nanoemulsions®-%, solid-
lipid nanoparticles®*-?, and very recently, the nano-porous starch aerogels-based curcumin nanoparticles®. The
McClements’s research group has recently reviewed these strategies and concluded that the reported systems
exhibit serious shortcomings like the high manufacturing costs and toxic concentrations of the food grade
surfactants used. Moreover, they suggested for protein encapsulation strategy to improve cellular uptake and
reduce cytotoxicity. In an interesting report, Jovanovic et al.*! have reported that antioxidants soluble in water
can assist in regeneration of its autoxidized oxyl radical with electron transfer. Additionally, proteins function
as a transporter across the cell membrane in vivo®>* and if we could encapsulate stable curcumin with protein it
can easily pass through the semipermeable membrane barrier for cellular uptake. Based on these assumptions, we
investigated the encapsulation of curcumin in olive oil coated with protein to prevent curcumin autoxidation and
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Mechanism of the Autoxidation of Curcumin in Water
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Figure 1. Schematic representation of the autoxidation of curcumin in water to keto and enol radical forms.

guarantee its stable cellular uptake. Herein, we have developed a new, simple and robust strategy of entrapping
curcumin in the confined antioxidant pool of olive oil stabilized by a cytocompatible copolymer, the Pluronic
F 127 (PF 127) in water, in the form of nanoemulsions encapsulated by a protein (gelatin) with a structural evi-
dence. It is also the first report on the development of oil-in-water nanoemulsions (NE) of olive oil with PF 127.
Gelatin encapsulated nanoemulsions containing curcumin (G-Cur-NE) were tested for cellular uptake by L929
cells and compared with Cur-NE. The G-Cur-NE were also tested for their anticancer activity towards MDA-
MB-231 breast cancer cells in comparison to healthy 1929 cells as a proof of concept. Autoxidation of curcumin at
the physiological pH to deoxygenated bicyclopentadione is the key degradation channel>*. Autoxidation begins
with the abstraction of hydrogen atom from one of the phenolic hydroxyls of curcumin by radical scavengers,
which can be avoided by placing it in a pool of antioxidants (Fig. 1)*'.

Olive oil is comprised of many antioxidants*- to trap the radicals like O, ", RO and OH . Therefore, we have
used it to avoid the autoxidation of curcumin in aqueous formulations in the form of oil-in-water nanoemulsions.
Moreover, due to the presence of high amounts of antioxidants, olive oil can itself show anticancer activity*’.
PF 127 has been used because of its cytocompatible nature since it is commercially used to culture cell lines.
Recently, its hydrogel was reported as a biocompatible matrix for NIR light triggered optogenetic behaviour of
neurons®. Moreover, having a hydrophilic-lipophilic balance (HLB) higher than 16, in theory, the PF 127 shows
appropriate properties to form oil-in-water nanoemulsions*. Gelatin type A being a positively charged protein®!
allows the encapsulation of the negatively charged nanoemulsion. Being a protein, gelatin is expected to provide
a suitable transit for curcumin to pass through the semipermeable cell membrane by mimicking the carrier
proteins®»*. In this context, the schematic representation of the preparation of gelatin encapsulated curcumin
loaded nanoemulsion is shown in Fig. 2a and its cellular uptake leading to anticancer action on MDA-MB-231
breast cancer cells shown in Fig. 2b.

Materials and methods

Reagents. Curcumin, Pluronic F 127, Tween 80 and gelatin Type A, Whatman SPARTAN RC 30 syringe
filters with pore size 0.2 um were purchased from Sigma-Aldrich. The olive oil (azeite virgem extra, SELECAO,
Oliveira da Serra) with product number 5601024124083 was purchased from a local supermarket. The oil is
comprised of triglycerides and phenolics. The antioxidant activity of olive oil was measured using ABTS assay
using literature procedure*>-** and was found to be 932 +10 pumol Trolox kg™!. Methanol and hexane (Analyti-
cal grade) wer purchased from Carlo Erba. ABTS (98%) was purchased from Alfa Aesar. Pottassium persulfate
(extra pure) was purchased from Scharlau. Trolox (97%) was purchased from Across Organic. KH,PO, (> 99.5%)
was purchased from Merck and K,HPO, (98%) was purchased from Sigma Aldrich. Cell culture media and sup-
plements, namely GIBCO Dulbecco’s phosphate buffered saline (DPBS), fetal bovine serum (FBS; E.U. approved,
South America origin), Dulbecco’s modified Eagle’s medium low glucose (DMEM-low Glc), Dulbecco’s modi-
fied Eagle’s medium high glucose (DMEM-high Glc), TrypLETM Express, GIBCO antibiotic/antimycotic solu-
tion (ATB) containing 10,000 units mL™ of penicillin, 10,000 mg mL™! of streptomycin, were purchased from
ThermoFisher Scientific (Alfagene, PT). Adherent 96-well plates were purchased from InVitroCell (Sarstedt,
PT), non-treated clear bottom 96-well black plates from Corning (Corning, USA) and 13 mm round-treated
coverslip from Sarstedt (Sarstedt, PT). Calcein-AM, Propidium Iodide (PI), DAPI and Fluorescein Phalloidin
were all purchased from Thermo Fisher Scientific Inc (Alfagene, PT). All samples were prepared in distilled
water.

Measurement of the antioxidant activity of olive oil. The phenolics present in the olive oil act as a
radical scavenger, providing the antioxidant activity (AA) to olive oil. Phenolics were extracted by liquid-liquid
phase separation by mixing olive oil with hexane and methanol:water mixture*?. For this, 4 mL of olive oil was
mixed with 2.5 ml of hexane and 2.5 ml of methanol:water mixture (80:20). The mixture was centrifuged for
10 min. at 1000 rpm at room temperature. The bottom phase was separated (sample) and the top phase was
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Figure 2. (a) Chemical structure of PF 127, model structures of olive oil, curcumin and gelatin; preparation
procedure of gelatin encapsulated olive oil-PF 127-water nanoemulsions containing curcumin (G-Cur-NE). (b)
Schematic representation of the cellular uptake and anticancer activity of G-Cur-NE towards MDA-MB-231
breast cancer cells.

mixed again with 2.5 mL of hexane and 2.5 mL of methanol:water mixture followed by centrigation. The process
was done in triplicate to extract the maximum amount of phenolics in the bottom phase leading to samples 1 to
3, characterized by having different concentrations in phenolics.

The antioxidant activity was determined by the 2,2-azino-bis(3-ethylbenzothiazoline)-6 sulfonic acid (ABTS)
radical cation decolorization assay*>*>. The ABTS" * was generated by mixing 5 mL of ABTS (7.46 mM) with 5 mL
of potassium persulfate (2.5 mM) followed by incubation in dark at room temperature for 12 h. The mixture was
then diluted with a potassium phosphate buffer (pH 7.4) until the absorbance at 734 nm becomes 0.70 £ 0.05.
Then, 100 pL of the samples 1, 2 and 3 (olive oil extract) were mixed with diluted ABTS** approaching the final
volume of 2 mL. The scavenging ABTS"* radical imposed by the presence of phenolics was monitored from the
decease in absorbance at 734 nm for 1 h in a microplate reader. The % decrease in ABTS" * after 30 min was used
to calculate the antioxidant activity. The mixture of 4 mL of water + 2.5 mL of hexane + 2.5 mL of methanol:water
was used as blank. A calibration curve of aqueous solution of Trolox (0.1 to 0.8 mM) was used to calculate the
antioxidant activity in p mol Trolox kg™'. The final antioxidant activity was calculated as addendum of samples
1, 2 and 3 obatined by liquid-liquid phase separation.

Preparation of olive oil in water nanoemulsions. For nanoemulsion preparation we used 2% of an
aqueous solution of PF 127 (1.59 mmol kg™!) and added 7.5 mg g™! or 15 mg g™! of olive oil into the PF 127 solu-
tion. The addition of PF 127 solution was done at low temperature (4-10 °C) to avoid the creaming. The solu-
tions were ultrasonicated for 5 s followed by homogenization by vortexing at 2500 rotations per minute (r.p.m.)
for 15 min. Unlike the reported procedures for nanoemulsions formation, only 5 s of ultra-sonication were used,
since ultrasonication for longer periods may start the de-mixing of olive oil from the PF 127 micellar solution.
Solutions were then allowed to rest for 10 min. for stability verification, followed by filtration with a 0.2 um
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membrane filter (Fig. S1a from ESI). A faintly turbid filtered solution was then allowed to rest for 3 h before any
further measurements.

Cell culture and ME incubation. Mouse fibroblasts (1.929) and human breast cancer fibroblasts (MDA-
MB-231) cells were cultured in DMEM low Glc and high Glc, respectively, supplemented with 1% Penicillin/
Streptomycin and 10% fetal bovine serum. Both cell lines were maintained in a CO, incubator with temperature
set at 37 °C, and the medium replaced every two days. One day before each assay, the cells were seeded at a
density of 1x10° and 5x 10° cells/well on 96-well plates and 8-well IBIDI p-slide, respectively. The old culture
medium was then replaced with a fresh one along with the addition of 33% of newly ME samples prepared as
previously described, and cells further incubated for 72 h at 37 °C.

Cell viability and morphology assay. The cell viability was determined by i) AlamarBlue assay (Ther-
moFisher Scientific, USA) to assess the metabolic activity and, ii) Live-Dead assay to assess the membrane integ-
rity. The AlamarBlue assay was performed according to the manufacturer’s guidelines. Briefly, 10% of Alamar-
Blue buffer was added to each well and the incubation allowed for 3 h. Afterwards, aliquots of 100 uL were taken
out from each well and transferred to a non-treated 96-well black plates with clear bottom. The fluorescence
intensity was measured by a multimode microplate reader. Here, the purple resazurin is reduced to the pink
colored resorufin by live cells. The error bars indicated STD from the means of three independent experiments.
For the Live/Dead assay, cells seeded on 8-well IBIDI y-slide were labelled with Calcein-AM (3 pg mL™") and
Propidium Iodide (PI) (6 ug mL™") for 30 min at 37 °C. Following incubation, cells were rinsed with DPBS and
immediately observed by LSM fluorescent microscopy. Green staining indicates good integrity of the cell mem-
brane and therefore live cells, while red staining indicates membrane disruption and staining of the nucleus by
the PI. Cell morphology was evaluated by F-actin staining with flash phalloidin red 594 or flash phalloidin green
488. For that, after incubation with each sample, cells were fixed with 4% formaldehyde during 10 min, rinsed
with DPBS and incubated with phalloidin (25 ug mL™) for 30 min at 37 °C.

Statistical analysis. All statistical analysis was performed using Graphpad Prism 6 software (Prism 6TM).
One-way analysis of variance (One-ANOVA) and Two-way analysis of variance (Two-ANOVA) with Holm-
Sidak’s post-hoc test. Six replicates were used for statistical analysis. Unless otherwise indicated, *p-value <0.05
and **p-value <0.001 were considered statistically significant.

Characterization of nanoemulsions. For the extraction of phenolics from olive oil, the mixture was
centrifuged using a Centrifuge Kubota 2010. The absorbance changes of ABTS' * due to scavenging by phenolics
at 734 nm were monitored using a Synergy HT microplate reader, BioTek. The presence of curcumin in olive
oil, NE and G-NE was detected from UV-visible spectral measurements using an UV-1800 SHIMADZU UV-
spectrophotometer in a quartz cuvette. The spectra of curcumin in olive oil were acquired in a path length quartz
cuvette of 0.1 cm upon diluting the samples to 1:10. The spectra of solutions of curcumin in nanoemulsions and
gelatin coated nanoemulsion were acquired in 1 cm path length quartz cuvette. All spectra were corrected for
baseline with the base solution containing the olive oil. The Zeta potential of nanoemulsion and gelatin coated
nanoemulsions using a Zetasizer Nano ZS light scattering apparatus (Malvern Instruments, UK) was measured.
The samples were filtered using syringe filters of 0.2 um. The size of PF 127 micelles, nanoemulsions and G-NE
was measured from their hydrodynamic diameter, using Zetasizer Nano ZS light scattering apparatus (Malvern
Instruments, UK) with a He-Ne laser (633 nm, 4 mW). The samples were analyzed in a quartz cuvette with 1 cm
pathlength at a scattering angle of 173°. Again, the samples were filtered using a syringe filter with 0.2 um. The
Ostwald ripening of micelles with time in NE and G-NE was also measured from their time dependent hydro-
dynamic diameter using a Zetasizer Nano ZS light scattering apparatus (Malvern Instruments, UK). The mixing
of samples for nanoemulsion preparation was done with I@LAB MX-S Rotor Equipamentos de Laboratdrio,
Lda, at its maximum rotation speed (2500 rpm). The surface topology measurments of the PF 127 micelles and
NE were acquired from AFM imaging. Images were acquired using the Veeco AFM Multimode Nanoscope (IV)
MMAFM-2, USA, in a semi contact mode. For the determination of the AFM imaging, aliquots of 5 uL of PF
127 micelle and NE solutions were deposited onto a carbon-coated copper grid and allowed to dry for 24 h in
air. The structure of G-NE was resolved from Transmission Electron Microscopy (TEM) imaging using a Hitachi
STEM HD2700 microscope operating at 200 kV. 5 uL aliquots of G-NE were deposited onto a carbon-coated
copper grid and allowed to dry for 24 h in air. The cell viability was analyzed from fluorescence intensity of the
AlamarBlue assays in a multimode microplate reader (Synergy HTX), equipped with a Tungsten halogen lamp
and a PMT detector. Intensities were acquired from the bottom of the well plate by a filter-based fluorescence
optics (Ex: 540/35 nm; Em: 600/40) and processed in Gen5TM software. Fluorescent microscopy of the cells to
know their living or dead state was performed using a laser scanning confocal microscope (LSM 880 Airysc-
can, Carls Zeiss, Germany) using 20 x or 40 x objectives. The acquired images were analyzed in Zeiss Zen Blue
software | (2017).

Results

Preparation and characterization of olive oil-PF 127-water nanoemulsions (NE) and gelatin
coated me (G-NE). Firstly, we tested the feasibility of nanoemulsion formation with olive oil, since there
are not large number of reports on its NE or microemulsion (ME) formation**’. The detailed procedure is pro-
vided in methods section and Fig. Sla from ESI. The formation of a NE was confirmed from the difference in %
intensity of hydrodynamic diameter (Dy,) between PF 127 micelles (33 + 3 nm) and nanoemulsion (240+5 nm),
TEM and AFM images as shown in Figs. 3a and S2a, S4 and S5a,b from ESI. The thermodynamic stability vs
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Figure 3. (a) Plot showing difference in hydrodynamic radii (Dh) of PF 127 micelle, nanemulsion (NE)

and gelatin encapsulated nanemulsion (G-NE). (b) Difference in zeta potential of NE and G-NE in solution.
(c) TEM image of G-NE (scale bar 1.5 um). (d) Cross section TEM image of G-NE showing nanoemulsion
encapsulated with gelatin (scale bar 200 nm). (¢) TEM image along with the model of single NE showing olive
oil droplet sitting inside the pocket of PF 127 micelle. (f) Model of gelatin encapsulated nanoemulsion.

kinetic stability is one of the ways of defining between NE and ME*. In this work, the stability of the emulsion
was measured and found to be stable up to a month (Figs. S6 and S7 ESI). After this period, the NE started to
demixed at room temperature, whereas the materials stored at 4-8 °C remained visually stable, although with an
increase in size to 302 nm after three months of storage (Fig. S8 ESI). Therefore, it is kinetically stable and can
be categorized as NE*. The gelatin encapsulated nanoemulsions (G-NE) were prepared by adding 1.5 mL of 1%
of an aqueous solution of gelatin type A to 1.5 mL of filtered nanoemulsion solution with continuous stirring
for 10 min. followed by the solution rest for 24 h. (Fig. Sla from ESI). The coating of gelatin around NE’s was
confirmed from DLS, zeta potential and TEM imaging (Figs. 3a-d, and S2, S3, S9, from ESI). DLS distributions
showed size range of 150-600 nm with a maximum intensity at 372 nm (Figs. 3a and S2c from ESI), whereas
positive zeta potential (+5.00+0.05 mV) was observed for G-NE solution indicating a positive charge on its
surface, due to the encapsulation by gelatin (Figs. 3b and S3b from ESI).
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Figure 4. (a,b) Variations in hydrodynamic diameter (nm) with time (days) of olive oil-PF 127-water
nanoemulsions stored at room temperature (black open square) and stored at 4-8 °C in a refrigerator (red open
squares). (a) for a week and (b) for a month. (c,d) Variations in the hydrodynamic diameter (nm) with time
(days) of gelatin encapsulated olive oil-PF 127-water nanoemulsions (G-NE) stored at 4-8 °C in refrigerator, (c)
for a week and (d) for a month.

The negative zeta potential (— 1.5 mV) obtained for NE’s (Figs. 3b and S3a from ESI) may be explained by
the presence of some phenolics in the olive oil. As referred, olive oil is composed essentially by triglycerides and
phenolics. At physiological pH, some of the phenolics present may be negatively charged and considering their
structure, they definitely will be present in the surface of the nanoemulsions formulated, interacting with the
outer environment, the water, a result already explored in a recent publication*” by some of us, where coarse-
grained molecular dynamics was applied to rationalize the biomolecules solubilization mechanisms, and for
which, the conclusions on the gallic acid behaviour are elucidative.

TEM images of G-NE gave absolute clarity of the encapsulation of NE by gelatin as 1 to 10 NE’s can be seen
encapsulated inside the gelatin capsules (Fig. 3c). The size distribution of G-NE in TEM (Fig. 3c) is like that
observed from DLS measurements (Fig. S2¢, supporting information). At higher resolution, TEM exposed the
perfect structure of the nanoemulsion wherein olive oil droplets could be clearly seen sitting in the pocket of PF
127 micelles (Fig. 3d,e). Additional TEM images are provided in Fig. S9 from ESI. A model structure of Fig. 3d
is presented in Fig. 3f for better clarity of the structures obtained.

The stability of both NE and G-NE over time was studied for a week and a month separately, at room tem-
perature and in a refrigerator at 4-8 °C (Figs. 4 and S6, S7 and S10-S11 from ESI). DLS was used to check the
increase of the micelle diameter (Fig. S5a,b from ESI). No increase of the micelle diameter was observed for the
prepared NEs, as size distributions were largely retained under the tested conditions for a week (Figs. 4a and S6
from ESI). However, a small ripening effect of micelles was observed when stored for a month at both tempera-
ture conditions studied. These results indicate that the NEs remain largely stable in the solution up to a month
(Figs. 4b and S7 from ESI). Gelatin being a protein is prone to degrade with time; therefore, the stability of G-NE’s
was studied by storing them in a refrigerator from a week to a month. An increase in size of the hydrodynamic
diameter of G-NE was observed with time (Figs. 4c,d and S10, S11 from ESI). This can be justified by interactions
between the gelatin molecules, as it is a low temperature gelator and the concentration used was just below its
gelation concentration. However, this issue could be easily resolved by shaking the solution at room temperature
because the hydro-gelation of gelatin is thermo-reversible.

Stability of curcumin in NE (Cur-NE) and G coated NE (G-Cur-NE).  The developed strategy was then
studied for the stabilization of curcumin in antioxidant pools®*"* of olive oil in NEs encapsulated by gelatin for
around a week and a month separately (Fig. 5). Firstly, curcumin was dissolved in olive oil (0.5 mg g™!) at 50 °C
for 24 h. Then, its chemical stability was studied as a function of time by UV-Vis spectroscopy.

Curcumin remained perfectly stable against continuous UV-Vis irradiation for 5.5 h on day 1 (Fig. 5a) and
did not show any decrease in peak at 419 nm (Figs. 5b and S12a from ESI) for a week and a month (inset Figs. 5b
and S12b from ESI), thus indicating its stability in olive oil. Olive oil containing curcumin was used to prepare
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Figure 5. (a) UV-Vis spectra of curcumin in olive oil upon continuous irradiation for 5.5 h (inset showing no
change in absorbance at 419 nm after 5.5 h). (b) Absorbance (419 nm) versus time (days) profile of curcumin
in olive oil for 8 days and 30 days (inset) (c,d) Absorbance (at 424 nm) versus time (days) profile of curcumin
in olive oil-PF127-water nanoemulsion (Cur-NE) for 8 (c) and 28 days (d). e-f, Absorbance (at 424 nm) versus
time (days) profile of curcumin in gelatin encapsulated olive oil-PF127-water nanoemulsion (G-Cur-NE) for 9
(e) and 28 days (f).

nanoemulsions (Cur-NE) and gelatin encapsulated nanoemulsions (G-Cur-NE), as shown in Fig. S1b from ESL
The chemical stability of Cur in Cur-NE and G-Cur-NE was studied also using UV-Vis spectroscopy (Figs. 5¢c—f
& S12c¢-f from ESI). Curcumin showed just 26% degradation in Cur-NE after 8 days (Figs. 5¢ & S12¢ from ESI),
whereas it remained perfectly stable in G-Cur-NE, hence indicating the protective shielding of gelatin against
degradation for around a week (Figs. 5e & S12e from ESI). In a separate study performed during one month,
a degradation rate of curcumin around 26% was observed in Cur-NE (Figs. 5d & S12d from ESI) after 3 weeks
compared to just 16% in G-Cur-NE (Figs. 5f & S12f from ESI). This result was followed by 38% degradation of
curcumin in Cur-NE compared to 44% in G-Cur-NE) in the fourth week (Fig. 5d,f). The higher degradation in
gelatin in the fourth week is not a surprising result since proteins can retain stability in solution at 4-8 °C, for
no longer than one or two weeks. However, this issue can be sorted by preparing a fresh solution of gelatin for
encapsulation of Cur-NE which retained > 60% of the active form of curcumin after storage for 4 weeks.

Cellular uptake, viability and anticancer activity of the Cur-NE and G-Cur-NE.  Being widely used
for biocompatibility screening assays, L929 fibroblasts were chosen as healthy cells having the effect of these NE
compared with breast cancer fibroblasts (MDA-MB-231) as a proof of concept. The cellular uptake of curcumin
was tested on L929 using Cur-NE and G-Cur-NE as delivery vehicles (Fig. 6a). Interestingly we observed fluores-
cence of curcumin only inside the L929 cells incubated with G-Cur-NE (Fig. 6a). It indicates that curcumin can
be efficiently delivered into the cells when nanoemulsions were coated with the gelatin. The effectiveness of these
vehicles (Cur-NE and G-Cur-NE) on the delivery and activity of curcumin was evaluated MDA-MB-231 and
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Figure 6. (a) Uptake of Cur-NE and G-Cur-NE on L929 cells. Red channel f-actin and Green channel emission
of curcumin. Evaluation of the NE, G-NE, Cur-NE and G-Cur-NE effect on the metabolism and membrane
integrity of MDA-MD-231 and 1929 cells. (b) Cellular viability of both cell lines. Data represents three
independent assays with six replicates each. *p-value <0.05, **p-value <0.01, ***p-value <0.001 and ns=non-
significant. (¢) Membrane integrity of both cells after incubation with Cur-NE and G-Cur-NE Green channel:
live cells (membrane stained with Calcein-AM), Red channel: dead cells (nucleus stained with PI).
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compared with the 1929 as presented in Figs. 6, c and S13, S14 from ESI. The cell’s viability (Fig. 6b) was assessed
by analyzing the proliferation of cells for 72 h. upon incubation with various delivery vehicles.

The metabolic activity of L929 cells in G-NE, Cu-NE and G-Cur-NE was found to be higher indicating their
preferential inhibition effect on MDA-MB-231 cells. These results were complemented by the live/dead assay
wherein both NE and G-NE (Fig. S13 from ESI) showed no impair on the membrane integrity of L929 cells
(exhibited by the green staining) but some disruption on MDA-MB-231 cells (red staining). The introduction of
curcumin (Fig. S14 from ESI) showed significant disruption of MDA-MB-231 cell membrane (dead cells stained
in red) with the decrease in cell density. The round shape observed for most cells (compared to control) suggests
detachment after being dead. L929 cells, on the other hand, showed signals of reduction on the cell density but
with low cellular death and retained similar shape to those of control (Fig. S14 from ESI).

Discussion

Although olive oil has been extensively used as water in oil microemulsion (W/O) for various applications,
there are few reports of its utility as oil in water (O/W) micro/ nanoemulsion®*-**. These microemulsion were
prepared using either co-surfactants or a number of chemical stabilizers using highly energy intensive procedures
like ultrasonication and temperature induced phase inversion etc. However, our procedure of olive oil in water
nanoemulsion preparation is highly energy efficient wherein nanoemulsion is prepared just by 15 min. of rotation
without any cosurfactant. Moreover, unlike the previously published reports®*->*. we have also presented first
visual evidence (TEM image) of olive oil sitting in the micellar cavity of the surfactant, PF 127 (Fig. 3c—e). This
is also the first report on olive oil in water nanoemulsion using PF 127 as surfactant. The time dependent DLS
analysis of NE showed no ripening of micelles in NE solution stored at 4-8 °C for a week and a slight ripening
effect when stored for a month (Fig. 4a,b), which indicates the preparation of stable dispersions for NE. The
curcumin was previously studied for its stability in oils including extra virgin olive oil in the form of micro-
emulsion. However, the microemulsion was prepared at toxic concertation of tween 80 (30%) as surfactant and
800 mM of NaCl as electrolyte using complex temperature phase inversion temperature method. This is because,
it was impossible to prepare transparent O/W microemulsions at lower concentration of Tween 80 due to high
hydrophobicity of oils. Moreover, curcumin also showed poor chemical stability in the reported microemulsion
with time>*. Contrary to this>* we have used a cytocompatible surfactant PF127 at a very low concentration of 2%
so that the develop vehicles can be demonstrated for in vivo delivery of curcumin. The native olive oil showed
perfect antioxidation behaviour against the chemical degradation of curcumin for a month (Fig. 5a,b). But, like
tween 80 based ME®* curcumin showed slight degradation in our olive oil-PF127-water NE after 4 days (Fig. 5¢).
However, the degradation is just 24% when stored for 3 weeks (Fig. 5d), therefore justifying the longevity of the
antioxidation action of olive oil in NE. The curcumin degradation could be improved upon coating the Cur-NE
with gelatin when studied for 9 days (Fig. 5¢). The stability of curcumin in G-Cur-NE is better than in water
(t,~20 min.) and recently reported aqueous IL complex (t,,, ~260 min.)'!, therefore justifying the protective
action of olive oil and gelatin against the drug autoxidation. Unlike the Cur-NE the gelatin coated Cur-NE showed
good cellular uptake as observed from the fluorescence of curcumin (Fig. 6a). It is because, unlike Cur-NE the
gelatin present at the surface of G-Cur-NE might have acted like a carrier protein to diffuse curcumin into the
cell cytoplasm®>*. On the other hand, in Cur-NE the NE is composed of surfactant and olive oil containing tri-
glycerides, which can assimilate into the cell membrane along with curcumin®'?. Hence showing poor diffusion
of curcumin into the cytoplasm. Therefore, our conceptualization of using protein as surface coat for efficient
transit of colloidal delivery vehicles through the cell membrane is vindicated. As a proof of concept, anticancer
testing on MDA-MD-231 cells both Cur-NE and G-Cur-NE mitigated the cancers cells as seen from Fig. 6c.
Moreover, even without curcumin the NE showed mitigation of cancer cells (Fig. S13 from ESI). This behavior
indicates the anticancer behaviour of olive oil against MDA-MD-231 cells*’. Poor cell viability of L929 cells in
the presence of Tween 80 micelles (Control negative) which generally used in NE preparation for curcumin
delivery also justifies the use of PF 127 as cyto-compatible surfactant for NE preparation herein. The mecha-
nism for anticancer effect of curcumin is still disputed and many reports have hypothesized the better uptake of
curcumin by cancer cells as compared to healthy cells on grounds of membrane constitution as the reason®-.
Herein, opposite to MDA-MB-231 cells, the L929 cells did not show any change in cell morphology even after
curcumin internalization (Fig. 6¢). Therefore, the 20% reduction in the metabolic activity of L929 cells can be
due to growth inhibition (cell cycle arrest)** in opposition to the apoptotic effect of curcumin on MDA-MB-231
cells by a sequence of events reported elsewhere®-¢*. Unravelling the mechanism of action of G-Cur-NE against
healthy versus cancer cells will be objective of future work.

Summary and conclusions. In this work, a simple and robust strategy of protein encapsulation of olive
oil-in-water nanoemulsions was developed; 1) to avoid the autoxidation of curcumin and 2) to increase its cel-
lular uptake. Olive oil perfectly retained the structural integrity of curcumin against continuous UV-Vis irra-
diation through time. Its aqueous formulation with PF 127 as nanoemulsion also protected curcumin against
autoxidation possibly by scavenging of O, ", RO" and OH" by the antioxidants present in olive oil. Encapsula-
tion of Cur-NE formulation with protein gelatin further enhanced its resistance against auto-oxidation along
with an increased cellular uptake. A clear structural evidence of gelatin encapsulated NE is obtained from TEM
wherein oil droplet could be seen sitting in the micellar pocket of PF 127. The G-Cur-NE showed a preferential
inhibition effect on MDA-MB-231 breast cancer cells tested as proof of concept, thus giving insights of its anti-
cancer activity. The same system will be tested on skin cancer cells and others in our futurely work to enlarge the
database associated and to futurely serve as basis for the production of new biomaterials. The design principles
developed in this work provide a new alternative route to deliver oxidation prone drugs for selective action
against infected cells.
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