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Purpose: Vitamin E (VitE) may be classified in “the first line of defense” against the formation of reactive oxygen species. Its 
inclusion in nanoemulsions (NEs) is a promising alternative to increase its bioavailability. The aim of this study was to compare O/W 
NEs including VitE based on Almond or Neem oil, showing themselves antioxidant properties. The potential synergy of the 
antioxidant activities of oils and vitamin E, co-formulated in NEs, was explored.
Patients and Methods: NEs have been prepared by sonication and deeply characterized evaluating size, ζ-potential, morphology 
(TEM and SAXS analyses), oil nanodroplet feature, and stability. Antioxidant activity has been evaluated in vitro, in non-tumorigenic 
HaCaT keratinocytes, and in vivo through fluorescence analysis of C. elegans transgenic strain. Moreover, on healthy human 
volunteers, skin tolerability and anti-inflammatory activity were evaluated by measuring the reduction of the skin erythema induced 
by the application of a skin chemical irritant (methyl-nicotinate).
Results: Results confirm that Vitamin E can be formulated in highly stable NEs showing good antioxidant activity on keratinocyte and 
on C. elegans. Interestingly, only Neem oil NEs showed some anti-inflammatory activity on healthy volunteers.
Conclusion: From the obtained results, Neem over Almond oil is a more appropriate candidate for further studies on this application.
Keywords: O/W nanodispersion, α-tocopherol, anti-inflammatory activity, HaCaT, C. elegans, healthy volunteers

Introduction
Toxicity connected to reactive oxygen species (ROS) or free radicals arises under unbalanced conditions of biological 
systems, either because the protective mechanisms are impaired or an excessive production of free radicals overtakes the 
defense. Then, an excess of free radicals or their location at abnormal sites, following the unbalance between formation 
and removal, results in oxidative stress. Indeed, ROS and free radicals can attack molecules in their biological 
environment. To sum up, oxidative stress can be defined as a “state where oxidation exceeds the antioxidant systems 
because the balance between them has been lost”.1

Oxidative stress may afflict all types of biological molecules and may be involved in processes such as carbohydrate 
and membrane damage, protein oxidation and fragmentation, lipid peroxidation, as well as mutagenesis and 
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carcinogenesis. On the other hand, oxidative stress has a functional role: the presence of ROS at sites of inflammation can 
help modulate an excessive inflammatory response and kill pathogens, under certain circumstances.2 This is a paradox in 
the free radical/antioxidant field that makes it a complex research field.3–5

Indeed, almost all aspects of aerobic life are concerned with free radicals and antioxidants.6,7

The absolute “best” antioxidant does not exist, with the best performance depending on the nature of the oxidative 
challenge.

Among non-enzymatic antioxidants, the Vitamins E and C as well as beta carotene may scavenge oxygen radicals. 
They can be classified in “the first line of defense” against ROS, that is, protection against their formation. In particular, 
α-tocopherol (VitE, Figure 1S) can be regarded as chain-breaking antioxidant8,9 and it is probably the most efficient 
antioxidant in the lipid phase.10 In fact, more than 135 experimental and epidemiological studies (data retrieved from 
www.clinicaltrials.gov, October 2022) uphold a protective effect of VitE in several and diverse pathological processes, 
such as diabetes mellitus, metabolic syndrome, male infertility, cataract, cardiovascular disease, cystic fibrosis, neuro-
degenerative diseases and cancer.9,11 Furthermore, due to its high antioxidant and photo-aging protecting activity,12,13 

VitE is widely used in skin formulations, being applied in several cosmetics. Finally, the anti-inflammatory effect of VitE 
has been widely demonstrated.14,15 Kuriyama and collaborators16 have shown that a Vitamin E-based ointment is able to 
reduce chemically induced inflammation in rat keratinocytes.

The use of Vitamin E as an antioxidant has several important limitations such as instability due to pH changes, the 
possibility of having prooxidant effects at relatively low concentrations, and low aqueous solubility. Moreover, the 
formulation in organic solvents is needed.17

Being a lipophilic active compound, the bioavailability of VitE can be increased if associated with nanosystems such 
as nanostructured carriers, liposomes and nanoemulsions (NEs), promising alternatives to conventional formulations.18,19

In particular, NEs are colloidal systems stabilized by surfactants or surfactant mixtures.20 The excipients used in NEs 
formulation are generally biocompatible and biodegradable. Oil-in-water (O/W) NEs have been proposed for drug and 
cosmetic formulations, notably for lipophilic molecules that can be incorporated and protected in the nanodroplets of the 
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inner oil phase.21 The oily phase can consist of vegetable oils, which are rich in antioxidants along with unsaturated fatty 
acids, phytosterols and vitamins, contributing to the development and maintenance of health and well-being.22,23

The aim of this study was to prepare and compare functional O/W NEs loaded with VitE. Almond oil or Neem oil 
were employed to formulate NEs specifically for the purpose to enhance the biological effect of VitE. The composition of 
both oils is well known and reported in several studies.24,25

Neem oil from the seeds of Azadirachta indica A. Juss is rich in numerous bioactive phytochemicals, which are 
known to have excellent therapeutic potentials. Several studies demonstrated that these bioactive compounds display 
different effects on several biological processes such as inflammation, apoptosis, angiogenesis, and immunomodulation. 
In particular, a study based on HPLC analysis has revealed that neem oil contains phenolic compounds such as caffeic 
acid, vanillin, p-coumaric acid, vitamin D, vitamin E, and limonoids responsible for its antioxidant activity.26 Moreover, 
in our previous work, the antioxidant activity of Neem oil NEs has been reported, confirming its biological effect also 
when the oil is structured in a nanoemulsion.27 Among its numerous properties, Neem oil also has anti-inflammatory 
activity, thus being used in diseases involving an inflammatory state of the skin28 thanks to components like nimbidin,29 

sodium nimbidinate,30 polysaccharides, gallic acid, catechin and (-)-epicatechin.31 Besides, Neem extracts can signifi-
cantly reduce the release of proinflammatory cytokines and elevate the count of CD4+ and CD8+ T-cells.

The ability of Neem oil to scavenge free radicals and reduce ROS-mediated damage to cells has been demonstrated. 
Neem oil can be used to normalize lipid peroxidation and minimize ROS-mediated cell death.32

The use of this oil in pharmaceutical formulations is particularly favourable not only for its several biological effects 
but also for not showing hemolytic activity.33

Almond oil is rich in fatty acids, proteins, and carbohydrates. Moreover, it owns high number of vitamins and 
minerals, which make almond oil used widespread in medical applications for health benefits. In particular, the vitamin B 
complex and zinc content support and maintain the skin in healthy condition. Since the Almond oil is also a rich source 
of antioxidants, oleic acid (64–82%)25 and VitE (240–440 μg/g),34 avoiding the cell damage from free radicals and 
favoring their survival and growth.35,36 Moreover, this oil shows low toxicity and blood compatibility,36 making it a good 
component for pharmaceutical formulations.

The association of Vitamin E with other antioxidants has been proven to provide excellent skin protection,37 and 
VitE-loaded NEs for dermal application have been formulated.9,38

According to aforementioned oil features, in this work, the potential synergy of the antioxidant activity of used oils 
and loaded vitamin E co-formulated in NEs have been explored by using three different models. For the in vitro 
experiments, keratinocyte cells are employed together with fibroblasts and melanocytes because they are the main cell- 
types in human skin. In particular, nontumorigenic HaCaT cells are a spontaneously immortalized, human keratinocyte 
line that has been widely used for studies of skin biology, differentiation and oxidative stress.39–42 Instead, for the in vivo 
experiments, the nematode Caenorhabditis elegans (C. elegans) is used because in recent years it has emerged as a good 
in vivo model to study oxidative stress responses, including the ease of handling and the availability of transgenic 
animals. Indeed, using GFP-transgenic nematodes, fluorescence analysis of in vivo stress can be performed and the 
expression of genes encoding ROS detoxifying enzymes might be analyzed.43 Finally, skin tolerability and anti- 
inflammatory activity were also evaluated in the final target, by performing in vivo experiments with healthy human 
volunteers.

Materials and Methods
Materials
Almond oil was purchased by Farmalabor Srl (Assago (MI) Italy). Neem oil was purchased by Neem Italia (Moniga del 
Garda (BS), Italy) and characterized by an ECOCERT certificate (Biocert Italia IT013BC041 – ICEA 264BC001). 
Polysorbate 80 (Tw80), tocopherol (vitamin E), Hepes salt {N-(2-hydroxyethyl), piperazine-N-(2-ethanesulfonic acid)}, 
1.6-Diphenyl-1,3,5-hexatriene (DPH) and pyrene were Sigma-Aldrich products (Sigma-Aldrich, Milan, Italy). Ethanol 
and all other products and reagents were of analytical grade.
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Pseudoternary Phase Diagram Construction
Pseudoternary phase diagrams were drawn in order to determine the region of existence of homogeneous O/W NE 
formulation. Several mixtures were prepared by combining appropriate amounts of surfactant, oil phase and aqueous 
phase (Hepes buffer 10−2 M, pH 7.4) in different weight ratios (Tables 1S and 2S), in a test tube and vortexed vigorously 
for 5 min to ensure thorough mixing. Each sample was visually inspected: when a clear and transparent sample was 
obtained after stirring, the sample was considered monophasic, in absence of phase separation, so pertinent to the NEs 
region.

Nanoemulsion Preparation
In order to select the region of existence of homogeneous O/W NE formulation, pseudoternary phase diagrams were 
drawn. Excess-water (O/W) nanoemulsions (NEs) (~95% water content) were prepared using Tw80 and Almond oil or 
Neem oil in different weight ratios. Tw80 concentration in the samples was always remarkably above CMC in water, at 
20°C (0.012 mM).

Vitamin E was added to NEs at the maximum concentration solubilized by the oil phase and in the range of 
therapeutic doses, in accordance with commercial products (VitE at 5% w/v).

The NEs were obtained in Hepes buffer (pH 7.4 10−2 M) through a simple preparation method:44,45 for each sample, 
all the proper components were vortexed for about 5 min and then 5 mL of Hepes buffer was added, thus obtaining an 
emulsion, with microscale droplets. Each emulsion was then sonicated for 20 min at 50°C, using a tapered microtip 
operating at 20 kHz at an amplitude of 18% (Vibracell-VCX 400, Sonics, Taunton, MA) to obtain NEs and VitE-NEs 
(Vitamin E loaded nanoemulsion). Different formulations are listed in Table 1.

Dynamic Light Scattering Measurements
Dynamic light scattering (DLS) analyses were performed with a Malvern Zetasizer Nano ZS90 (Malvern Instruments 
Ltd., Worcestershire, United Kingdom) to assess the size and the ζ-potential of the NEs and VitE-NEs. Obtained data 
represent average ζ-potential (mV) and hydrodynamic diameter (nm) of the NE droplets. The polydispersity index (PDI) 
value was also determined as an evaluation of the breadth of the size distribution.

Transmission Electron Microscopy
Morphological features of NEs were investigated by transmission electron microscopy (TEM). Diluted NE samples were 
adsorbed onto carbon-coated copper grids and negatively stained with 2% filtered aqueous sodium phosphotungstate 

Table 1 Sample Compositiona,b

Sample Neem oil 
(mg/mL)

Almond oil 
(mg/mL)

Tween 80 
(mg/mL)

Vitamin E  
(mg/mL)

Nc/N1 19.6 – 29.6 –

N1E 50.0

N2 19.6 – 39.2 –

N2E 50.0

Ac/A1 – 19.6 19.6 –

A1E 50.0

A2 – 19.6 29.6 –

A2E 50.0

Notes: aAll tested formulations have a pH between 5.0 and 5.5 (Detailed method to measure pH was included in 
Supplementary Materials). bCompositions in bold correspond to the NEs selected for in vitro and in vivo experi-
ments. cSamples N and A are the same as N1 and A1, before sonication.
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adjusted to pH 7.0. The excess staining solution was then drained with filter paper, and preparations were observed with a 
transmission electron microscope (EM 208, FEI Company, Eindhoven, The Netherlands) at an accelerating voltage of 
80 kV.

Small Angle X-Ray Scattering (SAXS) Measurements
SAXS experiments were carried out at the European Synchrotron Radiation Facility (ESRF, Grenoble, France), beamline 
ID02, in the region of momentum transfer 0.017nm−1 ≤ q ≤ 5nm−1, q = (4π/λ) sin(θ/2), being θ the scattering angle and λ the 
incident wavelength (λ = 0.995 Å). Polycarbonate capillaries of 2 mm thickness (ENKI, Concesio, Italy) were used as sample 
cells. The measured 2D SAXS patterns were submitted to standard correction and normalization procedures, then angularly 
regrouped to obtain the intensity profile I(q) as a function of q. The background signal was subtracted from the average 
spectrum (n = 5) of each sample, after excluding any possible radiation damage. The intensity decay behavior as a function of 
momentum transfer q, I(q), can provide details on the internal structure of NEs in solution down to the nm length-scale.

The best fits to the intensity profiles for the measured NEs were obtained using either a model consisting of globular 
clusters with fractal internal arrangement, mass fractals, or a model of hierarchical fractal aggregates with two different 
fractal dimensions. Spectra have been reconstructed with SasView application.46,47

Oil Nanodroplet Characterization
The spatially sensitive fluorescent Pyrene probe was included in the formulation to highlight the effect of surfactant 
present at oil/water interface on the oil droplet features.

Pyrene loaded samples were prepared by adding pyrene (4 mM) with other lipophilic components (same preparation 
method as above) and fluorescence experiments were carried out following the signals emitted by pyrene-loaded samples 
evaluating its emission spectrum (λ = 350–550 nm, Ex = 330 nm). The pyrene probe, entrapped mainly in the lipophilic 
portion of NEs and VitE-NEs, allows us to investigate the lateral distribution and the dynamics of oil drop (oil and 
surfactant chains). Pyrene is a spatially sensitive probe and displays an ensemble of monomeric fluorescence emission 
peaks in the range from 375 to 405 nm and a band around 460 nm related to the formation of an excimer (two monomers 
spatially proximal).48,49

pH Evaluation
All formulations were tested to have a suitable pH for topic administration (4 < pH < 7) by pH-meter Hanna instrument 
(HI 2211 pH/ORP meter). All tested formulations have a pH between 5.0 and 5.5, stable for at least 3 months, in the 
range typical of healthy skin (pH 5.0–6.5).

Physicochemical Stability
Specific studies on physical stability of NEs and VitE-NEs, composed by Tw80 and either Almond or Neem oil at different 
ratios, were carried out to investigate whether significant size and ζ-potential changes in NE dispersion occur during storage 
at the two selected temperatures, using Hepes buffer as aqueous phase. The NEs were stored at 4 and 25°C for 3 months. 
Samples were analysed at definite time intervals (1, 30, 60 and 90 days) and the ζ-potential and the average hydrodynamic 
diameter of NEs were measured as previously described. In addition, the UV spectra of NEs were recorded immediately after 
sample preparation and after 90 days to evaluate Vitamin E stability against decomposition/degradation.

In vitro Release Studies
The experiments were carried out using dialysis tubes (MW cut-off 8000 and 5.5 cm2 diffusing area) at 32°C. The set-up 
was kept at T = 32°C by means of a temperature-controlled water bath, and the release medium (Hepes: EtOH 96° 80:20) 
was submitted to gentle stirring during the experiment. Sample aliquots (1 mL) were withdrawn from the release medium 
solution at specific time intervals during 24 h for UV analyses and then reinserted back. Released Vitamin E was detected 
by means of a spectrophotometer (Perkin-Elmer, lambda 3a, UV–vis spectrometer). Aliquots were analyzed immediately 
after sampling. All release experiments were carried out in triplicate, and individual results lay within 10% of the 
reported mean values.
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Cell Line and Cell Culture
Normal human keratinocytes (HaCaT), purchased from Thermo Fisher Scientific (Thermo Fisher Scientific, Waltham, 
MA, USA), were maintained in a humidified atmosphere of 5% CO2 at 37°C in Dulbecco’s Modified Eagle Medium 
(DMEM, Corning Manassas VA, US) supplemented with 10% heat-inactivated fetal calf serum (FCS, Euroclone, Italy) 
and 1% penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO, USA) and 1% L-glutamine (Sigma-Aldrich, St. Louis, 
MO, USA).

Cytotoxicity Assay (MTT)
The cell metabolism of HaCaT cells was measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) assay. The MTT assay uses the ability of the mitochondrial succinate dehydrogenase enzyme to convert the 
yellow salt of MTT to the purple formazan crystalline which is insoluble in water. After the addition of dimethyl 
sulphoxide (DMSO) as solvent, formazan is solved, and the produced color is measured at the specified wavelength by 
using a microplate reader. Briefly, 96-well plates were seeded with 3X105/mL HaCaT cells, and, after 48 h of incubation, 
monolayers were treated with different NE concentrations ranging from 5.0 to 0.005 mg/mL of surfactant (Tw80). After 
24h, the medium was removed, the cells were washed with phosphate-buffered saline (PBS) and, subsequently, incubated 
with 0.5 mg/mL MTT (Sigma-Aldrich, St. Louis, MO, USA) for additional 4 h. Finally, the medium was removed, the 
cells were washed with PBS for three times, and then, 100 μL of DMSO (Sigma-Aldrich, St. Louis, MO, USA) was 
added to dissolve the formazan crystals. Optical density (OD) at 570 nm was determined with a spectrophotometer/ 
fluorimeter microplate reader (PerkinElmer, Hopkinton, MA), and the cell viability for each concentration was estimated 
through comparison with untreated cells. HaCaT cells cultured in DMEM without the addition of compounds were used 
as a control. Ten percent of DMSO was used as positive control.

C. elegans Lifespan and Fluorescence Analysis
The C. elegans strains used in this study were the Bristol wild type N2 and the CF1553 (muls84[pAD76(Sod-3::GFP)]) 
transgenic strain, from Caenorhabditis Genetic Center.50

The two strains were grown at 16°C on Nematode growth medium (NGM) plates with fresh Escherichia coli OP50 as 
standard laboratory food. For lifespan assay, E. coli OP50 cultures were prepared by inoculating a single colony in 50 mL 
of Luria Bertani (LB) broth and incubated at 37°C overnight, under shaking. Overnight cultures were then incubated at 
65°C for 90 min and deposited onto NGM agar plates. Heat-killed cells were also plated on LB agar in parallel to ensure 
that no viable cells remained. Bacterial lawns used for C. elegans lifespan assays were prepared by spreading 60 μL of 
heat killed E. coli OP50 on the NGM agar plates (35 mm). For each condition, 60 μL of different nanoemulsions (A1E, 
A1, N1E, N1 and respective 1:5 or 1:1 dilution in Hepes buffer) were also spotted onto the plates before seeding worms. 
Worms fed with E. coli OP50 without nanoemulsion supplementation were used as control. For fluorescence microscopy 
analysis, nematodes prepared as described above, at the stage of 2-days adult were mounted onto 3% agarose pads 
according to Schifano et al, 2019.51 Quantification of fluorescence intensity was evaluated with Image J 1.43 (NIH) 
software. For each sample, 10 transgenic nematodes were analyzed and the mean value was reported.

In vivo Skin Tolerability Test and Anti-Inflammatory Activity of the Formulations
In vivo investigation was further extended to test a possible skin application of NEs. To this end, in vivo experiments 
were performed on healthy human volunteers to assess skin tolerability and anti-inflammatory activity of NEs by using 
the reflectance spectrophotometer, SP60 (X-Rite Incorporated, USA) connected to a personal computer. This tool allows 
in vivo analysis by a non-invasive technique. The spectrophotometer was operated with 0° illumination-angle and 45° 
viewing-angle and it was calibrated before any experiment, with the provided white-standard referable to the National 
Bureau of Standard’s perfect white diffuser. Appropriate data analysis was allowed to perform colorimetric evaluations 
from the spectral data. An illuminant C and 2° standard observer were used to visualize the reflectance spectra over the 
wavelength range 400–700 nm. Eight healthy volunteers, after being informed on the nature of the experimental study, 
signed a detailed informed consent. The volunteers involved in the study had no disease, did not present dyschromia on 
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the skin surface used for the tests, and did not take drugs for at least one week before the experiment. They rested for 30 
minutes in the place where the experiment was carried out to acclimatize at room condition (25 ± 3°C and 40 ± 50% 
relative humidity).

To study the tolerability of formulations, nine sites (one for the saline solution and two for each sample), each of 1 
cm2, 2 cm far from each other to avoid interferences, were defined on the ventral part of each forearm of the eight healthy 
human volunteers. Before the application of the samples, Erythema index (EI) baseline values of each site were 
measured. Then, Hill Top Chambers (Hill Top Research, Inc. Cincinnati, Ohio) were used for the application of samples 
N1, N1E, A1 and A1E. Saline solution (NaCl 0.9% w/v) was used as control. Before X-Rite measurement of the possible 
induced erythema (EI), Hill Top Chambers were removed, and the surface of the skin was left to dry for 15 minutes after 
being gently washed with water to remove any formulation residues. Analyses were performed at 6, 24, 48 hours after 
sample application, and the possible induced erythema (EI) was calculated through the following equation:

where 1/R is the inverse reflectance at a specific wavelength (510, 540, 560, 580, 610).52

The in vivo tests were performed in accordance with the Declaration of Helsinki, and the protocol was approved by 
the Research Ethics Committee of the University of Catanzaro “Magna Græcia” (Approval number: 392/2019).

The anti-inflammatory activity of the tested formulations in vivo was evaluated by measuring the reduction of the skin 
erythema induced by the application of a skin chemical irritant (methyl-nicotinate) compared with a saline solution. Nine 
sites (one for the saline solution and two for each sample), each of 1 cm2, at a distance of 2 cm from each other, were 
randomly defined on the ventral part of the forearm of eight volunteers; then, 100 µL of an aqueous methyl-nicotinate 
solution (0.2% w/v) was applied using Hill Top Chambers on each site. After 15 minutes, the chambers were removed 
and the skin was gently cleaned with water to eliminate methyl-nicotinate solution residues; then 200 µL of each 
formulation (N1, N1E, A1, A1E) were applied, each on a different site. One of the defined site (control) was treated with 
200 µL of saline solution (NaCl 0.9% w/v), used as control of the physiological skin recovery. Before carrying out any 
analysis with X-Rite at established time, the chambers were removed, the surface of the skin cleaned with water and left 
to dry for 15 minutes. The spectrophotometric measurements were carried out every hour until the disappearance of the 
chemically induced erythema, starting from 1h from NE (or buffer) application. For each delay, the ΔEI(t) was calculated 
as: ΔEI(t) = EI(t) – EI(baseline). The in vivo tests were performed in accordance with the Declaration of Helsinki, and 
the protocol was approved by the Research Ethics Committee of the University of Catanzaro “Magna Græcia” (Approval 
number: 391/2019).

Data Analysis and Statistics
All experiments were performed at least in triplicate. Data were presented as mean ± SD. For the cytotoxicity assay, the 
ANOVA test followed by Tukey’s post hoc pairwise tests has been performed. Computed p values have been corrected by 
using the Benjamini–Hochberg procedure in order to take into account multiple comparisons. For C. elegans lifespan, 
statistical analysis was performed Kaplan–Meier survival plot coupled with Log-rank (Mantel-Cox) test. For oxidative stress, 
statistics was performed by one-way ANOVA coupled with Bonferroni post-test (GraphPad Prism 5.0 software, GraphPad 
Software Inc., La Jolla, CA, USA). Also, for in vivo studies, statistical analysis was performed with the ANOVA test, and 
Bonferroni t-test was used for comparison between sites treated with formulation and control (sites treated with saline 
solution). Differences with p values <0.05 were considered significant and were indicated as follows: *p < 0.05, **p < 0.01, 
and ***p < 0.001.

Results and Discussion
NE Physical-Chemical Characterization
The choice of surfactant is crucial to obtain emulsified systems, thereby influencing their physicochemical properties. As 
a rule of thumb, surfactants with an HLB (hydrophilic–lipophilic balance) value around 15 are considered to be able to 
produce a homogeneously dispersed phase with small droplet size distribution and uniformity over a wide domain of 
relative composition of constituents.53
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The nonionic Tween 80 (HLB = 15) was chosen as stabilizing agent because of its efficacy in lowering the interfacial 
tension, its suitability for oil-in-water emulsions as compared to ionic surfactants54 and its ability to form smaller 
droplets.55 Tween 80 is also less distressed by ionic strength and pH.56 Furthermore, NEs prepared with Tween 80 have 
been described to display long-term stability (180 days),57 as their large hydrophilic head group prevents droplet 
aggregation by electrostatic and steric repulsion.58 Finally, Tween 80 is widely used as a solubilizing agent in commercial 
products such as creams, ointments, lotions and emulsions,59 showing biocompatibility and safety.

Since the surfactant and oil composition strongly influence the NE stability, the ternary surfactant/oil/water phase 
diagrams were assessed for the Neem-based and the Almond-based systems. The homogeneous nanoemulsion phase 
regions were identified, to select the appropriate NEs in terms of hydrodynamic diameter, ζ-potential, and polydispersity 
index (PDI). In Figures 2S and 3S, the phase diagrams of the ternary Tween 80 – Hepes – vegetal oil (either Almond or 
Neem) are shown, evidencing the domains of homogeneous dispersions against the non-homogeneous ones, character-
ized by phase separation. We observed that occasionally monophasic dispersions could be obtained after sonication of 
some formulations belonging to non-homogeneous regions. According to that observation, also samples belonging to the 
monophasic emulsions phase region were sonicated to optimize homogeneity. Two formulations were selected for both 
Almond-based (A1 and A2) and Neem-based (N1 and N2) systems, as listed in Table 1, belonging to the water-rich 
homogeneous region, showing best values of hydrodynamic diameter, ζ-Potential and PDI, candidates for VitE loading 
(A1E and A2E; N1E and N2E). Although showing similar values of hydrodynamic diameter and ζ-potential values 
(Tables 2 and 3S), samples A1 and A1E, N1 and N1E were considered for further characterization. In fact, the lowest 
amount of surfactant (approximately 4–10 wt%) was chosen to minimize toxicity problems, and the highest oil content 
was chosen as a prominent criterium, to focus on the potential adjuvant effect of the oil on Vitamin E, loaded at the same 
concentration, for in vitro/in vivo studies.

As a general rule, the size of the disperse-phase droplets gets smaller as the concentration of surfactant increases.44 

Sample A1, with the lowest Tween 80 concentration was found to display the highest hydrodynamic diameter (Tables 2 
and 3S). NE composition and NE preparation allowed to obtain a hydrodynamic diameter of about 100 nm without using 
a mixture of surfactants with different HLB60 or ethanol, as co-surfactant.61

In Neem-based NEs (sample N1 and N2, Table 3S), the nanodroplet size was not affected by the amount of surfactant, 
seemingly being the fraction of surfactant high enough to stabilize Neem oil small droplets.

Besides the extension of the disperse-droplets monophasic region, the oil component affects many nanodroplets 
features, size, morphology, internal structure, and core fluidity.

NE Morphology
To visualize morphological aspects, NE formulations were observed by TEM. Before sonication, the ultrastructural 
characteristics of the NEs showed non-homogeneous feature, with objects of different size and shape. In particular, the A 
sample (Figure 1A) showed polydisperse droplets, different in morphology and size, whereas the N sample (Figure 1D) 

Table 2 Sample Characterization

Sample Hydrodynamic Diameter 
(nm) ± SD

ζ-Potential 
(mV) ± SD

PDI

Na 808.80 ± 11.6 −32.8 ± 1.0 0.3

N1 73.4 ± 7.6 −16.2 ± 0.5 0.4

N1E 174.2 ± 8.4 −11.1 ± 0.2 0.2

Aa 202.0 ± 10.8 −17.0 ± 0.6 0.3

A1 114.1 ± 3.8 −6.8 ± 0.2 0.4

A1E 266.2 ± 7.1 −10.1 ± 0.5 0.2

Note: aSamples N and A are the same as N1 and A1, before sonication.
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appeared as containing an irregular network and small droplets. After sonication (samples A1 and N1), almost spherical 
droplets of different sizes were seen (Figure 1B and E) in both systems. A1 nanoemulsions appeared more regular in 
shape and size, as compared to N1 samples, and showed a more ordered spatial arrangement of the droplets. In both 
samples, many particles showed a non-uniform structure, with internal inhomogeneity, as if small droplets were tightly 
clustered into larger drops. Finally, when loaded with vitamin E, NEs particles became larger in size, still spherical in 
shape (Figure 1C and F). All samples looked polydisperse, with larger sizes corresponding to those revealed by DLS 
analysis.

NE Structure
The structure of NEs was investigated by SAXS. The intensity spectrum of Neem-based NEs (N1) is reported in Figure 2A 
(grey dots) in log–log scale, showing a plateau at low q values and a quite monotonous decay at high q values. This 
behaviour reveals the presence of particles with nanometric size. The intensity profile has been modelled to globular 
particles, with average size 20 nm, with a non-uniform internal structure, characterized by a mass fractal dimension 2.4, I(q) 
÷ q−2.4. The intensity spectrum of Almond-based NEs (A1) reported in Figure 2B (orange dots) displays two distinct power- 
law decays. In the high-q region I(q) ÷ q−2.1, while in the low-q region I(q) ÷ q−1.5. This behaviour suggests a hierarchical 

Figure 1 Morphological observations of nanoemulsions by transmission electron microscopy. Upper row: Almond-based NEs; bottom row: Neem-based NEs. (A and D): 
NEs before sonication (samples A and N); (B and E): Empty NEs after sonication (samples A1 and N1); (C and F): Vit-E loaded NEs (samples A1E and N1E).

Figure 2 SAXS profiles of NEs. (A) Neem-based NEs intensity profiles: unloaded N1 (gray dots), VitE-loaded N1E (black triangles) in log-log scale. (B) Almond-based NEs 
intensity profiles: unloaded A1 (Orange dots), VitE-loaded A1E (magenta diamonds) in log-log scale. Solid lines are the best fits for the form factors of the particles.
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arrangement of primary particles, with inhomogeneous internal structure, in fractal branched clusters, ordered on a longer 
length-scale as compared to Neem-based NEs. Also, on the local scale, the presence of a broad peak at q = 1.2 nm−1 

indicates that the internal inhomogeneity has a characteristic distance d = 2π/q = 5.2 nm. This length is of the order of twice 
the length of a polysorbate 80 molecule. The oil component can be solubilized within the oleic acid chains.

Structural results on NEs correlate with the morphology presented in Figure 1B and E. Both Neem-based and 
Almond-based NEs show the presence of small droplets, clustered in larger drops. The Almond-based system presents a 
higher degree of order on both the local and the cluster length-scale.

The intensity profiles of VitE-loaded NEs are reported in Figure 2, upper data, for Neem-based (black triangles, Panel 
a) and Almond-based NEs (magenta diamonds, Panel b). Differences from the intensity profiles pertinent to the 
corresponding unloaded NEs are visible both in the scattered intensity and in the trend in the low-q region. For 
Almond-based formulation, the higher intensity at low-q and the steeper slope, I(q) ÷ q−2.4 (magenta diamonds), instead 
of I(q) ÷ q−1.5 (orange dots) indicates the presence of more compact larger drops. For Neem-based formulation, the trend 
in the low-q region indicates the formation of larger drops (black triangles), although less coordinated with respect to 
Almond-based ones. The observed increase in size for both systems is consistent with DLS and TEM results. In the 
images (Figure 1B and C) the higher propensity of Almond-based droplets to regular arrangement and coordination 
agrees with the scattering results relative to the formulation as a whole. The addition of Vitamin E modifies the 
hydrophobic/hydrophilic balance, increasing the hydrophobic volume fraction with respect to the hydrophilic one, thus 
favouring the formation and stabilization of larger oil droplets.

Oil Nanodroplet Characterization
Fluorescence spectra (Figure 3) indicate that in Neem-oil nanodroplets, Pyrene is present in the excimer form, suggesting 
a low probe “mobility”; these data are consistent with the fluorescence anisotropy value of 0.34, also suggesting that 
Neem nanodroplet fluidity is low.62 Similar results are obtained for both unloaded NEs and loaded with Vitamin E (N1 – 
N1E), in agreement with the N1E internal structure, as revealed by SAXS. In fact, the internal hydrophobic core of Neem 
oil nanodroplets enlarges to host VitE, still keeping the globular shape.

Reversely, in the Almond oil nano-droplets, Pyrene is present both as monomer and as excimer, suggesting higher 
fluidity, again confirmed by the fluorescence anisotropy value (0.1). The intensity of the excimer peak is decreased upon 
addition of Vitamin E, outlining an alteration of the organization of the dispersed system.

Still, these results do not match the mere oil-phase properties. In fact, Neem oil has lower viscosity (about 0.2 poise at 
25°C) than Almond oil (about 0.4 poise at 25°C). Their density and surface tension are similar (about 0.9 g/cm3 and 8 
dyne/cm, respectively).48 It has been noted that the features displayed by dispersed nanodroplets may be a result of 
different surfactant distributions at oil/water interface.63 Here, the difference in the structural arrangement on the local- 
scale (Figure 2) can explain the different fluidity observed by Pyrene. The probe could diffuse for longer distances in the 
Almond oil droplets that display a regular internal packing, likely a double layer with a hydrophobic core.

Stability Studies
Stability studies on unloaded and loaded NEs were carried out over a period of three months. The unloaded samples of 
both NEs were kept at 4°C and 25°C. For Vitamin E-loaded samples, instead, only storage at 25°C was considered, as at 
4°C the viscosity of the systems soon exceeded the value suitable for DLS analysis.

As shown in Figure 4A, the average hydrodynamic diameter and ζ-potential of all tested samples are stable for at least 
90 days, with no significant variation.

In addition, to assess whether any degradation phenomena affect Vitamin E after inclusion in the oil dispersed phase 
of NEs, the UV spectra were recorded immediately after sample preparation and after 90 days and compared to free VitE. 
As reported in Figure 4B, the recorded values are superimposable, showing that inclusion of Vitamin E in NEs does not 
affect its stability.64
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In vitro Release of Vitamin E
The release of Vitamin E by NEs was estimated by diffusion studies at T = 32°C, similar to skin surface, during 24h. As 
shown in Figure 4S, approximately 40% of the Vitamin E content was released after 24 hours, mostly within the first 9 
hours (30–35%), in agreement with data recorded for water-rich O/W nanoemulsion obtained by α-tocopherol/deionized 
water.65 Both Almond-based and Neem-based formulations displayed the same release profile, despite the chemical- 
physical difference in oil nanodroplets. This could be explained by considering that the two systems have similar nature 
once in the presence of Vitamin E, as evidenced by SAXS results.

Figure 3 Pyrene spectra. (A) Fluorescence emission spectrum of pyrene. (B) sample spectra.
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Effect of NEs on Cellular Viability
Cell viability after exposure to NEs was estimated on keratinocytes, after 24 h incubation with different concentrations of A1E, 
A1, N1E or N1, by MTT assay. As shown in Figure 5, no cytotoxic effect was induced by unloaded A1 and N1 formulations.

As reported by some authors, sensitivity to nanoemulsion treatment was cell dependent.66 Mericli et al, 201767 

demonstrated that Almond oil, rich in oleic acid, was able to inhibit the growth of colon cancer cells in a dose- and time- 
dependent manner. On the other hand, differently to that previously observed for HEp-2 cells,27 in which a low toxic 
effect was correlated with oil/surfactant NE incubation, N1 formulation did not influence keratinocyte vitality.
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In our study, statistically significant differences in cell viability have been observed among formulations (ANOVA F 
71.6 p value <0.0001). A more evident and significant reduction of cell viability was observed after treatment of 
monolayers with higher concentration (0.5 mg/mL) of N1E with respect to N1. At 0.05 mg/mL concentration, only a 
slight but significant decrease in mitochondrial function of keratinocytes exposed to A1 was noticeable, but the 
nanoencapsulation of Vitamin E was able to protect against the reduction of cellular viability. In this research, the 
loading of vitamin E did not further enhance cell death when compared to unloaded nanoemulsion at the same dose, 
suggesting that the vitamin did not contribute to the reduced cell viability in HaCaT cells.

C. elegans Vitality
To compare the in vivo effects of the different NEs, C. elegans model system was used. The vitality of C. elegans either 
fed on heat-killed E. coli strains OP50 (control) or supplemented with A1E, A1, N1E and N1 was evaluated during 14 
days. Lifespan assay showed that the different NEs did not exert toxic effects on C. elegans worms. In particular, 
nematodes treated with A1E or N1E showed a 50% vitality after 9 and 11 days, respectively, as compared to 8 days of the 
control population. On the other hand, 50% of worm viability in nematodes supplemented with A1 or N1 nanoemulsion 
was recorded at day 8, similarly to heat-killed OP50 fed worms (Table 3). In the case of nematodes supplemented with 
diluted NEs (1:5 or 1:1 dilutions), the lifespan was almost identical to the control (data not shown).

We also used C. elegans as an in vivo model system to test the antioxidant potential of the two NEs. Indeed, one of 
the roles played by antioxidant supplementation is the modulation of endogenous defenses, leading to a delay in aging. 
Vitamin E is considered to be the most established lipophilic antioxidant, affecting the lifespan and oxidative biomarkers 
in Caenorhabditis elegans under oxidative stress.68 However, it has been reported that during the aging process, products 
of oxygen metabolism accumulate in tissues, damaging proteins, lipids and DNA, and weakening antioxidant defenses.69 

In C. elegans, several studies have been performed to better understand the mechanisms through which different 
signaling pathways relate longevity, aging, and oxidative stress resistance.70–72 Some of these pathways lead to the 
expression of detoxifying enzymes, such as the superoxide dismutase SOD-3, normally induced in response to stress. 
Indeed, the sod-3 gene encodes the Fe/Mg SOD potentially resisting oxidative stress and promoting longevity.73

To analyze whether the different nanoemulsions could stimulate oxidative stress response in C. elegans model, 
fluorescence microscopy with the transgenic C. elegans sod-3::GFP strain was performed (Figure 6).

Interestingly, transgenic worms supplemented with A1E and A1 caused an increment in SOD-3 expression with 
respect to the control; the effects observed increased proportionally with increasing concentration of the different 
nanoemulsions (Figures 6A and 5S). In the case of undiluted samples, nematodes supplemented with A1E showed a 
reduced oxidative stress response compared to A1 treatment. On the other hand, N1E showed increased fluorescence 
compared to N1 nanoemulsions, when supplemented at higher concentrations, although the values are lower compared to 
that observed for the almond NEs (Figures 6B and 5S). According to our results, vitamin E reduced oxidative stress by 
increasing SOD-3 activity and promoting animal growth and health status.74,75

Table 3 Kaplan–Meier Survival Plot of N2 Worms Fed with Heat-Killed E. coli OP50 Supplemented with 
A1E, A1, N1E or N1 NEs. The Lifespan of Heat-Killed OP50-Fed Animals Was Reported as Control (-). 
Three Experiments Were Performed in Triplicate for Each Condition (Ns: Not Significant)

C. elegans 
Strain

Treatment n Median 
Lifespan

Maximum 
Lifespan

Number of 
Censored

Statistics

Wild-type N2 - 200 8 ± 0.8 8 ± 0.8 15 -

A1E 200 9 ± 0.9 12 ± 0.4 12 p< 0.01

N1E 200 11 ± 1.2 14 ± 0.8 18 p< 0.001

A1 200 8 ± 0.2 12 ± 0.3 10 ns

N1 200 8 ± 0.4 14 ± 0.9 12 ns
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Skin Tolerability Test and Anti-Inflammatory Activity Results
Skin tolerability is a fundamental parameter to be evaluated for all formulations that could potentially be applied on the skin. 
To verify that the NEs do not cause irritation when topically applied on the human skin, reflectance spectrophotometric studies 
were performed on healthy human volunteers. As reported in Figure 7, none of the considered NEs led to significant variation 
of the erythema index (ΔEI) values compared to those obtained upon application of a saline solution (0.9% w/v NaCl) used as 

Figure 6 Analysis of oxidative stress responses in transgenic sod-3::GFP nematodes. Median fluorescence intensity of sod-3::GFP worm strain at the stage of 13 days adult fed 
heat killed OP50 (control) supplemented with (A) A1E, A1, (B) N1E and N1 nanoemulsions at different dilutions. Statistical analysis was evaluated by one-way ANOVA with 
the Bonferroni post-test; asterisks indicate significant differences (*p<0.01; **p<0.01; ***p<0.01). Bars represent the mean of three independent experiments. 
Abbreviation: ns, not significant.

Figure 7 In vivo skin tolerability of the formulation expressed as variation of the erythema index (ΔEI). Results are the mean of three experiments ± standard deviation. 
Data obtained testing formulation A1, A1E, N1 and N1E were compared to the ones carried out by saline solution. *p < 0.05, **p < 0.01, and ***p < 0.001.
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a control, at all explored delays. Thus, we can establish that all formulations are well tolerated when applied on the skin. In 
addition, also the anti-inflammatory activity of NEs, ie, their ability to reduce the erythema induced chemically, was evaluated 
on healthy human volunteers. Well-defined circular sites on the ventral part of the subjects’ forearm were pretreated with an 
aqueous methyl-nicotinate solution (0.2% w/v) to induce erythema. Then, the NEs were applied, each on a specific site, and 
the erythema index (EI) was measured over 5 hours. As shown in Figure 8, ΔEI values remain high upon application of both 
Almond-based NEs (A1 and A1E) for all the duration of the experiment, with values similar to those recovered upon 
application of mere saline solution to the irritated skin, emphasizing the persistence of the induced erythema. Results show that 
Almond-based NEs, both unloaded or loaded with VitE, are not able to reduce the skin erythema induced by methyl nicotinate.

Reversely, application of Neem-based NEs (N1 and N1E) produced a pronounced decrease of ΔEI values. The anti- 
inflammatory property of Neem oil is well documented in literature,76 then the ability of Neem-based NEs to reduce the 
chemically induced skin erythema was awaited. Nonetheless, the VitE supplemented NEs (N1E) showed the most 
pronounced ΔEI reduction power, that is, it was more efficient than its unloaded analogue, and it was able to restore the 
skin in the experiment time-course. This result stems for a synergistic effect, more than additive, in coupling the anti- 
inflammatory properties of vitamin E14 and Neem oil in Neem-based NEs. As shown in Figure 8, ΔEI values relative to 
N-type NEs, are already much lower than the A-type analogues at 1h delay from application, indicating that the anti- 
irritant effect is prompt, besides efficient. It is interesting to notice that the synergistic effect as anti-irritant is not 
displayed by Almond-based NEs, despite the natural presence of VitE in Almond oil and of similar amounts of VitE in 
supplemented NEs. This result could be attributed to the chemical composition of two oils. According to the literature, 
the anti-inflammatory activity of neem oil is particularly notable and successfully observed in both acute and chronic 
inflammation.76–78 Probably, for this reason, the NEs composed of Neem oil showed a higher synergistic anti-irritant 
effect. Furthermore, this effect of Neem-based NEs is not evident in in vitro studies or on C. elegans but only on human 
skin. This effect could be related to a higher skin penetration and retention propensity than the Almond formulations.79 

Few studies have been published on the comparison of the activity of oil constituents with penetration enhancement 
through the skin, thus further in vitro/in vivo studies need to be performed to confirm this mechanism.

Figure 8 In vivo anti-inflammatory activity of formulations evaluated as their ability to reduce chemically induced skin erythema. Results are expressed as variation of the 
erythema index (ΔEI) and are the mean of three experiments ± standard deviation. Data obtained testing formulation A1, A1E, N1 and N1E were compared to the ones 
carried out by saline solution. **p < 0.01, and ***p < 0.001.
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Conclusion
The golden thread of the present study was to assess whether Vitamin E shows enhanced antioxidant activity promoted 
by its formulation in NEs based on different vegetal oils, by following a workflow consisting of in vitro and in vivo 
approaches, from the simplest to the more complex model.

This study confirms that functional O/W NEs based on Almond oil and Neem oil, capable of loading Vitamin E, are 
feasible in an appropriate range of relative concentration. The amount of each component in the NEs is chosen to obtain 
the highest content of oil, to enhance the biological effect, and the lowest amount of surfactant, to minimize the toxic 
effect of the selected formulations. The selected formulations are homogeneous and stable over time.

Both Almond-based and Neem-based NEs display the same in vitro release profile, possibly reflecting the similarity 
of the VitE-NEs, which appears to cancel the discrepancies in the morphology and structure of the unloaded NEs, as 
detected by SAXS and TEM.

Furthermore, NEs loaded with the same amount of Vitamin E display good and comparable antioxidant effect on in 
vitro keratinocyte monolayers and in vivo C. elegans, through a dose-dependent response.

Remarkably, when evaluated in in vivo studies on healthy volunteers, while both well tolerated, only Neem oil-based 
NEs displayed a prompt and efficient anti-inflammatory effect, seemingly synergic when loaded with VitE. The obtained 
results had surprisingly showed different behaviour of Neem oil- and Almond-based NEs: in detail, the cutaneous 
recovery after treatment with Almond-based NEs was superposable to the physiological one obtained with saline 
solution; on the contrary, Neem oil-based NEs were able to markedly reduce the erythema index already after 1 hour, 
accelerating the skin recovery. The synergistic effect of Neem-based NEs and VitE could be related to a higher skin 
penetration and retention propensity than the Almond formulations.

The obtained results seem to promote Neem oil over Almond oil as an appropriate candidate for further studies on the 
transport of VitE into skin to gain a deep understanding of an effective skin NEs/drug transport.
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