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Palmitoylethanolamide (PEA) is an endogenous compound with no adverse effect for oral intakes of a gram per day. We show that PEA gels edible oils at concentrations as low as 0.5 wt. %. The elastic moduli values of the formed gels are 1400 Pa at 1 wt. % and 9000 Pa at 2 wt %, qualifying PEA as a good texturing agent of oils. The study of the gels by cryo-SEM, optical microscopy and WAXS show that PEA forms lamellar solid aggregates with widths of several tens of micrometers. Upon heating, the sample shows two transitions. The first one is the gelto-sol transition, observed by rheology and defined by the switch from a solid to a liquid behavior. During this transition, the solid particles remain but do no longer form a network.

The second transition, observed at higher temperature by DSC corresponds to the melting of the solid particles.

Introduction

Saturated and trans unsaturated fats are a public health issue because they represent a risk factor for cardiovascular diseases [START_REF] Castelli | Incidence of Coronary Heart Disease and Lipoprotein Cholesterol Levels: The Framingham Study[END_REF][START_REF] Martin | Serum Cholesterol, Blood Pressure, and Mortality: Implications from a Cohort of 361 662 Men[END_REF][START_REF] Hu | Types of Dietary Fat and Risk of Coronary Heart Disease: A Critical Review[END_REF][START_REF] Mozaffarian | Trans Fatty Acids and Cardiovascular Disease[END_REF][START_REF] Brouwer | Effect of Animal and Industrial Trans Fatty Acids on HDL and LDL Cholesterol Levels in Humans -A Quantitative Review[END_REF][START_REF] Clifton | A systematic review of the effect of dietary saturated and polyunsaturated fat on heart disease[END_REF]. Public health authorities try to reduce their intake and tend to render the labelling of trans fat compulsory. Supported by this increasingly strengthening regulations, much research is now devoted to find replacement products of these fats. However, these solid fats play a major role to texture the food products by forming a network of microcrystals that endow them with their mechanical properties. The sought substitution products should provide similar rheological properties. In this context, organogelators have gained increasing interest. These compounds self-associate in organic solvents to form 3D networks, which results in the formation of gels at mass fraction of a few percent. Gels made of such organogelators and vegetal oils, comprising mainly cisunsaturated acids and healthier, constitute good substitution products of solid fats [START_REF] Scharfe | Oleogelation: From Scientific Feasibility to Applicability in Food Products[END_REF][START_REF] Wesdorp | 13-Trans Fats Replacement Solutions in Europe[END_REF][START_REF] Zetzl | 10-Structured Emulsions and Edible Oleogels as Solutions to Trans Fat[END_REF]. A few compounds are known for their ability to form oleogels: waxes [START_REF] Toro-Vazquez | Thermal and Textural Properties of Organogels Developed by Candelilla Wax in Safflower Oil[END_REF][START_REF] Dassanayake | Physical Properties of Rice Bran Wax in Bulk and Organogels[END_REF][START_REF] Hwang | Organogel Formation of Soybean Oil with Waxes[END_REF], mixtures fatty alcohol and fatty acid [START_REF] Gandolfo | Structuring of edible oils by long-chain FA, fatty alcohols, and their mixtures[END_REF]) can form oleogel in vegetable oil. 12-hydroxystearic acid (12-HSA) [START_REF] Elliger | Thickening action of hydroxystearates in peanut butter[END_REF][START_REF] Rogers | Novel structuring strategies for unsaturated fats -Meeting the zero-trans, zero-saturated fat challenge: A review[END_REF][START_REF] Rogers | Non-Isothermal Nucleation and Crystallization of 12-Hydroxystearic Acid in Vegetable Oils[END_REF], mixture of g-oryzanol and sitosterol [START_REF] Bot | Structuring of edible oils by mixtures of γ-oryzanol with β-sitosterol or related phytosterols[END_REF] and ceramides [START_REF] Rogers | Oil organogels: The fat of the future?[END_REF].

In this paper, we explore the possibility to form gels from edible oils and palmitoylethanolamide (PEA, Fig. 1). This simple molecule is endogenous, present in the mammalian brains, liver and muscles [START_REF] Bachur | Fatty Acid Amides of Ethanolamine in Mammalian Tissues[END_REF]. It was shown to have anti-inflammatory and analgesic properties [START_REF] Bortolotti | Palmitoylethanolamide Versus a Nonsteroidal Anti-Inflammatory Drug in the Treatment of Temporomandibular Joint Inflammatory Pain[END_REF][START_REF] Kuehl | The Identification of N-(2-Hydroxyethyl)-palmitamide as a Naturally Occurring Anti-Inflammatory Agent[END_REF]. In oral uptake by rats, it has a no effect level by oral uptakes up to 1000 mg/body wt/day. This high level makes them interesting candidates to gel edible oils, especially if concentration required to form a gel is a few weight percent. In the present contribution, we have explored the gelation ability of PEA was investigated in different solvents, including vegetable oils and found that it can form gels in the latter at concentration below 1 wt. %. We have studied in details the gels of PEA in rapeseed oil. We have studied the gel-to-sol transition in this system by microDSC, turbidimetry and rheology and we have mapped the c-T binary phase diagram. Finally, the structure of the oleogels were investigated by scanning electron microscopy and FTIR.

Materials and methods

Materials.

Rapeseed Oil (Vita D'or), Olive oil (Carrefour) and Safflower oil (Mon-droguiste) were purchased in a local grocery shop. All the oils were refined. Palmitoyl-chloride was purchased from Alfa Aesar (Thermo Fischer Scientific) and hydroxybenzotriazole from Acros Organics (Fischer Scientific). Ethanolamine was purchased from Sigma Aldrich. EDAC was purchased from Apollo Scientific.

Palmitoylethanolamide. To a solution of palmitic acid (2.60 g, 10.12 mmol), hydroxybenzotriazole (140 mg, 1.01 mmol) and ethanolamine (610 µL, 10.1 mmol) in 35 mL of anhydrous DMF, was added at 0 °C EDAC (1.57 g, 10.1 mmol). The reaction medium was stirred at 0 °C for 1 h and at 25 °C during 48 h. EDAC (0.78 g, 5.06 mmol) was added at 0°C and it was stirred during 24 h at 25 °C. 250 mL of 1 M aqueous HCl was added. The product was recovered by filtration and washed several times with distilled water. The crude product was dissolved in chloroform and washed several times with distilled water and dried under vacuum overnight. PEA was obtained as a white powder (2.03 g, 6.78 mmol) with a yield of 67%. 1 H NMR (500 MHz, DMSO-d6): δ (ppm) 7.75 (s, 1 H, NH), 4.63 (t, 1 H, OH, J = 5.4 Hz), 3.38 (q, 2 H, CH2OH, J = 5.9 Hz), 3.09 (q, 2 H, CH2NH, 6.0 Hz), 2.04 (t,2 H CH2CO, J = 7.4 Hz,), 1.53-1.41 (m, 2 H, CH2CH2CO) 1.24 (m, 24 H), 0.86 (t, 3 H, CH3, J = 6.8 Hz). 13 C NMR (125 MHz, DMSO-d6): δ (ppm) 172.7 (NHCO), 60.5 (CH2OH),41.8 (CH2NH),35.8(CH2CO),31.8 (CH2CH2CH3),29.5,29.5,29.4,29.3,29.17 29.15,25.7 (CH2CH2CO) H% 12.45, N% 4.79; calc. C% 72.19, H% 12.45, N% 4.68.

Gelation assay and gel formation. PEA was weighed in a vial and the solvent was added to reach the targeted concentration. The mixture was heated until complete solubilisation of PEA. The mixture was cooled to room temperature for all the concentration. The gelation was checked by turning the vial upside down. When it forms a gel, the sample does not flow.

Mechanical Measurements. All the rheological studies were performed with a commercial stress-controlled rheometer (Haake, Mars III), in the oscillatory mode and with a double Couette cell (DG41, Haake) with an outer gap of ∼400 μm. For one experiment, a plate-plate cell was used in order to apply different compression stresses to the sample and measure for each of them the complex shear modulus.

The temperature was regulated by a heated bath (Haake F3) and controlled between 20 and 110 °C, within ±0.05 °C. The gel was formed in the rheometer by cooling the sol from 110 to 20 °C at a rate of 0.25 °C/min. The formation of the gel was monitored by measuring the complex viscosity (e.g. for c = 4 wt. %, freq. of 1 Hz, stress of 0.2 Pa, the formation occurred at ∼ 76 °C). The gel was let at rest 1 h at 20 °C before the measurements upon heating. The range of linear regime was tested by measuring at a given frequency (1 Hz) as a function of the applied stress s. For a sample of concentration 4 wt. %, Gʹ is constant below 20 Pa (Figure S1).

The samples at low temperature were subjected to a stress within this linear regime with frequencies between 10 -3 to 1 Hz: Gʹ plateaus over the whole range and is always greater than Gʺ (Example for c = 4 wt. %, 20 °C, s = 0.2 Pa, Figure S2). The variable temperature experiments consisted in following, at 1 Hz, the evolution of the complex shear modulus of the sample when temperature was progressively decreased or increased between 110 to 20 °C at a rate of 0.25 °C/min. For each sample, the applied stress was set to ensure the response belongs in the linear regime.

Prior to sample measurements, a blank experiment was conducted without the sample in order to know the residual stress, in phase with the strain, related to the experimental limit of the device. This residual stress has been subtracted from the rheological measurements presented in this study. Differential Scanning Calorimetry. The thermograms were recorded with a MC-DSC (TA instrument). The measuring cells were filled with PEA (between 1.73 and 13.89 mg). Rapeseed oil (between 347 and 335 mg) was added in the cells to obtain the desired weight concentration of PEA. The reference cell was filled with rapeseed oil only. The weight of the full cells had a maximal deviation of 5 mg. The presented thermograms were measured during a cycle of cooling and heating at 0.25 °C/min. Turbidimetry Measurement. The turbidity of the samples at different temperatures was followed by the light intensity transmitted through the sample with a home-made optical device. A monochromatic light beam (λ = 632.8 nm), provided by a HeNe laser (Melles Griot 05-LHP-151), successively passed through an attenuating filter (10-3), a pinhole (50 μm), then through the sample over a 5 mm length and through a second pinhole (150 μm). At the end, the beam was focused onto the objective of a CCD camera (Retiga 2000R) to measure its intensity. The light intensity measurements were carried out while temperature was decreased from 100 to 20 °C or increased from 20 to 100 °C at a constant and imposed rate of 0.25 °C/min. Typical exposure times were in the range of 500-2000 ms. The sample temperature was controlled by an oven driven by a PID controller (SHINKO 100).

Optical Microscopy. The solutions were observed and characterized with an optical microscope Olympus BX51, equipped with a Nikon DXM 1200 camera. The studied mixtures were first heated and homogenized into the isotropic phase in an oven. Rectangular capillaries (CM Scientific, 0.5 mm x 2 mm) were filled with this solution by capillarity and sealed with a blowtorch. The capillaries were then placed in a hot stage regulated at ± 0.1 °C and observed in bright-field microscopy. The changes of phase were observed upon cooling and heating at a rate of 0.3 °C/min. FTIR. Mid-IR spectra (600-4000 cm -1 ) of the samples were measured as a function of temperature between 28 and 120 °C. with a Bruker Vertex 70 spectrometer using a mercury cadmium telluride detector, a KBr beam splitter, and a blackbody source. The spectral resolution was 2 cm -1 , and 64 scans were coadded for each spectrum. The gel was inserted in a homemade liquid cell equipped with two NaCl windows spaced by an indium flat O-ring. The cell was inserted in a thermoregulated Linkam heating stage. The cooling or heating rate was the same as for DSC experiments.

Cryo-SEM.

A piece of gel (2 wt.%) of 0.5 x 0.5 x 0.2 mm 3 was immersed in n-hexane during 24 h to remove all the rapeseed oil. Every 6 h, the n-hexane was renewed and the exchange continued. The gel placed onto a cryo-holder, quickly plunged into a nitrogen slush, and subsequently transferred under vacuum into the Quorum PT 3010 chamber attached to the microscope. Then, the frozen sample was fractured with a razor blade and etched at -70 °C to reveal the details of the morphology. The sample was eventually transferred in the FEG-cryo-SEM (Hitachi SU8010) and observed at 1 kV at -150 °C.

Results and discussion

Solubility and Gelation

The structure of the studied compound is depicted in Figure 1. PEA is able to form gels in alkanes (hexane, cyclohexane, trans-decalin and in several edible oils for wt. fraction of 0.5%. or higher: rapeseed, olive and safflower oil. At RT, PEA is insoluble in the oils; it is fully solubilized when the mixture is heated. When the solution is cooled back at room temperature, the gel forms. The formed gels are turbid and are stable upon times. In this work, rapeseed oil was chosen for the physicochemical studies.

Study of the gel-to-sol transitions

Samples at different concentrations were heated from 25 °C to 100 °C at a controlled rate.

Their behavior was followed by different techniques: differential scanning calorimetry, mechanical measurements, optical microscopy and turbidimetry. The heating rate was fixed of 0.25 °C/min for all techniques except for optical microscopy at 0.3 °C/min. The different experiments have been carried out for concentrations between 0.5 and 4 wt%. For a concentration of 0.5 wt. %, the difference between TGS and TDSC is even larger. The figure 2 shows the TGS value for 0.1 Pa stress, 41°C. The thermogram measures at the inflection point, a transition temperature TDSC = 79 °C, which represent a difference of 38 °C between TDSC and TGS. Part of this difference is due to a too large applied strain. As a matter of fact, the measured value of TGS increases from 41 to 56 °C when the applied stress decreases from 0.1 to 0.02 Pa (Fig. S3 suppl. info). When the gel is heated, part of the solid network progressively dissociates, leading to a weaker gel. The applied stress may disrupt the gel before the actual transition.

For this reason, the values of TGS were extrapolated at null stress to find a value of 59.2 °C for 0.5 wt. % (Fig. S4, suppl. info). To summarize, the gap between TGS and TDSC diminishes after the extrapolation but has still a significative value, 21 °C.

In the interval between TGS and TDSC, the sol has formed, but a large part of the gelator is not melted and forms a solid fraction. It can be also detected by the slow decrease of G' in the same intervals. For c = 0.5 wt. %, it reaches the floor value only around 62 °C. For c = 4 wt. %, the decrease of G' is visible as a shoulder starting at 82.5 and ending at 90 °C, close to TDSC (Figure 2A and2B). These values of G' higher between TGS and TDSC than above TDSC are probably the signature of a suspension of particles in a liquid. After the end of the shoulder at 90 °C, the shear viscosity, deduced from the G'' values in the flow regime (h = G''/w) follows a linear behavior similar to that observed for the kinematic viscosity. This result shows that the solution behaves like an Arrhenian simple fluid. (Fig. 2B). This observation, along with the DSC, suggests that after the sol-to-gel transition, there are still solid aggregates, but are no longer connected to form a network. This is also confirmed by turbidimetry. For c = 0.5 wt. %, the transmitted intensity shows In conclusion, this particular example of organogels illustrates that rheology and DSC measure different quantities. DSC measures TDSC, the temperature above which all the gelators is dissolved and represents the liquidus. Rheology measures the temperatures TGS representing the limit between the gel and the sol. In the range of temperatures between these both limits the sample is a sol: it has the mechanical behavior of a liquid, although a large part of the gelator forms solid particle. These particles are suspended in the continuous liquid phase without forming a 3D network. Hwang et al. have observed such gaps upon cooling between the onset of crystallization (observed by cloud point) and gelation [START_REF] Hwang | Organogel Formation of Soybean Oil with Waxes[END_REF].

Morphological studies

In order to confirm the behavior of the gel in this intermediate temperature range, the morphology of the gel was studied by cryo-SEM and optical microscopy. Their direct observation by cryo-SEM showed almost no structure because all the structures were embedded in the oil. It was not possible to sublimate the oil to etch the gel and uncover the aggregates. Therefore, the oil was exchanged with a more volatile solvent. We found out that n-hexane was the most suitable solvent. Its sublimation within the cryo-SEM, etched the gel and enabled the visualization of the solid fraction of the gel (Figure 3). This fraction consists of large crystals, several tens of micrometers wide, and rather flat. The surface of some particles shows steps, which proves that the crystallites have a lamellar structure. This lamellar structure is demonstrated by the WAXS pattern of the gels, which display a series of Bragg peaks at 0.132 0.385, 0.513 & 0.767 Å -1 ) which shows a lamellar structure with a repeat distance of 47.6 Å (Fig S4S5 suppl. info). In order to follow the change in morphology with temperature, we have observed the gels by optical microscopy while they were heated (rate 0.3 °C/min). As an example, the Figure 3 shows the optical micrographs of a sample at 2 wt. % at 70, 80 and 90 °C.

At 70 °C (Figure 3B), the sample is in the gel state and shows crystallites of several tens of µm wide, corresponding to those observed by cryo-SEM. When the temperature increases, the size and the number of crystallites decrease. Above the gel-to-sol transition temperature the crystallites are still present but lose their connectivity (Figure 3C). Eventually, above the melting point, (Figure 3D, 90 °C) those structures are no longer visible and the samples are homogeneous solutions. The OM experiments thus confirm the existence of an intermediate regime between the gel and the homogenous solution. This regime behaves mechanically like a liquid and is actually a suspension of solid particle that are not connected with each other.

Mechanical nature of the gels

The present oleogels are not formed by fibrillar particles, but by large lamellar aggregates. Therefore, the question arises whether these gels are genuine physical gels. This is the case of many organogels but it has been observed that some organogels are jammed suspensions [START_REF] Collin | Jamming transition in solutions containing organogelator molecules of amino-acid type: Rheological and calorimetry experiments[END_REF]. We have investigated that question by compressions assays: a sample at 4 wt. % was formed as described in experimental part in a plate-plate rheometer, and the gap between the plates was gradually reduced, thus As shown in Figure 4, the storage modulus G' increases with compression rates up to ~ 60 %.

The elastic modulus increases because the volume density of nodes increases, which is characteristic of an elastic behavior. If the gel was a jammed suspension, the sample should show a thixotropic behavior and G' should be constant during the static compression.

Phase Diagram upon heating

The phase diagram of PEA in rapeseed oil was established upon heating (Figure 5). As but not fully melted.

Molecular interactions

A 2 wt. % sample of PEA/rapeseed oil was studied by infrared upon heating from 28 °C to 120 °C at a rate of 0.25 °C/min (Figure 6). At low temperature (blue curve), amide and hydroxyl groups are bonded. The OH and NH stretching are found respectively as single bands at 3200 and 3297 cm -1 [START_REF] Falk | Infrared Spectra of Methanol and Deuterated Methanols in Gas, Liquid, and Solid Phases[END_REF][START_REF] Prystupa | Raman and infrared study of solid benzyl alcohol[END_REF]. It shows that all these groups are H-bonded. When T increases, the intensities of these two bands decrease, and three bands appear at 3413, 3450 and 2548 cm -1 . The shouldering band around 3450 cm -1 is attributed to the NH stretching band of the free amide, the band at 3548 and 3413 cm -1 to the OH stretching of the free and Hbonded hydroxyl groups. The presence of the second band shows that even in the melt, part of the hydroxyl groups are H-bonded, probably with other gelator molecules, but this association takes places in the liquid state. Similar facts are observed between 1700 and 1500 cm -1 , at low temperature (blue curve). The band at 1640 cm -1 corresponds to the amide I band and the two bands around 1560 cm -1 to the amide II band and these frequencies show the amide groups are H-bonded. When the temperature crosses the temperature of 80 °C the amide I band shifts to higher wavenumber, around 1680 cm -1 and the amide II shifts to lower wavenumber 1510 cm -1 , corresponding to non-bonded amide group.

Conclusion

We have showed that PEA, a natural molecule well studied for its biological properties, is able to form stable gels in a variety of solvents, especially in rapeseed oil where, its binary phase diagram was established for a decade of concentration upon heating. The gel is made of large lamellar crystallites forming a network in the mixture and endowing it with its mechanical properties. These new organogels are of interest for food or cosmetics applications. The phase diagram shows a gap between the sol-to-gel transition and the liquidus. This gap is explained by the large size and low aspect of the particles. The domain between both transitions corresponds to a biphasic system comprising a liquid continuous phase and solid particles, too few or too small to form a 3D network. 

Figure 1 .

 1 Figure 1. Chemical structure of PEA.

  Figure2shows the measurements on a sample of concentration 4 wt%.Mechanical measurement consists in measuring the loss (G") and elastic (G') moduli while the temperature is increased. At low temperature the sample shows a solid behavior with the tangent of loss angle tand << 1 and G' > G". The elastic modulus is 1400 Pa for the 1 wt. % sample and 9000 Pa for 2 wt. %. When T increases, tand, G', and G'' increase. At a given temperature tand = 1 and the curves G' and G'' cross over; when T further increases, tand >> 1 and G' becomes smaller than G'', which is characteristic of a liquid behavior. The gel-to-sol transition is taken as the temperature at which tand =1 and G' = G''. In the case of a gel at 4 wt. % with an applied stress of 0.2 Pa, the transition temperature is TGS = 81.3 °C.Turbidimetry experiments consist in measuring the light transmitted through the sample. At room temperature, part of the light is scattered, which shows that large particles are present in the medium. When the temperature increases, the intensity keeps constant and shows a steep increase starting around 85 °C and reaches a plateau at 87.5 °C. This increase shows the disappearance of aggregates large enough to scatter the light corresponding to the sol phase.The DSC experiment shows an endotherm with a maximum at 86.5 °C. It represents the enthalpic changes accompanying the dissociation of the compound upon heating. The exotherm shows a shouldering peak around 90 °C, which suggest that the exotherm comprises two events. We have recently shown[START_REF] Schwaller | Investigation of an Organogel by Micro-Differential Scanning Calorimetry: Quantitative Relationship between the Shapes of the Thermograms and the Phase Diagram[END_REF] that the temperature of the full dissolution of the gelator is best estimated at the inflection point (TDSC = 90.6 °C). The difference between TGS and TDSC is 8 °C, although all the experiments have been carefully thermoregulated.

Figure 2 .

 2 Figure 2. Variations of different quantities of the PEA/rapeseed oil mixture; A and B: at 4 wt% (applied stress 0.2 Pa); B enlargement of the variations of G' and viscosity (𝜂~𝐺 ! /𝜔) close to TDSC; variations of the kinematic viscosity n, coherent with an Arrhenian behavior (dashed line). C: gel at 0.5% (applied stress 0.1 Pa).

  increases and reaches a plateau at 67 °C and corresponds to the transition to a transparent solution. Around 42 °C the intensity shows some fluctuations. It occurs around the sol-to-gel transition observed for an applied stress of 0.1 Pa as shown in figure2. This stress is the order of magnitude of the stress corresponding to the weight of the sample in the cell s=rgh with r the density of the sample, h the height of the sample above the beam imprint and g the gravity acceleration. With the characteristics of our sample, s = 0.09 Pa. The fluctuations of intensity around 42 °C correspond to movements of large particle in the beam. The particles are not fully melted but are no longer connected into a network and can move in a liquid.

Figure 3 .

 3 Figure 3. A: Cryo-SEM image of gel of PEA in rapeseed oil (2 wt. %) after 24 h of solvent exchange with n-hexane, showing large aggregates with lamellar structures. B,C, D: optical micrographs of the same mixture at 70, 80 and 90 °C.

  applying a static compression stress to the sample. For each compression rate, the storage modulus G' was measured for frequencies varying between 0.1 and 30 Hz. For each compression rate, the sample showed the characteristic response of an elastic gel at low frequency, with constant values of G' as frequency varies. The figure4reports the mean values of G'; the error bar is the dispersion of the values around this mean values.

Figure 4 .

 4 Figure 4. Mean values of the elastic modulus plateaus of a PEA/rapeseed oil gel at 4 wt% submitted to different static compression ratios. The errors bars represent the dispersion of the values around the mean value of G' on the plateau.

  discussed above, TGS, measured by the cross-over of G' and G" vary with the applied stress. For this reason, the TGS values have been measured for several applied stresses and extrapolated to null stress. The represented diagram has been plotted with the extrapolated values (Fig 5).

Figure 5 .

 5 Figure 5. c-T phase diagram of PEA/rapeseed oil measured at a heating rate of 0.25 °C/min. Sol 1 and gel are both biphasic, comprising a continuous liquid phase and solid phase made of solid particles of PEA. In the gel, these particles are aggregated to form a 3D network whereas in sol 1, they are too few or too small to form a

Figure 6 .

 6 Figure 6. Infrared of a 2 wt. %. PEA/rapeseed oil from 28 °C (blue curve) to 120°C (red curve).

Figure S5 .

 S5 Figure S5. WAXS of PEA/rapeseed oil oleogel (conc. 4% wt. %). For the marked higher reflections: 0.385/3 = 0.128 Å-1; 0.513/4 = 0.128 Å-1; 0.767/6 = 0.128 Å-1.
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