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Water in oil (w/o) simple emulsions are dispersed micro-confined systems which find applications in many areas of advanced materials and biotechnology, such as food industry, drug delivery and cosmetics, to name but a few. In these systems, the structural and chemical Page 1 of 21 ACS Paragon Plus Environment Langmuir 2 properties of the boundary layer at the w/o interface are of paramount importance to determine functionality and stability. Recently, microfluidic methods have emerged as a valuable tool to fabricate monodisperse emulsion droplets. Due to the intrinsic flexibility of microfluidics,

different interfaces can be obtained, and general principles governing their stability are needed to guide the experimental approach. Herein, we investigate the structural characteristics of the region encompassing the liquid/liquid (L/L) interface of w/o emulsions generated by a microfluidic device in the presence of the phospholipid 1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC), and other intercalating amphiphiles (dopants), using microfocused small angle X-rays scattering (µ-SAXS). We show that phospholipids provide a stable and versatile boundary film of ~100 µm, whose basic units are swollen and uncorrelated DMPC bilayers. The internal arrangement of this interfacial film can be tuned by adding molecules with a different packing parameter, such as cholesterol, which is able to increase the stiffness of the lipid membranes and trigger inter-bilayer correlation.

Introduction

colloidal particles, [START_REF] Ngai | Particle-Stabilized Emulsions and Colloids: Formation and Applications[END_REF][START_REF] Binks | Particle-Stabilized Powdered Water-in-Oil Emulsions[END_REF] can be used as stabilizing agents. In particular, phospholipids are an attractive class of compounds for biomedical applications and they have been used as emulsion stabilizers in drug delivery. [START_REF] Kawakami | Disposition characteristics of emulsions and incorporated drugs after systemic or local injection[END_REF]9,10,11 The majority of these works report on o/w droplets, which are well suited for enhancing bioavailability of poorly water soluble drugs. However, high resolution (nm or molecular level) studies are difficult to be performed, due to the complexity and limited stability of these systems. The kinetics of droplet evolution has been thoroughly studied, since it governs the stability of the system toward coalescence. [START_REF] Eisenthal | Liquid interfaces[END_REF]13 As for the structural and chemical properties of droplet assemblies, it is well established that the amphiphilic layer at the liquid/liquid [START_REF] Ghazal | Recent advances in X-ray compatible microfluidics for applications in soft materials and life sciences[END_REF][START_REF] Lutz-Bueno | Scanning-SAXS of microfluidic flows: nanostructural mapping of soft matter[END_REF][START_REF] Stehle | Small-angle X-ray scattering in droplet-based microfluidics[END_REF] By using focused X-rays, raster scanning of the sample can be performed, allowing a comprehensive study of a heterogeneous sample with real-space resolution only limited by the beam size. [START_REF] Reynolds | Monitoring nanoparticle growth in a microreactor by combined micro-SAXS and micro-Raman techniques. Chapter 1: Nanoscale Material Characterization[END_REF][START_REF] Merlin | Time-resolved microfocused smallangle X-ray scattering investigation of the microfluidic concentration of charged nanoparticles[END_REF][START_REF] Brennich | Tracking reactions in microflow[END_REF] To the best of our knowledge this is the first study probing the L/L interface of a single droplet by µ-SAXS.

We show that phospholipids provide a stable and versatile boundary layer, whose properties can be tuned by adding dopants to modify the interface stiffness and charge.

The lipid layer was fabricated using dimyristoyl-phosphatidylcholine, with and without cholesterol added as a rigidity modulator. We also included a positive or a negative charged lipid dopant, since ionic lipids are known to affect the membrane lamellarity. [START_REF] Kučerka | The study of liposomes, lamellae and membranes using neutrons and X-rays[END_REF][START_REF] Pozo Navas | Composition dependence of vesicle morphology and mixing properties in a bacterial model membrane system[END_REF][START_REF] Torbensen | Interaction of the Belousov-Zhabotinsky Reaction with Phospholipid Engineered Membranes[END_REF] 

Experimental section

Materials. 

Microfocus SAXS data acquisition and analysis

Scanning micro-X-ray diffraction was performed at the ID13 beamline of ESRF (Grenoble, France). A monochromatic X-ray beam (λ = 0.095372 nm) was focused down to a 1.5 × 1.5 µm 2 spot at the desired sample position, using a combination of Beryllium-compound refracting lenses (Be-CRL transfocator). The sample to detector distance was 0.941 m, corresponding to a q-range of 0.2 < q < 8 nm -1 , with q being the scatteringvector defined as q = (4π/λ) sin(θ/2) and θ is the scattering angle, i.e. the angle between the azimuthally integrated to obtain 1D scattering intensity profiles (I(q) vs q), by using the SAXS utilities package. 30

Results and discussion

The boundary lipid layer of simple w/o emulsions was probed by scanning across the interface with µ-SAXS. This is the characteristic repeat distance of DMPC lamellae, [START_REF] Torbensen | Interaction of the Belousov-Zhabotinsky Reaction with Phospholipid Engineered Membranes[END_REF][START_REF] Hub | Short-Range Order and Collective Dynamics of DMPC Bilayers: A Comparison between Molecular Dynamics Simulations, X-Ray and Neutron Scattering Experiments[END_REF] and indicated that cholesterol is able to induce marked stiffening of the bilayers, thus promoting inter-bilayer correlation within the interfacial membrane.

Here, the contrast of the X-rays is at The intensity recorded for each frame at the q-value of 0.5 nm -1 is reported in phases in aqueous media. [START_REF] Pabst | Structure and interactions in the anomalous swelling regime of phospholipid bilayers[END_REF][START_REF] Ristori | Structural study of liposomes loaded with a GM3 lactone analogue for the targeting of tumor epitopes[END_REF][START_REF] Kiselev | SANS study of unilamellar DMPC vesicles. The fluctuation model of a lipid bilayer[END_REF][START_REF] Pham | Cyclic and Linear Monoterpenes in Phospholipid Membranes: Phase Behavior, Bilayer Structure, and Molecular Dynamics[END_REF] This finding, together with the low scattering length density (SLD) of the tails, was consistent with DMPC monolamellar membranes that included cyclohexane in their inner hydrophobic core. In the presence of cholesterol at 20% mol/mol, the scattering profile was satisfactorily reproduced by introducing a model independent correlation peak with a Lorenzian shape (HWHM = 0.13) centered at 1.07 nm. As mentioned above, this peak indicated that cholesterol induced partial ordering in the bilayer arrangement.

We chose to perform this phenomenological description rather than a more detailed analysis, due to the numerous adjustable parameters in this multicomponent system, which might result in data over-interpretation.

Indeed, to give quantitative information on the changes brought about by cholesterol in the structural parameters, a range of different molar ratios should be taken into account.

The observed effect, however, is well in agreement with the rigidification usually exerted by sterols in fluid lipid membranes, such as DMPC bilayers at our working conditions. [START_REF] Hub | Short-Range Order and Collective Dynamics of DMPC Bilayers: A Comparison between Molecular Dynamics Simulations, X-Ray and Neutron Scattering Experiments[END_REF][START_REF]SasView for Small Angle Scattering Analysis[END_REF][START_REF] Pabst | Structure and interactions in the anomalous swelling regime of phospholipid bilayers[END_REF] The scattering intensity profiles of DMPC bilayers containing dopant amphiphiles, i.e., 

  Interfaces are the boundary layers which separate different bulk regions of matter, controlling their mutual confinement and boundary properties, such as interfacial tension and partition coefficients of solvated species. With respect to bulk phases, these layers present peculiar chemical, physical and biological properties that have drawn the interest of researchers from many different fields. 1 Simple emulsions, where aqueous droplets are dispersed in an oil phase, (w/o emulsions or, vice versa, o/w emulsions) are typical examples of systems exhibiting high interfacial area to volume ratio. These systems are well suited to study the crossing of chemical species between liquid regions with different hydrophilic character and curved interface. Moreover, simple emulsion are the object of great practical interest, since they have found applications in many technological areas, including food industry, pharmaceutics and cosmetics. 2 Generally, w/o and o/w emulsions are thermodynamically unstable
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 216 coaxial flow was obtained by pumping in the outer tube a mixture of an oil phase made by chloroform/cyclohexane 1:2, v/v and 1% w/w DMPC, flow rate of 20 µL min -1 (flow rate = 10 µL min -1 ), while the inner tube, contained an aqueous 2% w/w PVA solution.

  separated w/o emulsions. PVA was added to the aqueous phase, since it is a well-known viscosity modulator frequently used in microfluidics, for example in generation of more complex emulsions such as w/o/w double emulsions. Hence, considering comparison with the broad variety of systems using this viscosity modulator, PVA was also applied here. The droplets were collected in borosilicate capillaries of 0.3 mm (ID) and 10 µm wall thickness, in order to minimize the parasitic signal from the glass background. To obtain concave w/o interfaces, the inner walls of these tubes were rendered hydrophobic by filling them with a 2% (w/w) solution of tertbutyltrichlorosilane in toluene. After 2h, the tubes were rinsed with toluene, and oven dried at 70 ºC for other 2h.

  scattered and incident radiation. One-or twodimensional beam raster scans covering the emulsion interfaces were performed in transmission geometry. At each raster step, a scattering pattern was collected by the DECTRIS EIGER 4M single photon counting detector, providing frames of 2070 × 2167 pixels (75 × 75 µm 2 pixel size) at rates up to 750 Hz. Radiation damage was observed after about 0.2 s irradiation. Exposure times were hence limited to 0.1 s/raster point. Microfocus SAXS was used to investigate the the lipid layer surrounding simple emulsion droplets. 1-dimensional raster scans, with a step size of 2 µm, were performed in a direction axial to the capillary tube, covering a region from 0.7 mm to 0.7 mm, with the droplet center as zero-reference point. This allowed investigating the microemulsion across both w/o interfaces. An on-line microscope with focal spot coinciding with the X-ray was used to visualize the droplets, and design the raster scans. The 2D-diffraction patterns were
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 1121 Figure 1. (top) w/o emulsion droplet of an aqueous solution of PVA (2%, w/w) in a mixture of chloroform/cyclohexane (1:2, v/v) containing 1% (w/w) DMPC, in a borosilicate capillary of 300 µm inner diameter, and wall thickness of 10 µm. (bottom) 2D reconstruction of the droplet interface by imaging diffraction.

Figure 2 .

 2 Figure 2. SAXS intensity profiles for simple w/o emulsion systems. The water/2% w/w PVA (red filled squares) and the oil/1% w/w DMPC (green filled squares) profiles represent bulk solutions far from the interface. The oil/1% w/w DMPC profile (black filled triangles) was recorded ~50 µm from the w/o interface. The q -2 power decay is shown in the Figure. The blue empty circles represents the same scenario with 0.8/0.2 mol/mol DMPC/cholesterol (DMPC/CHOL).

Figure 3 , 4 , 5 SLDFigure 3 .

 3453 Figure 3. SAXS intensity at q = 0.5 nm -1 , recorded at an axial line covering both the w/o interfaces of

Figure 4 .

 4 Figure 4. SAXS intensity profiles for the simple w/o emulsion system. The (black filled triangles ) oil/1% w/w DMPC profile was recorded ~50 µm from the w/o interface. The blue circles represent the same scenario for the system 4/1 mol/mol DMPC/cholesterol (DMPC/CHOL, blue empty circles). The best fit (solid lines) in each case was obtained with the parameters reported in the text. Water signal was subtracted from the scattering curves.

Figure 3 .Figure 5 .

 35 Figure 5. Scattering intensity profiles of pure DMPC and composite bilayers present at the oil/water interface. The ratios DMPC/Myr-A, DMPC/STS and DMPC/TDA are all 0.8/0.2 mol/mol.

Table 1 .

 1 Chemical structure the compounds used in this work
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