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Abstract 23 

We introduce the design and study of a hybrid electrospun membrane with a dedicated 24 

nanoscale structural hierarchy for controlled functions in the biomedical domain. The hybrid 25 

system comprises submicron-sized internally self-assembled lipid nanoparticles (ISAsomes or 26 

mesosomes) embedded into the electrospun membrane with a nanofibrous polymer network. 27 

The internal structure of ISAsomes, studied by small-angle X-ray scattering (SAXS) and 28 

electron microscopy, demonstrated a spontaneous response to variations in the environmental 29 

conditions; as they undergo from a bicontinuous inverse cubic phase (cubosomes) in solution 30 

to a crystalline lamellar phase in the polymer membrane; nevertheless, this phase reorganization 31 

is reversible. As revealed by in situ SAXS measurements, if the membrane was put in contact 32 

with aqueous media, the cubic phase reappeared and submicron-sized cubosomes were released 33 

upon dissolution of the nanofibers. Furthermore, the hybrid membranes exhibited a specific 34 

anisotropic feature and morphological response under an external strain. While nanofibers were 35 

aligned under external strain in microscale, the semi-crystalline domains from the polymer 36 

phase were positioned perpendicular to the lamellae of the lipid phase in nanoscale. The 37 

fabricated membranes and their spontaneous responses offer new strategies for the development 38 

of structure-controlled functions in electrospun nanofibers for biomedical applications, such as 39 

drug delivery or controlled interactions with biointerfaces.  40 
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Introduction 41 

Electrospinning is an effective technique to produce porous fibrous membranes using an 42 

electrostatically driven jet of a polymer solution.1-4 The functional properties of these 43 

membranes are controlled by the chemical nature of electrospinning materials5, application of 44 

different processing strategies6-7, or encapsulation of bioactive agents8-9. The polymer type, 45 

molecular weight, its concentration and the physical conditions of the electrospinning 46 

environment, e.g. temperature and relative humidity are normally applied for controlling the 47 

fiber morphology and respective biomedical functions in tissue engineering and drug delivery 48 

applications.10-13  49 

Moreover, various macromolecular systems such as proteins and biopolymers have been used 50 

to design electrospun fibers that can mimic the structural features of an extracellular matrix for 51 

controlled cell growth and nutrients transport.14-16 Therefore, controlling the multiscale 52 

hierarchy in nanofibers can offer specific functions for emerging applications in biomedicine 53 

or biotechnology. For instance, it has been demonstrated that an aligned fibrous structure can 54 

be exploited to guide stem cell differentiation in annulus fibrosis tissue engineering.17 Also, 55 

different morphologies and sizes of nanofibers as well as their surface properties are known to 56 

play important roles in controlling basic cellular processes as well as cell fate decisions.18-20 In 57 

terms of the nanostructural investigation, a combination of small- and wide-angle X-ray 58 

scattering (SAXS/WAXS) and advanced imaging technologies has been widely used to 59 

elucidate nanofiber morphology including fibrillar spacing, orientation degree, molecular 60 

arrangement, and crystallinity of nanofibers in the native state.21-24  61 

Recently, most strategies in designing nanofibers have been focused on synergistic effects from 62 

different classes of materials to deliver controlled functions and enhanced biocompatibility.  63 

Through electrospinning, nanoparticles of different size and shape can be incorporated into the 64 

interior or on the surface of nanofibers, leading to the formation of hybrid systems with 65 



5 
 

promising functions as sensing materials, semi-permeable films and antibacterial membranes.25-66 

27  67 

Among those hybrid nanofibers, the incorporation of lipid-based nanoparticles into polymer 68 

systems is emerging.28-29 The internally self-assembled lipid nanoparticles (ISAsomes) provide 69 

new possibilities for nanoscale hierarchical design and the control of the structural hierarchy. 70 

ISAsomes (also called mesosomes) are submicron-sized particles and consist of a liquid 71 

crystalline phase at their interior like inverse bicontinuous cubic (cubosomes), inverse 72 

hexagonal (hexosomes) or inverse micellar cubic phases.30-31 These phases are spontaneously 73 

formed with lipids like glycerol monooleate or phytantriol in excess water at ambient 74 

temperature. Non-ionic surfactants, e.g. pluronic block copolymers, or Pickering stabilizers 75 

such as silica nanoparticles can be used to disperse them.32-35 Among the different lipid 76 

particles, the cubosomes have particularly drawn attention due to their unique functional 77 

properties. Their internal cubic phase consists of two intertwined water channels of a few 78 

nanometers wide, separated by cellular mimicking lipid bilayers with a hydrophobic core. Such 79 

a unique hierarchy offers advantages to load drugs with hydrophilic/hydrophobic moieties and 80 

control their delivery through structural responses.36-39 The structure of the cubic phase can be 81 

altered by changing various parameters through experimental conditions. A thin monooleate-82 

based dry film has been demonstrated a lamellar to cubic phases transition by using the time-83 

resolved grazing-incidence small-angle X-ray scattering (GISAXS) when gradually exposed to 84 

humidity.40 Pressure-induced structural transitions have been concluded by pressure-jump time-85 

resolved SAXS, demonstrating a lamellar – cubic41 and cubic – cubic transitions42-43 at fixed 86 

hydration. The lipid composition can also be used to induce phase transitions. In a mixture with 87 

two types of ISAsomes with different internal lipid compositions, the lipid exchange between 88 

the particles led to the evolution of an intermediate internal structure.44 Similar studies were 89 

applied for the hybrid systems containing the ISAsome mixture in a biopolymer solution. 90 
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Likewise, an evolution of the intermediate structure was observed but with a slower dynamic 91 

behavior; thereby, their entrapment into the network of biopolymer gel reduced the rate of lipid 92 

exchange between the ISAsomes.45-46 To the best of our knowledge, the recent work by Hai et 93 

al.47 is the only study so far on the hybrid lipid-polymer system with electrospun nanofibers. 94 

They have reported on the lipid-coated polymer fibers by the modified coaxial electrospinning. 95 

However, their study was focused on the fabrication of a detachable concentric spinneret 96 

without any detailed nanostructural investigations.  97 

In this study, we introduce the design of a new responsive nanofiber membrane with internally 98 

self-assembled lipid mesosomes and its comprehensive characterization. Our strategy relies on 99 

the successful incorporation of cubosomes into a polymer solution, identifying appropriate 100 

conditions for electrospinning, unveiling the lamellar hierarchy in the nanofiber membranes 101 

and eventually, retrieving cubosomes upon dissolution of the nanofiber membranes in aqueous 102 

solution. With a change in relative humidity or an applied external mechanical strain, the 103 

internal nanostructures in the membranes can be well controlled. As a result, our responsive 104 

membranes open up new possibilities in the design of a soft medical device such as a 105 

biodegradable drug nanocarrier for wound healing patches or smart coatings for implants.  106 

Materials and methods 107 

Cubosomes preparation: The nanostructured lipid particle dispersions, i.e. cubosomes, were 108 

prepared from glycerol monooleate (GMO), supplied by DANISCO (Brabrand, Denmark), 109 

under the commercial name of Dimodan U/J, in excess water. Pluronic® F127, an amphiphilic 110 

triblock copolymer of polyethylene oxide and polypropylene oxide, i.e. PEO99-PPO67-PEO99, 111 

was obtained from Sigma-Aldrich. In all experiments, about 10 g of aqueous dispersions were 112 

prepared in which 10 wt% of Dimodan U/J and 1 wt% of F127 were used. All the solutions 113 

were prepared using Milli-Q water (resistivity at 25 C 18.2 Mcm, Sigma-Aldrich). The 114 

mixtures of Dimodan U/J and F127 in water were emulsified by tip ultrasonication (Branson 115 
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Digital Sonifier, USA) at 70% power in pulse mode (2 s pulses with 1 s pause), for 3 min 116 

resulting in a homogeneous, milky dispersion. The samples were then sealed and left to 117 

equilibrate at room temperature for about two hours before mixing with the polymer solution. 118 

Further details about cubosomes preparation can be found elsewhere.45 The average size of 119 

dispersed cubosomes was measured as 180 ± 20 nm by dynamic light scattering (Nicomp 380, 120 

California, USA).  121 

Polymer spinning solutions and electrospun fibers with embedded lipid mesosomes: 122 

Poly(ethylene oxide) (PEO) with a molecular weight (Mw) of 300,000 g/mol was purchased 123 

from Sigma-Aldrich and was dissolved in Milli-Q water to yield solutions with a concentration 124 

of 5, 6, 10 wt%. The solutions were mixed with cubosome dispersions at different weight ratios 125 

by using vortex mixer (VWR Switzerland) at 2500 rpm in 30 min to end up at determined 126 

concentrations in the mixtures. Hereafter, the PEO/lipid ratio is referred to as the ratio in weight 127 

(w/w). A custom-built electrospinning set-up consisting of an infusion pump (KD Scientific, 128 

USA) with a steady flow of solutions was used. The solutions were filled in a 1 mL syringe 129 

tipped with a 21 G blunt needle (outer diameter of 0.82 mm). Experiments were performed at 130 

a flow rate of 5 µL/min for all solutions with applied voltages of +10 kV on the needle and -5 131 

kV on the counter electrode. A tip-to-collector distance of 15 cm was applied. All solutions 132 

were processed into fibers at 24 C and 20% relative humidity if not specified otherwise.  133 

Rheology measurement: A rheometer (Anton Paar Physica MCR 300, Austria) equipped with 134 

a plate and cone system was used to study the rheological properties of the cubosome-polymer 135 

mixture. To exclude the aging of solutions, a pre-shearing of 50 s-1 was applied for 30 s at 20 136 

C before measurements. Flow curves with shear rates varying from 0.01 to 500 s-1 were 137 

recorded at 20 C in triplicates. The results were shown in Figure S3.  138 

Scanning electron microscopy (SEM): Fiber surface morphology was investigated by SEM 139 

(Hitachi S-4800, Hitachi High-Technologies, USA) using a 2 kV accelerating voltage and 10 140 
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mA beam current. The samples were mounted on metal stubs before observation and sputter-141 

coated with gold/palladium of 8 nm thickness to increase the electrical conductivity. The mean 142 

diameters and their distributions were calculated based on measurements of 50 fibers from the 143 

SEM micrographs using ImageJ software (NIH, USA).  144 

Transmission electron microscopy (TEM): TEM was carried out using a JEOL 2200fs 145 

operated at 200 kV. Aside from room temperature, measurements were also performed at liquid 146 

nitrogen temperature using a cryo TEM holder from JEOL (model EM-31660). Images were 147 

collected using a Gatan US1000 CCD camera. TEM samples were prepared by electrospinning 148 

directly on carbon-coated TEM grids for 60 seconds. 149 

Small-angle X-ray scattering (SAXS): The nanoscale structures have been determined by 150 

SAXS using a Nanostar instrument (Bruker, Germany). The instrument is equipped with a Cu 151 

Kα radiation (wavelength, , 1.5406 Å) and a VÅNTEC-2000 detector positioned at a sample 152 

to detector distance (SDD) of about 67 cm. This setup provides the scattering vector magnitudes 153 

of 0.09 to 3.2 nm-1 and benefits from a custom-built semi-transparent beamstop for enhanced 154 

resolution and precise background subtraction. The magnitude of scattering vector, q, is defined 155 

by q = (4/)sin(/2), where  is the scattering angle and calibrated by using a silver behenate 156 

having a d-spacing of 5.8380 nm.48 All the experiments have been performed at room 157 

temperature with exposure times of 3600 and 600 seconds for the solution and fiber samples, 158 

respectively. Before the measurement, the precise sample position was identified by a two-159 

dimensional (2D) nanography. In nanography, the capillary was scanned along the X- and Y-160 

axis with a spatial resolution of 0.1 μm. The transmitted signal intensity is measured for each 161 

X and Y coordinates to identify the exact position of the sample.49 Capillaries of 1.5 mm 162 

(Hilgenberg, Germany) were used for solution sample analysis. For time-resolved humidity 163 

measurement, a dedicated setup was designed to monitor the structural changes of the lipid-164 

polymer nanofibers. The schematic representation of the setup is shown in Figure S6. To fit the 165 
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membrane into capillary tubes, we rolled the nanofiber membranes into a cylindrical shape with 166 

approximately 1.5 mm in diameter and 10 mm in length and then transferred into the 167 

measurement capillary of flow cell setup. A 2 mm diameter quartz capillary (Hilgenberg, 168 

Germany) was connected to the water vaporizer on one side and the humidity sensor on the 169 

other side of the outlet. PTFE tubing was used to connect the water vaporizing cell to the 170 

measurement capillary. The temperature of the water container was set at 80 °C. We recorded 171 

the frames of 120 seconds duration consecutively until we resolved all the structural transitions. 172 

The 2D scattering frames were radially integrated to represent the scattering intensity I(q) as a 173 

function of scattering vector (q) in the 1D profiles. 174 

Confocal laser scanning microscopy (CLSM): CLSM (LSM780, Carl Zeiss AG, 175 

Switzerland) images were taken to assess the lipid mesosomes within the fibers. To label the 176 

lipid mesosomes, fluorescein sodium salt (FNa, Mw = 376 g/mol, Sigma-Aldrich) was loaded at 177 

0.1 wt% into the mesosome system. The fibers containing mesosomes with FNa were prepared 178 

directly on glass slides for further observation at 20x magnification and an excitation 179 

wavelength of 488 nm.  180 

X-ray nano-computed tomography (nano-CT): For X-ray nano-CT, we used an EasyTom 181 

XL Ultra 230-160 micro/nano-CT scanner (Rx Solutions SAS, Chavanod, France). The scanner 182 

features a Hamamatsu nano-focus, transmission X-ray tube with a 1mm-thick tungsten target 183 

on a diamond window. The tube was operated with a LaB6 cathode. The scans were performed 184 

using a Varian PaxScan 2520DX detector (flat panel with amorphous silicon and a CsI 185 

conversion screen; 1920 x 1536 pixel matrix; pixel pitch of 127 mm; 16 bits of dynamic range). 186 

The tube was operated at 70 kV and a current of 30 mA. The voxel size of the CT scans was 187 

varying between 0.4 and 0.6 μm. The images were acquired at one frame per second and 188 

averaged over 40 frames per projection. 189 
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Results and Discussion 190 

Interactions of cubosomes with PEO in solution: The appropriate choice of polymer, as well 191 

as the processing approach in our studied hybrid systems, are crucial to ensure the preservation 192 

of the lipid hierarchy. Therefore, a detailed understanding of cubosome interactions with the 193 

polymer in an aqueous solution is required. In particular, polymers' hydrophilicity and charging 194 

behavior are shown to play an important role in the stability of lipid particles like cubosomes.45-195 

46, 50 In the cubosomes stabilized by F127 triblock copolymer (PEO-PPO-PEO, see the 196 

experimental section for more details) the hydrophilic PEO chains face the aqueous medium.51 197 

Therefore, we hypothesize that PEO would be compatible with the cubosomes coated with the 198 

PEO-based block copolymers. To elucidate the stability and fine structural variation of the 199 

cubosomes, we investigated the interactions between them and the polymers at different 200 

concentrations quantitatively. Cubosomes and PEO solutions were mixed with varying 201 

concentrations (ranging between 0 to 5 wt%). All concentrations are converted to PEO/lipid 202 

ratios as shown in Figure 1. The SAXS profiles demonstrate a cubic phase signature for all 203 

cubosome-added samples (see Figure 1A).  204 

Lipid-based cubosome particles of 180 ± 20 nm (measured by DLS) were studied as pure or in 205 

a mixture with PEO in solution. In Figure 1A, all studied samples (apart from pure PEO, labeled 206 

as PEO/lipid = 1: 0) demonstrate three discernible small-angle X-ray diffraction peaks. These 207 

diffractions at  q110 = 0.69 nm-1, q200=0.97 nm-1, and q211=1.19 nm-1 are attributed to the 𝐼𝑚3̅𝑚 208 

bicontinuous cubic phase with the relative peak positions of 2: 4: 6. 52-53 In contrast, PEO 209 

as a water-soluble polymer demonstrates a monotonic decay in the scattering intensity. Notably, 210 

the diffraction peaks from the cubic phase are present even at relatively high PEO to lipid ratios 211 

(10:1) and only small changes in peak positions could be identified. More detailed analysis 212 

indicates that the peaks shift slightly to smaller q-positions by increasing the PEO concentration 213 

(e.g. the 110 reflection shifts from 0.687 ± 0.001 nm-1 in the pure cubosome system to 0.649 ± 214 
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0.001 nm-1 for 50% PEO containing mixture). This demonstrates the lattice expansion in the 215 

cubic structure (from 12.93 ± 0.02 nm to 13.69 ± 0.02 nm). The calculated lattice parameters 216 

for different systems with varying PEO to lipid ratios are shown in Figure 1B. (Details of this 217 

calculation are presented in the supporting information). It is noted that swollen lipidic 218 

bicontinuous cubic phases have been observed and tailored by different approaches such as 219 

inducing electrostatic repulsion between lipid bilayers by adding charged lipids 54-56 or altering 220 

the curvature at the bilayer-water interface by adding cholesterol.55, 57 Here, we observe about 221 

6% swelling in the primitive cubic phase lattice parameter in the mixture with the polymer. This 222 

striking phenomenon is explained by the change in the interfacial curvature of cubic phase 223 

bilayers towards less negative values (closer to zero curvature)51 in the presence of PEO or by 224 

the lipids’ critical packing parameter (CPP). The CPP is a quantitative description of molecular 225 

shape which indicates the volume ratio of the hydrophobic to hydrophilic parts of an 226 

amphiphilic molecule.58 For instance, monoolein has a CPP value greater than unity, while 227 

phospholipids’ CPP equals unity. The change in interfacial curvature suggests that the PEO 228 

behaves like a hydration-modulating agent which promotes the hydration of lipid head groups 229 

and reduces the lipids’ critical packing parameter to a value closer to unity. This leads to an 230 

expansion of the water channels in the 𝐼𝑚3̅𝑚 phase and an increase in its lattice parameter.  231 

Similar curvature modification has been reported previously for monoolein-based systems upon 232 

interactions with polymer PP50. 59
 Noteworthy that expansion of the cubic phase occurs mainly 233 

up to the polymer to lipid ratio of around 2 (w/w) and beyond that, the lattice parameter only 234 

changes slightly, suggesting a saturation in the hydrating effect of PEO. Apart from this 235 

swelling behavior, the stability of 𝐼𝑚3̅𝑚 phase was confirmed throughout the whole studied 236 

PEO to lipid ratios.  We also investigated the influence of higher molecular weight PEO, i.e. 237 

1,000,000 g/mol, and observed similar behavior (data not shown). Therefore, before 238 

electrospinning, we ensured that the 𝐼𝑚3̅𝑚 symmetry is preserved in cubosomes in its mixture 239 

with PEO.  240 
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Electrospun fibers with embedded lipid mesosomes: The prepared cubosomes appeared as 241 

milky dispersion with low viscosity, making it impossible to spin. In contrast, the use of PEO 242 

increased the viscosity of mixture by entrapment of lipid particles into the entangled polymer 243 

network. This concept conveys our strategy to increase the viscosity of dispersion and achieve 244 

a spinnable condition for the cubosome-polymer mixture. However, finding appropriate 245 

conditions in which this mixture could be transformed into a highly entangled and uniform 246 

fibrous structure by electrospinning was very challenging. Therefore, various parameters in the 247 

processing setup and the solution preparations, such as concentrations of materials, surface 248 

tension, and viscoelasticity of solutions,60 had to be considered. By the use of the 300,000 g/mol 249 

molecular weight and 5 wt% PEO solution, a uniform fiber structure with fiber diameters of 250 

around 120 to 180 nm could be obtained. In agreement with previous studies,2, 61 our 251 

investigations demonstrated an increase in the fiber diameter with increasing the concentration 252 

of PEO solution and its viscosity (Figure S2). Electrospinning of 5 wt% PEO solution led to 253 

nanofibers with an average diameter of 154 ± 28 nm. For 6 wt% and 10 wt% solutions, the 254 

average nanofiber diameter increased to 233 ± 33 and 399 ± 53 nm, respectively. According to 255 

this evaluation, we identified an optimum PEO concentration of 5 wt%, from which submicron-256 

sized fibers network and a narrow fiber diameter distribution (half-width at half-maximum of 257 

28 nm) was obtained. The viscosity was also increased for the 5 wt% PEO mixed with 258 

increasing amounts of lipid cubosomes. The 5:5 (% w/w) PEO/lipid mixture (shown as the 1:1 259 

weight ratio in Figure S3) demonstrated the highest viscosity and good input solution properties 260 

for electrospinning. Further increase of the lipid cubosome content, i.e. PEO/lipid < 1, resulted 261 

in solutions that caused an unstable jet during electrospinning, and no fibrous network was 262 

formed. Therefore, we select the mixture solutions containing 5 wt% PEO and 0 to 5 wt% lipid 263 

cubosome concentration for electrospinning.  264 
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The influence of environmental parameters in electrospinning, i.e. the relative humidity, was 265 

studied to select an appropriate condition for the fabrication of membranes. As the relative 266 

humidity increases, the solvent evaporation is reduced during the time of flight. This leads to 267 

smaller drag forces imposed on polymer fibers and hence further elongation of the charged jet 268 

and thus the formation of thinner fibers.6, 62-63 Therefore, we observed a decrease in the average 269 

diameter of pure PEO nanofibers with an increase in the relative humidity from 20% to 60% 270 

(see Figure 2C). By embedding the lipid particles, the average nanofiber diameter was increased 271 

at all of the humidity conditions. However, it was found that the beads can also be formed under 272 

higher humidity conditions. Figure 2E is a SEM image of a membrane with the 5:5 (% w/w) 273 

PEO/lipid, prepared under around 40% relative humidity which indicates beads formation. The 274 

beads are more populated for a membrane with the same PEO/lipid content but prepared at the 275 

60% relative humidity, shown in Figure 2F. Therefore, we selected 20% relative humidity to 276 

proceed for the fabrication of bead-free and fine structural analysis of nanofiber membranes 277 

(Figure 2D). 278 

Under the above-optimized conditions, we tailored the lipid cubosome concentration at 5 wt% 279 

(ultimate PEO to lipid ratio of 1) that allowed the detection of a distinct signal in SAXS to 280 

assess the nanostructural arrangement of lipid mesosomes. Figure 3 shows the SAXS profiles 281 

of electrospun membranes prepared at various PEO/lipid ratios. Unlike the set of three 282 

diffraction peaks in solution, we observe a diffraction peak at q = 1.29 nm-1, starting to display 283 

at the PEO/lipid ratio of 5:1 and continue to increase in the intensity by increasing the lipid 284 

content. This indicates that the inverse bicontinuous cubic phase reorganizes into a different 285 

symmetry upon electrospinning. We attribute this single peak to the reflection from the planar 286 

arrangement of monoolein molecules as a crystalline multilamellar gel phase, in agreement with 287 

the previous work on the dry casted film of monoolein which reports a lamellar peak at 1.2 nm-288 

1. The small discrepancies may originate from different hydration level of lipid molecules in 289 
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our hybrid nanofiber sample compared to their casted film.40 The lamellar assembly 290 

demonstrates a d-spacing of 4.87 nm, calculated by Bragg's law of 2/q. This interpretation is 291 

confirmed by revisiting of the phase diagram for the monoolein system at very low water 292 

content 64-65 where the lipid molecules take a reduced chain splay. This leads to a change in 293 

their molecular shape (reducing the CPP of the molecule) and hence the change in the curvature 294 

of the whole lipid-water interface. This can continue until lipid molecules take a critical packing 295 

parameter of ~1 where the self-assembly completes in crystalline lamellar phase.66 296 

Interestingly, the lamellar phase with 5.20 nm spacing has been previously reported for a 297 

monoolein system at high pressures (1100 bar) which, alike low water condition, induces a 298 

reduction in lipid chain splay and imposes a critical packing parameter close to unity.67 299 

Therefore, we verified a phase reorganization from cubic to lamellar by electrospinning of the 300 

mesosome-polymer mixture. This striking observation in PEO-lipid nanofibers suggests a 301 

possible reverse response of nanofibers upon rehydration, which is discussed later.  302 

The observation of a broad hump at around 2.1 nm-1 (indicated by 𝑞′ in Figure 3) is very similar 303 

to the peaks from monoolein-based systems reported previously at 1.9 and 2.0 nm-1 (for the 304 

films dried from ethanol and chloroform, respectively), and were attributed to the sponge (𝐿3) 305 

phase.40, 68 Moreover, the phase diagram of a pure monoolein confirms the full formation of a 306 

sponge phase at water contents beyond 20%.64 This boundary condition is the same relative 307 

humidity that we used during the fabrication of our electrospun membranes however, the 308 

ultimate water content can be different as it is shown to be also dependent on the hydrophilicity 309 

of the system.69 Therefore, in our hybrid membranes made of a hydrophilic polymer and 310 

incorporated with a water-containing lyotropic phase, a co-existence of 𝐿3 sponge phase is very 311 

likely.  Also, we know that the sponge phase bears an interfacial curvature that is slightly 312 

negative but not lower than the one for the 𝐼𝑚3̅𝑚 phase. Accordingly, it can appear as a 313 

transition phase between 𝐼𝑚3̅𝑚 cubic and pure lamellar self-assembly. The scattering profiles 314 
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also show broad peaks at 0.32 nm-1 and 0.64 nm-1 (indicated by 𝑞1∗ and 𝑞2∗ in Figure 3). These 315 

peaks at very small q-positions can be attributed to the correlations between semi-crystalline 316 

domains (lamellar sheets) with a spacing of about 19.5 nm. Such structural features by SAXS 317 

have been shown for Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-hfp) 318 

membranes previously.24 Notably, such long-range orders could not be identified by diffraction 319 

from pure PEO fibers (the red curve in Figure 3). Therefore, it can be assumed that the PEO 320 

structure at the nanoscale is modified upon interaction with lipid nanoparticles, and the several 321 

nanometer range semi-crystalline domains are pronounced. Further studies are required to 322 

verify this interesting observation. 323 

In addition to the SAXS results, a combination of methods has been applied to visualize the 324 

lipid mesosomes embedded into membranes and their microstructures. The results are 325 

summarized in Figure 4. SEM images (Figure 4A and B) illustrate the morphological 326 

appearance of the as-spun fibers obtained from pure PEO and PEO/lipid hybrid membranes, 327 

respectively. The formation of fine fibers could be confirmed and the average diameters were 328 

evaluated by SEM image analysis using the ImageJ software.70 While the PEO concentration 329 

in the electrospinning solutions was kept constant at 5 wt%, we obtained average diameters of 330 

162 ± 26 and 321 ± 34 nm for pure PEO and PEO/lipid (1:1) nanofibers, respectively (see also 331 

Figure S4 for detailed information). Noteworthy that, this morphological difference between 332 

membranes of pure polymer and hybrid ones are acquired despite the identical conditions were 333 

applied in the electrospinning setup. We attribute the larger fiber diameter in hybrid systems to 334 

the higher viscosity of their electrospinning mixture if compared with pure PEO at the same 335 

concentration (the data are shown in Figure S3). This is in agreement with previous reports 336 

about the influence of viscosity on the size of electrospun nanofibers. 12, 61 Furthermore, the 337 

SEM images show a different morphological feature at the nanofiber junctions of hybrid 338 

systems. As shown in Figure 4B, welding occurs at the junctions of PEO/lipid nanofibers. This 339 
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may indicate that lipid mesosomes promoted inter-fiber connections. This will possibly lead to 340 

altered mechanical stability for the hybrid fiber membranes compared to pure PEO polymer 341 

membranes.71-72 To obtain further insights into mesosome incorporation into the fiber network, 342 

we conducted confocal laser scanning microscopy (CLSM). As shown in the inset of Figure 343 

4B, the fluorescein distribution demonstrates the pattern of nanofibers within the membrane. 344 

The signal can originate from encapsulated molecules within the cubosomes or also from the 345 

molecules decorated on polymer fibers. In order to provide a detailed view of the incorporation 346 

of lipid particles within electrospun membranes, a TEM study was conducted. While nanofibers 347 

of pure PEO show a uniform fiber thickness in TEM (Figure 4C), the 100 to 200 nm size of 348 

mesosome particles are shown to be entrapped within a single nanofiber in the hybrid system 349 

(Figure 4D). This verifies the mesosomes encapsulation inside the nanofibers, in agreement 350 

with the CLSM observation. Nonetheless, we note that the absorption of lipid particles at the 351 

surface of the nanofibers could not be excluded (see the patchy fibrous structure in Figure 4B).  352 

To investigate membranes' structures in the micron scale, the X-ray CT technique was applied. 353 

Reconstructed 3D images for polymer and lipid/polymer hybrid membranes are shown in 354 

Figure 4E and F. A qualitative comparison of these images demonstrate the morphological 355 

variations by the embedding of lipid particles into membranes. Indeed, the PEO/lipid membrane 356 

showed a porous structure whereas the pores were not present in the pure PEO membrane. Such 357 

lipid-induced porosity can offer new possibilities in designing new functional membranes like 358 

3D-electrospun scaffolds for tissue engineering purposes. We also performed FTIR to verify 359 

the presence of lipid molecules in the membranes, which was indicated by a peak at 1731 cm-1 360 

assigned to the vibration of C=O of monoolein (see Figure S5).  361 

Retrievable cubic phase upon water intake: Despite the cubic phase disappearance after 362 

electrospinning, we demonstrated that hierarchical structures of lipids had not been destroyed, 363 

but had undergone a phase reorganization into a planar structure. As discussed earlier, we 364 
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attribute this observation to the phase behavior of the monoolein system under low water 365 

conditions rather than the influence of spin processing itself. With this in mind, we anticipated 366 

that the cubic phase must be retrieved given that sufficient water vapor is taken up by the 367 

nanofiber system. We examined this hypothesis with an in situ humidity-SAXS measurement 368 

to visualize a sequence of structural transformation during water vapor uptake. The change in 369 

structures was recorded as a function of time every two minutes. A mechanistic understanding 370 

of phase reorganization could be achieved. The time-resolved profiles are shown in Figure 5. 371 

More details of the measurement are provided in the experimental sections and a schematic 372 

representation of the setup is given in Figure S6. 373 

The time-resolved scattering profiles show that, shortly after exposure to water vapor and after 374 

four frames, the diffraction peak from the lamellar phase and the broad peak from the sponge 375 

phase at q = 1.29 nm-1 and 2.10 nm-1 turned into a single peak at q = 1.52 nm-1. This can be 376 

explained by the transformation of a crystalline lamellar (𝐿𝑐) phase into a fluid lamellar phase 377 

(𝐿𝛼) with a smaller d-spacing of 4.13 nm. The reduction in d-spacing is a common observation 378 

for transitions from gel to fluid phases.73 This single peak then shifted toward lower q values 379 

upon further water vapor absorption until q = 1.00 nm-1 (equivalent to the d-spacing value of 380 

6.20 nm) after 20 frames. This increase in d-spacing can be explained by the development of 381 

water layers in between lipid bilayers. Afterward, this single peak started to disappear and the 382 

scattering profiles displayed a transition state over the next 10 successive frames. Thereafter, 383 

new set of peaks were displayed at q = 0.73 nm-1, 1.04 nm-1, and 1.31 nm-1. This scattering 384 

behavior demonstrates gradual phase re-arrangement to the fingerprint for the 𝐼𝑚3̅𝑚 cubic 385 

phase (with relative peak positions of 2: 4: 6). Similar interpretation of SAXS profiles has 386 

been verified by the direct visualization with scanning electron microscopy, demonstrating the 387 

lamellar to cubic phase transformations under different conditions (changing lipid 388 

compositions).74 389 
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A detailed examination of scattering profiles revealed that the lattice parameter in retrieved 390 

cubosomes was smaller (12.1 nm) than the one in the original cubosome-polymer mixture (13.7 391 

nm). Seemingly, the mesosomes within the electrospun membrane do not uptake as much water 392 

as their original content in dispersion. As a result, the monoolein molecules encounter partial 393 

rehydration at the headgroup which explains the formation of thinner water channels and a 394 

smaller lattice parameter. 395 

In situ observation of nanofibers under mechanical strain: Our strategy in designing 396 

PEO/lipid nanofiber membranes aims to provide a solid-state matrix for controlled delivery of 397 

drugs by the use of hierarchical lipid self-assemblies. It is well established that the nanofibers 398 

within an electrospun matrix align under mechanical strain, leading to a change in their 399 

morphological properties.23, 75 We envision the mechanical strain as an additional possibility to 400 

control the release, influencing the nanostructures and morphology of both lipids and polymers. 401 

To elucidate the effect of external mechanical strain on the nanoscale hierarchy of our 402 

membranes, we acquired the 2D-SAXS patterns from mesosome-loaded membranes (PEO/lipid 403 

system) under ambient conditions and the application of 20%, 60% and 110% strains (Figure 404 

6). The nanofibers represented a uniform radial distribution of intensity at zero strain condition. 405 

A full ring (𝑞100 diffraction peak from lipids self-assembly) at 1.29 nm-1 demonstrates random 406 

orientation of lipid lamella and an isotropic broad 𝑞1∗ peak at 0.32 nm-1 (not clearly visible in 407 

2D patterns at Figure 6A due to the low color contrast, but visible in its 1D profile in Figure 3) 408 

confirms the random orientation of polymeric semi-crystalline domains. In contrast and upon 409 

applying strain in the horizontal direction, the diffraction peaks exhibited anisotropic features 410 

(croissant-like shape). The peak associated with the lipid lamellar phase (𝑞100 in Figure 6) at 411 

1.29 nm-1 appeared mainly in the vertical direction while the broad diffraction from semi-412 

crystalline domains of the polymer (𝑞1∗) at 0.32 nm-1 (and its corresponding second-order 413 

reflection (𝑞2∗) at 0.64) displayed mostly along the stretching direction. The latter is resolved in 414 
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2D patterns of 110% strain, shown by ellipsoids in Figure 6D, and confirms partial alignment 415 

of nanofibers along the stretching direction. 24, 75-77 The appearance of the diffraction peak from 416 

the lipid lamellar phase in the vertical direction is a very promising observation. We note that 417 

the lipid particles were initially mixed with the polymer in solution and hence, were randomly 418 

oriented before electrospinning and the fiber formation. A plausible model with two possible 419 

scenarios could explain the preferred orientation of lipid lamellae in hybrid membranes under 420 

strain as shown in Figure 7. First, the lamellae from lipid (𝐿𝑐 phase) align along the fiber axis 421 

while the drag forces are imposed during electrospinning. Under this assumption, the lipid 422 

lamellae have already been aligned within an individual encapsulating nanofiber (Figure 7A). 423 

Nevertheless, they show a random orientation (an isotropic diffraction peak in the SAXS 424 

profile) because the nanofibers are randomly aligned prior to stretching. Upon uniaxial 425 

stretching, the nanofibers get aligned and as a consequence, the lipid lamellae take a preferred 426 

orientation, schematically presented in Figure 7C, resulting in two diffraction arcs in the vertical 427 

direction of the SAXS profile. In the second scenario, the lipid lamellae are randomly aligned 428 

within their encapsulating nanofibers (Figure 7B). Applying uniaxial strains not only leads to 429 

the alignment of nanofibers but also induces an internal structure modification, i.e. the 430 

alignment of lipid lamellae with respect to the main axis of encapsulating nanofibers (Figure 431 

7C). Verifying either of the above scenarios requires further investigations, e.g. the structural 432 

variation in an in situ electrospinning process. Regardless of what the mechanism of orientation 433 

is, the evolution of nanoscale anisotropy by simply stretching membranes is an outstanding 434 

feature in our design and can offer new functional features, i.e. responsive release at varying 435 

strain conditions.  436 

Conclusions 437 

The lipid self-assemblies from lyotropic liquid crystalline particles (cubosomes) have been 438 

processed by electrospinning to produce bio-inspired nanofiber membranes with internal 439 

hierarchy.  440 
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SAXS studies revealed that the Im3̅m structural symmetry of monoolein-based cubosomes is 441 

preserved after mixing with PEO in solution while a few percent expansion in the lattice 442 

parameter was identified. After the fiber formation process by electrospinning, the 443 

reorganization of internal phase in lipid particles, from cubosomes of Im3̅m to mesosomes of 444 

crystalline lamellar phase (𝐿𝑐), was observed. This transition was explained as a change in the 445 

interfacial curvature of lipid bilayers due to low water content within the fiber; possessing a 446 

lipid's critical packing parameter of unity at 𝐿𝑐. The combination of SEM, CLSM, TEM, and 447 

X-ray CT techniques confirmed the embedding of lipid mesosomes within the fibers. 448 

Mesosomes also imposed a welding behavior at the nanofiber junctions and increased porosity 449 

in the hybrid membranes if compared to the pure PEO membrane.  450 

By in situ humidity-SAXS experiments, the retrieved 𝐼𝑚3̅𝑚 cubic phase was demonstrated by 451 

water intake into the fibers. This phase reorganization occurred after a transient fluid lamellar 452 

phase (𝐿𝛼) observation, confirming a responsive behavior in the designed hybrid membranes. 453 

Moreover, the strain-SAXS experiments showed that not only the fibers aligned in microscale 454 

under external stretching force but also an anisotropic feature was developed in nanoscale 455 

within those fibers by the alignment of lipid lamellar phases. This is an outstanding feature in 456 

the evolution of nanoscale anisotropy which offers new possibilities for mediating the 457 

functional properties of electrospun fibers, such as the controlling release rate by the external 458 

strain or the interactions with bio-interfaces for directional growth of cells.  459 

Advanced nanofiber configurations such as core-shell and multicomponent nanofibers may also 460 

be prepared through co-axial electrospinning and the use of mesosomes with various internal 461 

morphologies such as hexosomes would be of future interest. The interactions with biology in 462 

correlations with the internal structure and anisotropy are yet to be understood to apply this 463 

class of new materials to tackle current challenges in biomedicine, tissue engineering and health 464 

care domains. 465 
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 695 
Figure 1. Structural study of cubosomes upon interaction with PEO at different weight ratios 696 

in solutions: (A) The 1D-SAXS profiles and (B) cubic lattice parameters calculated from the 697 

diffraction peaks and its relative change with respect to cubic lattice from pure cubosomes. 698 

 699 

Figure 2. (A) Schematic representation of the electrospinning setup and (B) a photograph of 700 

the obtained hybrid polymer-lipid membranes. (C) Demonstration of a quantitative analysis of 701 

SEM images resulting the average fiber diameter for membranes with varying PEO/lipid ratios 702 

at the different relative humidity. (D, E, and F) SEM images show the influence of 703 

environmental humidity on fiber morphology and the beads formation in the PEO/lipid samples 704 

of a 5:5 (% w/w). 705 
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 706 

Figure 3. The X-ray scattering profiles of electrospun membranes with embedded lipid 707 

mesosomes at various PEO/lipid weight ratios. The identifiable diffraction peaks of the lamellar 708 

domain from PEO are assigned by q*
1 and q*

2, while the first reflection from the lipid lamellar 709 

phase is indexed with its corresponding Miller indices (100). The peak which is proposed to be 710 

originated from the sponge phase is shown by q’. 711 

 712 

 713 

 714 

Figure 4. (A, B) The SEM images of electrospun nanofiber membranes fabricated from pure 715 

PEO and PEO/lipid (1:1) mixtures in water. The inset in B shows a microscale CLSM image of 716 

the PEO/lipid hybrid membranes. The green color along the fibers demonstrates the fluorescein 717 

sodium salt distribution initially loaded into lipid mesosomes. (C, D) The TEM images of a 718 

single PEO nanofiber and a nanofiber with embedded lipid mesosomes. (E, F) Reconstructed 719 

cross-sectional planes from X-ray nano-CT visualizing internal microscale morphology in 720 
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membranes fabricated by electrospinning of pure PEO and PEO/lipid hybrid systems, 721 

respectively. The mesosome-loaded sample demonstrates a microscale porosity.  722 

 723 

Figure 5. In situ humidity-SAXS profiles of PEO/lipid nanofibers demonstrate the retrieving of 724 

lipid cubosomes. Transitions are observed from a crystalline lamellar (𝐿𝑐) phase into a fluid 725 

lamellar phase (𝐿𝛼) and then a bicontinuous cubic phase (𝐼𝑚3̅𝑚), sequentially. Each 726 

consecutive scattering pattern is acquired during 2 minutes of exposure.  727 

 728 
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Figure 6. The 2D-SAXS patterns of PEO/lipid nanofibers under (A) ambient condition and (B, 729 

C, and D) under different mechanical strains. The increasing strain leads to resolving of 730 

diffraction features from the semi-crystalline domains of polymer (the 𝑞1∗and 𝑞2∗ peaks) along 731 

the streching direction and from the lamellar Lc phase of lipid particles (the 𝑞100 peak) in 732 

perpendicular to that. 733 

 734 

 735 

 736 

 737 

Figure 7. Possible scenarios explaining how the lipid lamellae in a PEO/lipid hybrid membrane 738 

can take preferred orientation with an external mechanical strain. (A) schematically presents 739 

lipid lamellae are aligned with respect to their encapsulating nanofiber while (B) shows a 740 

random alignment of lipid lamellae within the nanofibers. (C) represents the lipid lamellae and 741 

nanofibers alignment in the membranes under external mechanical strain, as concluded from 742 

2D-SAXS patterns. 743 


