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ABSTRACT 30 

Bigels are biphasic systems produced with an organogel (or oleogel) and a hydrogel 31 

mixed together at high shear rates. These systems are promising for different uses, 32 

among them the formulation of new cosmetic matrices for cosmetic agents delivery is 33 

under investigation. In the present paper, a common cosmetic formulation for skin care 34 

was enriched with increasing fractions of monoglycerides of fatty acids/olive oil 35 

organogels, in order to understand the rheology and the microstructure of these systems. 36 

Small Amplitude Oscillation Tests, NMR-self diffusion analysis, contrast phase 37 

microscopy and electric conductivity confirmed that the addition of the organogel 38 

caused a microstructural change of the starting material, which turned from O/W to a 39 

more complex system where, probably, a matrix-in-matrix structure is present at the 40 

highest fractions of added organogel.  41 

 42 

Keywords: organogel, oleogel, hydrogel, bigel, cosmetic emulsion, olive oil, 43 

monoglycerides of fatty acids  44 
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1. INTRODUCTION 45 

Structured two-phase systems are used in a great variety of industrial fields (food, 46 

cosmetic, pharmaceutical) owing to their peculiar properties coming from the presence 47 

of two different phases (usually a lipophilic and a hydrophilic ones) and to the 48 

possibility of finely tuning the consistency of the final product by modifying both the 49 

consistency of the single phases and their relative amount. Different systems can be 50 

obtained, according to the structure level of the single phases. When only the 51 

continuous phase is structured these systems are, usually, named “emulgels” or “filled 52 

gels” to take into account both the emulsion-like behaviour of these materials and the 53 

relevant role played by the solid-like dispersing phase [1-5]. When only the internal 54 

phase is gelled they behave mainly like suspensions made of soft (and deformable) 55 

particles with a maximum packing fraction according to the particle rheological 56 

properties [6]. When both phases are structured a more complex behaviour, according to 57 

the properties of both phases, is observed and the systems can be classified as “bigels” 58 

or “biphasic gels” [5, 7, 8]. Emulgels and bigels are particularly interesting owing to 59 

their potential use in the cosmetic and pharmaceutical area because they can merge the 60 

advantages of emulsions and gels (both hydrogels and organogels) to control drug 61 

delivery for topical and transdermal use [5].  62 

In the case of cosmetic formulations, in particular face and body/skin care creams, all 63 

the mechanical and textural properties requested by consumers should be guaranteed by 64 

manufacturers. In the light of this, these materials have to be humectant, emollient, skin 65 

softeners and, often, a carrier for active ingredients (antioxidants, vitamins, colouring 66 

agents or pigments) which should permeate through the skin [9]. In addition, in order to 67 
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meet consumers‟ preference they should ensure specific rheological properties i.e. 68 

smoothness, thickness but also spreadability, often influenced by the texture of the 69 

product [10]. Another very important characteristic of cosmetic preparations is high 70 

storage stability, which has to be maintained over several months or, in some cases, 71 

years [11]. In fact, cosmetic products such as lotions or creams are formed by two 72 

immiscible phases, one polar (the aqueous phase) and the other one nonpolar (the oil 73 

phase). According to their different physical and chemical properties, biphasic systems 74 

can incur phases instability such as creaming, coalescence, flocculation, sedimentation, 75 

Ostwald ripening, and phase inversion [12]. The modification of the mechanical 76 

properties of both the aqueous and the oil phase (by thickening and/or gelation) is, 77 

therefore, necessary for improving the spreadability and the smoothness of the cream 78 

and, on the other hand, for enhancing its storage stability. In fact, owing to the difficulty 79 

of droplets to move easily through the three-dimensional network of the gel, they cannot 80 

aggregate or flocculate, stabilizing the system.  81 

Bigels are interesting innovative two-phase systems that have been recently proposed 82 

[5, 13] as structured systems able to properly control the delivery of active ingredients; 83 

they possess the advantages typical of both gels, such as: ease of preparation, absence of 84 

huge quantities of surfactants sometimes toxic, and possible controlled delivery of both 85 

lipophilic and hydrophilic active agents [5, 8]. Looking at these interesting properties, a 86 

growing number of authors is studying bigels as active agent carriers. Rhee et al, 87 

proposed bigels for ketoprofen transdermal administration [13]; Behera et al. 88 

investigated the physical properties of bigels made of synthetic polymers hydrogels 89 

(PVA and PVP), and sunflower oil and span 40 oleogels, for the delivery of 90 

metronidazole [14]; metronidazole was also added to carbopol hydrogel/Sorbitan 91 
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monostearate-sesam oil organogel studied by Singh et al., [15], and the controlled 92 

delivery of ciprofloxacin was studied, again by Singh et al. [8], with a guar gum 93 

hydrogel and sorbitan monostearate-sesame oil based organogel.  94 

All the cited papers discuss the mechanical and microscopic characteristics of bigels. 95 

Singh et al. [8] studied the microscopic morphology of samples and the rheological 96 

properties in terms of viscosities and „creep and recovery‟ tests; the same group carried 97 

out also small amplitude oscillation tests for similar systems [7] and fluorescent 98 

microphotographs were moreover taken in their work based on carbopol-based bigels 99 

[15]. Texture analysis (creep recovery tests) were also taken by Satapathy et al. [4] in 100 

their study comparing gelatin-based hydrogels, emulsion hydrogels, and bigels, while 101 

Rehman et al. [16] characterized the polarized optical microscopy, viscosity and texture 102 

properties of polymer-fish oil bigels. Finally, flourence microscopy and rheological 103 

tests (texture analysis, viscosity, stickiness and stress relaxation) was investigated by 104 

Behera et al. [14]. Apart from these techniques of investigation, no other works were 105 

published dealing with the microstructure of the systems and further investigations can 106 

be very useful to better understanding structure and behaviour of these materials. 107 

In the present paper, structured two-phase systems (bigels) were prepared and 108 

investigated by using rheological methods and Nuclear Magnetic Resonance (NMR) 109 

techniques aiming at better understanding the relationship between rheological 110 

properties and microstructure and to describe the effects of the structured dispersed 111 

phase on final product behaviour. In fact, different fractions of olive oil organogels were 112 

added to a typical basis for oil-in-water cosmetic creams, and different techniques were 113 
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used to study the effect of this addition on the rheological and microstructural properties 114 

of the systems. 115 

Colloidal suspensions characterisation by using Nuclear Magnetic Resonance (NMR) 116 

techniques is a vast and even expanding scientific endeavour [17, 18]. Owing to its non-117 

invasive nature, and ability to probe structures over a broad range of length scales, 118 

NMR has established itself as a tool for the structural characterisation of anisotropic 119 

domain sizes in liquid crystals [19], fluctuations in ordered lamellar phases under weak 120 

shear [20] and the sizing of shear-induced multi-lamellar vesicles [21, 22]. It was also 121 

used for cosmetic emulsions [23] and food emulsions [24-27] characterisation. With 122 

respect to two-phase systems, NMR offers a variety of unique insights into both 123 

molecular orientation and transport kinetics within the various phases. One of the major 124 

contributions arguably is the possibility of easily deciding whether a given emulsion is 125 

of the discrete oil-in-water (O/W), discrete water-in-oil (W/O), or bicontinuous type 126 

from the oil and water self-diffusion coefficients [28]. Moreover, it is used to provide 127 

the droplet size distribution (DSD) of the emulsions [17, 27] and even long-range order 128 

of droplets in structured emulsions [24, 29, 30]. Even though a vast literature is 129 

available on emulsion studies, to the best of our knowledge, there is no available work 130 

on NMR characterisation of bigels. Starting from these considerations it has been 131 

considered interesting to use this non-invasive powerful technique to investigate bigel 132 

evolution with increasing oleogel content. Moreover, the characterisation was 133 

completed by using phase contrast microscopy and electrical conductivity determination 134 

to evaluate potential changes in relative distribution of the phases.  135 
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Bigels investigated in this paper are based on sulphurous hyperthermal water, and olive 136 

oil. Hyperthermal water is well-known because it exerts anti-inflammatory, anti-137 

pruriginous, keratoplastic and keratolytic effects [31]; olive oil, used alone or as an 138 

ingredient in dermo-cosmetology and topical applications, shows therapeutic effects 139 

(e.g., anti-inflammatory, anti-neoplastic, and anti-aging), and prevents skin alterations 140 

physiologically caused by time and different external irritating factors [32].  141 

The aqueous phase was structured by using a common hydrocolloid, acting as gelling 142 

agent and thickener, such as potato starch. Olive oil was organogelled with a mixture of 143 

monoglycerides of fatty acids. Previous studies were carried out to investigate the main 144 

characteristics of different kinds of organogels [33, 34], and in particular, 145 

monoglycerides/olive oil organogels alone [34, 35], and mixed with other semisolid 146 

matrices [36] were investigated. The organogel was added to the base cream at room 147 

temperature, and the bigel preparation resulted easy, giving very smooth and 148 

homogeneous materials.  149 

 150 

2. MATERIALS AND METHODS 151 

2.1 Materials 152 

Bigels were produced by adding different amounts of an olive oil/monoglycerides of 153 

fatty acids organogel to a typical cosmetic oil-in-water structured emulsion basis for 154 

skin care, named E0. A schematic description of bigel production is sketched in Fig. 1. 155 

2.1.1 Cosmetic base cream preparation 156 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

9 

 

Sample E0 (Table 1) is a newly formulated O/W emulsion (base) which was found 157 

stable after evaluating for pH, electrical conductivity, centrifugation, phase separation, 158 

temperature stability tests (data not shown). It was prepared according to a commercial 159 

formulation kindly suggested by SA.TE.CA. S.r.l, a local company that produces skin 160 

care products with sulphurous hyperthermal water. All ingredients adopted for E0 161 

preparation were supplied by A.C.E.F. (Italy) except for modified potato starch (from 162 

Maycos, Italy) and essential oils (from Muller & Koster, Italy).  163 

For emulsion preparation, both the oil and the aqueous phases were separately heated up 164 

to 70°C, and the emulsions were prepared by the addition of oily phase to the aqueous 165 

phase in a standard turbo-emulsifier for 20 minutes at 900 rpm (CCT, Timatic, Italy). 166 

The mixing operation continued at different speeds at 35°C and finally essential oils 167 

were also added to the mixture. 168 

This system can be considered as an “emulgel” or a “filled gel”, according to the 169 

classification previously described, because the dispersing water phase is structured by 170 

potato starch gelatinisation that occurs when potato starch is heated in the presence of 171 

water at temperatures ranging, approximately, between 60°C and 70°C [37]. 172 

2.1.2 Organogel preparation 173 

Organogel was prepared with an extra virgin olive oil (Gabro, Italy) as the solvent, and 174 

with a mixture monoglycerides of fatty acids (Myverol 18 04 K, Kerry Group, Ireland, 175 

referred to as Myverol throughout the paper) [35], antioxidant agents (α-tocopherol and 176 

ascorbyl palmitate, A.C.E.F., Italy) and a certain amount of algae, an extract of algal 177 

microflora, kindly supplied by SA.TE.CA. S.r.l. Algal cultures, mainly consisting of 178 

cyanobacteria and sulfobacteria, were grown into a “sulphuretum” made of shallow-179 
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water hyperthermal tubs (46° C). The products of their metabolism constitute an organic 180 

matrix containing significant amounts of unsaponifiable lipids, carotenoids and 181 

retinoids that possess some antioxidant function and anti-inflammatory properties [38]. 182 

The exact composition of the organogel is listed in Table 2. The Myverol amount is 183 

intermediate between the values of samples previously investigated in the literature 184 

[39], and therefore, its rheological properties should be intermediate as well. It was 185 

produced, following a procedure already adopted, in the literature, for organogel 186 

preparation [1]: the oil, with α-tocopherol, algae and ascorbyl palmitate, was mixed 187 

using a laboratory stirrer (RW 20, IKA, Germany) and it was heated up to 70°C in a 188 

water bath thermostated by a plate heater (Jolly 2, Falc Instruments, Italy). Then the 189 

organogelator was added and the mixture was stirred for 15 minutes. Finally the system 190 

was gently stirred and cooled down with a fast cooling rate quenching it in a 191 

thermostatic cold bath (at 0 °C) down to the final temperature of 20 °C. In this case the 192 

oil phase was poured into a round aluminium vessel, where the final thickness of the 193 

cold hard fatty phase reached a maximum value of about 1 cm, in order to obtain a fast 194 

and, approximately, uniform cooling [1]. 195 

2.1.3 Bigel preparation 196 

The base emulgel (sample E0) was modified by introducing the organogel and varying 197 

the aqueous phase/oil phase ratio, according to Table 3. In order to promote the 198 

organogel dispersion within the emulgel E0, vegetable glycerol (A.C.E.F., Italy) was 199 

also added, according to the company empirical knowledge and as suggested by the 200 

literature [40], in a total amount of 0.5 g of glycerol per 100 grams of final samples for  201 

E5, and 3.5 grams per 100 grams of final sample for the other emulsions. Samples E5-202 

E25 were prepared by mixing sample E0 with the right amount of organogel and 203 
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glycerol at room temperature, by using a commercial blender (Minipimer MQ100, 204 

Braun, Germany) working at 700 rpm for 5 min. In this way, a bigel made by a starch 205 

hydrogel and a Myverol organogel was prepared. Anyway, it is worth noting that the 206 

investigated system is more complex than a “common” bigel because also oil droplets, 207 

coming from the starting emulgel, are still present in the final material. 208 

 209 

2.2 Rheological characterisation 210 

All samples were investigated with a rheological analysis aimed at characterising the 211 

mechanical properties and their possible relationship with the bigels microstructure.  212 

Small Amplitude Oscillation Tests (SAOTs) were performed in the linear viscoelastic 213 

region. In particular, frequency sweep tests at 25°C and 36°C (with the aim of 214 

simulating the typical temperature of human body) were carried out in the range 0.1 - 10 215 

Hz. Moreover, temperature ramp tests were performed at the fixed frequency of 216 

oscillation of 1 Hz, increasing temperature from 25°C up to 70°C with a heating rate of 217 

1°C/min. Both tests were performed on a stress control rheometer DSR-500 218 

(Rheometric Scientific, USA) equipped with a parallel plate geometry (=25 mm, gap 219 

2.0±0.2 mm). Temperature was controlled with a Peltier system acting under the lower 220 

plate of the rheometer.  221 

From a rheological point of view the investigated systems can be considered as weakly 222 

structured materials with rheological “units” that are connected by weak bonds and 223 

build a three-dimensional network [1, 41]. Being the complex modulus G* a 224 

combination of the storage modulus G′ and the dissipative one G″, as shown in eq. (1), 225 
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according to the model, data can be fitted using a two-parameter power law equation 226 

[41]:  227 

   (1) 228 

where the parameter A is the “strength of interactions” or the “strength of the gel” and is 229 

related to the strength of the interactions among the rheological units, whereas z is the 230 

“coordination number” or the “network extension” and it is related to the number of 231 

interacting rheological units within the 3-D network [41]. When A increases, the 232 

interaction forces within the network increase, whereas a high z value indicates a large 233 

number of interacting units cooperating and increasing the network connectivity making 234 

the system more “structured”; therefore z by extension, could be considered a 235 

“structuration degree”. Data fitting is carried out through Table Curve 2D Software 236 

(Jandel Scientific, USA). 237 

 238 

2.3 Electric conductivity  239 

The electric conductivity (κ) was measured by means of an Orion model 120 240 

Microprocessor Conductivity Meter fitted with an electrode having a cell constant of 241 

1.02 cm
−1

. The temperature was kept at 25.0 ± 0. 1°C and was maintained by a Lauda 242 

M-20 thermostat. The error limit of conductance measurements was ±0.02 μS cm
−1

.  243 

 244 

2.4 
1
H Self-Diffusion NMR 245 

      z
1

ωA2G"2G'ω*G 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

13 

 

Self-diffusion coefficients were measured by a Diff30 Z probe with a maximum 246 

gradient strength of 1200 G·cm
−1

. They were determined on a Bruker Avance 300 247 

spectrometer operating at 300.0 MHz on 
1
H nuclei. The diffusion experiments were 248 

performed using the longitudinal eddy current delay - pulse gradient stimulated-echo 249 

(LED-PGSTE) [42] sequence. LED is a method to avoid eddy current artefacts placing 250 

an eddy current delay after the application of a gradient pulse. In this case a delay of 6 251 

ms was used for all experiments. In the LED-PGSTE sequence, as well as in the PGSTE 252 

a pair of trapezoidal narrow magnetic field gradient pulses with amplitude g and 253 

duration δ encode for spin displacement over a controlled observation time Δ. By 254 

applying the pulsed magnetic field gradients along the z-direction the corresponding 255 

diffusion coefficient can be determined. The experimental conditions to measure water 256 

self-diffusion coefficients were preliminary optimised for these sample and they are: Δ 257 

= 140 ms, δ = 2 ms and g were varied from 1 to 50 G·cm
−1 

in 16 gradient steps, while 258 

for oil self-diffusion Δ = 30 ms, δ = 2 ms and g were varied from 10 to 400 G·cm
−1

 in 16 259 

gradient steps.  260 

The spin−echo decays were analyzed according to Stejskal and Tanner [43], however 261 

some of the acquired data did not fit to a mono-exponential decay, consequently the 262 

following equation was used to fit the experimental data 263 

  (2) 264 

Where I and I0 represent the water resonance peak intensity in the presence and absence 265 

of field gradients and γ is the proton gyro-magnetic ratio, while f
n 

is the weight of the n-266 

th diffusion coefficient Dn (i.e. the fraction of molecules with that coefficient). For 267 
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water self-diffusion experiments k was equal to 2, while for the oil self-diffusion a 268 

mono-exponential decay was fitting well the data. All measurements were performed at 269 

25.0±0.5 °C., which was controlled using the standard variable temperature unit of 270 

Bruker spectrometers based on an air-flow system. 271 

 272 

2.5 Contrast phase Microscopy Tests  273 

The inner microstructure of the emulsions was investigated with optical microscopy. 274 

The microphotographs were taken using a contrast phase microscopy (MX5300H, 275 

MEIJI, Japan) equipped with phase contrast objective 40X. Samples were diluted to 276 

reduce both the potential presence of droplets aggregates (and therefore making 277 

photomicrographs more easily analysable) and the sample opacity [44]. All samples 278 

were placed onto a glass slide inside a cover-imaging chamber (Sigma Aldrich, 279 

Germany) on which a cover slide was put. The cover chamber forms a sealed volume 280 

for thick and free-floating specimens. 281 

 282 

3. RESULTS AND DISCUSSION  283 

3.1 Rheological characterisation 284 

The rheological characteristics of the systems investigated in the present work are 285 

similar to those of solid-like weakly structured gel creams commonly used in cosmetic 286 

or pharmaceutical applications. In a frequency sweep test, at both the investigated 287 

temperatures of analysis, complex modulus is slightly dependent on the frequency of 288 

oscillation, and loss tangent is lower than unity in the whole range of investigated 289 
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frequency (Fig. 2). According to weak gel model, parameters A and z were evaluated 290 

(coefficient of determination R
2
 for all fittings ranges between 0.92 and 0.99) for each 291 

emulsion and at both temperatures of analysis (i.e. 25 and 36°C, see Fig. 3). It is worth 292 

noticing that the network strength, described by parameter A, increases with the 293 

organogel content, or, by extension, with oil phase, up to sample E10. When the oil 294 

phase content is further increased, a first decrease of A is evidenced, for sample E15, 295 

and a following new increase is observed in samples E20 and E25.  296 

On the contrary, the network extension follows an opposite trend: structuration seems to 297 

decrease starting from E0 up to E10 (see parameter z), then it increases in sample E15 298 

and afterwards it decreases again up to sample E25. Similar behaviours are observed at 299 

both 25°C and 36°C, even though the trend of the structuration degree (parameter z) is 300 

less evident at 36°C with respect to lower temperature data.  301 

The observed trend is quite unexpected because with increasing organogel content (and 302 

therefore with dispersed structured fraction) an increase in moduli (and therefore in A) 303 

was expected.  304 

On the other hand it is known that in the case of O/W emulsions, the increase of the 305 

dispersed phase fraction is responsible for the increase of emulsions viscosity up to a 306 

maximum oil fraction [45]. Exceeding this value, a phase inversion can occur, and, at 307 

first, viscosity decreases, increasing again if further fractions of oil are added to the 308 

system. As an example, Abdurahman et al. [46] studied the case of crude oil in water 309 

emulsions, finding that a slope change in the curve of emulsions viscosity versus oil 310 

fraction identified a phase inversion of the emulsion. It is obvious that systems shown in 311 

the present paper are different and more complex than the cited crude oil emulsions, 312 
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also because the rheological properties of both the oil and aqueous phase are different. 313 

Anyway, the change in viscosity, as function of oil fraction, observed in the present 314 

work is very similar to that observed in the cited paper suggesting that a structural 315 

change in biphasic microstructure could occur between samples E10 and E20, which 316 

can be generally attributed to either the inversion of phases or the formation of 317 

bicontinuous bigels.  318 

Nevertheless, the rheological characterisation, alone, is not able to give more detailed 319 

information about microstructure, therefore different techniques were used in order to 320 

better understand the potential changes.  321 

The addition of an organogel within the starting emulsion matrix changes also the 322 

stability of the system. Recently, temperature ramp tests were proposed as a valid 323 

method to simulate the forced accelerated destabilisation of cosmetic emulsions, if 324 

compared with the common accelerated aging tests [2], and a constant trend of both 325 

moduli with temperature can be attributed to a more stable system. Fig. 4 shows the 326 

temperature ramp tests in terms of complex moduli and loss tangents versus temperature 327 

of sample E0 compared with E25. Both samples evidence an almost constant trend of 328 

complex modulus at low temperature, followed by a more pronounced reduction of G* 329 

starting at approximately 45°C. On the other hand, the loss tangent slightly increases but 330 

it is always lower than unity evidencing a prevalent solid-like behaviour of the 331 

materials. This rheological behaviour can be attributed to the presence of the starch gel 332 

that is not thermoreversible [47] and on heating becomes only softer without melting. 333 

As a consequence, it can be speculated that the increase in temperature is not causing 334 

the rupture of the two-phase system (that is observed when the structured dispersing 335 

phase melts [2, 48]) or other macroscopic instabilities.  336 
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It is worth noting that the temperature ramp test does not evidence significant 337 

differences between the samples because the thermal behaviour is mainly related to the 338 

hydrogel characteristics. 339 

3.2 Electric conductivity  340 

Electric conductivity (κ) was investigated aiming at better understanding the 341 

microstructural characteristics of emulsified bigels [1]. Fig. 5 shows the variation of 342 

conductivity starting from E0 to E25. The reported results indicate a huge decrease in 343 

electric conductivity correspondent to the increasing organogels addition to the starting 344 

system. Since sample E0 is an O/W system, the gelled aqueous phase is continuous: this 345 

allows the system to conduce well the electric current thanks to the ions naturally 346 

present within the thermal water. When an oil phase is added to the system, no matter 347 

its rheological characteristics, the electric conduction of the final material is, obviously, 348 

reduced. This is because oil phases are natural electric insulants. Therefore, the 349 

reduction in conductivity can be attributed to the isolating action of the organogel. 350 

Going from sample E10 to E15, a further, stronger reduction in electric conductivity is 351 

found, and then an unexpected increase in sample E20 is observed, followed by a 352 

further decrease in E25. This trend seems to suggest that more complex changes than 353 

phase inversion are occurring within the system. In fact, phase inversion (i.e. the 354 

transition from O/W bigels to W/O bigels) should yield almost zero values of electrical 355 

conductivity (being the organogel an insulant), whereas experimental results seem to 356 

suggest a different spatial distribution of the phases, in such a way that the oil phase, 357 

even though present in a larger amount, seems to affect the conductivity less.  358 

 359 
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3.3 NMR-self diffusion results 360 

The NMR self-diffusion method can distinguish continuous and dispersed phases based 361 

on the transport properties of the component molecules [24, 28]. Generally speaking, 362 

from the oil and water apparent self-diffusion coefficients it is possible to distinguish 363 

between oil-in-water (O/W), water-in-oil (W/O) or continuous type. In O/W emulsions 364 

the oil self-diffusion coefficient, D
oil

, is much lower than water self-diffusion one, D
w
, 365 

in W/O emulsions D
w
 << D

oil
 , while in continuous phase D

w
 ~ D

oil
 [24]. However, 366 

solvation effects, incomplete segregation into domains or other inhomogeneities can 367 

affect the diffusion. In the special case of bigels is reasonable to believe that similar 368 

behaviors can be observed for W/O and O/W or bicontinuous bigel emulsions. In these 369 

conditions the diffusion can be written  370 

 
w

b

n

b

w

i

n

i

w DfDfD   (3) 371 

where 
w

bD  is the diffusion of the bonded water molecules, while 
w

iD , is the diffusion 372 

due to the inhomogeneities and will affect in proportion the fraction of molecules in the 373 

same framework 
n

if . Comparing with a multiple emulsion the water self-diffusion 374 

coefficient coming from the inhomogeneities correspond to the inner phase. Eq. 3 was 375 

used to analyse the data in terms of weighted 
w

bD  and 
w

iD  coefficients. Fig. 6 reports 376 

both water apparent self-diffusion coefficients and the relative fraction of molecules for 377 

all samples studied.  378 

The black colour in Fig. 6 evidences the fraction of bonded water molecules with the 379 

corresponding diffusion coefficient. In sample E15, a strong decrease of the 
w

bD  380 

coefficient can be observed, 
w

bD  is also the main diffusion coefficient of the system, 381 
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since the fraction of the inhomogeneities is very low at this organogel concentration. 382 

Increasing the organogel content the n

if  grows and it may be related to domains of a 383 

secondary emulsion, further investigations are needed on this point.  384 

Fig. 7 shows the oil self-diffusion coefficients as a function of organogel concentration, 385 

these data crossed with the previous ones provide a reasonable picture of the evolution 386 

of the system. Therefore, systems can be considered as organogel-in-hydrogel (O/W) at 387 

low fraction of organogels added to E0 (up to E10), since D
oil

, is much lower than water 388 

self-diffusion, 
w

bD . 
w

iD  has the same order of magnitude than D
oil

 for sample E20 and 389 

this can be related to a bicontinuous phase. However, E15 shows an inversion between390 

w

bD and 
w

iD that could suggest a structural change potentially occurring when the 391 

highest fractions of organogel are added to the starting system; these structural changes 392 

could be attributed to the formation of a complex system, even including a phase 393 

inversion. Nevertheless, as already discussed in paragraph 3.2, sample E25 is still 394 

characterised by a conductivity value different from zero, suggesting that the system is 395 

more complex than a simple W/O one. In the light of this, contrast phase microscopy 396 

was also carried out to better understand the real microstructure of the system.  397 

3.4 Contrast phase microscopy 398 

With the aim of confirming the results obtained by NMR-self diffusion indicating a 399 

change in structural disposition of both phases forming bigel system, a further 400 

investigation of the mutual disposition of oil and aqueous phase was carried out with 401 

contrast phase optical microscopy. Fig. 8 shows the results for the investigated samples: 402 

E0 shows the typical microstructure of an O/W emulsion, and oil droplets within an 403 

aqueous phase can be easily recognised. Starting from sample E5, where organogel was 404 
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added in the lower fraction within the oil phase, a more complex microstructure 405 

becomes evident.  406 

As a result of all tests carried out on these materials, it was speculated that the addition 407 

of the highest fractions of organogel mixed the starting emulgel leads to the formation 408 

of a complex matrix-in-matrix system where an organogel is distributed within a 409 

hydrogel containing, in turn, droplets of unstructured oil. This system is similar to that 410 

shown by Di Michele et al. [49].  411 

These complex structures, different from a simple system where one phase is dispersed 412 

within another one, can explain the unexpected experimental results obtained by using 413 

the different analytical techniques. 414 

 415 

4. CONCLUSIONS 416 

The rheological and microstructural characteristics of cosmetic bigels, i.e two-phase 417 

systems where both phases are structured, [5, 7, 8] were investigated. Starting from a 418 

cosmetic cream basis, bigels were produced adding increasing fractions of a 419 

monoglycerides of fatty acids/olive oil organogel. A microstructural investigation was 420 

carried out on bigel samples using techniques already adopted in this area, such as 421 

rheological dynamic tests [7] and microscopy [14, 16]. Moreover, material 422 

microstructure and the relative position of aqueous and oily phases were investigated by 423 

using other experimental procedures, commonly adopted for emulsion characterisation 424 

[1, 24, 27] and, so far, not used in bigels analysis. Electrical conductivity was adopted 425 

to study the potential change in spatial distribution of phases that could occur when 426 
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organogel content increases, whereas Nuclear Magnetic Resonance (NMR), being a 427 

powerful non-invasive technique, was used to further analyse the bigel microstructure. 428 

It is worth noticing that owing to the lack of previous works on bigels, carried out by 429 

using these techniques, more difficulties were found in data analysis and discussion. 430 

Rheology was also used to investigate the bigel stability with dynamic temperature 431 

ramp tests [2] evidencing for all samples satisfying results probably because of the 432 

starch hydrogel characteristics. 433 

The increasing addition of organogel fractions to the base emulsion caused the expected 434 

growth of samples consistency [34] (indirectly evaluated with parameter A of the weak 435 

gel model for the first time) up to a specific amount of organogel, correspondent to 436 

sample E10, after which a minimum value and a following new increase was found. 437 

This unexpected result was further investigated with other techniques and NMR self-438 

diffusion data were discussed on the basis of results obtained for emulsions, owing to 439 

the lack of previous data on bigels, suggesting a transition from an O/W system to a 440 

more complex spatial arrangement of the phases, similar to that observed for 441 

bicontinous emulsions [28]. For the first time the NMR echo-decay analysis was 442 

adapted to bigel systems by using a bimodal exponential function.  443 

Microscopy and electric conductivity seem to confirm this evidence suggesting the 444 

formation of a complex matrix-in-matrix system, which could be considered, probably, 445 

as a bicontinuous bigel at the highest fractions of organogel.  446 

These results evidence that the addition of a structured oil phase to an existing O/W 447 

system can significantly modify the microstructure and, therefore, the macroscopic 448 
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properties. Probably, owing to the high consistency of both materials, it is very difficult 449 

to disperse the organogel within the existing aqueous phase. Therefore, a more complex 450 

material, where both phases seem entrapped one inside the other, is obtained. In this 451 

way, properties intermediate between those of O/W and W/O bigels can be obtained 452 

and, probably, tuned, depending on the ratio between the phases.  453 

Since bigel structure is a result of an out-of-equilibrium process is consequently very 454 

hard to be predicted. In conclusion several insight to understand the bigel structure were 455 

given. 456 

Nevertheless, further investigations should be carried out on simpler model bigels, by 457 

changing also the amount of hydrogel, to confirm the obtained results and to model the 458 

rheological properties of the bigel as function of both phases content. 459 

 460 
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FIGURES CAPTIONS 605 

Figure 1  Scheme of investigated bigel preparation  606 

Figure 2  Frequency sweep tests at 25°C in terms of G*(A) and loss tangent (B) for 607 

samples E0-E25. Experimental data (symbols) and weak gel model fitting (lines) 608 

Figure 3  Weak gel model parameter in terms of network strength (A) and 609 

extension (B) 610 

Figure 4  Temperature Ramp tests of samples E0 and E25 in terms of complex 611 

moduli and loss tangent versus temperature 612 

Figure 5  Electric conductivity, κ, for samples E0-E25 613 

Figure 6  Apparent Water Self-Diffusion Coefficients (D
w

b  black diamond, D
w

i  614 

grey circle) obtained at 25 °C by using LED-PGSTE sequence (A) and the relative 615 

fraction of molecules (f
w

b  black column, f
w

i  grey column) with the relative diffusion 616 

coefficient by using eq. 1 (B). 617 

Figure 7  Apparent Oil Self-Diffusion Coefficients obtained at 25 °C by using 618 

LED-PGSTE sequence. 619 

Figure 8  Contrast phase microphotographs for samples E0-E25. Reference bar 620 

corresponds to 50 µm 621 

 622 

TABLES CAPTIONS 623 

 624 

Table 1  Composition of base sample E0 625 

Table 2  Composition of organogel added to sample E0 626 

Table 3  Samples ID and compositions 627 

 628 
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Table 1 

Ingredients Amount (w/w%) 

Aqueous phase 

Aqua (Sulphurous hyperthermal water)  64.08 

Glycerin (Vegetable Glycerol) 2.5 

Algae (Glyceric extract of algal microflora 1:1 in Sodium 

Benzoate 0.3%, Sodium dehydroacetate 0.3%, 

phenoxyethanol 0.7%, pH 4) 

2.5 

Potato starch modified (natural rheological modifier) 0.5 

Sodium Ascorbyl Phosfate (anti-oxidant) 0.5 

Phenoxyethanol (preservative) 0.7 

Glycerin and Ethyl Lauroyl Arginate HCl (Aminat G) 

(preservative) 

0.5 

Tetrasodium Glutamate Diacetate (chelating agent 

GLDA) (Natural Chelating agent) 

0.1 

Oil phase 

Acemulgor Lam “V” (Potassium Palmitoyl Hydrolyzed 

Wheat Protein, Glyceryl Stearate, Cetearyl Alcohol) 

(Vegetable emulsifier) 

9 

Tegosoft CT (caprylic/capric Triglyceride) (Ester) 3 

Prunus Amygdalus Dulcis Oil  3 

Olea Europea Oil (Extra virgin olive oil) 10 

Cethyl Alcohol (co-emulsifier) 2 

Tocopheryl  Acetate (anti-oxidant) 1 

Ascorbyl Palmitate (anti-oxidant) 0.01 

Citrus Arantium Dulcis Oil (Orange essential oil) 0.4 

Citrus Medica Limonum Peel Oil (Lemon essential oil) 0.2 

Cymbopogon Nardus Oil  (Citronella essential oil) 0.01 
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Ingredients Quantity (w/w%) 

Myverol 15.56 

Ascorbyl Palmitate  0.01 

Algae 7.02 

α-tocopherol 0.65 

Extra Virgin Olive oil 76.76 

 

Table 2 
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Sample Aqueous phase (w/w%) Oil phase (w/w%) 

E0 71.38 28.62 

E5 68.00 32.00 

E10 65.50 34.50 

E15 63.50 36.50 

E20 58.60 41.40 

E25 55.10 44.90 
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