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Abstract

Bigels are interesting semisolid formulations with better properties for different applications like
cosmetics and pharmaceutical systems. Due to the mixing of two phases of different nature
(polar and apolar), bigels possess some interesting features like ability to deliver hydrophilic and
hydrophobic drugs, better spreadability and water washability, improved permeability of drugs,

enhanced hydration of stratum corneum and ability to manipulate the drug release rate.

The main objective of this review article is to provide a thorough insight into the important
characteristics of bigels together with the discussion on modelling of bigel systems to relate their
properties with individual constituents and different parameters. Moreover, some important

applications of bigels are also discussed by considering some examples from the literature.

Keywords: bigels, modelling, organogels, hydrogels, drug delivery, cosmetics
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1. Introduction

Gels are semisolid formulations which basically composed of two components, liquid and solid.
Liquid component is usually termed as a solvent while solid component is known as a gelling
agent/gelator [1, 2]. Gels are typically formed by the ensnarement of solvent phase within the 3-
D network of gelling agent [3, 4]. On the basis of polarity of the solvent, gels can be divided into
two categories: organogel (apolar solvent) and hydrogel (polar solvent) [5]. Recently, some new

classes of gels have also been reported in the literature such as emulgels and bigels [6].

Organogel is usually made by the self-assembly of either polymers or low molecular weight
components to entrap the solvent phase [7-9]. Different organogelators have been investigated in
the literature, such as fatty acids and fatty alcohols [10], lecithin [11], mixture of physterol and
oryzanol [12], waxes [13], steroids and their derivatives [14], 12-hydroxystearic acid (HSA)
[15], L-lysine-based gelators [16], cyclodextrins [17], and others. Several solvents have also
been studied as a liquid phase for this kind of system such as benzene, hexane, and edible oils
including sunflower oil, corn oil, sweet almond oil, cod liver oil, and olive oil [18, 19]. These
edible oils are particularly beneficial for health when consumed orally [20] due to their
antioxidant and nutritional values and their long shelf-life also make them an ideal candidate to
prepare oral and cosmetic commercial formulations [21]. Edible oils are also useful when applied
topically, due to its skin moisturizing [22], anti-aging, anti-inflammatory [23], and soothing
properties [24]. To modify the physical properties of such edible oils, organogelation is a
favorable alternative as compared to chemical modification [25, 26] and crystalline
triacylglycerols due to its lower health risks and better nutritional properties [14]. Organogels are
easier to prepare and their lipophilic nature can also enhance the drug permeation through

stratum corneum [27]. However, the oily nature of organogel systems is the main problem which
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creates difficulty in the removal of formulation after application on skin [28]. Organogels cover
wide range of applications including production of fat-free food products [29, 30], drug delivery
systems [31], self-healing materials [32], pollutant removal [33] and analysis and purification-

related systems [34].

Hydrogel is typically formed by the three dimensional network of either natural or synthetic
gelling agent (hydrogelator) to immobilize the aqueous phase [35]. These formulations are more
patient compliance because of their interesting properties such as easy removal after application,
cooling effect, etc. [36]. On the other hand, these systems are not effective in delivering
hydrophobic drugs across the stratum cornuem due to their less skin permeability [37]. Emulsion
gel/emulgel has been introduced to overcome the drawback of hydrogel system i.e., difficulty in
delivering hydrophobic drugs [38]. Emulgel is usually prepared by dispersing the liquid phase
within the structured continuum [39, 40]. These formulations can be classified into two
categories: emulsion hydrogels and emulsion organogels [41]. Emulgel possesses the
characteristics of both, emulsion and gel. However, these systems encounter the problem of less

structural stability due to the different mechanical signatures of each phase [42].

The problem of mismatch between the mechanical properties of both phases (continuous and
dispersed) and less stability in emulsion gels/emulgels [43] has been solved by structuring both
phases, instead of one, which lead towards an interesting system called bigels [44]. Owing to the
structured phases of different polarity (aqueous and oily), bigel possesses the advantages of both
phases [45] together with the fact that these systems also present better properties than either of
the single gel [46]. The key characteristics of bigels include: delivery of both hydrophilic and
hydrophobic agents [47], cooling and moisturizing effect [48], spreadability [49], water

washability after application [48], easy preparation [6], improved permeability of drugs through

5
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skin [48], better stability at room temperature [50] and ability to manipulate the properties of the
system by playing with the fraction and structural distribution of each phase [51, 52]. All these
features of bigels make them a suitable and interesting formulation for different applications

such as pharmaceutical, cosmetics and food systems [53].

In literature, the term bigels has been used to describe different systems including mixture of
hydrogel and organogel [48], combination of two gel strips of different polarity [54], mixture of
interpenetrated colloidal gels [55, 56] and bi-continuous type gels having phase separated
characteristics [57-59]. Bigels, synthesized by mixing organogel (oil phase) and hydrogel
(aqueous phase), have been extensively studied by several researchers in the past decade
particularly for drug delivery applications [60] and, therefore, this review will mainly consider
this type of bigel system. The schematics of preparation of bigels by mixing hydrogel and

organogel is shown in Figure 1.

Organogelator oil Hydrogelator

Eﬂf\&
3

Organogel Synthesis Hydrogel Synthesis

§ —
5@

FIGURE 1: Schematics of preparation of bigels by mixing hydrogel and organogel
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The three most important parameters for the preparation of bigels, by mixing hydrogel and
organogel, are mixing temperature, mixing speed and the storage of bigels. Satapathy et al. [61]
reported the preparation of bigels by mixing individual systems at comparatively higher
temperature (50°C) whereas room temperature was also used to mix both phases with continuous
stirring [62]. Rehman et al. [28] investigated the properties of bigels produced by storing the
individual systems (hydrogel and organogel) at a particular temperature and for a specified time
period followed by mixing of both systems. In contrast, bigels systems have also been prepared
by mixing the individual gels followed by storing the final system [63]. The experimental block
diagram for the preparation of bigels using two different methodologies is shown in Figure 2.
Recently, Fasolin and Vicente [64] have reported the effect of mixing speed on the rheological
and microstructural properties of bigels. Instead of hydrogel, emulgel/emulsion hydrogel was
also mixed with the organogel phase in different amounts at room temperature to produce the

bigel system [52].

Organogel Organogel
Synthesis Synthesis

Oil +
Organogelator
+ Additives

Water +
Oil+ Water +

Organogelator hydrogelator +
+ Additives Additives

hydrogelator +
Additives

Mixing +
Mixing + | | Mixing Heating
Heating

Ny Mixing organogel
Storage Storage G

— i < e
(a) (b)

Mixing ’

1]

F

FIGURE 2: Block flow diagram for synthesis of bigels (a) by storing individual gels before bigel preparation and

characterization (b) by mixing individual phases and then storing bigel formulations before characterization
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Recently, a review article has been published on the considered topic but that was more focused
towards the synthesis methods and characterization techniques of bigel systems [65]. However,
the aim of this review article is to provide a deep insight into the important and unique
characteristics of bigel systems including thermal, mechanical, rheological, electrical, etc.
Moreover, several models have been mentioned that can be used to relate the different properties
of bigels particularly the rheological models which recently have been proposed in the literature
to relate the rheological properties of bigels with the dispersed phase fraction and also with the
properties of individual phases (organogel and hydrogel). Furthermore, some important

applications of bigel systems have also been discussed through particular examples.

2. Characteristics

Mechanical, structural, thermal, physical, rheological and electrical properties of bigels are of
prime importance for their utilization in different commercial applications [66]. The effect of
several parameters on the mechanical properties of bigels has been reported in the literature such
as organogel/hydrogel content, polymer structure (linear or branched) and polymer
concentration. The increasing organogel content showed significant impact on the cohesiveness,
firmness, adhesiveness, stickiness, viscosity, and percent creep recovery of bigels [45, 51].
Likewise, the increase in hardness of bigels was also observed with the increase in hydrogel
content [28]. The bigel systems containing branched polysaccharides, as water structuring agent,
displayed higher gel strength and better resistance to deformation but poor stress relaxation
characteristics as compared to the system containing linear polysaccharides [49]. The
concentration of water structuring agent (polymer) has also been observed to have a profound
effect on the firmness, stickiness, spreadability, percent stress relaxation and residual stress of

the bigel systems [67]. The effect of two different linear polysaccharides (hydroxypropyl
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methylcellulose (HPMC) and sodium alginate) on the mechanical properties of resultant bigels
has also been investigated in the literature [28]. The incorporation of organogel into hydrogel
also resulted in the enhancement of moisturizing effect due to the simultaneous delivery and hold
up of water [48]. Sagiri et al. [68] reported the leaching studies of bigels to analyze the leaching
of oil phase from the prepared formulations [Fig. 3]. Results showed that the leaching from the
bigels was extremely minute as compared to the emulgels. It was also presented that the soybean

oil based bigels had lower leaching percent as compared to the sesame oil based bigels.

414

FIGURE 3: Leaching studies of bigels: (a) sesame oil based bigel (b) soy bean oil based bigel [68], “Reproduced

with permission, Copyright [2015], [Elsevier]”

Final properties of the bigel system are highly dependent on the structural distribution of each
phase within the bigels and droplets size of the dispersed phase and these parameters can easily
be measured by the microscopic analysis. The effect of organogel content on the structural
features of the bigels has been reported in the literature. The lower amount of organogel resulted
in heterogeneous continuous matrix within bigels which comprised of water droplets together
with oil droplets [45] while interlinked organogel droplets in a complex system were formed by
having higher organogel content [63]. Wakhet et al. [69] also reported, using field emission
electron microscope (FESEM) analysis, the existence of two types of globular structures within
the continuous matrix of bigels (i) aggregates of hydrogelators and, (ii) globules due to the

addition of organogels [Fig. 4].
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FIGURE 4: FESEM image of gelatin-agar/soybean oil based bigel [69], “Reproduced with permission, Copyright

[2015], [Springer Nature]”

The presence of agglomerated globular structures within the continuous matrix of gelatin/sesame
oil based bigels was also confirmed by bright field microscopy [61] [Fig. 5]. The organogel
fraction also has a profound effect on the droplet size and polydispersity of dispersed phase
droplets. Usually, the increase in organogel fraction resulted in larger droplets [51, 63] [Figs. 6 &
7]. On the other hand, a decrease in droplet size was also reported with increasing organogel
content [45] [Fig. 8]. This peculiar behavior was associated with the increased stability of bigels

due to the closer packing of dispersed droplets.

FIGURE 5: Bright field micrograph of gelatin/sesame oil based bigel systems [61], “Reproduced with permission,
Copyright [2014], [John Wiley and Sons]”

10



183

184

185

186

187

188

189

190

FIGURE 6: Bright field micrographs of bigels: (a) 0 wt% organogel, (b) 2.5 wt% organogel, (c) 5 wt% organogel,
(d) 7.5 wt% organogel, and (e) 10 wt% organogel [70], “Reproduced with permission, Copyright [2017], [Taylor &

Francis]”

FIGURE 7: Fluorescent micrographs of carbopol/sesame oil based bigels: (a) 11.11 wt% organogel (b) 20 wt%
organogel (c) 27.27 wt% organogel (d) 33.33 wt% organogel [51], “Reproduced with permission, Copyright [2014],

[Elsevier]”
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FIGURE 8: Confocal micrographs of guar gum/sesame oil based bigels: (a) 11 wt% organogel (b) 20 wt%
organogel (c) 27 wt% organogel (d) 33 wt% organogel [45], “Reproduced with permission, Copyright [2014],
[Elsevier]”

Maltodextrin and carboxy methyl cellulose based bigels displayed narrow droplet size
distribution as compared to alginate and starch based bigels [Fig. 9] due to the viscosity
enhancement effect caused by maltodextrin and carboxy methyl cellulose [49]. The cryo-SEM
image of bigel sample showed the existence of porous matrix of polymer dispersed between the
solid oil phase [62] [Fig. 10]. The increased organogel fraction can affect the polydispersity of
droplets either in enhancing [63] or reducing [45] manner depending upon the constituents of the
system. However, polydispersity is not a function of organogelators amount such as samples
with different organogelators content displayed a similar droplet size distribution [63].
Microscopic analysis was also used to characterize an interesting and complex bigel system
prepared by mixing emulsion gel with the organogel in different fractions. The micrographs

showed the presence of oil droplets together with the structured phases [52].

12
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FIGURE 9: Fluorescent micrographs: (a) sodium alginate based bigels (b) sodium carboxy methyl cellulose based
bigels (c) maltodextrin based bigels (d) starch based bigels [49], “Reproduced with permission, Copyright [2014],

[John Wiley and Sons]”

FIGURE 10: cryo-SEM image of bigel sample having 60 wt% of organogel captured after sublimation of water

(scale bar = 10 pm) [62] “Reproduced with permission, Copyright [2015], [The Royal Society of Chemistry]”

The efficiency of gelled systems for commercial applications can be directly linked with their
rheological properties. Therefore, dynamic rheological methods are particularly useful in
analyzing and optimizing the rheological properties of formulations [71]. Rheological
characterization of different bigel systems has been reported in the literature by using strain

controlled rheometer [49, 72] and stress controlled rheometer [52, 63].
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Stress sweep tests of bigels [49] showed that the critical stress, before which the moduli remain
constant, was 10 Pa for linear polysaccharides based bigels whereas for branched
polysaccharides based bigels the value was 100 Pa. A sudden decrease in moduli after this
critical value of stress was linked with the destruction of the structure. Results of frequency
sweep tests within linear viscoelastic regime (non-destructive regime) revealed that all the
formulations were strong bigels. This fact was evidenced by the higher storage modulus than the
loss modulus and also by the independency of moduli as a function of frequency. The storage
modulus of branched polysaccharides based bigels was higher as compared to the linear
polysaccharides based bigels which was attributed to the enhancement in the elastic character of

the system due to the incorporation of branched chain polymers.

Strain sweep tests of natural gums based bigels [72] showed that below critical strain (linear
viscoelastic regime), bigels displayed higher elastic character as compared to their viscous
counterpart. The highest values of critical strain for guar gum based bigels were associated with
the interaction between the gum and organogelator (span 40) molecules whereas the lowest
values of xanthan gum based bigels were linked with the weak interaction between gelator
molecules. Frequency sweep tests of pectin/olive oil based bigels [63] revealed a non-linear
increase in complex modulus [Fig. 11] and a non-linear decrease in phase angle [Fig. 12] as a
function of increasing organogel amount. This behavior suggested the enhancement in
consistency (related to complex modulus) and degree of structuration (related to phase angle) of

bigels.
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FIGURE 11: Complex modulus at 1 Hz as a function of organogel fraction for pectin/olive oil based bigels [63]

“Reproduced with permission, Copyright [2016], [Elsevier]”
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FIGURE 12: Phase angle at 1 Hz as a function of organogel fraction for pectin/olive oil based bigels [63]

“Reproduced with permission, Copyright [2016], [Elsevier]”

Viscosity and swelling behavior of bigel systems are also important features to consider for their
commercial applications particularly for drug delivery. The molecular weight, concentration and
structure of polymer (water structuring agent) together with organogel, organogelator and

hydrogel fraction have significant effect on the viscosity of bigel systems. More viscous systems

15



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

were obtained by using higher molecular weight polymer, branched chain polymer [49] or higher
fractions of polymer [67], organogel [45], organogelators [63] and hydrogel [28]. In contrast,
Patel et al. [62] reported a decrease in the viscosity of bigels with the increasing hydrogel
content. The organogel fraction can also affect the yield stress of bigels, for example, higher

values of yield stress were observed for the bigels containing higher organogel content [45, 51].

Sol-gel/gel-sol transition as a function of temperature and thermal stability are interesting and
important attributes of bigel systems for their successful commercial utilization. Thermal
analysis of proteins/sunflower oil based bigels [47] revealed that the broad endothermic peak,
linked with the evaporation of moisture, was observed at higher temperature for bigels.
Furthermore, bigels also displayed higher values of change in enthalpy (AH), associated with the
evaporation of water. These two behaviors were attributed to the increased thermal stability of
bigels due to the interaction between protein molecules and OH groups of water molecules in

bigels.

The thermal properties of organogel phase after its incorporation into the bigel system remained
same as the pure organogel sample [61, 69]. Thermal stability of bigel system can be improved
by increasing the organogel fraction [51] or organogelators amount [63]. Gel-sol transition of
cosmetic system/olive oil based bigels [52] was reported for which at lower temperatures the
complex modulus was constant while after certain temperature a sudden decrease in complex
modulus was observed. The formulation displayed a solid-like behavior during the whole
temperature ramp test by having the loss tangent value lower than 1. This fact was attributed to
the non-thermoreversible character (only softening without melting) of starch gel. Patel et al.
[62] also reported an increase in the storage modulus of bigels during heating cycle, which was

linked with the interaction between polymer chains and silica particles.
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Electrical characterization is an important tool to quantify different parameters of the bigel
formulations such as electrical conductance, electrical resistance, impedance, etc. and these
parameters are directly linked with their efficacy for the controlled delivery of drugs. Secondly,
electrical conductivity is also a key parameter in order to understand the distribution of
individual phases within the multiphase systems and the microenvironment of the systems. Phase
inversion phenomenon (interchange of continuous and dispersed phase) is usually encountered
during production, mixing, processing and handling of multiphase systems, which also resulted
in abrupt change of electrical conductance of the system [73]. Therefore, this phase inversion
phenomenon can also be predicted by analyzing electrical conductance as a function of
weight/volume fraction of any single phase within the multiphase system. The sol-gel
transformation has also been investigated in the literature using electrical conductivity analysis
[74]. Hence, the understanding of electrical characteristics of the formulations is vital to consider
them for different applications. The investigation of electrical properties of different bigel
formulations has been reported using phase sensitive multimeter by injecting AC voltage with
variable frequency at room temperature [60, 75, 76]. Lupi et al. [63] also reported the electrical
characterization of pectin/olive oil based bigel samples prepared with NaCl by using parallel

copper plates with LCR meter.

Results of electrical characterization of proteins/sunflower oil based bigels [47] revealed a lower
bulk resistance (i.e. higher conductivity) and smaller relaxation time as compared to the emulgels
which was attributed to the charged groups or free charges present in the protein molecules
incorporated in the bigel systems. Similarly, guar gum based bigels displayed higher bulk
resistance as compared to acacia gum based bigels which was linked with the uncharged

character of guar gum. The conductivities of bigels were approximately constant within the
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frequency range of 0-1200 KHz, but after this range an increase in the conductivities of the
bigels was observed due to the polarization at the interface between sample and measuring

electrode [75].

According to Satapathy et al. [61] and Wakhet et al. [69], hydrogel displayed lowest bulk
resistance and impedance followed by emulgel and then bigel. This behavior was associated with
the incorporation of insulating material, oil and organogel within emulgel and bigel respectively.
Furthermore, an increase in the bulk resistance of bigels was also observed with the increase in
organogel content due to the non-conducting nature of organogel [60, 76]. Similarly, Lupi et al.
[63] reported a decrease in the conductivity of bigels with the increase in organogel amount [Fig.
13], which was linked with the incorporation of electrical insulant (organogel). The organogel-
in-hydrogel type morphology of bigel systems was also confirmed by the conductivity analysis
[63]. Lupi et al. [52] reported an irregular behavior of conductivity of bigels as a function of
organogel fraction, which suggested the complex changes in phase distribution of bigels instead

of phase inversion phenomenon.
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FIGURE 13: Electrical conductivity as a function of organogel fraction for pectin/olive oil based bigels [63]

“Reproduced with permission, Copyright [2016], [Elsevier]”

The cytocompatibility or biocompatibility of bigel systems has been reported by exposing the
formulations to the human keratinocyte cell line (HaCaT cells). The variation in the proliferation
indices of bigel formulations and the control was insignificant [Fig. 14] which showed that the
bigel formulations were cytocompatible or biocompatible [45, 51, 69]. Therefore, bigel system is

a potential candidate for biomedical applications particularly for drug delivery.

Cell proliferation index

(a)

FIGURE 14: Biocompatibility studies: (a) cell morphology of bigel (b) HaCaT cell proliferation index (G1 =
hydrogel, G2 = emulgel and G3 = bigel) [61] “Reproduced with permission, Copyright [2014], [John Wiley and

Sons]”

The Mucoadhesive properties of bigels including mucoadhesive strength and mucoadhesive time
have been studied by using static mechanical testing and in vitro wash-off method, respectively
[68]. The mucoadhesivity (strength and time) of bigels was higher than the emulsion gels [68]
but lower than hydrogel [61] and this behavior was linked with the composition of the dispersed

phase. The incorporation of oil or organogel into the hydrogel was the main reason for reduction
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in mucoadhesivity due to the leaching of oil phase, which was more pronounced in emulsion gels

[61].

In summary, bigel systems have exciting thermal, rheological, structural and electrical
characteristics due to the combination of two different gelled phases, i.e. hydrogel and
organogel. Another appealing fact, for these kind of systems, is to manipulate the above
mentioned properties by varying different parameters such as organogel/hydrogel ratio, nature
and structure of gelling agents, amount of gelators (organogelator and hydrogelator),
incorporation of additives/emulsifiers and type of organic solvent/oil. In literature, a lot of
research has been done so far to analyze the behavior of resultant bigels as a function of
organogel/hydrogel ratio and nature of hydrogelator. Therefore, further research should be
directed towards analyzing the influence of nature of organogelators, amounts of gelling agents,
addition of different additives/emulsifiers and type of oil on the characteristics of these exciting
systems. Furthermore, the effect of synthesis parameters including mixing speed, storage

temperature and mixing temperature on the final properties of bigels should also be investigated.

3. Modelling
In this section, different theoretical, semi-empirical and empirical models have been discussed
that can be utilized to predict several properties of bigels specifically rheological properties as a

function of dispersed phase fraction and characteristics of individual phases.

Weak gel model was used to fit the rheological data in terms of complex modulus (combination

of storage and loss modulus) of bigels as a function of frequency, given as follows: [77]
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According to the “weak gel model”, the parameter ‘z’, also called coordination number, is
related to the number of interacting rheological units within the three dimensional network of
system, and the parameter ‘A’ is the strength of these interactions. Weak gel model parameters
for cosmetic system/olive oil based bigels displayed an irregular behavior as a function of
organogel fraction. This peculiar behavior was linked with the formation of bi-continuous type

bigel or with the phase inversion phenomenon [52].

The storage modulus (G’) is an important parameter of gelled systems to analyze their elastic
character (solid-like behavior) and, therefore, G’ is usually used to model their characteristics.
The type of the bigel (physical or chemical) was identified by relating the storage modulus (G’)

of the bigels with the frequency using the following relation: [72]
logG' =nlogw +k (2)

where n and k are constants. The parameter n can be calculated by the slope of logarithmic plot
of G’ vs . On the basis of the value of n, bigels can be classified into either physical (n > 0) or
chemical (n = 0) gels. For example, the n values for natural gum based bigels were higher than 0
which suggested the formation of physical gels. This means that either chain entanglements or

secondary forces (i.e. hydrogen bonding) were responsible for the network formation [72].

Modified Palierne model [63] was used in the literature to relate the complex modulus of bigels
in the form of G, (ratio of complex modulus of bigel (G*) at 1 Hz and the complex modulus of
hydrogel (G;) at 1 Hz) with the volume fraction (¢) of the dispersed phase (organogel) given as

follows:
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G 1+3/yaHp 1+a-¢

Gr=—= =
TG 1—pBHe 1-b-¢ (3)

364  where fitting parameters a and S represent deviation from the ideal behavior. Parameters H and

365 M were calculated by the following equations:

_2M-1)
T 2M +3 (4)
M=% (5)

366  Where G, is the dispersed phase modulus. The volume fraction (¢) of the dispersed phase was

367  estimated by the following expression:

Myg

Q=
D
Myg + Mpya .phojd (6)

368  where m,, and my,,, represent the mass of organogel and hydrogel respectively, whereas p,,
369 and pp,q are the densities of organogel and hydrogel, respectively. The values of a and b for
370  pectin/olive oil based bigels were 17.0 = 0.9 (—) and 1.627 + 0.001 (—), respectively. This
371 empirical model was proposed to remain valid within the particular range of volume fractions (0

372 <@ <0.601) [63].

373  Recently, Lupi et al. [78] proposed another semi-empirical model, based on the theoretical

374  models presented in the literature for such systems, to effectively relate the complex modulus of
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bigels with the volume fraction (¢) of dispersed phase by incorporating two extra parameters k

and v, given as follows:

G*_1+M"-<p
T 1=y (7

where three equations were used to calculate the crowding factor ¥, given as:

_ 1
V= o ®)
Yp=—[1—-exp 0
)
5. (©)
1-0,
w"”(camz )® (10)

where @,,, is the maximum packing fraction of the dispersed phase. The value of parameter k for
pectin/olive oil bigels system was 0.24 + 0.01 whereas the values of maximum packing fraction
@,, for the abovementioned system were 0.576 + 0.009, 0.664 + 0.003 and 0.553 + 0.002 from
all three equations, respectively [78]. Although the proposed semi-empirical model showed quite
good agreement with the experimental values, further research is needed to analyze the

dependence of complex modulus on particle size distribution (in terms of @,,,).

Jonscher power law model was proposed to fit the data of conductivity of bigels as a function of

frequency, given as follows: [76]
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Ogc = Ogc + Bw® (11)

and

dac = (I/Rp) - (1/A) (12)

where B = pre-exponential constant, w = angular frequency, s = power law constant, g,. = AC
conductivity, a4, = DC conductivity, [ = thickness of sample, A = area of the sample and R, =
bulk resistance. A monotonic decrease in AC and DC conductivity of bigels was observed with

the increase in organogel fraction [60].

The stress relaxation behavior of bigels can be analyzed by normalizing the stress profile i.e.,
calculating the decaying parameter Y (t) given as: [79]

oy — o (t)

e =— (13)

where a(t) is the stress measured after certain time t during relaxation. Another relation

between the decaying parameter Y (t) and time t was given by Mickley et al. [80] as follows:

abt
1+ bt (14)

Y(t) =
where a represents the extent of relaxation and b shows the rate at which stress relaxes. The
stress relaxation data of bigel systems was modelled by combining above two equations (Egs. 13
& 14), resulted in modified Peleg’s model, as follows: [69]

(00 - a(t))t

=k + kot 15
o L+ ky (15)
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where k; and k, are the initial rate and extent of relaxation, respectively and o, is the obtained
maximum force after the loading phase. The overall stress relaxation behavior of bigels is

usually described by the parameter k..

The creep data of the bigel systems was fitted by using the four element Burger’s model, given

as follows: [61]

Jc () = Jo + J1[1 — exp(—t/t)] +t/n (16)

where J.(t), Jo. J1, t;1, and n, are creep compliance at any time t, instantaneous compliance,
retarded creep compliance, retardation time and viscosity of material, respectively. Martins et al.
[81] also reported the use of Burger’s model to describe the creep and stress relaxation behaviors
of poly lactid acid (PLA) and poly &-caprolactone (PCL) composite fibres. The result showed
that the model was not appropriate to accurately describe the stress relaxation behavior of the
considered system. However, investigation of this model to predict the stress relaxation behavior

of bigels needs more attention.

During the recovery cycle of creep, developed strain was partially recovered for bigel systems.
Percent strain recovery of the formulations was calculated for each cycle by using the following

equation: [68]

Vooe = Ge=¥) 100 (17)

(Ye — 7o)

where y, is the strain at the start of creep cycle, y,. is the strain at the end of creep cycle and y,. is
the strain at the end of recovery phase of creep cycle. An initially higher value and a decrease in

creep recovery of bigels were observed with the increase in number of cycles. The initial rise in
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creep recovery was linked with the loss of viscous character in bigels whereas the decrease in

creep recovery was attributed to the failure of structure [45].

Ostwald-de wale power law model and Herschel-Bulkley model have been used in the literature

to study the flow characteristics of bigel systems, given as follows: [47]

n=k- ! (18)
T=10+k-y" (19)

where 1, k, y, n, t, and t, are the viscosity, consistency index, shear rate, flow index, shear

stress and yield stress, respectively.

The data of thermal analysis of bigels, given by differential scanning calorimetry (DSC), was

also fitted by using the Avrami equation given as follows: [45]

In(in(1/; - X;)) = InK + nint (20)

where X, and K are the volume fraction of gelator at any time t and rate constant for

crystallization, respectively.

In short, different theoretical, empirical and semi-empirical models have been used so far to
relate the properties of bigels with different important parameters. Several empirical and semi-
empirical rheological models have already been proposed in the literature but these models are
limited to the particular hydrogel/organogel ratios and structural distribution within the bigels.

Therefore, further insight is needed to completely understand the relation between different
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parameters and the end-use characteristics of bigels and, hence, to propose a more generalized

rheological model applicable for all kinds of bigels.

4. Applications

Different applications of bigel systems have been proposed in the literature particularly in the
field of drug delivery and cosmetics. Controlled delivery of different drugs including
metronidazole [47], ciprofloxacin [68] Tenofovir [82] or diltiazem hydrochloride [83] using
bigel systems has been reported in the literature. According to Sagiri et al. [68] bigels displayed
lower drug release as compared to emulsion gel which was attributed to the structuration and
aggregation of internal phase (oil phase) resulted in reduced permeability and lower dissolution
of drugs. Satapathy et al. [61] also reported the highest drug release from hydrogel followed by
emulsion gel and then bigel which was associated with the conductivity and swelling behavior of
formulations. Similar results of higher drug release rate from hydrogel as compared to bigels
were reported by Ibrahim et al. [83] with the help of permeability studies of diltiazem

hydrochloride using abdominal skin of rabbits.

In contrary, higher drug release rate from bigels has also been reported as compared to hydrogel
which was linked with the existence of fatty acids in fish oil [28]. Drug release rate from bigels
can be manipulated by varying the polymer fraction [67], the organogel content [45, 51] or the
backbone structure of polymer chains (linear or branched) [49]. Recently, Andonova et al. [84]
reported the delivery of ketoprofen incorporated into polymer carriers which were basically
embedded within the bigel formulation. Results revealed that the prepared formulation provided
better drug photostability and controlled release together with an effective and safer formulation

for dermal application.
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Due to some exciting properties of bigels such as good spreadability, cooling effect, emollient
and moisturizing effect, these are potential candidates for transdermal applications especially for
cosmetics [48]. Lupi et al. [52] reported the synthesis of cosmetic formulation in the form of
bigels. The effect of increasing organogel fraction on the rheology and microstructure of
cosmetic bigels was investigated. Table 1, 2 and 3 provide the critical analysis of the bigel

systems reported in the literature for drug delivery, cosmetics and other applications.

Bigel systems were found to have quite interesting properties for drug delivery applications.
However, it was observed in bigel systems that the mechanical and drug release properties were
inversely related to each other. Bigels possessing superior mechanical properties were observed
to exhibit lower drug release rate as compared to the commercial formulations. Therefore, future
studies should be focused on the development of bigel systems having better drug release ability
in addition to the excellent mechanical properties. Moreover, the utilization of bigel systems in
food applications have not been explored yet, which can be an interesting field of research for

further studies.
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467  TABLE 1. Different bigel systems investigated in the literature for drug delivery applications.
Total Structural
Oil Phase Organogelator Hydrogelator Concentration Additives Drug Employed Distribution Objective(s) of Study Key Findings Analysis Ref
of Gelators
V\_/hey protgln based_ . bigels Gelatin based bigel seems
. . . displayed higher stability as .
o . Comparative analysis of bigels d h more suitable system for
. Gelatin, Whey N_a H, Potassium . Organogel-in- (either based on gelatin or whey compared to other system. drug delivery applications
Sunflower oil | Span 40 L 10 wt% dihydrogen Metronidazole . - . Gelatin based bigels showed . - [47]
protein hosphate hydrogel type protein) for iontophoretic drug higher spreadability.  firmness specifically when higher
phosp delivery gner sp Y, ' | thermal stability is not
stickiness and drug release than .
- ] required.
whey protein based bigels.
Guar gum based bigel showed
highest firmness and strength as
compared to other bigel systems.
;(aasztganbigig agii |guz(rj g;:g Acacia gum based bigel
Comparative analysis of bigels diffusion gontrolledp rgllease of shows comparatively
Guar gum, Organogel-in- based on different biopolymers dr nd this drug rel W better mechanical,
Sunflower oil | Span 40 Acacia gum, | 9.6 wt% - Metronidazole h gro eglt o (guar gum, acacia gum, or Iugs ath Sth ugd eeasel as rheological ~and drug | [72]
Xanthan gum yarogel typ xanthan guma) for antimicrobial :ower an  the erQd rc;_easle release properties making
agents delivery fom acacia gum Dased DIGEIS | yoo ) guitable  candidate
and commercial formulation. for drug delivery
All the prepared bigels were '
stable, viscoelastic in nature
together with the shear thinning
behavior.
Aggregated  structure  was
evident for guar gum based
bigels while a de-flocculated A compromise has to be
To study the effect of ionic (gum structure was present in the case P
h L . . made between the
acacia) and non-ionic (guar gum) of acacia gum based bigels. .
Sunflower oil | Tween 80, Span 80 Guar gum, 40.3 wt% - Metronidazole Organogel-in- gums on the properties of bigels, The mechanical properties of ?gfg:sznlc?; er?igg ofdt:/t\J/g [75]
» 9P Acacia gum ’ 0 hydrogel type synthesized using  fluid-filled guar gum based bigels were s stemspfofthe selection
organogels, for drug delivery superior than the acacia gum ystem:
P . . of suitable system for
application based bigels whereas the acacia drug delivery
gum based bigels displayed '
better conductivity and drug
release properties.
The produced bigels showed | This study also presents
shear thinning behavior, | two types of systems, one
diffusion mediated drug release, | having better mechanical
good antimicrobial efficiency, | but poor drug release
Sodium To compare the bronerties of better strength and stability over | properties while other
carboxy . pare prop a long period of time. with opposite behavior.
linear (sodium alginate and :
methyl : Furthermore, ~ the  branched | Therefore, selection of
. . sodium carboxy methyl cellulose) : . :
. cellulose, Metronidazole, L. Organogel-in- polysaccharide ~ (starch  and | suitable system,  will
Sunflower oil | Span 40 . 9.5 wt% - and branched (starch and - . [49]
Sodium Platarum hydrogel type maltodextrin) polysaccharide maltodextrin)  based  bigels | depend ~upon the
alginate, based bigels for antibiotics and showed higher firmness and | application specific
Starch, robiotics deliver better probiotics viability but | requirements, by making
Maltodextrin P Y lower drug release rate as | @ compromise between
compared to linear | different properties of the

polysaccharides (sodium alginate
and sodium carboxy methyl
cellulose) based bigels.

selected system.
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The results showed an increase
in the viscosity of bigels and a
decrease in the drug release rate
with the increase in polymer
concentration.

PVP based bigels can be
good option for drug
delivery application if

Polyvinyl To compare the properties of | e PVA based bigels displayed | their mechanical
pyrrolidone Organogel-in- bigels containing water soluble higher gel strength, better | properties can further be
Sunflower oil | Span 40 (PVP), 10-14 wt% - Metronidazole hvdroael type synthetic polymers (PVP and biocompatibility and lower drug | enhanced, without | [67]
Polyvinyl yaroget typ PVA) and to analyze their release as compared to the PVP | disturbing their  drug
alcohol (PVA) suitability for drug delivery based bigels. release  properties, by
e The drug containing bigels | playing with the
displayed  resistance  against | concentration of PVP in
Escherichia coli making them | bigels.
potential candidate for controlled
delivery of active agents.
L]
- faion  itplayed  amooi | A balance between
To investigate the effect of - mechanical and  drug
2557 wiv Cinrofl : o i increasing organogel content on Le_xture, tt.)be.tlt.ir Stab'"tyh. c-;]nd release properties can be 45
Sesame oil Span 60 Guar gum 4.8:5.6 xt%(: ! Propyl paraben l\/llstrr(:an(i)c;(:zct;?é h;cgi?ggeglety;:)r:a— the properties of resultant bigel v:gccgsr?tpaa;dl Ifl)r/ }nness and Ilogws: made for bigels by 56]'
o systems, used for drug delivery d Iy d to th manipulating the
application rug release as compared to the organogel/hydrogel ratio
bigels containing lower fraction | . T
in bigels.
of organogels.
e Results showed an increase in
the size and number of dispersed
phase droplets, viscosity,
To analyze the influence of stability, firmness, enthalpy and | Better mechanical,
. - entropy of the bigels with the | thermal and drug release
. . Organogel-in- varying organogel{hydrogel ratio increase in organogel content. roperties of bigels can be | [51
Sesame oil Span 60 Carbopol 2.5-5.7 wt% - Metronidazole ganog on the characteristics of resultant ganog prop! 9! . ’
hydrogel type - . e The produced bigels also showed | obtained by playing with | 60]
yarogel typ bigels, used for drug delivery € pro g€ P Y playing
application smooth textu_re,_blocompatlbll_lty, thg Vorgant_)gel content
shear thinning behavior, | within the bigels.
diffusion mediated drug release
and better antimicrobial
efficiency against E. coli.
e Results showed that the bigels
prepared with 80/20 and 70/30
organogel/hydrogel ratio were
stable with similar viscosity,
e To understand the effect of spreadability and droplet size.
organogel/hydrogel ratio on The system prepared with 60/40
the viscosity, stability and organogel/hydrogel ratio was
spreadability  of  prepared unstable during storage. Rheology,  spreadability
5.2 Wi% Propylene glycol, Organogel-in- bigels. e Results revealed an improvement | and stability of a bigel 84
Almond oil Span 60 Carbopol 3.8-6 GM‘J/ Ethanol, Ketoprofen hvdrogel e To investigate the suitability in the photostability of drug after | system can be controlled ’
o ° Triethanolamine ydrogel type of a selected bigel f ti incorporation of dr rrier: b manipulatin the 8]
gel formation poration 0 ug carriers y p g
for enhancing the into the bigel formulations. organogel/hydrogel ratio.
photostability of drug | e The drug carriers containing
incorporated in  polymeric bigels also showed homogeneous
carrier microstructure, sustained release
of drugs, better rheological
properties, biocompatibility,
anti-inflammatory, analgesic and
anti-hyperalgesic effects.
- Ciclopirox . e To study the effect of | e Results revealed a decrease in | The thermal stability and
I{;;?:}lgn Polyethylene Zg;oxamer *32.2-54.7wt% | - olamine (CPO), ho):g?g;e%etlylpl increasing organogel content viscosity and consistency index | drug release properties of | [86]
Terbinafine on the thermal stability and as a function of increasing | studied bigels can be
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hydrochloride
(TFH)

drug release properties of
resultant bigel systems.

e To analyse the effect of
adding antifungal substances
on the drug release properties
of prepared bigels.

oleogel content.

Reported bigels were stable at
room temperature for six months
and four months at 40 °C.

The amount of drug release from
prepared bigels decreased with
increasing organogel
concentration.

The amount of drug release was
enhanced by adding ciclopirox
olamine in both phases, in equal
quantity, and terbinafine
hydrochloride in organogel or in
hydrogel.

enhanced by decreasing
the organogel content in
the investigated bigels.
This study is quite
interesting because both,
mechanical and  drug
release, properties have
inverse relation with the
organogel fraction.

Prepared bigels showed extended
drug release and bigel having
equal fraction of both phases

The formulation having
50/50 organogel/hydrogel

To examine the impact of ratio shows good
Isopropyl Mixture of Soya :-_Iydroxypropy Potassium sorbate organogel/hydrogel ratio on the (()S?i/ggj)m ‘f%??nulsztli%cr?d e consistency, good visual
Propy . ya 9.8-13.5 wt% S ! Flurbiprofen **N.A viscosity, consistency and dru pum L appearance, required 87
p 3% y g pp q
palmitate lecithin and Pluronic methylcellulos Sorbic acid, Water release properties of investigated In vitro permeation release was viscosity and neutral pH
€ bigel systems ﬁlr)sserved to be 89.99% after 8 which makes this system
' itable option f
The prepared bigels were found Zesl?\;;l;,e option for drug
to be stable and biocompatible. )
4638 *Including the weight fraction of oil as well
469 **Microscopic analysis of bigels is not reported
470
471  TABLE 2: Comparison of bigels with organogels, hydrogels and emulgels for drug delivery applications.
Total Structural
Oil Phase Organogelator Hydrogelator Cofncenltration Additives Drug Employed Distribution Objective(s) of Study Key Findings Analysis Ref
of Gelators
The  results revealed the .
existence of needle shaped Chetyl alcohol based t.".gd
e To analyze the effect of clusters of Span 60 which N C.th ical péomlslng
incor orai/in different became fiber-like structures by mfc anica ant_ rug
surfastants ?S an 80, Tween adding surfactants in the gels. L?J;ase?red ptrg pg[hlsrs ' bi zsl
20 and Twegn 80)' on the The viscosity of prepared gels systtfm and organog?sl
. : increased whereas the amount of ) !
Hydroxypropy properties of bigels. drug release decreased by adding which can ~ further be
Sova-bean oil Span 60, Cetyl I- 10 Wt% Span 80, Tween 20, Diltiazem HCI Organogel-in- * I;inimé?fs:ei?::]? c}:‘eani)ﬁgf;to?: surfactants. ter?:ancedal?%/oﬂlr?t);ing Wig} [83]
Y alcohol (CA) methylcellulos Tween 80 (DH) hydrogel type (Spa% 60 and Cegtyl SIcohoI) Cetyl alcohol based bigels organogelator and
¢ on the characteristics of showed befter mechanlt_:al and surfactant. Although
resultant bigels. drug release properties  as hydrogel displays highest
. compared to the bigels having
e To compare the properties of drug release but also have
different gelled systems i.e Span 60 as an organogelator. lowest viscosity.
h 9 Y Hydrogels and Bigels showed | Tperefore. CA based bi |
ydrogel, organogel and bigel. hih dr rolease  and erefore, ased bige
igher ~ drug seems suitable option for
permeation rates as compared to drug delivery application.
organogels.
Sodium Benzalkonium Hydrogel-in- e To see the influence of The outcome of the study | Sodium alginate based
Fish oil Beeswax alginate, 3.7-6.5 wt% chloride, Butylated Imiquimod organogel type increasing organogel content showed an increase in the | bigel system, having | [28]
Hydroxy hydroxyanisole on the properties of prepared thermal stability while a decrease | 10/90 organogel/hydrogel
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propyl methyl
cellulose
(HPMC)

bigels.

e To compare the characteristics
of sodium alginate and
hydroxy propyl methyl
cellulose based bigels.

e To compare the properties of
prepared bigels with the
hydrogel.

in apparent viscosity and drug
release rate of prepared bigels
with the increase in organogel
content.

Bigels prepared from sodium
alginate displayed higher
apparent  viscosity, hardness,
peak stress, drug permeation and
drug release rate as compared to
the HPMC based bigels.
Hydrogels showed higher
apparent viscosity, adhesiveness,
hardness, and peak stress values
as compared to bigels.

Bigels having sodium alginate or
hydroxypropyl methylcellulose
together with the fish oil showed
higher drug permeation and
release rate as compared to
hydrogels which was attributed
to the incorporation of fish oil.

ratio, seems to be the
most suitable candidate
for drug delivery
applications with
enhanced mechanical
properties, as compared to
hydrogel and other bigel
system.

Sesame oil

Span 60

Gelatin

19 wt%

Tween 80

Ciprofloxacin

Organogel-in-
hydrogel type

To compare the characteristics of
different gelled systems i.e.,
hydrogel, emulgel and bigel

XRD and FTIR analysis of
bigels revealed an increase in the
crystallinity of bigels due to the
addition of organogel within the
hydrogel phase which in turn
results the enhanced mechanical
properties of bigel as compared
to hydrogel and emulgel.

Bigel and emulgel also displayed
higher impedances and lower
swelling indices as compared to
hydrogel.

The drug release rate was highest
from hydrogel followed by
emulgel and then bigel.

Bigel shows better
mechanical properties as
compared to hydrogel and
emulgel but the drug
release characteristics
needs to be improved for
this system.

[61]

Fish oil

Beeswax

Carbopol

3.7-6.5 wt%

Benzalkonium
chloride, Butylated
hydroxyanisole,
Triethanolamine

Imiquimod,
Coenzyme Q10
(CoQ10)

Hydrogel-in-
organogel type

e To check the influence of
increasing organogel content
on the properties of prepared
bigels.

e To compare the behavior of
different gelled systems i.e.,
organogel, hydrogel and bigel.

e To develop an immune-
modulatory role of imiquimod
and fish oil against skin cancer
and inflammation resulted
from carcinogenesis.

The output of the study showed a
decrease in viscosity, hardness
and firmness while an increase in
drug permeation of prepared
bigels by increasing organogel
content.

Hydrogel  displays  highest
viscosity, adhesiveness  and
lowest drug permeation than
organogel and bigel.

Results revealed the higher drug
release through diffusion
mechanism in the case of drug
loaded bigels as compared to
drug loaded hydrogel and
organogel.

Drug loaded bigels displayed
better antitumor effects together
with reduction in pro-
inflammatory  cytokine levels
and an increase in _ anti-

Bigel  having  50/50
organogel/hydrogel ratio
displays better
mechanical, rheological
and drug release
properties as compared to
organogel and hydrogel.

[88,
89]
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inflammatory cytokine levels,
both of which helped in the
antitumor activity against skin
cancer.

Results showed an increase in
the mechanical properties of
bigels with the increase in the

° _Orﬁar;ogel—l organogel content up to a certain
;n_eyatr(l)gve;/er critical concentration and after | The bigel formulation
o{pano el e To investigate the effect of that a sudden decrease in the | having 375 wt%
fra?ctior?s increasing organogel fraction properties of  bigels was | organogel displays
. . Ciprofloxacin . on the properties of prepared observed. interesting mechanical
- 0, - -

Rice bran oil Stearyl alcohol Agar 24-6.5wt% hydrochloride ° CC;)ﬂrpﬁleg( sbl bigels. Bigels also showed lower | and drug release 7]
t el uou at | ® To compare the properties of electrical stability as compared | properties making it
h)gphest hydrogel and bigel. to hydrogels which was further | suitable candidate for
organo el reduced by the increase in | drug delivery application.
fra?ctior? organogel content.

The drug release mechanism
from the bigel formulations was
diffusion mediated.
XRD and FTIR analysis showed
an increase in the crystallinity of | This study reported the
: bigel and emulgel due to the | preparation of bigels with
¢ To develop a bigel system addition of organogel or oil, | co-hydrogel. The bigel
based on organogel and phase . . . .
. d respectively  within  the co- | formulation displays
Mixture of Glutaraldehyde, Organogel-in- separated  gelatin-agar  co- hvdrogel phase better mechanical
Soya-bean oil | Stearic acid Agar and 12 wt% Ethanol, Metronidazole h 3 glt hydrogel YOroge! p ’ . haracteristi [69]
Gelatin Hydrochloric acid ydrogel type e To aml d th Bigel and emulgel also displayed | characteristics as
yze and compare the higher electrical imped d | compared to emulgel and
roperties of  co-hydrogel Igher electrical Impedances an P el
gmul el and bigel ' better mechanical properties as | co-hydrogel, making it a
g gel. compared to the co-hydrogel | good option for drug
while drug release profiles of all | delivery application.
the formulations were similar.
All the studied formulations | This is the first study
showed elastic  (solid-like) | reporting the wuse of
behaviour in frequency sweep | Compritol® as an
® Transcutol® P . tests. organogelator. Bigel is a
E%%iott lic/ Compritol® (lipid (diethylene glycol Organogel-in- '(IJ':);:r(]):z?ritZerzocf;aI\r:ﬁ;[jeLIisthlsfgI Organogel displayed highest | potential candidate to
-~apry excipient of glyceryl Carbopol 10.5 wt% monoethyl ether), Ibuprofen ganog ganogel, hydroge! ar 9 viscosity and better viscoelastic | treat periodontitis because | [90]
capric behenate) Triethanolamine hydrogel type drug delivery application, to treat roperties followed by bigel and | of possessing comparable

triglyceride) periodontitis prop Y big Possessing P

(TEA) then the hydrogel. mechanical properties and
After 6 hours, bigel exhibited | excellent drug release
highest drug release as compared | properties as compared to
to organogel and hydrogel. organogel and hydrogel.
A decrease in electrical

e Organogel- impedance together with an . . .
in-hydrogel e To study the influence of increase in molecular Brlr1ge'nt hameg h Q:gh91
type at lower differenty organogel/hydrogel interactions and drug_diffusion lzlorozl;no el—?n—h er; ec:ge
organogel rati n thg rg rt% gf was observed for prepared bigels g) c?l I Y Xg” nt
fraction e;eoare?d bi eels properties 0 as a function of increasing S:Ee relséja:é/s ioCZrt?es

Rice bran oil Stearic acid Tamarind gum | 4.2 -5.4 wt% Ethanol Moxifloxacin HCI | e Hydrogel-in- prep ges. . hydrogel content. 9 _ prop [91]

e To compare the characteristics - together ~ with  better
organogel . . The firmness of organogel and . .
of resultant bigels with the AT mechanical and electrical
type at S . hydrogel was quite similar and . P
hiaher individual gels, i.e., hydrogel higher than the prepared bigels properties, making it an
ghe and organogel. 9 . prepar gets. idea candidate for drug
organogel Bigels displayed highest drug delivery applications
fraction release followed by hydrogel and '

then the organogel.




e The effect of using different
vegetable oils on the mechanical
properties of the bigels was not
significant.

e The drug release was bit higher
from soy bean oil based bigel as
compared to the bigel having
sesame oil.

e The output of microscopic

The drug release
characteristics of prepared
bigels can be

manipulated, by using
different vegetable oils,

Tween 80, e To investigate the effect of analysis showed the existence of | without affecting their
Sesame oil o ) Glutaraldehyde, ) ) Organogel-in- different oils_on the properties organogel aggregates within the | mechanical propert_ies.
Soy bean o’il Stearic acid Gelatin 20 wt% Ethanol, Ciprofloxacin hydrogel type of resultant bigels. bigels while the oil droplets were | Soy bean based bigel | [68]
Hydrochloric e To compare the behaviour of dispersed inside the emulgel. seems an interesting
acid bigels with the emulgels. e The bigels showed the resistance | option for drug delivery
towards leaching of dispersed | applications because of its
phase (organogel) whereas the | excellent mechanical
leaching of oil phase from | properties together with
emulgels was bit higher. comparative drug release
o Bigels displayed higher | behaviour.
mechanical and mucoadhesive
properties whereas lower
deformation and drug release
rate as compared to emulgels.
472
473  TABLE 3. Different bigel systems reported in the literature for cosmetics and other applications
Total Structural
Oil Phase Organogelator Hydrogelator Concentration Additives Distributi Obijective(s) of Study Key Findings Analysis Ref
istribution
of Gelators
Bigels prepared from organogels having zinc
stearate or silicic acid were heterogeneous and
non-smooth while other two organogelators
resulted in homogenous and smooth bigel
e To study the influence of ?;;stem;h . d fi f the bigel This was the first study to
different organogels on the he ad EsIveness an I(tmhnetst? or the bigels report the synthesis and
. properties of resultant bigels. showed an increase wi e increase in | - terization of bigels.
weet - X organogel content. .
almond oil Chole_sterol, Span ) ) e To investigate the effect of Results of stability analysis showed no change Span 60 based bigel (10
Liquid ! GQ,_Z_lnc s_tearate, Carbopol 0.8-2.5 wt% Triethanolamine *N.A varying organogel/hydrogel ratio in the texture and appearance of gels for the wt% organogel ) conte_nt) [48]
paraffin Silicic acid on the behavior of prepared period of six months whereas after six months shows ) interesting
bigels. h b d in the color and textur mechanical and moisturizing
e To compare the characteristics of changes were observe € color and texture properties as compared to
organogel, hydrogel and bigel. of_the formulations. L . other reported systems.
' Bigels also showed moisturizing effect, cooling
effect and good spreadability, without the need
of any additives, which made them a potential
candidate for cosmetic applications as a
moisturizer.
e Organogel-in- e To analyze the effect of The outcome of the study showed an increase in | This  study  first time
Tocopherol, Citric hydrogel type increasing organogel fraction the consistency, degree of structuration and | reported the semi-empirical
Mixture of acid Tribas'ic at lower and organogelators amount on thermal stability of bigels with the increase in | model to fit the rheological
Extra virgin policosanol and . ! . organogel the rheological properties and organogel fraction or the amount of | data of bigels. This model
) . LM pectin 3.63-15.5 wt% sodium citrate, . . ] [63]
olive oil glyceryl Glycerin, Calcium fractions phase inversion phenomena organogelators due to the thermally stable | shows the dependence of
monostearate chloride ’dihydrate e Complex bi- | e To develop a semi-empirical nature of organogel. bigel properties on the
continuous model to fit the rheological The microscopic and conductivity analysis of | dispersed phase fraction and

type at highest

properties of bigels.

bigels confirmed the oil-in-water type system

also on the properties of
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organogel
fraction

which became more complex matrix-in-matrix
type at the highest organogel fraction (60 wt%).
A semi-empirical rheological model was also
proposed which displayed a reasonably good
agreement with the experimental data.

The resultant bigel system is an interesting
option for sustained release of
hydrophilic/hydrophobic  active agents  for
cosmetics and pharmaceutical applications.

individual phases.

« Organogel-in-
hydrogel type

e To investigate the influence of

increasing organogelator,

The increasing consistency of the individual
phase within bigel system did not show much
effect on the structural distribution of the
individual phases within the resultant bigels.

The increasing organogelator and hydrogelator
amounts displayed an increase in the
consistency and degree of structuration of the
prepared bigels. The effect of modifying
consistency of hydrogel phase (continuous) on
the rheological properties of bigels was more
pronounced as compared to the manipulating

The proposed model is an
interesting tool to predict the
complex modulus of bigels

) Tocopherol, Citric at lower hydrogelator and_ organogel the amount of organogelator. by usi_ng the i_nf_ormation of
Mixture of acid Tribaéic organogel amount on the microstructural The results of the rheological model fitting on | moduli of individual phases
Virgin olive policosanol and LM pectin 4-16 Wi% sodihm citrate fractions and rheological properties of the experimental data showed that the Palierne | and the maximum packing 78]
oil glyceryl Glycerin CaIc’ium e Complex  bi- bigels. model modified with crowding factor was not | fraction of _the considered
monostearate chioride ’dihydrate continuous To develop a model by relating able to fit the experimental data accurately | system. This study also
type at highest the bigel properties with the which was linked with the non-ideal behavior of | shows that the hydrogel
organogel amount and  properties of bigels due to the presence of non-spherical and | phase is more important to
fraction individual phases. polydisperse droplets. influence the properties of
Due to the absence of theoretical model for such | resultant bigels.
a complex system, an empirical model, based on
Palierne model, was proposed.
The proposed model showed a quite good
agreement with the experimental data and can
be used to the predict the complex modulus of
bigels if moduli of individual phases are known
and the maximum packing fraction can be safely
assumed.
The prepared bigel formulations showed
satisfying results for the stability due to the | This is the first and only
. . presence of starch hydrogel. study which presents the
ﬁf;;)erbzl_ palmitate, ;?Xiizvelor; n?UIt;LQIeI s)(lsgesTnez)C/ Bige_' formu|ati_on5 shovyed an in_crease in the sy_nt_hesis of bigel _system by
o ) Tocop;herol ) formulation) and organogel consistency with the increase in organogel | mixing emglgel, instead of
Extra virgin Monoglycerides of el Complex matrix- . fraction up to a certain level and after that a | hydrogel, with the organogel
e - Potato starch 4.8-7.3 Wt% Glycerin, Sodium h . To analyze the effect of 5 . e | [52]
olive oil fatty acids in-matrix system . . decrease in consistency was observed followed | phase. The reported bigel is
ascorbyl phosphate, increasing organogel content on . : . interestin system
Phenoxyethanol, the properties of resultant by a new increase and this was attributed to the | an interesting Y.
. f O/W system to a more complex | because it possesses
Cethyl alcohol complex bigel system. tr_ansn!on 0 Y’ p .
bicontinuous  type arrangement as also | organogel, hydrogel and oil
confirmed by NMR self-diffusion, microscopic | phase in a single system.
and conductivity analysis of bigels.
To develop a bigel system by Results revealed a completely different | This is the first study
using colloidal silica particles as rheological behavior of bigels as compared to | reporting the gelation of
Mixture of an organogelator. organogel and hydrogel. vegetable oil by using
S . Hydrophilic fumed Locust bean Hydrogel-in- To check the effect of increasing Bigels also displayed higher gel strength and | colloidal silica particles and
unflower oil - 9.4-13.6 wt% - ¥ X . - [62]
silica gum and organogel type hydrogel fraction on the behavior lower structure recovery as compared to | also incorporating  that
Carrageenan of resultant bigel systems. organogel and hydrogel. organogel into hydrogel to

To compare the characteristics of
organogel, hydrogel and bigel.

Furthermore, hydrogel/organogel ratio also
showed a significant effect on the rheological

prepare bigel systems. The
resultant bigel system shows
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properties of the bigel formulations.

synergistic ~ effect  and
displays better properties
than either of the single gel
i.e., hydrogel and organogel,
which  makes them an
interesting  system  for
cosmetic and pharmaceutical
applications.

To study the behavior of bigels by

Results showed a non-homogeneous distribution
of organogel droplets within bigels at the
highest fraction of organogel.

Bigels showed a decrease in firmness,

This study presents the
critical fraction of organogel
after that the properties of

Vegetable oil Beeswax Sodium alginate | 2-4 wt% hOrgfgoegletl—lr: increasing the organogel fraction ‘S)’?r;i%abe'll'tg;ﬁgjnf%cﬁisc';'t\yv::'t;ttr?gxe%refsetﬁg the resultant system is not | [92]
yarogel typ within the bigel system ganog much affected by the
de-flocculated structure. ; :
; N . increase  in  organogel
X-ray diffraction analysis showed that once fraction
poly-crystallinity was reached the results '
remained same for all tested ratios.
This is the first and only
To evaluate the effect of process Results revealed that the smaller droplets size Str%?:is;?gor%zgi;lz]ﬁe: f;e:tﬂ(]);‘
. proces resulted in higher cohesiveness, modulus, p ng .
. . . variables (organogel/hydrogel ratio : ) - properties of resultant bigel
High oleic Glycerol . Hydrogel-in- Y - adhesiveness, consistency and spreadability.
sunflower oil monostearate Gellan gum NA organogel type and mixing speed) on the properties Mixing speed and organogel/hydrogel ratio was systems. Organogel- | [64]
ganogel typ of bigels through multivariate 'tg pt th gt g tyt 9 tors t hydrogel ratio and mixing
analysis pofllne ofh € mc? m}p;r aln parameters 1o speed are quite important
Intiuence the properties of bigels. parameters to manipulate the
properties of bigel systems.
474 *Microstructural analysis of bigels is not reported
475 **Hydrogel/organogel ratio is not mentioned in the paper
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5. Conclusion and Future Perspective

In recent times, different bigel systems have been produced and manipulated according to the
needs of different applications. This review presented the literature regarding the important
characteristics of bigels and also demonstrated the detailed discussion on the modelling of these
systems. Moreover, utilization of these systems for pharmaceutical and cosmetics applications

has also been discussed.

Bigels are emerging class of materials and, therefore, extensive analysis of these systems is
required for commercial applications. Different parameters, which are important in the synthesis
of bigels include: storage of bigels, mixing speed, mixing temperature, amount of organogelator
and hydrogelator, organogel/hydrogel ratio, addition of emulsifiers and incorporation of
emulgels instead of either organogel or hydrogel. The effect of above mentioned parameters on
the final properties of prepared formulation requires more attention from the researchers.
Organogel-in-hydrogel type bigels have been investigated much in the literature while other two
types, hydrogel-in-organogel and bi-continuous type are less studied which require more focus

from the researchers in future.

From literature, it was observed that the systems with better mechanical and rheological
properties displayed lower drug release rate. Therefore, further investigation is required in this
area to prepare a system with better properties together with enhanced drug release rate.
Discussion on the rheological modeling of bigels revealed that the existing models are not
enough to accurately predict the rheological properties of bigels. Therefore, further investigation
is necessary to understand the dependence of rheological properties of bigels on the moduli of
dispersed and continuous phase and also on the particle size distribution, with the aim of
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499

500

501

502

proposing a better model to accurately predict the properties of such a complex system.
Furthermore, simulation of such systems can also be performed to compare the results with real
time response. Moreover in future, along with pharmaceutical and cosmetics applications, bigel

formulations can be prepared and analyzed for food applications.

38



503

504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547

References

[1] V.K. Singh, K. Pal, D.K. Pradhan, K. Pramanik, Journal of Applied Polymer Science, 130 (2013) 1503-
1515.

[2] P. Dastidar, Chemical Society Reviews, 37 (2008) 2699-2715.

[3] K. Pal, V.K. Singh, A. Anis, G. Thakur, M.K. Bhattacharya, Polymer-Plastics Technology and
Engineering, 52 (2013) 1391-1422.

[4] S.S. Babu, V.K. Praveen, A. Ajayaghosh, Chemical Reviews, 114 (2014) 1973-2129.

[5] E.D. Co, A.G. Marangoni, Journal of the American Oil Chemists' Society, 89 (2012) 749-780.

[6] K. Rehman, M.H. Zulfakar, Drug development and industrial pharmacy, 40 (2014) 433-440.

[7] F.R. Lupi, A. Shakeel, V. Greco, N. Baldino, V. Calabro, D. Gabriele, LWT-Food Science and Technology,
77 (2017) 422-429.

[8] F. Lupi, D. Gabriele, V. Greco, N. Baldino, L. Seta, B. De Cindio, Food research international, 51 (2013)
510-517.

[9] M. Ogiitci, E. Yilmaz, International Journal of Food Properties, 18 (2015) 1741-1755.

[10] H. Schaink, K. Van Malssen, S. Morgado-Alves, D. Kalnin, E. Van der Linden, Food Research
International, 40 (2007) 1185-1193.

[11] R. Kumar, O.P. Katare, Aaps Pharmscitech, 6 (2005) E298-E310.

[12] N. Duffy, H.C. Blonk, C.M. Beindorff, M. Cazade, A. Bot, G.S. Duchateau, Journal of the American Qil
Chemists' Society, 86 (2009) 733-741.

[13] L.S.K. Dassanayake, D.R. Kodali, S. Ueno, K. Sato, Journal of the American Oil Chemists' Society, 86
(2009) 1163.

[14] H. Sawalha, P. Venema, A. Bot, E. Floter, E. van der Linden, Food biophysics, 6 (2011) 20-25.

[15] V.A. Mallia, M. George, D.L. Blair, R.G. Weiss, Langmuir, 25 (2009) 8615-8625.

[16] M. Suzuki, M. Nanbu, M. Yumoto, H. Shirai, K. Hanabusa, New Journal of Chemistry, 29 (2005) 1439-
1444,

[17] W. Zhao, Y. Li, T. Sun, H. Yan, A. Hao, F. Xin, H. Zhang, W. An, L. Kong, Y. Li, Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 374 (2011) 115-120.

[18] I.F. Almeida, M.F. Bahia, International journal of pharmaceutics, 327 (2006) 73-77.

[19] S. Da Pieve, S. Calligaris, A. Panozzo, G. Arrighetti, M.C. Nicoli, Food research international, 44
(2011) 2978-2983.

[20] L.A.T. Oliveira Jr, V.R. Souza, D.C. Endringer, D.A. Hendrickson, C.S. Coelho, Journal of equine
veterinary science, 32 (2012) 139-145.

[21] P. Magin, J. Adams, C. Pond, W. Smith, Complementary therapies in medicine, 14 (2006) 62-76.

[22] G.L. Darmstadt, S.K. Saha, A.N.U. Ahmed, M.A. Chowdhury, P.A. Law, S. Ahmed, M.A. Alam, R.E.
Black, M. Santosham, The Lancet, 365 (2005) 1039-1045.

[23] P. Viola, M. Viola, Clinics in dermatology, 27 (2009) 159-165.

[24] S. Ramachandran, N.R. Prasad, S. Karthikeyan, Archives of dermatological research, 302 (2010) 733-
744.

[25] S.S. Sagiri, B. Behera, K. Pal, P. Basak, Journal of Applied Polymer Science, 128 (2013) 3831-3839.
[26] S. Sahoo, N. Kumar, C. Bhattacharya, S. Sagiri, K. Jain, K. Pal, S. Ray, B. Nayak, Designed monomers
and polymers, 14 (2011) 95-108.

[27]1S. Murdan, Expert opinion on drug delivery, 2 (2005) 489-505.

[28] K. Rehman, M.C.I.M. Amin, M.H. Zulfakar, Journal of oleo science, 63 (2014) 961-970.

[29] A.R. Patel, P.S. Rajarethinem, A. Gredowska, O. Turhan, A. Lesaffer, W.H. De Vos, D. Van de Walle,
K. Dewettinck, Food & function, 5 (2014) 645-652.

39



548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595

[30] A.R. Patel, N. Cludts, M.D.B. Sintang, A. Lesaffer, K. Dewettinck, Food & function, 5 (2014) 2833-
2841.

[31] B. Behera, S.S. Sagiri, K. Pal, A. Srivastava, Journal of Applied Polymer Science, 127 (2013) 4910-
4917.

[32] Z. Wei, J.H. Yang, J. Zhou, F. Xu, M. Zrinyi, P.H. Dussault, Y. Osada, Y.M. Chen, Chemical Society
Reviews, 43 (2014) 8114-8131.

[33] B.O. Okesola, D.K. Smith, Chemical Society Reviews, 45 (2016) 4226-4251.

[34] W.L. Hinze, I. Uemasu, F. Dai, J.M. Braun, Current Opinion in Colloid & Interface Science, 1 (1996)
502-513.

[35] H.-R. Lin, C.-Y. Hsu, Y.-L. Lo, International Journal of Polymeric Materials and Polymeric
Biomaterials, 62 (2013) 763-769.

[36] X. Du, J. Zhou, J. Shi, B. Xu, Chemical reviews, 115 (2015) 13165-13307.

[37] V. Gallardo, M. Mufiioz, M. Ruiz, Journal of cosmetic dermatology, 4 (2005) 187-192.

[38] E. Rahmani-Neishaboor, R. Jallili, R. Hartwell, V. Leung, N. Carr, A. Ghahary, Wound Repair and
Regeneration, 21 (2013) 55-65.

[39] F.R. Lupi, D. Gabriele, B. De Cindio, M.C. Sanchez, C. Gallegos, Journal of Food Engineering, 107
(2011) 296-303.

[40] E. Dickinson, Food Hydrocolloids, 28 (2012) 224-241.

[41] M.I. Mohamed, The AAPS journal, 6 (2004) 81-87.

[42] H. Chen, X. Chang, D. Du, J. Li, H. Xu, X. Yang, International Journal of Pharmaceutics, 315 (2006) 52-
58.

[43] V.K. Singh, S. Ramesh, K. Pal, A. Anis, D.K. Pradhan, K. Pramanik, Journal of Materials Science:
Materials in Medicine, 25 (2014) 703-721.

[44] A.J. Martins, P. Silva, F. Maciel, L.M. Pastrana, R.L. Cunha, M.A. Cerqueira, A.A. Vicente, Food
Research International, (2018).

[45] V.K. Singh, |. Banerjee, T. Agarwal, K. Pramanik, M.K. Bhattacharya, K. Pal, Colloids and Surfaces B:
Biointerfaces, 123 (2014) 582-592.

[46] A. Blumlein, J.J. McManus, Journal of Materials Chemistry B, 3 (2015) 3429-3435.

[47] B. Behera, S.S. Sagiri, K. Pal, K. Pramanik, U.A. Rana, |. Shakir, A. Anis, Polymer-Plastics Technology
and Engineering, 54 (2015) 837-850.

[48] I. Almeida, A. Fernandes, L. Fernandes, M. Pena Ferreira, P. Costa, M. Bahia, Pharmaceutical
development and technology, 13 (2008) 487-494.

[49] B. Behera, S.S. Sagiri, V.K. Singh, K. Pal, A. Anis, Starch-Starke, 66 (2014) 865-879.

[50] L. Di Michele, D. Fiocco, F. Varrato, S. Sastry, E. Eiser, G. Foffi, Soft matter, 10 (2014) 3633-3648.
[51] V.K. Singh, A. Anis, |. Banerjee, K. Pramanik, M.K. Bhattacharya, K. Pal, Materials Science and
Engineering: C, 44 (2014) 151-158.

[52] F. Lupi, L. Gentile, D. Gabriele, S. Mazzulla, N. Baldino, B. De Cindio, Journal of colloid and interface
science, 459 (2015) 70-78.

[53] M.N. Lee, A. Mohraz, Advanced Materials, 22 (2010) 4836-4841.

[54] G. Deng, Q. Ma, H. Yu, Y. Zhang, Z. Yan, F. Liu, C. Liu, H. Jiang, Y. Chen, ACS Macro Letters, 4 (2015)
467-471.

[55] L. Di Michele, F. Varrato, J. Kotar, S.H. Nathan, G. Foffi, E. Eiser, Nature communications, 4 (2013)
2007.

[56] A. Goyal, C.K. Hall, O.D. Velev, The Journal of chemical physics, 133 (2010) 064511.

[57] ). Stokes, B. Wolf, W. Frith, Journal of Rheology, 45 (2001) 1173-1191.

[58] S. Wassén, R. Bordes, T. Gebéack, D. Bernin, E. Schuster, N. Lorén, A.-M. Hermansson, Soft Matter,
10 (2014) 8276-8287.

[59] S. Kasapis, Critical reviews in food science and nutrition, 48 (2008) 341-359.

40



596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643

[60] V.K. Singh, A. Anis, S. Al-Zahrani, D.K. Pradhan, K. Pal, Int J Electrochem Sci, 9 (2014) 5049-5060.

[61] S. Satapathy, V.K. Singh, S.S. Sagiri, T. Agarwal, |. Banerjee, M.K. Bhattacharya, N. Kumar, K. Pal,
Journal of Applied Polymer Science, 132 (2015).

[62] A. Patel, B. Mankoc¢, M.B. Sintang, A. Lesaffer, K. Dewettinck, Rsc Advances, 5 (2015) 9703-9708.
[63] F.R. Lupi, A. Shakeel, V. Greco, C.O. Rossi, N. Baldino, D. Gabriele, Materials Science and
Engineering: C, 69 (2016) 358-365.

[64] L.H. Fasolin, A. Vicente, The 19th Gums & Stabilisers for the Food Industry Conference:
Hydrocolloid Multifunctionality, Berlin, Germany, 2017.

[65] A. Shakeel, F.R. Lupi, D. Gabriele, N. Baldino, B. De Cindio, Soft Materials, 16 (2018) 77-93.

[66] G. Yu, X. Yan, C. Han, F. Huang, Chemical Society Reviews, 42 (2013) 6697-6722.

[67] B. Behera, V. Singh, S. Kulanthaivel, M. Bhattacharya, K. Paramanik, |. Banerjee, K. Pal, European
Polymer Journal, 64 (2015) 253-264.

[68] S.S. Sagiri, V.K. Singh, S. Kulanthaivel, I. Banerjee, P. Basak, M. Battachrya, K. Pal, Journal of the
mechanical behavior of biomedical materials, 43 (2015) 1-17.

[69] S. Wakhet, V.K. Singh, S. Sahoo, S.S. Sagiri, S. Kulanthaivel, M.K. Bhattacharya, N. Kumar, |. Banerjee,
K. Pal, Journal of Materials Science: Materials in Medicine, 26 (2015) 118.

[70] S.P. Kodela, P.M. Pandey, S.K. Nayak, K. Uvanesh, A. Anis, K. Pal, International Journal of Polymeric
Materials and Polymeric Biomaterials, 66 (2017) 669-678.

[71] D.Q. Craig, M. Reading, Thermal analysis of pharmaceuticals, CRC press, 2006.

[72] B. Behera, S. Dey, V. Sharma, K. Pal, Advances in Polymer Technology, 34 (2015).

[73] R. Pal, Electromagnetic, mechanical, and transport properties of composite materials, CRC Press,
2014.

[74] P. Chen, K. Adachi, T. Kotaka, Polymer, 33 (1992) 1813-1815.

[75] S. Sahoo, V.K. Singh, K. Uvanesh, D. Biswal, A. Anis, U.A. Rana, S.M. Al-Zahrani, K. Pal, Journal of
Applied Polymer Science, 132 (2015) 42561.

[76] V.K. Singh, A. Anis, S. Al-Zahrani, D.K. Pradhan, K. Pal, Int J Electrochem Sci, 9 (2014) 5640-5650.

[77] D. Gabriele, B. de Cindio, P. D'Antona, Rheologica Acta, 40 (2001) 120-127.

[78] F.R. Lupi, M.P. De Santo, F. Ciuchi, N. Baldino, D. Gabriele, Rheologica Acta, 56 (2017) 753-763.

[79] M. Peleg, Journal of Food Science, 44 (1979) 277-281.

[80] H.S. Mickley, T.K. Sherwood, C.E. Reed, Applied mathematics in chemical engineering, McGraw-Hill,
1957.

[81] C. Martins, V. Pinto, R.M. Guedes, A.T. Marques, Procedia Engineering, 114 (2015) 768-775.

[82] A. Martin-lllana, R. Cazorla-Luna, F. Notario-Pérez, L.M. Bedoya, R. Ruiz-Caro, M.D. Veiga, European
Journal of Pharmaceutical Sciences, 127 (2019) 38-51.

[83] M.M. lbrahim, S.A. Hafez, M.M. Mahdy, asian journal of pharmaceutical sciences, 8 (2013) 48-57.
[84] V. Andonova, P. Peneva, G.S. Georgiev, V.T. Toncheva, E. Apostolova, Z. Peychev, S. Dimitrova, M.
Katsarova, N. Petrova, M. Kassarova, International journal of nanomedicine, 12 (2017) 6221-6238.

[85] V.Y. Andonova, P.T. Peneva, E.G. Apostolova, T.D. Dimcheva, Z.L. Peychev, M.I. Kassarova, Tropical
Journal of Pharmaceutical Research, 16 (2017) 1455-1463.

[86] A. Mazurkeviciute, K. Ramanauskiene, M. lvaskiene, A. Grigonis, V. Briedis, Acta Pharmaceutica, 68
(2018) 223-233.

[87] N.R. Charyulu, A. Muaralidharan, D. Sandeep, Research Journal of Pharmacy and Technology, 11
(2018) 143-152.

[88] K. Rehman, M.H. Zulfakar, Pharmaceutical research, 34 (2017) 36-48.

[89] M.H. Zulfakar, L.M. Chan, K. Rehman, L.K. Wai, C.M. Heard, AAPS PharmSciTech, 19 (2018) 1116-
1123.

[90] R. Hamed, A.a. AbuRezeq, O. Tarawneh, Drug development and industrial pharmacy, 44 (2018)
1488-1497.

41



644 [91] S.R. Paul, D. Qureshi, Y. Yogalakshmi, S.K. Nayak, V.K. Singh, I. Syed, P. Sarkar, K. Pal, Journal of
645  Surfactants and Detergents, 21 (2018) 17-29.

646 [92] A.J. Martins, P.M.P.d. Silva, J.F.G. Maciel, L. Pastrana, R.L. Cunha, M.A. Cerqueira, A.A. Vicente, The
647 19th Gums & Stabilisers for the Food Industry Conference: Hydrocolloid Multifunctionality, Berlin,
648 Germany, 2017.

649

42



