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We report a new approach of using dispersed water phase 

gelation as a mode to create oil continuous emulsion gels. Low 

temperature gelation property of synergistic hydrocolloid 

combinations was exploited to develop elastic soft solids using 

only food-grade components.  10 

Many of the regularly consumed food products are emulsion-

based soft solids that display gel-like behaviour (structured 

emulsions).1, 2 These viscoelastic products can be broadly 

categorized into three main classes including: i) water continuous 

emulsions structured using proteins and/or polysaccharides that 15 

act as emulsifiers as well as thickening or gelling agents (e.g. 

cheese, yogurt, milk-based deserts etc.); ii) highly concentrated 

water continuous emulsions where the rheological structuring 

comes from the close crowding of dispersed oil droplets at high 

packing fractions (such as mayonnaise, sauce etc.) and iii) oil 20 

continuous emulsions structured using network of fine solid fat 

crystals (e.g. margarine, butter and spreads).3-5 

While a lot of research has been conducted on studying and 

identifying ways to structure the water continuous emulsions, the 

exploration of alternate ways to structure oil continuous 25 

emulsions has been lagging far behind with most commercial 

products still relying on the use of solid fats for structure 

creation.5 In wake of the recent reports on health concerns 

relating to the consumption of saturated and trans-fats, some 

research has emerged in last few years where structured oil 30 

continuous emulsions have been prepared in absence of solid fats 

via oleogelation.6-11 However, the oleogelators used in these 

studies are either not suitable for food-grade applications (12-

hydroxy stearic acid and waxes)12-16 or are rather expensive 

(phytosterols and oryzanol) to be considered for use in routine 35 

food products.17 There are some interesting non-food related 

research results where high internal phase emulsion (HIPE) 

organogels were achieved through the use of low molecular 

weight gelators and functionalized polymers (both of which 

requires a significant synthetic efforts and are non-food grade).18, 
40 

19 

In this paper, we report for the very first time a new approach to 

create structured soft solids based on gelation of oil continuous 

HIPE. The gelling of the emulsion was achieved through the use 

of food-grade hydrocolloids dispersed in the internal phase that 45 

constituted major volume of the emulsion (φwater > close packing 

volume). Galactomannans (natural polymers made up of 

galactose and mannose subunits) are known to show synergistic 

interactions with other food-grade hydrocolloids like carrageenan 

(CAR) and xanthan gum (XAN). In particular, locust bean gum 50 

(LBG), a galactomannan with a higher mannose:galactose ratio (~ 

4:1) displays a strong interaction with other non-gelling 

hydrocolloids leading to the formation of gel at a low total 

polymer concentration.20 In the current work, the synergistic 

gelling property of these hydrocolloid combinations was 55 

exploited to generate oil continuous HIPE gel by first finely 

dispersing hydrocolloid solution in oil continuous medium 

through emulsification at high temperature (> 70 ºC) followed by 

cooling to room temperature to trigger water droplet gelation 

(Fig. 1a).  60 

 
Fig. 1. a & b) The preparation process involved a high temperature (> 70 

ºC) emulsification of a mixture of oil and water (containing 

hydrocolloids) in presence of low HLB (hydrophilic lipophilic balance) 

emulsifier PGPR (polyglycerol polyricinoleate) followed by cooling to 65 

room temperature leading to immediate formation of an oil continuous 

emulsion gel; c, d, & e) emulsions prepared at internal phase volume of 

0.25, 0.5 and 0.75 respectively.   

Due to the high phase volume, the gelled droplets provided a 

structural framework that held the emulsion together, resulting in 70 

a self-standing elastic gel-like structure. The effect of phase 
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volume on the structuring is evident from Fig. 1b. At lower phase 

volumes (φwater = 0.25), the formed emulsion was fluid in nature 

and did not show any gelation. At higher phase volumes (φwater = 

0.5 and 0.75), gelation of both emulsions was evident. However, 

emulsion with φwater = 0.5 showed physical instability overnight, 5 

leading to a distinct separation into a gel phase and a fluid phase 

(Fig. 2a). The optical microscopy images shown in Fig 2c & d 

indicate that the emulsion in both the gel and separated fluid 

phase was stable with higher droplet population in close packing 

constituting the gelled phase and a dilute emulsion making up the 10 

separated fluid phase. In both cases, the emulsion did not show 

any coalescence. The emulsion with φwater = 0.75 on the other 

hand,  gave an elastic self-standing gel (Fig. 2b) which was stable 

for over 3 months without showing any separation or droplet size 

increase. The tightly packed, gelled water droplets were seen 15 

under the microscope (Fig 2e) suggesting that the close packing 

of gelled emulsion droplets is necessary to build a framework to 

support the 3D gel structure that physically traps oil phase in the 

inter-droplet sites lined by crowded interfaces.  

 20 

Fig. 2. a & b) Photographs of emulsion gels prepared at internal phase 

volumes (φwater) of 0.5 and 0.75 respectively; c & d) Optical microscopy 

image (scale bars = 25 µm) of separated gel and fluid phases respectively 

of emulsion prepared at φwater = 0.5. Notice the microstructure difference 

of the two phase; e) Optical microscopy image (scale bar = 25 µm) of 25 

HIPE gel prepared at φwater = 0.75.  

Initial emulsification trials without hydrocolloids were carried out 

using commonly used food emulsifiers – monoglycerides 

(consisting of a fatty acid linked to glycerol backbone).21, 22 

However, due to their limited surface activity, the emulsions 30 

formed using monoglycerides even at concentrations as high as 5 

%wt were unstable and showed phase separation on cooling (Fig 

S1a). On other hand, stable HIPE at φwater = 0.75 (with a mean 

droplet radius of 4.39 µm) was obtained by using polyglycerol 

polyricinoleate (PGPR) at a low concentration of 0.4%wt  (Fig 35 

S1b). Unlike monoglycerides, PGPRs are polymeric surfactants 

(fatty acid esters of polyglycerol)23 with strong surface activity22 

used for specialized food formulations like chocolate, low fat 

spreads and bakery products.24 The HIPE gels were formed by 

incorporating hydrocolloids (a combination of LBG:CAR and 40 

LBG:XAN) in the water phase. Though the hydrocolloids used 

are non-surface active, the HIPE gels had lower average droplet 

sizes (3.5 and 2.76 µm for LBG:CAR and LBG:XAN 

respectively) then HIPE emulsion (Fig S2). The probable reason 

for this decrease in the water droplet size could be due to the 45 

increase in the viscosity of the internal phase due to incorporation 

of hydrocolloids. The decrease in the droplet size with the 

increase in the viscosity of dispersed phase could be explained by 

the fact that under the shear flow, the high viscosity droplets can 

resist disruption longer and thus undergo higher deformation 50 

before breaking down into smaller droplets.22, 25 LBG:CAR and 

LBG:XAN are well-studied synergistic combinations used as 

formulation aid in various food products.26-28 The exact 

mechanism of these synergistic interactions are still unclear but 

they are utilized to obtain gels in combination with non-gelling 55 

hydrocolloids.28, 29 The gels formed by these hydrocolloid 

combinations are low temperature setting and thermo 

reversible.20, 30 The thermo reversible property of these 

hydrocolloid combinations was used to form HIPE gels by 

emulsifying the melted gel with oil at high temperature followed 60 

by cooling down to the room temperature in order to trigger gel 

formation of the internal phase. 

The microstructure of HIPE gel was studied using a range of 

microscopy (optical, confocal and cryo-SEM) techniques (Fig 3). 

Visualization of emulsion under confocal microscope confirmed 65 

the oil-continuous nature of emulsion with dispersed gelled water 

droplets closely packed together (Fig 3b & c). The deformation 

of droplet shapes indicates close packing structure of the 

emulsion which forms the main framework that supports the 3D 

gel structure. The gelled water droplets are further seen in the 70 

cryo-SEM images of freeze-fractured HIPE gel (Fig. 3c & d). 

The HIPE gels were stable over 3 months of storage as indicated 

by absence of “oiling-off”, no coalescence and uniformity of 

average droplet size (Fig. S3).  

 75 

Fig. 3. a & b)  Optical and confocal  microscopy images of HIPE gel 

prepared at φwater = 0.75 (scale bars = 100 & 20 µm respectively); c) 3D 

volume view created using stacked images obtained from confocal 

microscopy (sample depth = 15 µm); d) Cryo-SEM image of freeze 

fractured HIPE gel showing gelled droplets in an oil continuous phase 80 

(scale bar = 10 µm); e) The fractured gelled water droplet (scale bar = 2 

µm), water (W) and oil (O) phase are marked for better clarity. The HIPE 

gel was prepared using 0.4%wt of emulsifier (PGPR) and a total polymer 

concentration of 1 %wt (containing LBG:CAR in 75:25 ratio). 

Food emulsion gels have interesting viscoelastic properties which 85 

are usually evaluated by studying their large deformation fracture 

properties and yielding behaviour.1, 31-33 The HIPE gels were 

subjected to uni-axial compression testing to gain more 

information about the structural arrangement of these systems. 

Both the total polymer concentration as well as polymer 90 

Page 2 of 5RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

proportions in the combinations had an effect on the fracture 

properties of HIPE gels. The increase in the polymer 

concentration resulted in a decrease of fracture strain as indicated 

by a decrease in the displacement values (l*) at fracture point or 

point of permanent deformation (Fig 4 & Table S1). The 5 

modulus of elasticity (Young’s modulus, Ey) is a measure of the 

stiffness (rigidity) of a sample or in other words, the extent to 

which a sample resists deformation to an applied force.33, 34 The 

values of Ey is calculated from the slope of the linear portion of 

load-displacement curve where the load is below elastic limit and 10 

the sample still obeys Hooke’s law (i.e. load is proportional to 

extension of sample).34 On the other hand, critical force (F*) is a 

measure of the strength of a sample i.e. the ability to withstand an 

applied stress without failure.35 In terms of gels, a higher Ey 

indicates a stiffer gel that can be stretched only to a certain extent 15 

before it breaks and a higher fracture force indicates the higher 

gel strength or gel hardness.36, 37 A desirable food emulsion gel 

needs to have a reasonable strength (intermediate to high  F*) but 

at the same time a lower Ey and a higher fracture strain (higher 

displacement at fracture point, l*) so it is stretchable (and 20 

consequently spreadable) over a larger surface before it 

undergoes plastic deformation.  Understandably, the increase in 

the total polymer concentration led to an increase in the values of 

F* and Ey while showing a decrease in the values of l*. The HIPE 

gel prepared at a total polymer concentration of 0.75 %wt showed 25 

lowest Ey (4.62 Nm-2) but was very weak as indicated from a very 

low value of F* (0.69 N). On the other hand, samples made at 

1.25 % and 1.5 %wt polymer concentration showed good gel 

strength (2.17 and 3.07 N respectively) but were very rigid  (Ey = 

15.78 and 23.23 Nm-2 for 1.25 and 1.5 %wt respectively) and 30 

showed a lower spreadability (l* = 10.67 and 9.92 mm for 1.25 

and 1.5 %wt respectively). A total polymer concentration of 1 

%wt showed a reasonable gel strength (F* > 1 N) as well as a 

high fracture strain (l* = 13.42 mm) and hence, it was selected for 

further fracture property evaluation by varying the proportion of 35 

hydrocolloids in the emulsion gels (Fig 4b). As usually seen  in 

LBG:CAR gels,38 the increase in the LBG proportion led to an 

increased elasticity of emulsion gels as indicated from the 

increase in the fracture strain (l* = 3.59 mm for LBG:CAR, 25:75 

to l* = 13.42 mm for LBG:CAR, 75:25). On the other hand, a 40 

stiff gel with high gel strength (Ey = 19.18 Nm-2 and F* = 2.65 N) 

was obtained at LBG:CAR proportion of 50:50. The increased gel 

strength at a 50:50 ratio can be explained based on the synergistic 

interactions between carrageenan and LBG which are strongest at  

proportions of LBG:CAR between 60:40 to 40:60,39 the 45 

interactions are due to the involvement of the smooth un-

branched segments of D-mannose backbone in H-bonding).26, 40 

In our study, LBG:CAR ratio of 75:25 was selected as a balance 

between required elasticity (higher l*) and intermediate stiffness 

(lower Ey). 50 

 
Fig. 4. Load-displacement curves for HIPE gels made with LBG:CAR at  

a) different total polymer concentrations while keeping the LBG:CAR 

proportion at 75:25 and b) different ratios of LBG:CAR at a total polymer 

concentration of 1 %wt. PGPR was used as an emulsifier in this 55 

emulsions at concentration of 0.4 %wt. 

 
Fig. 5. a) Comparative curves obtained from relaxation tests done on 

HIPE gels made using LBG:CAR and LBG:XAN; b & c) TPA curves for 

HIPE gels made using LBG:CAR and LBG:XAN respectively.  60 

Table 1: Textural parameters of HIPE gels made using LBG:CAR and 

LBG:XAN.  

Parameters LBG:CAR LBG:XAN 

Firmness (N) 10.79 ± 0.61 0.57 ± 0.01 

Cohesiveness * 0.19 ± 0.02 0.23 ± 0.01 

Springiness index  * 0.48 ± 0.03 0.44 ± 0.03 

Adhesiveness  
(Nm-2) 

- 1.7 x 10-3 

Fracturability (N) - 0.29 ± 0.001 

Resilience * 0.07 ± 0.003 0.04 ± 0.002 

Chewiness (Nm-2) 0.98 ± 0.06        0.06 ± 0.01 

* the differences were statistically non-significant (p > 0.05). 

The HIPE gels prepared using hydrocolloid combinations of 

LBG:CAR and LBG:XAN at a total polymer concentration of 1 65 

%wt (and LBG proportion of 75 % in the hydrocolloid 

combinations)  were further compared using relation test and 2-

cycle compression tests or TPA analysis. The comparative 

relaxation curves (Fig 5a) confirms the viscoelastic behaviour of 

these gels where a prominent stress relaxation was observed 70 

under a constant strain. In other words, the stress required to 

maintain the constant strain decreased with the increase in time.41 

Depending on the type of gels, such behaviour are explained via 

two possible mechanisms: a) diffusion-driven relaxation due to 

the transport of water in and out of the gel network (seen in 75 

chemical gels) or b) network rearrangement based weakening of 

physical linkages (physical gels).42 In our case, since there was no 

fluid release from the gels at the end of these tests, the stress 

relaxation can be speculated to be due to the weakening of the 

network of closely packed gelled water droplets resulting in the 80 

progressive loss of energy storage capability of the structural 

framework. Additionally, the deformation of gelled water 

droplets will also have a significant role to play. Even though we 

are working at a high dispersed phase volume fractions, the 
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microscopy evaluation show that the droplets are still spherical 

and haven’t undergone a maximum deformation (polygonal 

shape). Thus, under strain which is lower than the fracture strain, 

the spherical droplets may undergo further deformation resulting 

in the restructuring of the network and contributing to the stress 5 

dissipation. It can also been seen that the peak load for HIPE gel 

prepared using LBG:CAR was much higher than LBG:XAN 

indicating a clear difference in the strength of these HIPE gels. 

The difference in the properties of these gels were further 

quantified using parameters (Table 1) obtained from TPA curves 10 

(Fig 5b & c). The HIPE gel prepared using LBG:XAN had a 

much lower firmness (0.57 N as compared to 10.79 N for 

LBG:CAR) and showed a prominent brittleness (fracturability = 

0.29 N) as indicated by red arrow in Fig 5c. The comparatively 

higher elasticity of LBG:CAR can also be seen from the higher 15 

value of chewiness (energy required for breakdown of the gel 

over consecutive cycles). Moreover, LBG:XAN gel was sticky in 

nature as indicated by an adhesiveness value of 1.7 x 10-3 Nm-2 

(adhesiveness is a measure of negative work done on the probe 

during its upward movement).43 Hence, there was a clear 20 

difference in the large deformation fracture properties of HIPE 

gels prepared by combining LBG with the two different 

hydrocolloids.  

Conclusions 

In conclusion, we successfully demonstrated a facile approach of 25 

making oil continuous HIPE gels using only common food-grade 

components (hydrocolloids and a food emulsifier). To develop 

such systems, two important considerations need to be taken in to 

account: first is the creation of a stable oil continuous HIPE 

followed by selecting appropriate hydrocolloids for gelling the 30 

internal water droplet phase. The hydrocolloids to be used for 

these systems should show a thermoreversible, low temperature 

gelation. A combination of hydrocolloids is more appropriate as it 

gives us wider options to influence the properties of formed gels 

based on the polymer proportions. It is also necessary to use 35 

hydrocolloids that are non-surface active in order to prevent the 

inversion of the systems into water continuous gel.  

We believe that the possibility of structuring oil continuous gel 

systems without the use of any solid fats could be of significant 

importance to food product development especially for lowering 40 

of fat levels.  
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