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Fibre-based oleogel: Effect of the structure of insoluble fibre on its 
physical properties   

Pui Yeu Phoon *a and Christiani Jeyakumar Henry a, b 

Solid fat is a “staple” in the modern diet in the form of products such as butter, margarine, and shortening. Due to its 

potentially detrimental effects on health, numerous dietary guidelines recommend its restriction. This opens up 

opportunities to develop fat replacers via edible oil structuring. In this study, we report the development of a unique, non-

thermal method to create oleogels which contain only natural food fibres and liquid vegetable oil. Moreover, they do not 

oil off on compression.  The objective was to understand how the structure of insoluble fibre influenced the physical 

properties of oleogel, specifically physical robustness and apparent melting point. The fibres studied were citrus fibre of 

different particle size, and nata de coco fibre known for its thinner dimension and finer three-dimensional structure. Melting 

characteristics of oleogel were studied by differential scanning calorimetry and visual observation. Physical robustness of 

oleogel was characterised by the Texture Analyser spreadability method. The presence of fibre was found to disrupt fat 

crystallisation, leading to proportionately more crystal species that were less stable. However, the true melting point of fat 

was not significantly altered. Despite greater disruption, oleogels made with longer and/or more extensive fibres were 

mainly firmer and capable of keeping the oil in solid oleogel form, even under elevated temperatures. Our novel approach 

to manufacture oleogels opens up a range of opportunities for their application in various products and systems.

1. Introduction 

It is increasingly evident that food and diet is at the heart of 

human health. In recent years the food industry has embraced 

product development as a means by which it can deliver foods 

with nutritional advantages. At the crux of this diet-technology 

nexus is the type and form of lipids we consume.1 Solid fats and 

products such as spreads, confectionery fats, and shortenings 

form an indispensable part of the modern diet. Such ingredients 

rely on a significant presence of saturated or hydrogenated fats 

for their solid structure and in turn material functionality. This 

solidity arises from the assembly of the saturated fats, in the 

form of triacylglycerols, into a crystal network which entraps 

the liquid component of the fat from oozing out of the matrix.2 

In view of the recognised deleterious effects of saturated fatty 

acids on the blood lipoprotein profile,3 the reduction in their 

intake is typically advocated by today’s dietary guidelines.4 This 

opens up the opportunity for edible oleogels, in which 

structuring agents are employed to entrap liquid oil in a three-

dimensional network. Much original work and reviews have 

been reported on oleogels, and as Martins et al.5 aptly put 

across, in most cases the underlying mechanisms involve the re-

assembly of gelating structurants at above the melting or glass 

transition temperature. A highly researched category of 

structurants is food-grade cellulosic derivatives, such as ethyl 

cellulose and hydroxylpropyl methylcellulose. However, both 

ingredients are not natural, and with ethyl cellulose there is the 

need for heating beyond 140oC which brings the probable issue 

of oil oxidation. The potential for the use of natural cellulose in 

oleogelation, on the other hand, has been scarcely investigated. 

Totosaus et al.6 studied the use of α-cellulose together with 

mono- and diacetyl tartaric acid esters to make soybean oil 

oleogel, inevitably using high heat to melt the emulsifiers in the 

process. In a patented work, shortening was created by 

agitating liquid oil and cellulose fibre extracted from vegetative 

sources under heat, but not without the use of a minute 

quantity of hard stock (i.e. crystalline fat).7 

   Although cellulose has several hydroxyl groups and great 

hydrogen bonding ability,8 their chains do have amphiphilicity, 

which is often overlooked due to inadequate awareness of their 

potential for hydrophobic interactions that could be 

harnessed.9, 10 As supported by molecular dynamics 

simulation,11 the cellulose chains could participate in 

hydrophobic interaction with non-polar molecules via the CH 

groups on the glucose pyranoses, while the hydroxyl groups 

could form hydrogen bonds with water molecules. Only few 

studies had reported o/w emulsion-making by employing the 

amphiphilic nature of solubilised cellulose chains, which were 

first dissolved molecularly in the ionic liquid 1-ethyl-3-

methylimidazolium acetate and then regenerated from such a 

solution into hydrogel form.12-14 More commonly, cellulose is 

utilised in particulate form, e.g. commercial colloidal 

microcrystalline cellulose (i.e. Avicel®) to stabilise o/w Pickering 

emulsions.15 Avicel® colloidal microcrystalline cellulose is mixed 

with the synthetic, water-soluble carboxymethylcelullose, 
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which serves as a processing aid to keep the microcrystalline 

cellulose chains from re-association during hydration and shear-

activation.  

   In this study, we increased the surface activity of natural, 

insoluble food fibres, and capitalised it in oleogelation. To do so, 

we subjected the insoluble fibres to shear processing in water 

through a homogeniser, also known as shear-activation. In this 

step of processing the fibre dispersion, we used soluble fibre to 

associate with the insoluble fibre chains, so as to weaken their 

inter-chain hydrophobic interactions8 and facilitate their 

dispersibility in water for practical functionality.  The fibres 

studied were citrus fibre of different particle size and nata de 

coco fibre, which is essentially bacterial cellulose known to be 

unbranched, free of contamination by lignin, pectin, or 

araban,16, 17 and form a very fine three-dimensional network 

due to its thin dimensions.18 As nata de coco fibre is insoluble, 

soluble corn fibre, a product from enzymic hydrolysis of corn 

starch, was added to it during shear-activation. In comparison, 

citrus fibre naturally comprises both insoluble and soluble 

fibre,19 hence no additional co-solute was needed. To make the 

fibre-based oleogel, the shear-activated fibre dispersion was 

mixed with vegetable oil to form an emulsion which was then 

freeze-dried. The research objective in this work was to 

understand how, in this novel oleogel created using ingredients 

derived from nature, the structure of insoluble fibre would 

influence its physical robustness and apparent melting point. 

The subsequent objective of our study is to develop food 

application for human health. 

2. Materials & methods 

2.1. Materials 

Citrus fibre powder samples CITRI-FI® 100M40 and 100M20, with 

particle size below 74 µm and 12 µm, respectively, were provided by 

Fiberstar, Inc. (River Falls, Wisconsin, U.S.A.). In both citrus fibre 

samples, the insoluble fibre content was 41.39% while the soluble 

fibre content was 34.74%. Nata de coco powder sample, with fibre 

only of insoluble type, was provided by Hainan Guangyu 

Biotechnology Co. Ltd. (Haikou, Hainan, China). Soluble corn fibre 

Promitor™ 90, containing at least 90% soluble fibre content, was 

supplied by Tate and Lyle PLC (London, England). Refined liquid palm 

oil and olive oil, with 61% and 73% total unsaturated fat content 

(weight basis), respectively, were purchased from a local 

supermarket. Nile Red fluorescent dye was purchased from Santa 

Cruz Biotechnology, Inc. (Santa Cruz, U.S.A.) through a local supplier. 

Absolute ethanol (EMSURE® ACS, ISO, Reag. Ph Eur) which was used 

for preparing Nile Red stock solution was bought from Merck 

(Darmstadt, Germany). In all the sample preparation, the minimal 

quality of water used was deionised water. 

2.2. Sample preparation 

   2.2.1. Preparation of aqueous fibre dispersion Fibre powder was 

slowly dispersed into water and shear-mixed at minimum 6000 

rpm for 5 min at room temperature using a Silverson L5M-A 

high shear laboratory mixer (Silverson, Chesham, England). The 

mixture was then further homogenised within + 5 bar error, 

using a two-stage Panda Plus 2000 homogeniser (Niro Soavi, 

GEA, Parma, Italy), to obtain the fibre dispersion. When the 

total targeted homogenising pressure was 50 bar, the second 

stage was set at 5 bar. When the total targeted homogenising 

pressure was 120-140 bar, the second stage was set at 10 bar. 

For understanding the influence of the extent of shear-

activation (via homogenisation) on the viscosity of fibre 

dispersions, details of the homogenising conditions were 

summarised in Table 1. Fibre dispersions were also prepared for 

the comparison of aqueous-air surface tension and aqueous-oil 

interfacial tension, and for this purpose details of the 

homogenising conditions were summarised in Table 2.  

   2.2.2. Preparation of oleogel samples From Table 1, aqueous 

fibre dispersions of interest were carefully selected for 

preparing specific oleogel samples for comparison.  Here, we 

report a novel approach in preparing fibre-based oleogels. The 

aqueous fibre dispersion was shear-mixed with either refined 

liquid palm oil or olive oil, at 6000 rpm for 5 min at room 

temperature, using the Silverson L5M-A high shear laboratory 

mixer. For 2.0% and 1.5% dispersions, the ratio of dispersion to 

oil was set at 2.0: 1 and 2.7: 1 (w/w), respectively. Under such 

conditions, kinetically metastable emulsions were created. The 

emulsions were transferred into 50-mL centrifuge tubes and 

quickly frozen via liquid nitrogen dipping, followed by freeze-

drying in a Virtis benchtop 4K XL model freeze-dryer (SP 

Scientific, Warminster, Pennsylvania, U.S.A.). In each resultant 

oleogel sample, assuming negligible bound water, the oil 

content was 96% (w/w), and the ratio of insoluble fibre to oil 

was 1: 61 (w/w). 

   Besides the emulsion-templated method, corresponding 

oleogel samples of the same contents were also created via a 

cryogel foam-templated method modified from Patel et al.20 

Oleogel samples created as such were meant for comparing 

how both methods would influence the melting characteristics 

of oleogel. In the cryogel foam-templated method, the aqueous 

fibre dispersion of interest was first contained in 50-mL 

centrifuge tubes and freeze-dried, and afterwhich, liquid oil was 

added. The mixture was gently mixed via vortex-mixing to 

minimise physical disruption to the fibre network. The mixture 

was then allowed to stand overnight at room temperature, to 

allow as even a diffusion of oil as possible throughout the fibre 

network. 

 

2.3. Optical determination of surface / interfacial tension between 

aqueous fibre dispersion and air / oil 

Surface / Interfacial tension was determined by pendant drop 

tensiometry, as discussed by Berry et al.21. The determination 

was done on an OCA15EC video-based contact angle measuring 

device (DataPhysics, Filderstadt, Germany), controlled by the 

software programme SCA20_U. The fibre dispersion to be 

tested was gently shaken or vortexed, and loaded into a 

disposible syringe with a needle of outer diameter 0.91 mm. The 

syringe was loaded onto the measuring device, with the needle 

positioned in air or immersed in refined liquid palm oil at room 
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temperature. A total of 2 µL of the fibre dispersion was steadily 

dosed, µL by µL at a dosing rate of 0.1 µL.s-1, into the air / oil to 

form a suspending pendant drop at the tip of the needle. 

Straight after which, and with the densities of the aqueous and 

air / oil phases keyed in at 0.9982 and 0.0012 / 0.93 g.cm3, 

respectively, surface / interfacial tension of the captured drop 

image was calculated live by the software according to the 

Young-Laplace equation, over a duration of 5 min at one reading 

per second. The average of the last 20 readings were taken. 

Triplicate measurements were done. 

 

2.4. Measurement of viscosity 

Viscosity measurement was done in duplicates using the tuning 

fork vibro viscometer SV-10 (AND, Tokyo, Japan).22 Each sample 

was gently mixed to ensure evenness before measurement. The 

volume of aliquot for each measurement in the sample vial was 

10 mL. The viscosity reading was taken after it stayed stable for 

5 seconds. 

 

2.5. Microscopy 

   2.5.1 Epifluorescence microscopy imaging of emulsion sample A 

stock solution of 0.01% (w/w) Nile Red (Santa Cruz 

biotechnology, Santa Cruz, U.S.A.) in absolute ethanol 

(EMSURE® ACS, ISO, Reag. Ph Eur) (Merck, Darmstadt, 

Germany) was prepared. To 1 mL of emulsion prepared 4 h 

ahead, 32 µL of the Nile Red solution was added. The mixture 

was vortexed and allowed to stand for at least 10 min before 

imaging. Epifluorescence microscopy was performed on a BX53 

upright microscope (Olympus, Tokyo, Japan) with a TRITC 

fluorescence filter, controlled using the cellSens programme 

software. The exposure was set at automatic, and image 

acquisition was done at 1920 x 1200 pixels. 

 

   2.5.2. Differential interference contrast and confocal laser 

scanning microscopy imaging of oleogel sample Prior to 

freezing and freeze-drying, 1.50 to 2.43 g of the emulsion of 

interest was contained in an amber centrifuge tube and dosed 

with 2 µL solution of the Nile Red stock solution from Section 

2.5.1. Freeze-drying was performed with the amber centrifuge 

tube wrapped in aluminum foil and covered in opaque cups. The 

foil and cups were pricked with few holes to allow the release 

of water vapour. As an extra precaution against sample 

bleaching by light, the freeze-dryer unit was covered in dark, 

light-proof cloths. After freeze-drying, the resultant oleogel 

sample contained 3 to 4 × 10-5 % (w/w) of Nile Red.  

   Transmitted differential interference contrast (DIC) 

microscopy and confocal laser scanning microscopy (CLSM) 

were performed on an FV3000 RS inverted confocal laser 

scanning microscope (Olympus, Tokyo, Japan), using the 

software FV31S-SW (version 2.3.2). A cover-less Lab-tek 35 mm 

dish, with a 20 mm well and a No. 1.5 glass bottom (0.17-0.19 

mm in thickness) marked with four quadrants, was used for 

imaging at 22oC. The oleogel sample was thinly spread onto the 

glass. During CLSM, the sample was excited with 561 nm laser 

beam and scanned by a galvo scanner in one-way direction at 8 

µs per pixel. The laser percentage, high voltage, and gain 

settings were adjusted accordingly. DIC and CLSM images were 

collected in 512 × 512 pixels, superimposed, and adjusted in 

brightness and contrast using the image processing software Fiji 

(Fiji Is Just ImageJ). 

 

2.6. Measurement of spreadability 

The spreadability of oleogel samples was determined by a 

compression test using the TTC spreadability rig (comprising of 

a cone probe and precisely matched cone shaped product 

holder) on a TA.XT.plus Texture Analyser (Stable Micro Systems, 

U.K.),23 controlled via the Exponent software (version 6.1.16.0). 

The load cell was 5 kg. Samples were run in duplicates. As a 

product reference, a commercial Nutella® hazelnut spread with 

cocoa was also measured. The sample was mildly stirred to 

ensure evenness, before filling into the product holder and 

flattened at the surface with a spread knife. The weight of the 

loaded oleogel sample was 7.03-7.63 g, while that of the loaded 

commercial spread was 8.88-9.05 g. The sample was left to 

equilibrate to 21.5-22.5oC before measurement. The measuring 

settings were (i) starting distance between the cone probe and 

the product holder: 50 mm; (ii) test mode: compression; (iii) test 

speed: 3 mm.s-1; (iv) target mode: distance; (v) trigger type: 

button; (vi) distance: 45 mm; and (vii) post-test speed: 10 mm.s-

1. In the settings, advanced options were set to "off". During 

analysis of the obtained force-time curve, the in-built macro 

"Margarine-MAR1_P5" in the programme software was used to 

analyse two parameters: (i) firmness, which was the peak force 

of compression; and (ii) work of penetration, which was the 

work calculated to push the cone probe down 45 mm into the 

sample. 

 

2.7. Differential scanning calorimetry 

For differential scanning calorimetry (DSC), duplicate runs of 

refined liquid palm oil and oleogel samples were performed on 

a DSC Polyma 214 differential scanning calorimeter (NETZSCH, 

Selb, Germany). Aluminum Concavus® pans with pierced lids 

were used. Every sample pan was run against a calibrated, 

empty reference pan with pierced lid. In each run, the weight of 

oleogel sample was kept at 13.0-14.0 mg; the weight of refined 

liquid palm oil sample was within 9.6-13.8 mg. The DSC methods 

were modified from Dodd and Tonge.24 

   For the determination of the enthalpy of fat crystallisation, 

the sample pans were equilibated at 20oC for 5 min, and then 

cooled to -30oC at a cooling rate of 20oC.min-1. Such a relatively 

fast cooling rate was used to augment any difference in 

enthalpies of fat crystallisation for detection. The enthalpy of 

fat crystallisation was calculated from the integrated DSC curves 

at 5 to -20oC, using the complex peak function in the Proteus 

Analysis software (version 7) and with a width setting of 15. 

Artifact signal at higher temperatures caused by the sudden fast 

cooling was not used. For understanding the melting 

characteristics of fat, the sample pans were equilibrated at 20oC 

for 5 min, cooled to -30oC at a cooling rate of 5oC.min-1, 

maintained at -30oC for 5 min, and then warmed back to 20oC 

at a heating rate of 5oC.min-1. The relatively slow rate in 
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temperature change was meant to obtain pronounced melting 

peaks to detect nuanced differences in fat melting behaviour. In 

both setups, the gas flows for purge nitrogen and protective 

nitrogen were maintained at 40 mg.ml-1 and 60 mg.ml-1, 

respectively. 

 

2.8. Assessment of thermal stability of oleogel  

5 g of each oleogel sample, contained in a 50-mL centrifuge 

tube, was equilibrated in a water bath set at the temperature of 

interest for at least 30 min, and immediately photographed. The 

tested temperatures were from 30oC to 70oC. All photography 

was done against a black backdrop within an ESDDI LED 

shooting tent kit (Aukey, Shenzhen, China), using a DSLR EOS 

800D camera and EF-S 18-55 mm lens (Canon, Tokyo, Japan), 

with settings of f11.0 aperture, ISO 100, and exposure -1 to 0.  

 

2.9. Statistical analysis 

Statistical analysis was performed using an online calculator for 

one-way analysis of variance (ANOVA) with post-hoc multiple 

comparison.25 

3. Results 

Our understanding of the shear-activation of the fibres in 

aqueous dispersion form is that, the beforehand present 

aggregates were disrupted, more hydroxyl groups became 

exposed to interact with water through hydrogen bonds, and 

more dispersed and finer type of aggregates were attained. We 

think the reformation of the aggregates through network 

formation, possibly by hydrophobic interactions, was 

responsible for the apparent increase in the aqueous viscosity 

of the dispersion. This is shown in Table 1, and generally, the 

higher the homogenising pressure and the number of 

homgenising passes, the higher the viscosity. This was more 

apparent in the citrus fibres than in the Nata de coco fibre mix; 

for the latter it seemed that three homogenising passes were 

already adequate for the aqueous viscosity to plateau. Table 1 

also shows that it is possible to attain a viscosity within a certain 

range, by manipulating the homogenising pressure and number 

of homogenising passes. 

   Table 2 provides an understanding of how the shear-activated 

fibres reduced the repulsion between surface molecules of air / 

oil and water. Two inferences could be made. First, from Group 

1 of Table 2, which compared the fibres under the same 

homogenising conditions,  citrus fibre 100M40 had the highest 

affinity to oil, followed by citrus fibre 100M20, and finally the 

Nata de coco fibre mix. The differences were significant at p < 

0.05. Second, from Groups 2 and 3 of Table 2, an increase in the 

homogenising pressure from 50 to 140 bar and an increase in 

the number of passes from 3 to 10 did not significantly alter the 

hydrophobicity of citrus fibre 100M20.    

   As the emulsification of oil and the fibre dispersion preceded 

other steps in the oleogel-making, the viscosity of the fibre 

dispersion would pose as an influencing factor on the 

microstructure in the emulsion, which in turn could have 

implication on the properties of the oleogel. In order to 

determine the effect of the main factors of interest, e.g. powder 

particle size of fibre and nature of fibre, the viscosity of the fibre 

dispersion should be kept constant, if possible. From Table 1, 

few combinations of parameters which could allow pairwise 

comparison were identified (marked with asterisks), as 

elaborated in Table 3. Table 3 highlights the exact factors of 

interest to be tested in this study, namely powder particle size 

of fibre, nature of fibre, and type of oil. A fourth test factor not 

stated in Table 3 was the method of oleogel preparation. 

   Fig. 1 depicts an emulsion microstructure attained in our 

sample preparation, which exemplifies random close packing of 

the dispersed phase surrounded by a continuous oil phase and 

stabilised by fibre (Nile Red stains both oil and cellulose fibre). 

Therefore, the method which we had developed for fibre-based 

oleogel-making was aptly termed as a jammed emulsion-

templated method, based on which some of the oleogels listed 

in Table 3 were prepared and imaged (Fig. 2). Fig. 2 shows that 

the oil was well dispersed throughout the fibrous network in 

every oleogel sample. The Nata de coco fibre mix depicted a 

finer but more extensive network than citrus fibre. Among the 

citrus fibre oleogels, the fibre strands were more distinct in the 

citrus fibre 100M40 oleogel sample (Fig. 2A), while those in 

citrus fibre 100M20 oleogel samples were more fragmented 

(Figs. 2B and C). Increased shear-activation from more intensive 

homogenisation had an impact on the fibre network, as evident 

in Fig. 2C compared to Fig. 2B: despite the same powder particle 

size of fibre from the same starting powder material, a more 

reticulated network could be achieved.  

   The refined liquid palm oil used in this study contained 63% 

unsaturated fat according to its nutrition label. The composition 

of the oil resembled palm olein, which reportedly has around 

58% unsaturated fat content (C18:1, C18:2, and C18:3 

combined),26 a peak melting temperature of 4oC from DSC 

analysis,26 and a mean solid fat content of 5.7% at 20oC.27 

According to Fig. 3 and Table 4 which show samples having the 

same thermal histories, the presence of fibre in the jammed 

emulsion-templated oleogels disrupted fat crystallisation, 

leading to proportionately more crystal species that were less 

stable. As within expectation, the refined liquid palm oil showed 

only one dominant endothermic peak for melting at 3.85oC, but 

with the presence of fibre, a smaller second endothermic peak 

at a lower temperature appeared (Fig. 3). Apparently, the 

dimensions of the fibre mattered. The main melting peak was 

still fairly prominent in the citrus fibre 100M20 oleogels, 

especially when shear-activation was done at 50 bar. However, 

when the fibres were longer or more extensive (i.e. in the case 

for citrus fibre 100M40 and Nata de coco fibre mix) and 

therefore more penetrative, the main melting peak became 

relatively less distinct. Similarly, oleogels made with the citrus 

fibre 100M40 and Nata de coco fibre mix displayed significantly 

lower (p < 0.05) enthalpies of fat crystallisation (i.e. 22.34-24.13 

J.g-1) relative to the refined liquid palm oil control, whereas the 

citrus fibre 100M20 oleogels displayed relatively higher 

enthalpies (i.e. 27.35-31.01 J.g-1). On comparing the cryogel 

foam-templated oleogel of citrus fibre 100M40 with its jammed 

emulsion-templated counterpart, there appeared to be less 

disruption of fibre on fat crystallisation in the former. For the 
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cryogel foam-templated oleogel, the aforementioned second 

melting peak barely surfaced, and its enthalpy of fat 

crystallisation was higher (i.e. 25.42 vs 23.80 J.g-1 in average 

values). 

   Despite the greater disruption on fat crystallisation, oleogels 

made with longer and/or more extensive fibres were firmer and 

less spreadable at room temperature. Fig. 4A shows the force-

distance curves of oleogels analysed by the spreadability test. 

Figs. 4B and C, which are based on Fig. 4A, compare pairs of 

jammed emulsion-templated oleogels to understand the 

influence of fibre powder particle size (i.e. samples 1 vs 2, from 

30-40 mPa.s fibre dispersions), nature of fibre (i.e. samples 3 vs 

4, from 20-30 mPa.s fibre dispersions), and type of oil (i.e. 

samples 5 vs 6, made from refined liquid palm oil and olive oil, 

respectively). In terms of firmness, the citrus fibre oleogels from 

100M40 and the highly shear-activated 100M20 were 

considerably high and comparable. The oleogel from the less 

shear-activated citrus fibre 100M20 was the least firm among 

the different oleogels, and had fairly similar spreadability as the 

commercial Nutella® spread. The type of oil used did not result 

in significant difference in spreadability. The Nata de coco fibre 

mix oleogel was the firmest but at the same time displayed the 

highest plasticity, as noticed by how it retained its deformation 

the most after the load for testing spreadability was removed 

(Fig. 4D).  

   The true peak melting temperatures of the entrapped fat in 

the oleogels was not significantly altered (Fig. 3), but the 

oleogels started melting apparently at much higher 

temperatures (Fig. 5). This was believed to be influenced by the 

microstructural fibre scaffold. The oleogel from the less shear-

activated citrus fibre 100M20 (i.e. from 26.6 mPa.s fibre 

dispersion) exhibited the lowest thermal stability, apparently 

melting already at 30oC. With more intense shear-activation, 

the citrus fibre 100M20 oleogel (from 31.0 mPa.s fibre 

dispersion) stayed thermally stable till 60oC. The citrus fibre 

100M40 oleogel was the most thermally stable, without any oil 

oozing from the structure even at 70oC. Interestingly, although 

the Nata de coco fibre mix oleogel was the firmest and least 

spreadable, it collapsed into a pool of oil at 70oC. For the citrus 

fibre 100M20 oleogels created from 38.0 mPa.s fibre dispersion, 

the one comprising olive oil had apparently melted at 45oC, 

while the one comprising refined liquid palm oil showed 

apparent melting only at 60oC and above. Finally, the cryogel 

foam-templated oleogel made from citrus fibre 100M40 was 

not able to stay thermally stable at 70oC, compared to its 

corresponding sample derived from jammed emulsion (Fig. 6). 

No clear difference in the apparent melting behaviour was 

noted in both samples at 60oC and below; neither was there 

noticeable difference between other pairs of cryogel foam-

templated and jammed emulsion-templated oleogels having 

the same ingredient composition, at 30-70oC (data not shown). 

4. Discussion 

4.1. Creation of the fibre-based oleogel 

The network structure of the food fibres is hypothesised to have 

paramount influence on the oil-binding capability within the 

oleogel. For producing an oleogel of its maximal possible 

strength and oil rentention, it is ideal if the oil molecules were 

homogeneously distributed to close proximity to the fibre 

network structure before the latter becomes set. With this 

consideration we present a way of oleogel creation, with the 

main oleogel samples being derived from jammed emulsions 

characterised by random close packing of the dispersed phase 

droplets, as depicted in Fig. 1. Bordering on being categorised 

as high internal phase emulsions (HIPEs), the emulsion samples 

comprised of 67-73% aqueous dispersed phase and 27-33% oil 

continuous phase on weight basis. Almost every aqueous 

droplet was touched by neighbouring aqueous droplets, and 

they were separated by a thin layer of oil continuous phase as 

stained by Nile Red (Fig. 1).  In such physical assembly, the fibre 

strands likely remained randomly dispersed throughout the 

emulsion and at the oil-aqueous interface. Then, the oil would 

be in close proximity at the micrometer scale to fill the void left 

by the sublimed water after freeze-drying (Figs. 2A-D).  

   The making of a w/o jammed emulsion to yield a solid-like 

matrix containing oil is not new. This has been previously 

demonstrated by Patel et al.,28 who relied on gelled dispersed 

phase droplets of synergistic hydrocolloids to hold the 

continuous oil phase within the interstitial spaces, using the 

non-natural emulsifier polyglycerol polyricinoleate with a HLB 

(Hydrophilic-Lipophilic Balance) that could be as low as 0.6.29 

The novelty and elegance of oleogel creation presented in our 

present work, however, lies in the two-fold usage of solely 

cellulosic food fibres derived from nature in the absence of 

other emulsifiers: the fibre strands not only provided the 

skeletal structure for holding the oleogel, but conceivably also 

stabilised the jammed emulsion from which the oleogel was 

derived. Here, the use of high temperature, chemical 

modification, or a second compatible biopolymer to reinforce 

the skeletal network, as in the cases with cross-linked protein30 

and protein-carbohydrate complexation31-33 is not necessary. 

 
4.2. Factors influencing oil-holding and structural strength in fibre-

based oleogel 

A non-aqueous matrix system of passing resemblance which has 

been studied widely, on the particle size effect on fat 

movement, is the phenomenon of fat bloom in plain chocolate 

and filled chocolate. The cases of filled chocolate are 

complicated by pressure differences which drive molecular 

diffusion and convective flow. 34 Fewer research groups had 

focused on plain chocolate, and looking at the grand scheme of 

things, there might be a pattern.  When the chocolate matrix 

was equilibrated near its melting point, non-fat particles 

nearing 10 µm in size might acquire high enough Brownian 

motion35 to displace neighbouring liquid fat molecules and 

promote significant fat movement.36 In addition, even at few 

degree Celsius lower, the presence of such small particles alone 

might entail substantial surface area to curb the growth of fat 

crystal clusters, leading to a heterogeneous matrix system of 

higher permeability for less stable triacylglycerols to flow.34, 37 

Beyond this size, hydrodynamic flow dominates rheology rather 

than Brownian motion. For instance, when comparing non-fat 

particles of ~20 µm versus ~50 µm in D90, the group of larger 
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particles led to experimental indications of significantly greater 

fat movement.38, 39 In fact, by preparing matrices with a fat 

content as high as 68% on weight basis, Zhao et al.38 was able 

to demonstrate the difference in fat migration already 

becoming significant when the particle size in D90 increased 

from 19 to 41 µm. The authors reasoned that the larger particle 

sizes caused lower packing density, and hence wider inter-

particle channels for the capillary migration of fat. This would 

be in accordance to the capillary theory as essentiated in the 

Lucas-Washburn equation, which defines the migration rate of 

a fluid to be higher in ideal capillaries of wider dimensions. 

   However, in the case of the fibre-based oleogel samples, the 

above discussed mechanisms might not be applicable. First of 

all, even though, as depicted in Fig. 2, the characteristic 

dimensions of the tested fibres was below 10 µm, videos taken 

of the oleogel samples in transmitted DIC microscopy at 22oC 

and 265× total magnification (with a 60× magnification oil lens 

and a "zoom optimise" setting of 4.41) found the fibre strands 

to be immobile (data not shown).  Second, the mass fraction of 

the fibres was only 4%, unlike in the aforementioned studies on 

chocolate with the mass percentage of non-fat solids at 32-73%. 

Third, as shown by the DSC melting thermograms in Fig. 3, the 

fat in the oleogel samples was essentially in liquid state at and 

above 20oC, during which there was no fat crystal involved to 

affect fat movement.  Therefore, the difference in the apparent 

melting behaviour of the oleogels (Fig. 5) might be attributed to 

other mechanisms, dependent on factors which are discussed 

as follow.   

 

   4.2.1. Comparison on the nature of fibre As suggested in 

Table 2, which displayed the interfacial tension readings 

measured between refined liquid palm oil and aqueous fibre 

dispersions, the Nata de coco fibre mix had the highest affinity 

to water. It would be conceivable that it retained bound water 

the most after the freeze-drying process during oleogel-making. 

Thus, it is postulated that despite more total surface area, its 

surface would pose less adhesive attraction for the oil, meaning 

less friction to resist flow (viscous drag). Nonetheless, at 60oC 

and below, the oil remained confined in the network of the Nata 

de coco fibre mix. We suggest this might be due to the 

exceptionally high tortuosity which retarded capillary flow, and 

thus help explain the reason the Nata de coco fibre mix oleogel 

was more able to retain solid-like structure than its citrus fibre 

100M20 oleogel counterpart, as shown in Fig. 5 (samples 3 and 

4).  

   The collapse of the fibre network and separation of oil in the 

Nata de coco fibre mix oleogel at 70oC was rather drastic. Oil 

viscosity is unlikely to change dramatically between 60 and 

70oC, hence it is unlikely that the effect of gravity would become 

overwhelming to drive gravitational compaction of the fibre 

network. As observed in Fig. 4D, among the oleogel samples at 

room temperature, the solid-like Nata de coco fibre mix oleogel 

(sample 4) displayed plasticity in flow behaviour, retaining its 

deformation the most after the load for testing its spreadability 

was removed. It is likely that its thin fibres were more prone to 

plasticisation by the oil and softened at 70oC, such that they 

could aggregate together to drive the collapse of the network.  

 

   4.2.2. Comparison on the particle size of (citrus) fibre The 

capillary theory might have limited participation in the case of 

the citrus fibre-based oleogels. As seen in Fig. 2, compared to 

the fibre network in Nata de coco mix oleogel, those in the citrus 

fibre oleogels were less intricate and had thicker strands spaced 

wider apart at the micrometre scale. While this might appear to 

pose less obstruction in passages for oil flow (relative to the 

Nata de coco oleogel), it actually did not undermine the ability 

of citrus fibre to trap oil in solid-like oleogel form, especially 

100M40 (Fig. 5, sample 1). Microrheology of the entrapped oil 

was attempted to infer, via Stokes-Einstein relation, its viscosity 

from the tracked random movement of dosed, non-aggregating 

fluorescent particles.40 Regretfully, this was found to be 

complicated by the tendency of the citrus fibre, with inherent 

protein at ~7% (according to product specifications), to 

associate with the negatively charged microspheres (potentially 

due to electrostatic attraction). In other words, the reliability of 

the microspheres as an indicator of oil diffusion in the oleogel 

was uncertain.  

   To consolidate the results thus far, among the citrus fibre-

based oleogel samples, the citrus fibre 100M40 oleogel 

originating from a fibre powder particle size below 74 µm 

exemplified a matrix stabilised by longer and more penetrative 

fibre strands, and displayed high structural strength and good 

thermal stability even at 70oC.  In contrast, the citrus fibre 

100M20 oleogel originating from a fibre powder particle size 

below 12 µm and made under the same homogenising 

conditions (50 bar, 3 passes) had more fragmented fibre 

strands. It had the softest texture, and its loose fibre network 

was unable to stop the entrapped oil from oozing out at 30oC 

and above. However, when citrus fibre 100M20 was more 

shear-activated (i.e. at 140 bar, 10 passes), a more extensive 

fibre network in the oleogel was yielded, heat tolerance was 

increased up to 60oC, and structural strength became 

comparable to the citrus fibre 100M40 oleogel. Incidentally, 

there was insignificant change in surface hydrophobicity of the 

100M20 fibre to support this enhancement in oil-entrapment, 

drawing from its similar average surface and interfacial tension 

readings despite different homogenising conditions (Table 2). 

Conceivably, on the physical properties of the citrus fibre-based 

oleogels, it was the eventual dimensions of the fibre strands 

after homogenisation which mattered, rather than the starting 

fibre powder particle size.  

   Considering the qualitative difference in the roughness or 

intricacy of fibre networks in the citrus fibre-based oleogels 

(Figs. 2A-C), we postulate that fibre strand dimensions and 

wetting might be related to oil entrapment in oleogel. To 

elaborate, if the citrus fibre 100M40 oleogel were to be 

compared to a stack of x-y planes comprising regions akin to 

Cassie impregnating wetting regimes, then the outstanding 

wetting by oil gets translated into superior oil-trapping capacity 

in the three-dimensional space. Greater degree of oil wetting is 

suggested to stem from greater area of roughness in the plane 

when fibres are longer, and/or more intricate in layout, 

resulting in greater anchorage for the oil. The suggested 

relevance of Cassie impregnating wetting is drawn from the 
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example of a rose petal having surface microstructures at a 

similar scale of length.41 The micropapillae on the petal surface 

were few microns high and had peaks spaced 10-20 µm apart; 

in spite of the superhydrophobicity of the petal surface, it was 

able to keep small water droplets spherically pinned even when 

turned upside down. 

 

   4.2.3. Comparison on oil type and oleogel-making method A 

sizeable percentage of the fibre composition in the oleogel was 

insoluble. During the processing stage, the insoluble fibre was 

shear-activated but never molecularly solubilised to affect the 

physicochemical property of the oil above its peak melting 

temperature. Still, as reckoned from Sections 4.2.1 and 4.2.2, 

the fibre network structure was highly crucial in determining 

the apparent melting behaviour of the oleogel. The inherent 

nature of the oil itself also mattered, and this was clearly 

portrayed in samples comprising different oils, when the other 

factors such as the oleogel preparation method, nature of fibre, 

powder particle size of fibre, and mass fractions of the fibre and 

oil were kept constant. From the nutritional labels, the refined 

liquid palm oil and olive oil used in this study comprised 61% 

and 73% total unsaturated fats on weight basis, respectively. It 

is reasoned that higher content of unsaturated fats in olive oil, 

meaning more carbon chains with kinks due to the double 

bonds, leads to less cohesion among the oil molecules (as 

reflected in a lower empirical point of freezing point) and more 

ease in flow through the fibre network. This is apparently the 

case, as determined from Fig. 5, sample 5 (composed of refined 

liquid palm oil) and sample 6 (consisting olive oil).  

   The oleogel samples derived from jammed emulsions were 

compared with corresponding oleogel samples prepared from a 

cryogel foam-based method as pioneered by Patel et al.20 In the 

latter approach, porous cryogels were first created by freeze-

drying the fibre dispersions, by which liquid oil was then 

absorbed. The effect of the method was contrasting enough 

only in the citrus fibre 100M40 oleogel, the most thermally 

stable among the tested oleogels (Fig. 5). From the comparison 

of samples at 70oC, the jammed emulsion-template method 

appeared to have an edge over the cryogel foam-based method 

(Fig. 6). It might be that, during the making of the jammed 

emulsion, the action of shearing the fibre dispersion and the oil 

together promoted homogeneous distribution of the oil 

through the matrix, whereas this was not attained to the same 

extent with the passive diffusion of oil in the making of the 

cryogel-based oleogel. Compared to its jammed emulsion-

templated counterpart, the higher enthalpy of fat crystallisation 

for the cryogel-based 100M40 oleogel (Table 4) and the closer 

resemblance in its melting endotherm with that of pure oil (Fig. 

3) indicated less overall physical interaction between oil and 

fibre. A previous preliminary work with hydroxypropyl 

methylcellulose (HPME) also added weight to this suggestion. 

On its own, HPME carries a chemical, peppery smell. In the 

emulsion-templated method, no distinct smell was perceived 

from HPME-based oleogel, whereas in the cryogel-based 

method, the peppery smell could not be masked by the oil.  

4.3. Feasibility of scale-up in fibre-based oleogel production 

In this work, the process of creating a fibre-based oleogel from 

a jammed emulsion template is easily attainable, using modest 

kinetic energy input and without using heat. To make either firm 

or spreadable oleogels, the homogenising pressure for shear 

activating the food fibres proved to be sufficient at 50-140 bar, 

which is lower than that typically used for industrial milk 

homogenisation (i.e. 200-250 bar). Prior to freeze-drying, 

freezing of the emulsion is involved. The typical timescales 

associated with modern day industrial freezing methods should 

not pose a challenge, due to attainable emulsion stability. In 

fact, the weakest oleogel as observed in Figs. 4A-C, i.e. the citrus 

fibre 100M20 oleogel formed from refined liquid palm oil and 

26.6 mPa.s fibre dispersion, could remain visibly stable at room 

temperature without phase separation for at least 4 h. The 

structural stability in the jammed emulsion arose from the 

random close packing configuration (Fig. 1), with severe 

restriction in the movement of the dispersed phase droplets.42 

As seen in Fig. 1, with the compression among the aqueous 

dispersed phase droplets, the surface of some of them was not 

round but deformed. This gain in interfacial area resulted in the 

storage of elastic energy in the droplets,42 which manifested 

into reduced fluidity and emulsion stability. Contributing also to 

emulsion stability was the viscosity of the aqueous phase itself, 

which was developed during shear activation of the fibre 

(especially citrus fibre). As matters stand, the current limiting 

step in the production process is freeze-drying, which is time-

consuming and not economic. However, microwave-assisted 

freeze-drying, which introduces locale heating to the 

dehydration process, may be an alternative for much faster 

drying and energy savings. 

5. Conclusions 

The present study reports a novel approach to developing 

oleogels involving no heat in its development. It uses natural 

food fibres from citrus source or Nata de coco to form a fibre 

matrix where the oil is entrapped. The major finding in this 

study is that oleogels can be made without oiling off on 

compression, and that the manufacturing conditions can be 

manipulated for the oleogels to have similar rheological 

properties as target products, for instance a soft breakfast 

spread (Fig. 7A), or a bakery margarine which is structurally 

stronger to tolerate physical shear at moderate temperature 

(Fig. 7B). From the experimental findings, it is believed that the 

physical properties of the oleogels were influenced by the fibre 

network, and the oil was just a filler and possibly softener of the 

fibres. Broadly, oleogels made with longer or more extensive 

fibres were firmer and more able to retain the oil in solid oleogel 

form. Further work includes studying the rheology of these 

oleogels at different temperatures to help refine product 

development, as well as nutritional and clinical application of 

these products for lipidemic control.    
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