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Novos sistemas de organogéis para a melhoria da estrutura e funcionalidade dos 

alimentos – uma abordagem à multi-escala. 

 

Resumo 

 

O consumo generalizado de alimentos com gorduras trans e saturadas está diretamente associado a 

efeitos prejudiciais na saúde humana. Doença cardíaca, inflamação, stresse oxidativo, disfunção 

endotelial, elevado peso corporal e síndrome metabólica estão entre os distúrbios prejudiciais associados 

ao consumo de alimentos ricos em gorduras. As alternativas a estas gorduras devem ter um alto 

desempenho nutricional, ao mesmo tempo que conferem ao produto bons atributos sensoriais e de 

textura. O principal objetivo desta tese foi desenvolver e explorar mecanismos de estruturação de óleos 

edíveis, desenvolvendo alternativas mais saudáveis para a substituição de gorduras. A pesquisa focou-se 

no desenvolvimento de organogéis (também conhecidos como oleogéis) através de mecanismos de 

estruturação com componente único, utilizando cera de abelha como gelificante, ou um mecanismo de 

estruturação com multi-componentes, utilizando uma mistura de ɣ-oryzanol (esterol éster) com esteróis 

vegetais (por exemplo, β-sitosterol). Os organogéis produzidos com distintos mecanismos de gelificação, 

óleos vegetais, taxas de arrefecimento e diferentes tempos de armazenamento foram caracterizados à 

nano-, micro- e macro-escala. Os resultados mostraram que os eventos ocorridos à nano-escala afetaram 

as propriedades exibidas à micro- e macro-escala pelos organogéis. Não foi revelada toxicidade pelos 

organogéis testados. Ajustes no desenvolvimento dos organogéis devem ser realizados, de forma a 

potenciar a biodisponibilidade após a digestão. Foi realizada a incorporação de organogéis de óleo de 

linhaça em hambúrgueres e em pate, sem alterar os processos tradicionalmente usados, com melhoria 

do perfil de ácidos gordos e sem transformação da maioria dos parâmetros de textura. A realização de 

testes sensoriais revelou que os membros do painel dificilmente distinguiram a qualidade geral entre o 

controlo e os hambúrgueres com o menor grau de substituição de gordura (25 %). A personalização das 

propriedades dos organogéis devem ser exploradas de forma a colmatar as lacunas identificadas 

(nomeadamente na preferência dos consumidores) nos testes com pate. Concluindo, os organogéis 

desenvolvidos são substitutos viáveis para as gorduras podendo influenciar positivamente o tempo de 

prateleira de alimentos, sendo passíveis de customização de forma a evitarem comprometer a estrutura 

de alimentos e a perceção do consumidor. Podem também oferecer valor acrescentado ao produto final. 

Palavras-chave: gelificação; nutrição; organogéis; substituição de gorduras;  
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Novel organogel systems for enhanced food structure and functionality – a multiscale 

approach 

 

Abstract 
 

A considerable number of adverse consequences on human health are associated to the widespread 

consumption of trans- and saturated-fats. Coronary heart disease, inflammation, oxidative stress, 

endothelial dysfunction, high body weight and metabolic syndrome are among the identified harmful 

health disorders resultant from the consumption high fat content foods. Alternatives to these fats must 

perform highly in regard to nutritional value, while providing good sensorial and textural attributes to the 

final food product. The main objective of this thesis was to develop and explore edible oil structuring 

mechanisms, as a way of developing healthier alternatives for fat substitution. The research was focused 

in developing organogels (also known as oleogels) using either a single component structuring 

mechanism, with beeswax as the oil gelator or a multi-component oil structuring mechanism using a 

mixture of ɣ-oryzanol (sterol ester) with plant sterols (e.g. β-sitosterol). Upon the usage of distinct gelation 

mechanics, vegetable oils, cooling rates and storage time, the organogels were characterized at nano-, 

micro and macroscale. The results showed that the events occurring at the nano-scale, affected oleogels’ 

properties exhibited at the micro- and macro-scales. Tests regarding the toxicological and gastrointestinal 

behaviour demonstrated the feasibility towards the incorporation of organogels in food, once no 

cytotoxicity was revealed. Evidences on the suitability of organogels to incorporate bioactive compounds 

and deliver them to humans through the digestive process were observed. Adjustments regarding oleogel 

development must be made in order to increase the bioavailability potential for these structures after 

digestion. Organogels were incorporated in meat patties (for hamburger production) and in pate, 

improving the fatty acid profile maintaining most of the e textural parameters and without modifying the 

traditionally utilized process. Sensorial tests results demonstrated that the panellists hardly distinguished 

the overall quality between the control and the hamburgers with the lowest level of fat substitution (25 

%). Tailoring properties associated to organogel production must be further explored in order to close the 

identified gap (in consumers’ preference) in pate samples. In conclusion, the developed organogels are 

a feasible fat substitute for trans- and saturated-fats, that can target specific shelf-life properties of foods 

and display interesting tailoring capabilities in order to avoid compromising food structure and consumer 

perception, while offering added value to the final food product. 

Keywords: fat replacement; gelation; nutrition; organogels 
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the resulting oleogels (white bars) after the solvent exchange. Error bars represent 

standard deviation of duplicate measurements. Reproduced from (De Vries et al., 2015).  

 

Figure 2.13. (A) Appearance of heat-set WPI aggregates after centrifugation, (B) 

dispersion of freeze-dried WPI aggregates in sunflower oil and (C) WPI aggregates in  

sunflower oil via a solvent exchange with corresponding CLSM micrographs (D-F). 

Reproduced from (de Vries, Wesseling, van der Linden, & Scholten, 2017). 

 

Figure 2.14. Rheological data (G’ – storage modulus) on different structurants regarding 

oleogel formation by direct method. Data obtained from (Bin Sintang et al., 2017; 

Cerqueira et al., 2017; Jang, Bae, Hwang, Lee, & Lee, 2015; Artur J. Martins et al., 

2016; A. R. Patel, Babaahmadi, Lesaffer, & Dewettinck, 2015; A. R. Patel & Dewettinck, 

2015; Alexander K. Zetzl et al., 2014) 

 

Figure 2.15. (A) ɣ-Oryzanol main components; Reproduced from (Bitencourt et al., 2016) 
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and (B) β-Sitosterol structure; Adapted from (Bot, Den Adel, & Roijers, 2008). 

 

Figure 2.16. (A) and (B) present shellac as oleogel in chocolate formulations - Adapted 

from (A. R. Patel, Rajarethinem, et al., 2014) and C) heat resistant chocolate with EC 

oleogel - Adapted from (Rogers et al., 2014). 

 

Figure 2.17. Cake slices using respectively (A) shellac and standard cake margarine (B) 

as shortening. Adapted from (A. R. Patel, Rajarethinem, et al., 2014). 

 

Figure 2.18. Melting test of ice creams containing 4 g/100 g fat, produced with milk 

cream (MC4), sunflower oil (SO4), oleogel with 8 g/100 g gelators (OG4_8), and oleogel 

with 12 g/100 g gelators (OG4_12). The pictures are taken at the beginning of the test 

(T0) and after 30 (T30), 60 (T60), and 90 (T90) minutes. Reproduced from (Moriano & 

Alamprese, 2017). 

 

CHAPTER III 

 

Figure 3.1. (A) Visual appearance of MCT and LCT BW oleogels stabilised at different 

temperature (from left to right the tubes represent 1, 2, 4, 6 and 8 % of beeswax), (B) 

qualitative phase diagrams for MCT and LCT-based oleogels with increasing 

concentrations of beeswax (BW) and different temperature. 

 

Figure 3.2. Scattered light intensity of MCT and LCT-based oleogels for (•) 2, (�) 4,  

(�) 6 and (�) 8% of BW as a function of temperature (MCT displayed in black and LCT 

in grey). 

 

Figure 3.3. Polarized micrographs of BW oleogels. A, B and C correspond to MCT-based 

oleogels with 2, 4 and 8% (w/w) of BW concentration respectively. D, E and F correspond 

to LCT-based oleogels with 1, 4 and 8% of BW concentration respectively. 

 

Figure 3.4. Temperature sweeps, heating and cooling stages are shown, (-) 2, (x) 4, (�) 

6 and (•) 8%; G’ displayed in black and G’’ in grey. 
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Figure 3.5. Complex modulus (G*) as function of frequency for MCT- and LCT-based BW 

(-) 1, (x) 2, (�) 4 and (•) 8%; MCT displayed in black and LCT in grey. 

 

Figure 3.6. Flow curves for all concentrations of BW oleogels with MCT and LCT. 

 

Figure 3.7. SAXS spectra for (A) LCT (above) and MCT-based oleogels with BW as gelator 

with increasing concentrations; (B) LCT-based oleogels with increasing concentration of 

BW; (C) MCT-based oleogels with increasing concentration of BW. Data regarding 1% of 

BW is not presented. 

 

Figure 3.8. FTIR spectra for LCT oil, MCT oil, beeswax and selected oleogels samples 

 

CHAPTER IV 

 

Figure 4.1 - Polarized micrographs of simple-beeswax oleogels (left) and complex-

beeswax oleogels (right) with 0.01% of β-carotene. 

 

Figure 4.2 - (A) Visual observation of the simple and complex-beeswax oleogels with 

increasing concentrations of beeswax from left to right; (B) Evaluation of the critical 

gelation concentration of oleogels. 

 

Figure 4.3. Rheological cooling stage is shown for: (A) simple-beeswax oleogels; (B) 

complex-beeswax oleogels with [0.01%] of β-C; - BW (-) 2, (x) 4, (�) 6 and (•) 8% (w/w), 

G’ displayed in black and G’’ in grey. 

 

Figure 4.4. Frequency measurements (left) with flow curves (right) for all oleogels – 

simple-beeswax oleogels displayed in grey and complex-beeswax oleogels displayed in 

black; G’ displayed in filled symbols and G’’ displayed with empty symbols. 

 

Figure 4.5. SAXS spectra of oleogels with beeswax (BW) with increasing concentrations; 

A) simple-beeswax oleogels; B) complex-beeswax oleogels. 
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Figure 4.6. X-ray diffraction patterns for simple (SBW) and complex-beeswax (CBW) 

oleogels. 

 

Figure 4.7. Oil binding capacity profile for simple (SBW) and complex-beeswax oleogels 

(CBW). Asterisks are indicative of statistical differences between samples. 

 

Figure 4.8. Oxidative profile of control samples and complex-beeswax oleogels (CBW) 

with concentration of 0.01 % of β-C. Asterisks are indicative of statistical differences 

among the same sample in different times. 

 

CHAPTER V 

 

Figure 5.1. XRD patterns for A) Control samples; B) and C) hybrid gels with OG3 and 

OG6 respectively. 

 

Figure 5.2. Structural behaviour of hybrid gels at different ratios (1:99, 5:95, 10:90, 

20:80, 50:50) (A) Hydrogel control (AL), hybrid gels with OG 3 % (w/w) and oleogel 

controls (OG3 and OG6). (B) Hydrogel control (AL), hybrid gels with OG 6 % (w/w) and 

oleogel controls. 

 

Figure 5.3. - Micrographs of hybrid gels with the increasing of oleogel ratio. Column in 

the left presents hybrid gels with OG 3% (w/w); and column in the right presents hybrid 

gels with OG 6% (w/w). Micrographs obtained with a magnification of 15x. 

 

Figure 5.4. Fluorescence micrograph of A) 20:80 hybrid gel with OG6 inside hydrogel 

matrix and B) Polarized micrograph of 20:80 hybrid gel with OG6 inside hydrogel matrix. 

Micrographs obtained with magnification of 20x. 

 

Figure 5.5. Binding capacity of hybrid gels performed by centrifugation according to the 

methodology described by Yilmaz et al. (Öʇütcü, Arifoʇlu, & Yilmaz, 2015). HG3 data is 

presented in black and HG6 in grey. 
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Figure 5.6. Tan ! as a function of oscillation frequency. (A) and (A1) HG3; (B) and (B1) 

HG6 for different controls and HG sample ratios (● 1:99; � 5:95; � 10:90; � 20:80; ⬣ 

50:50; + control OG; ⨯ control AL). (A1) and (B1) represent a “zoomed in” section of 

the tested frequency range. 

 

Figure 5.7. Flow rheology curves for control and hybrid gel samples. (A) HG3 and (B) 

HG6; first deformation flow curve with increasing shear rate for hybrid gels (unsteady 

state) (● 1:99; � 5:95; � 10:90; � 20:80; ⬣ 50:50; + control OG; ⨯ control AL). 

 

CHAPTER VI 

 

Figure 6.1. Molecular model of sitosterol (blue) bound to sitosteryl ferulate (oryzanol is 

mixture of ferulate esters). In red and white are coloured the oxygens and hydrogens 

respectively. The hydrogen bond is indicated with a dashed line, and the cycloartenyl 

ferulate’s methyl group which prevents parallel stacking of the sterane groups is 

indicated with dashed circle. Adapted from (Dalkas et al., 2018). 

 

Figure 6.2. Characterization techniques performed during oleogels’ study at different 

time-points of the storage period. 

 

Figure 6.3. Study of the critical point of gelation for STO’s with 60:40 gelator ratio at 

room temperature. 1, 2, 4 and 6 meaning 1, 2, 4 and 6% (w/w) respectively. 

 

Figure 6.4. Appearance of STO8 oleogels with different gelator’s ratio (50:50 and 60:40 

displayed above and below respectively) during 8-day period. From left to right (t0), t1 (1 

day), t8 (8 days). A and B figures on the right represent the crystal formations observed 

under polarized microscopy in STO8 50:50 after 8 days.. 

 

Figure 6.5. Gels produced in rheological tests. In the left is shown STO8 60:40 and in 

the right, is shown STO8 50:50.  

 

Figure 6.6. Stress growth rheological tests for STO8 samples with 60:40 and 50:50 ratios 
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after using different cooling ramps (r1 = 1 °C and r2 = 7 °C; n= 3 reflects samples that 

were tested for each formulation).. 

 

Figure 6.7. Stress growth results collected for STOs using different cooling ramps (r1 = 1 

°C and r2 = 7 °C) 

 

Figure 6.8. Pictures and polarized micrographs of oleogel samples registered at different 

time-points during the period of storage. Micrographs numbered from 1 to 6 refer to the 

polarized images obtained under the microscope with 100x magnification. 

 

Figure 6.9. Crystal growth morphology and disposition in STO8 50:50 produced under 

different cooling ramps (r1 = 1 °C in the left and r2 = 7 °C in the right – equal 

magnification) at 24 hours. Micrographs obtained under polarized light with 100x 

magnification. 

 

Figure 6.10. Polarized micrographs of STO8 50:50-r1 and STO8 50:50-r2 (r1 = 1 ºC in the 

left and r2 = 7 º C in the right) at the first week; (100x magnification). 

 

Figure 6.11. Crystal growth morphology and disposition in STO10 50:50 produced under 

different cooling ramps (r1 = 1 °C above and r2 = 7 °C below) at 2 weeks. Micrographs 

in the right were obtained under polarized light with 100x magnification. 

 

Figure 6.12. Morphology of STOs produced under different cooling ramps - a) STO10 

50:50-r2; b) STO8 50:50-r2; c) STO10 60:40-r2; d) STO8 60:40-r2. a’), b’), c’) and d’) 

below show the respective cross-section view for the respective sample. All pictures relate 

to the 2-week time point. 

 

Figure 6.13. Room temperature Raman spectra of sample STO8-50:50-r1, with the 

indication of the three main regions of interest. 

 

Figure 6.14. Raman spectra regions obtained for the STO8 50:50-r1 sample. 
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Figure 6.15. Individual regions (range I and II) of the Raman spectra for A) STO8 50:50-

r1 and B) STO8 60:40-r1. A’) and B’) represent the first and last recorded spectra.. 

 

Figure 6.16. Raman spectra (two regions) of gelator powders (ɣ-oryzanol and β-

sitosterol), oil sample (HOSO) and oleogel sample after 28 days. Dashed colored lines 

are associated to the compound of the correspondent mode. 

 

Figure 6.17. Raman spectra alterations for STO8 60:40 and STO10 60:40 for 1 h, 24 h 

and 28 days in the wavenumbers ranged between 1000 - 1400 cm-1 (left side) and 1500 

- 1800 cm-1 (right side). 

 

Figure 6.18. Individual regions (range I and II) of the Raman spectra for STO8 60:40-r1 

and STO10 60:40-r1. 

 

Figure 6.19. Raman spectra alterations for STO8 samples produced with both r1 and r2 

cooling ramps. The row above shows STO8 60:40 samples and below are portrayed the 

STO8 50:50 samples. 

 

Figure 6.20. Intensity ratio shifts during time for STO8 60:40-r2 sample. (A) intensity 

ratios for 1660 and 1686 cm-1 modes; (B) intensity ratios for 1190, 1275 and 1590 cm-

1 modes. 

 

Figure 6.21. (A) Raman shift from 1000 to 2000 cm-1 for oil samples (HOSO virgin 

unheated; heated HOSO t28; STO8 60:40-r1 t28 days and STO8 60:40-r2 t28 days); (B) 

Raman shift from 2700 to 3100 cm-1 for oil samples (HOSO virgin unheated; heated 

HOSO t0, heated HOSO t28 days, STO8 60:40-r1 t28 days and STO8 60:40-r2 t28 days); 

 

Figure 6.22. (A) the confocal microscopic image for STO8 60:40-r2 (24 h); the mapping 

and the Raman spectra refereeing to STO8 60:40-r2 (24 h) are (B) and (C) respectively.  

 

Figure 6.23. XZ mapping in regard to distinct modes in STO8 60:40-r1 sample 
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Figure 6.24. SAXS patterns collected to all STO samples during the storage period. The 

different points are displayed in growing order (bottom to top) from t1 to t5, where t1 = 24 

h; t2 = 7 days; t3 = 2 weeks; t4= 3 weeks; t5= 28 days (4 weeks); r1 and r2 data are displayed 

in black and grey, respectively. Data during 28 days and the curves have been shifted 

vertically for easier observation and were placed in ascendant order (t1 to t5). 

 

Figure 6.25. Example of SAXS spectra and form factor ability. 

 

Figure 6.26. SAXS patterns of STO8 50:50. Oleogel samples produced under ramp r1 

and r2 in the left and right, respectively. The different points are displayed in growing 

order (bottom to top) from t1 to t5, where t1 = 24 h; t2 = 7 days; t3 = 2 weeks; t4= 3 weeks; 

t5= 28 days (4 weeks). The reflections are displayed with (001), (002), (003) and (004). 

 

Figure 6.27. SAXS patterns of STO10 50:50. Oleogel samples produced under ramp r1 

and r2 in the left and right respectively. The different points are displayed in growing order 

(bottom to top) from t1 to t5, where t1 = 24 h; t2 = 7 days; t3 = 2 weeks; t4= 3 weeks; t5= 

28 days (4 weeks). The reflections are displayed with (001), (002), (003) and (004). 

 

Figure 6.28. SAXS patterns of STO8 60:40 (A) and STO10 60:40 (B). Oleogel samples 

produced under ramp r1 and r2 in the left and right respectively. The different points are 

displayed in growing order (bottom to top) from t1 to t5, where t1 = 24 h; t2 = 7 days; t3 = 

2 weeks; t4= 3 weeks; t5= 28 days (4 weeks). 

 

Figure 6.29. XRD spectra all STO samples during the storage period. The different points 

are displayed in growing order (bottom to top) from t1 to t5, where t1 = 24 h; t2 = 7 days; 

t3 = 2 weeks; t4= 3 weeks; t5= 28 days (4 weeks); r1 and r2 data are displayed in black and 

grey, respectively. 

 

Figure 6.30. Oleogels’ hardness values, where t1 = 24 h; t2 = 7 days; t3 = 2 weeks; t4= 3 

weeks; t5= 28 days (4 weeks). 

 

Figure 6.31. Oleogels’ hardness values for t1 = 24 h and t5= 28 days (4 weeks). Tukey's 
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multiple comparisons test results are displayed, with small letters showing significance 

in differences between samples at t1 and capital letters showing significance in 

differences between samples at t5; ns shows the only non-significant result between time 

for the same sample. 

 

CHAPTER VII 

 

Figure 7.1. Polarized micrographs of sterol-based oleogels. (A), (B) and (E) correspond 

to STO6, STO8 and STO10, respectively. (C), (D) resemble (A) and (B) with larger 

magnification. 

 

Figure 7.2. Processing and consequent segmentation of STO6 polarized micrograph. 

The segmentation was performed using the Mixed Segmentation Algorithm. 

 

Figure 7.3. (A) SAXS pattern for STO10, STO8 and STO6; (B) XRD spectra for STO10, 

STO8 and STO6. 

 

Figure 7.4. A) Visual appearance of STO10, STO8 and STO6; B) Transparency associated 

to this type of oleogels. 

 

Figure 7.5. Texture parameters for STO samples. Different letters mean that samples are 

significantly different (for the same parameter measured). 

 

Figure 7.6. Oil migration (%) of STOs during 96 h. 
 

CHAPTER VIII 

 

Figure 8.1. Coefficient of friction (COF) directly related to the resistance of the motion 

between two contacting surfaces. 

 

Figure 8.2. Overview of a simulated in vitro digestion method. SSF, SGF and SIF are 

Simulated Salivary Fluid, Simulated Gastric Fluid and Simulated Intestinal Fluid.  
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Figure 8.3. (A) PDMS contact probe; (B) Tribometer full apparatus; (C) Ongoing 

measurement using STO8 60:40 as oleogel sample. 

 

Figure 8.4. Coefficient of friction (COF) directly related to the resistance of the motion 

between two contacting surfaces. (A) and (B) represent the static tribology results for 

BWO and STO respectively; (C) and (D) represent the dynamic tribology results for BWO 

and STO respectively. 

 

Figure 8.5. TPA profile for STO and BWO prior to in-vitro digestion. 

 

Figure 8.6. Texture parameters for sterol- and beeswax-based oleogels. 

 

Figure 8.7. Confluent CaCo-2 cells for cytotoxicity experiments. The image in the left 

corresponds to a 10-times amplification of the image on the left. 

 

Figure 8.8. CaCo-2 cells in Presto-Blue assay with beeswax-based oleogels (BWO) loaded 

with β-carotene and sterol-based oleogels (STO). 

 

Figure 8.9. 72 h cell viability test from CaCo-2 Presto-Blue assay. (A) Fluorescence 

intensity of cells incubated with control (cell grown in culture medium), beeswax-based 

oleogels loaded with β-carotene and sterol-based oleogels without β-carotene; (B) Cell 

Viability results. 

 

Figure 8.10. Fluorescence intensity regarding cell contact with control medium and 

oleogel samples with different gelator concentrations (left). Cell viability evaluated with 

CaCo-2 Presto-Blue assay with beeswax-based (BWO) and sterol-based (STO) oleogels 

with different gelator concentrations, during 24 and 48 h. 

 

Figure 8.11. Fluorescence intensity regarding cell contact with control medium (CM) and 

oleogel samples. Decrease in fluorescence intensity is observed because of the need to 

change the signal gain due to increasing intensity that was not possible to measure in 

the plate reader. 
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Figure 8.12. Oleogel samples’ cell viability evaluated with Caco-2 - human colon epithelial 

cancer cells Presto-Blue assay in the left, and MTT assay results in the right. 

 

Figure 8.13. Micrographs and structural changes in BWO with 6 % (w/w) of gelator during 

the digestive process (oral, gastric and intestinal phases). 

 

Figure 8.14. Micrographs and structural changes in STO with 6 % (w/w) of gelator during 

the digestive process (oral, gastric and intestinal phases). 

 

Figure 8.15. Micrographs and structural changes in LCT oil samples alongside the 

digestive process. 

 

Figure 8.16. Micrographs and structural changes in A) control (LCT-oil) and beeswax-

based oleogels and in B) control (LCT-oil) and sterol-based oleogels, during gastric and 

intestinal stages of in vitro digestion. 

 

Figure 8.17. Micrographs of the final aqueous solutions resulting from in-vitro digestion 

of control (HOSO) and oleogels at: (A) final stage of digestion; (B) after centrifugation; (C) 

micellar phase after collection. Optical micrographs for micellar phase of (D) HOSO; (E) 

STO; and (F) BWO. 

 

Figure 8.18. (A) Absorbance profile of β-carotene solubilized in hexane; (B) HPLC 

calibration of β-carotene used for compound quantification. 

 

Figure 8.19. β-carotene bioaccessibility, of samples of HOSO, STO and BWO, obtained 

through high-pressure liquid chromatography from three independent in-vitro digestive 

procedures; n=3 for each sample. 

 

Figure 8.20. A) Set-up for transepithelial electrical resistance (TER) measurements; B) 

Evolution of TEER when incubation was performed using different dilutions of the micellar 

samples after the dialysis procedure  
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Figure 8.21. Evolution of TEER when incubation was performed using different dilutions 

of the micellar samples after the dialysis procedure. 

 

Figure 8.22. Mass of quantified β-carotene in the original aqueous phase (directly 

resultant from the digestive process) and in the apical side of the cell monolayer 

(immediately prior to the permeability tests). 

 

Figure 8.23. Quantified mass of β-carotene during different steps of individual three cell 

permeability experiments. 

 

CHAPTER IX 

 

Figure 9.1. Representation of the meat patties production process. 

 

Figure 9.2. Fatty acid profile of patty samples; control sample – H−Co, with 25% of pork 

fat replacement – H−25 and 75% of pork fat replacement − H−75. (TC – Total  

 

Figure 9.3. Textural analysis of hamburger samples; control sample – H−Co, with 25 % 

of pork fat replacement – H−25 and 75 % of pork fat replacement − H−75 

 

Figure 9.4. Global acceptance results of hamburger samples control sample – H−Co, 

with 25 % of pork fat replacement – H−25 and 75 % of pork fat replacement − H−75. 

 

Figure 9.5. Results from the preference test for all the evaluated parameters. 

 

Figure 9.6. Processing of pate and oleogel introduction in the development stage. 

 

Figure 9.7. Fatty acid profile of pate samples; control sample – P−Co; P−30 and P−60 

are respectively the control sample; 30 and 60% of oleogel addition as fat replacer (TC 

– Total cholesterol; SFA – Saturated fatty acids; MUFA – Mono−unsaturated fatty acids; 

PUFA – Poly−unsaturated fatty acids; n6/n3 – ratio of omega−6/omega−3). 
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Figure 9.8. Textural properties (hardness; springiness; gumminess and adhesiveness) 

for P−Co P−30 and P−60 pate samples, as a result of TPA analysis. Values presenting 

the same letters mean that for the same parameter the samples have no significant 

differences. 

 

Figure 9.9. Number of selections made for every pate sample. 

 

Figure 9.10. Global acceptance overall results. 

 

Figure 9.11. Preference score for each of the parameters showed in percentage. 
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Index of Tables 

 

CHAPTER II 

 

Table 2.1. Visual appearance and firmness, oil content, and oil holding capacity (OHC) 

values of oleogels obtained from hydrogels produced with increasing k-carrageenan 

concentration 

 

Table 2.2. Fatty acids composition of vegetable oils. 
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8 % of BW at 25 ºC 
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Table 4.1. Thermal parameters (Temperature of melting - Tm; enthalpy of melting – ΔHm; 

temperature of crystallization - Tc; enthalpy of crystallization – ΔHc) of oleogel with 

concentrations of 2, 4, 6 and 8 % for simple-beeswax (SBW) oleogels and complex-

beeswax (CBW) oleogels 

 

Table 4.2. Small and wide-angle diffractions for simple-beeswax (SBW) oleogels and 

complex-beeswax (CBW) oleogels 

 

Table 4.3. Colour evaluation of complex-beeswax (CBW) oleogels and control samples 
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CHAPTER V 

 

Table 5.1. Firmness, spreadability and adhesivity of gel samples 

 

Table 5.2. Storage (G’) and loss (G’’) moduli of control and hybrid gel samples at an 

oscillation frequency 0.1, 1, 10 and 30 Hz  

 

CHAPTER VI 

 

Table 6.1. Registered peaks for the Raman Spectra of: STO8 60:40-r2 at t28 days, ɣ-

oryzanol and β-sitosterol powders and HOSO sample at t0 and at t28 days 

 

CHAPTER VII 

 

Table 7.1. Colour parameters of oleogel samples 

 

CHAPTER IX 

 

Table 9.1. Formulation of pork patties; control sample – H−Co, with 25 % of pork fat 

replacement – H−25 and 75 % of pork fat replacement − H−75 

 

Table 9.2. pH and chemical composition of pork patties elaborated with linseed oleogel 

 

Table 9.3. Fatty acid profile of pork patties; control sample – H−Co, with 25 % of pork 

fat replacement – H−25 and 75 % of pork fat replacement − H−75 

 

Table 9.4. Colour parameters (L*, a*, b*) and RGB conversion of hamburger samples; 

control sample – H−Co, with 25 % of pork fat replacement – H−25 and 75 % of pork fat 

replacement −– H−75. RGB conversion was performed using Matlab software 

 

Table 9.5. Friedman test results using valuation of 1, 2 or 3 for the preferred sample, 

second preferred sample and for the third respectively 
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Table 9.6. Formulation of pate samples; control sample − P−Co, with 30 % of pork fat 

replacement – P30, and 60 % of pork fat replacement – P−60 

 

Table 9.7. Chemical composition of all sets of pasteurized pate samples 

 

Table 9.8. Fatty acid composition of pate samples; control sample – P−Co, with 30 % of 

oleogel as fat substitute – P−30 and 60 % of oleogel as fat substitute− P−60 

 

Table 9.9. Colour parameters (L*, a*, b*) and RGB conversion of pate samples (P−CO: 

control sample; P−30 and P−60: samples with 30 % and 60 % of pork fat replacement, 

respectively) 

 

Table 9.10. Friedman test results using valuation of 1, 2 or 3 for the preferred sample, 

second preferred sample and for the third respectively 
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General Nomenclature 
 
Abbreviations 

 

BW – beeswax 

 

BWO – beeswax-based oleogels 

 

CBW – complex beeswax (oleogel) 

 

SBW – simple beeswax (oleogel) 

 

STO – sterol-based oleogels 

 

LCT – long chain triglycerides 

 

MCT –medium chain triglycerides 

 

HOSO – high oleic sunflower oil 

 

OG – oleogel 

 

HbG – hybrid gel 

 

HG – hydrogel 

 

EC – ethylcellulose 

 

DSC – differential scanning calorimetry 

 

DLS – dynamic light scattering 

 



 XXXI 

XRD – X-ray diffraction 

 

PM – polarized microscopy 

 

CRS – confocal Raman spectroscopy 

 

HPLC – high pressure liquid chromatography 

 

OBC – oil binding capacity 

 

PBS – phosphate buffer saline solution 

 

MTT – 3-(4,5-dimethylthiazol-2-yl) 2,5 diphenyl tetrazolium bromide 

 

COF – coefficient of friction 

 

TPA – texture profile analysis 

 

PB – presto blue 

 

PDMS – polydimethylsiloxane 

 

DMSO – di-methyl sulfoxide 

 

MEM – modified essential medium 

 

FBS – foetal bovine serum 

 

SSF – simulant salivary fluid 

 

SGF – simulant gastric fluid 

 



 XXXII 

SIF – simulant intestinal fluid 

 

TEER – trans-epithelial resistance 

 

FAME – fatty acid methyl esters 

 

FTIR – Fourier-transform infrared spectroscopy 

 

Symbols 

 

Tm – peak melting temperature 

 

Tc –peak crystalization temperature 

 

Hm – melting enthalpy 

 

Hc – crystalization enthaply 

 

G’ – rheological elastic modulus  

 

G’’ – rheological viscous modulus 

 

G* – rheological complex modulus 

 

k – power law constant 

 

n – power law flow behaviour index 

 

η – apparent viscosity 

 

η* � complex viscosity 

 



 XXXIII 

tan " � tan delta	
 

! – theta 

 

λ – wavelength 

 

� – angström 

 

p –  

 

$ – molecular vibration 

 

d – spacing 

 

q – vector wavelength 

 

k – unidimensional constant 

 

%	-	consistency index	
 

I – intensity 

 

Rg – radius of gyration 

 

wi – initial weight 

 

wf – final weight 
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Chapter I - Motivation and Outline 

 

 

An overview of the work developed in this thesis is provided in this chapter. The motivation and outline of 

the research work produced is described here.  
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1.1. Motivation and research focus 

 
The generalized consumption of foods containing trans- and saturated-fats is associated to adverse effects 

on lipoprotein (and, thus, cholesterol) profile, resulting in an increased incidence of e.g. heart disease 

and metabolic syndrome. If a common person is able to replace an estimated 5 % of the daily energy 

intake which is related to saturated fats with polyunsaturated fats, (s)he will be able to reduce the risk of 

cardio vascular disease in between 22 % and 37 % (Roche, 2005), thus leading to a significant 

improvement in human health. These are just a few examples of what may be overcome with the regular 

replacement of unhealthy fats by polyunsaturated fats, while also improving the nutritional profile of foods 

(Duffy  Blonk, H. C. G., Beindorff, C. M., Cazade, M., Bot, A. & Duchateu, G. S. M. J. E. et al., 2009; 

Michael A. Rogers, 2009). It must be taken in serious consideration that simply replacing solid fat with 

liquid oil is not a viable option as it affects seriously the organoleptic properties of foods and thus its 

acceptability by the consumers. 

 

In average, edible fats and edible oils are generally taken by the population in an emulsion form; this 

happens when people consume products such as spreadable margarines, which are water-in-oil systems, 

or dressings and mayonnaises, that rank as oil-in-water systems. Fat-based foods usually require a large 

concentration of solid fat in order to deliver the texture characteristics that are normally associated to 

them. With edible oil structuring techniques, the unique features of a solid fat can be achieved without 

the need of large amounts of saturated fat. In addition to this, higher stability, food durability and 

ingredient protection of new healthy food products can be achieved through the use of structured oil-

based ingredients, and those are critical issues for the food industry, when addressing consumers’ 

preferences, acceptance and needs (Duffy  Blonk, H. C. G., Beindorff, C. M., Cazade, M., Bot, A. & 

Duchateu, G. S. M. J. E. et al., 2009). There are some options regarding the structuring of edible oils to 

be considered for the replacement of fats in foods, however, it must be remembered that foods must 

maintain their organoleptic properties, which narrows the possibilities for such effective replacement. It 

is hard to improve the health-related issues of certain food products without compromising their renowned 

physical and sensorial characteristics. Alternative ways to structure triacylglycerides (TAGs) must be 

implemented in food formulation on a regular basis. Generally, the elastic components that are 

responsible for the structural hardness and mouth-feel, that the consumers are accustomed to, constitute 

the unhealthy fraction of the food product. TAGs are structuring agents in a large variety of food products, 
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among them we can underline ice-cream, butter and lard, in which it is extremely hard to eliminate such 

ingredients because they are the responsible for the major characteristics of the final product. 

 

The development of an edible organogel (or oleogel) system, based in structured oil by food grade gelators 

with the main purpose of reducing fat levels in food and consequently improving health of the consumers, 

represents a possibility of improvement for the food and health industries at a worldwide level. This work 

foresees the creation of a healthier triglyceride-based ingredient (or system) that could be easily 

introduced in a regular food industrial development step, for the every-day consumer of lipid products 

and with capability to be a structural and bioactive provider. We must be aware that replacing or adding 

food formulators has consequences either in consumer perception, taste and sensibility, but also in 

nutritional value. Therefore, it is extremely important that such systems must be used not only as a 

substitute to trans- and saturated fats but also as a structuring ingredient that has structural impact, being 

able to improve physical and chemical characteristics of food and also be able to act as a bioactive 

compound carrier. This is an important feature for a food producer because of the possibility to 

enrich/fortify a certain food product.  

 

Organogels can be defined as an organic liquid entrapped within a thermo-reversible, three-dimensional 

gel network. The possibility of using organogels for food applications has provoked a growing interest in 

these systems’ abilities to improve structural and textural characteristics as well as nutritional value of 

food products, e.g. via bioactive compounds incorporation or non-healthy fat substitution (Utrilla, García 

Ruiz, & Soriano, 2014). Structuring edible oils with different gelators reveals itself as an attractive option, 

to upgrade shelf-life features of food products by fostering their preservation characteristics through harsh 

storage conditions (e.g. freezing/thawing) (Cerqueira et al. 2016). Some of the challenges include: the 

use of low concentration of gelators while structuring oils using networks derived from distinct single 

gelators or gelator combinations; characterization of organogels’ visual, textural and oil binding capacity; 

determining how the gelling process under different cooling ramps and storage periods would impact the 

organogels’ structuring at nano- to micro- to macro-scales; understanding how different organogels could 

influence the food sensorial and nutritive aspect of foods. The carrying of bioactives and the consequent 

impact on the bioacessibility and bioavailability of such compounds in the gastro-intestinal system of 

consumers is also a challenge, but it also represents an interesting and appellative application that adds 

value to oleogels. 
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A critical review of the literature provided a valuable insight of how this topic has been addressed by the 

scientific and industrial communities, the current state of development and how this subject can be 

further developed in order to add value to the proposition. It is important to state that in the framework 

of this thesis the words “organogel” and “oleogel” have the exact same meaning and will be used 

extensively (in both forms) throughout the whole document. 

 

The state of the art suggests that: a) foods containing trans- and saturated-fats are associated to an 

increased incidence of health issues; b) higher stability, durability and ingredient protection of new healthy 

food products are necessary in food industry; c) polyunsaturated fats-based structures are presented as 

promising to overcome a) and b); and d) application of these structures in foods is still a developing area 

concerning the evaluation of their effect on the final organoleptic properties. 

 

The main questions are: 

 
• It is possible to structure edible oils with different types of structurants, using low concentrations 

in order to minimize the solid fraction in the overall organogel composition? 

• Are the processing conditions determinant for the overall final characteristics of oleogels? 

• Can organogels incorporate lipophilic compounds and exert some protective effect on them from 

the environmental conditions? 

• Are organogels able to be incorporated in foods using the already established industrial or semi-

industrial processes? 

• Can this replacement be made without altering food perception, sensibility and taste by the 

consumer? 

• Is this new food formulator capable of enhancing food structure and nutritional value? 

 

The feasibility of answering to such questions was the main goal of this PhD thesis, by focusing on the 

development and characterization of a new generation of edible oleogels with bioactive functionalities that 

can serve as platform materials for use in the food industry. This work is expected to provide valuable 

insights on the physical and chemical mechanisms that are involved in the formation and stability of 

oleogel systems, thus allowing customizing their function aiming at their incorporation in foods. 
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This work was divided in scientific activities that were distributed in five main topics: 

 

• Development of edible oleogels using waxes and phytosterols + ɣ-oryzanol as main gelator 

compounds and determination of optimized processing conditions; 

• Macro-, micro- and nanoscale characterization of developed edible oleogels through the 

evaluation of physico-chemical interactions, thermal and mechanical properties, and crystal 

structure organization, focusing at this stage in different processing conditions (i.e., cooling rate 

and storage time). 

• Assessment of bioactive compounds incorporation efficiency in oleogels after comprehensive 

physicochemical characterization of the developed organogel-bioactive system. 

• Understand the oleogels’ response to different temperatures and evaluate bioacessibility and 

bioavailability of the bioactive-organogel systems using an in vitro gastro-intestinal model system. 

• Incorporation of bioactive-oleogel systems into food products (e.g. processed meat) and 

evaluation of the influence of different formulations in their main sensory characteristics. 

 

The partnerships between University of Minho (UM), International Iberian Nanotechnology Laboratory 

(INL), the State University of Campinas, São Paulo, (UNICAMP) and the Meat Technological Center – CTC 

(Centro Tecnológico das Carnes) in Ourense, Spain, assured the feasibility of the work plan that is 

portrayed in this thesis. Ongoing partnerships between academic groups and key industrial partners were 

also a guarantee that the focus on future industrial applications of the technological platform developed 

here will be kept and possibly applied in the near future. This is a major issue when considering the actual 

need to foster technology-based processes and products aiming at improving Portuguese competitiveness 

in the global market. 

 

1.2. Thesis outline 

 

The very close collaboration between University of Minho (UM), State University of Campinas (UNICAMP) 

and the International Iberian Nanotechnology Laboratory (INL) allowed the integration of different 

perspectives on the use of oleogels systems in food applications: a more fundamental approach (including 

physical characterization of these systems), in combination with a more product-oriented approach 

(including the evaluation of their behaviour in real foods). This product-oriented concept was also fostered 
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by a partnership established with the Meat Technological Center – CTC (Centro Tecnológico das Carnes) 

in Ourense, Spain. This collaboration was necessary for the application of the developed oleogels directly 

in food products using a semi-industrial line of meat processing. 

 

The thesis is organized in ten Chapters. The current chapter (Chapter I) consists in the description of the 

motivation, research focus and the thesis outline.  

 

Chapter II presents an overview on the use of bio-based structurants/gelators for development of oleogels, 

focusing on material properties, health issues and food applications.  

 

Chapters III to IX contain the main experimental results obtained. Chapter III explores the production of 

beeswax-based oleogels using different concentrations of gelator in order to structure MCT (medium chain 

triglycerides) and LCT (long chain triglycerides). The influence of the carbon chain of the oil medium in 

the oleogels’ properties was evaluated; i.e., gelation; nano-micro and macro-structure; thermal and 

rheological properties. 

 

Chapter IV presents the results regarding the effect of the incorporation of β-carotene (as a lipophilic 

model compound) on the molecular arrangement, oleogel physical conformation and oxidative stability of 

beeswax-based oleogels that were prepared with different gelators’ concentration. 

Chapter V explores the viability of applying beeswax oleogels for the development of hybrid gels. Hybrid 

gels with different ratios of oleogel:hydrogel were produced. An aqueous sodium alginate solution and 

beeswax oleogel (prepared through the gelation of medium chain triglycerides) served as raw materials 

for developing hybrid gels under constant shearing, using a low energy homogenization methodology. The 

influence exerted by the components’ ratio on such oleogel-in-hydrogel emulsified system was studied in 

regard to the polymorphic arrangement, microstructure, texture and rheology behaviour. 

 

Chapter VI addresses the oil structuring mechanisms of LCT oil when structured by a multi-component 

gelling system. This system is based in the mixture of ɣ-oryzanol and β-sitosterol, which are able to 

produce oleogels by self-assembly mechanisms. Different ratios of gelators and cooling ramps were 
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applied during the oleogels development. The sterol-based oleogels’ gelling behaviour, molecular 

arrangement, rheological, visual and textural properties were studied during storage. 

Chapter VII shows how sterol-based oleogels can be produced using a commercial mixture of phytosterols, 

that in conjunction with ɣ-oryzanol are able to promote oil structuring successfully. The resulting oleogels 

were characterized in order to establish the parallelism with oleogels produced previously with pure 

materials. 

 

Chapter VIII explores the in-vitro digestive response of the beeswax- and sterol-based oleogels loaded with 

β-carotene. The mechanical movements and the surface response that occur during the oral processing 

of the oleogels were studied using tribology. The optimization of the oleogels’ digestive process is 

portrayed here and is followed by the bioactive bioacessibility and bioavailability assessment after in-vitro 

digestion. The results regarding the cytotoxicity tests, using a human epithelial cell line (Caco-2), are also 

shown in this chapter. 

 

Chapter IX shows the results regarding the incorporation of beeswax-based and sterol-based oleogels in 

two meat-based products, that are commonly elaborated using high fractions of saturated fat (respectively 

pate and hamburgers). These products were reformulated using linseed oil that was structured with 

beeswax and the mixture of ɣ-oryzanol and β-sitosterol. Sterol-based oleogels were used for the partial 

replacement of the solid fat fraction present in pork patties by 25 % and 75 % of fat substitution in 

hamburgers. Beeswax oleogels were applied in pate formulation and a partial replacement of 30 and 75 

% of solid fat was performed. The incorporation of oleogels with an oil phase rich in polyunsaturated fatty 

acids lead also to the modification of the fatty acid profile targeting a significant decrease in omega-

6/omega-3 ratio. 

 

Ultimately, Chapter X presents the general conclusion of this thesis and presents suggestions for future 

work in this field. 
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Chapter II - Use of bio-based structurants for the development of edible 

oleogels 

 

 

This chapter presents an overview of the materials currently being used to induce gelation of edible oils 

and that promote the formation of oleogels. Main properties and food applications are addressed in this 

chapter. This revision overviews the use of food grade and bio-based structurants to produce edible 

oleogels, aiming at fat replacement and structure-tailoring. Gelation mechanisms and oil phases used 

during oleogel production are discussed, as well as the current food applications and future trends for 

this kind of structure. 
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2.1. Introduction 

 
The scientific and industrial communities have been giving great attention to the development of new bio-

based materials with potential use in innovative technological applications. Among these materials are 

the structures with gel-like behaviour that can be used in the cosmetic, pharmaceutical and food 

industries, aiming at controlling the physical properties of the final products. In the past ten years, words 

like oleogels and organogels have been increasingly used, the existing number of manuscripts and patents 

being proof of this tendency. In the food industry, oleogels can be used to control phase separation, and 

decrease the mobility and migration of the oil phase, providing solid-like properties without using high 

levels of saturated fatty acids as well as to be a carrier of bioactive compounds. In most cases, their main 

features are related to the reorganization process of gelators after an increase of the temperature, above 

the melting or glass transition temperature of the materials, known as the direct method, but it is also 

possible to develop oleogels by indirect methods, such as emulsification and the solvent exchange 

technique. In the direct methods, the reorganization is able to physically entrap oil leading to different 

physicochemical properties, the rheological behaviour and texture properties being the most frequently 

studied ones. The possibility of tailoring gel physical properties and control gel behaviour, under specific 

processing conditions, are of significant interest for food (e.g. oil structuring), pharmaceutical, and 

cosmetic industries (e.g. transdermal systems and topical absorption preparations) (Islam et al., 2011; 

Kumar & Katare, 2005; Patel, Schatteman, De Vos, Lesaffer, & Dewettinck, 2013). According to the 

polarity of the liquid phase, gels can be classified as hydrogels, emulgels and oleogels/organogels. When 

the gelled liquid phase is water they are called hydrogels and if an emulsion is gelled, a biphasic 

formulation defined as emulgel is obtained (Dickinson, 2012). Hydrogels and emulgels have been widely 

explored in the food and cosmetic industries, and the use of natural materials such as gums and proteins 

for the structuring of water-based systems is well known. Recent works have shown the potential of using 

new sources of polysaccharides and proteins, as well as their combinations (Bourbon et al., 2010; 

Dickinson, 2012; Juszczak, Oczadły, & Gałkowska, 2013). If the dispersed liquid is a vegetable oil, 

mineral oil or an organic solvent and is structured by an organogelator, then it is named oleogel/organogel 

(Balasubramanian, Damodar, & Sughir, 2012; Murdan, 2005). Several materials (mostly synthetic) have 

been used for the development of organogels/oleogels, and while in the cases of pharmaceutical and 

cosmetic industries this is not a problem (at least currently), for the food industry the use of food grade 

ingredients is mandatory. Both, consumers and regulatory authorities are increasing their demand for 

natural and healthy ingredients, aiming the complete replacement of synthetic materials (even if they are 
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approved by regulatory agencies and Generally Recognized as Safe - GRAS) by bio-based and food grade 

materials (Sloan, 2015). With the tight siege on hydrogenated fats, the interest on alternative 

technologies, such as oleogels has been rising; therefore, researchers and companies are making efforts 

towards the development of oleogels for foods, stressing their ability in helping to promote health and 

wellbeing. Several governmental programs, within the frame of public health, are being implemented 

based on the idea of improving health through nutrition. This quest has become an important premise 

for nations worldwide as recent legislative updates in worldwide governmental initiatives fostered new 

developments aiming at banning trans-fats and decreasing the use of saturated fats in food products. 

These developments and the consumer demand for clean label products led to evolving discussions 

regarding the replacement of fats in foodstuffs and food processes for healthy and more acceptable 

alternatives. The combined action between structure and health is a plus, because of the growing proof 

that dietary fats can perform, in a way so that ailments such as coronary heart disease or type II diabetes 

can be overcome. The unwillingness and difficulties expressed by consumers to change dietary habits, 

opened the door for new ingredients and technological solutions that can promote health through food 

(Jimenez-Colmenero et al., 2015). Some of the most promising approaches towards the introduction of 

healthy food formulations comprise nutritional reformulation and substitution of ingredients (Jimenez-

Colmenero et al., 2015). This still presents a considerable challenge regarding fat replacement, mainly if 

the consumers’ perceptions are to be maintained. The feasibility of doing that will be somewhat 

dependent on the capacity of oleogels to mimic the characteristics of the traditionally used fats and 

understanding how they will behave under different processing and storage conditions (Jimenez-

Colmenero et al., 2015). It is clear by the increasing number of publications in the last years dealing with 

food and obesity, that food industry still has an important role in this regard (Figure 2.1). 

 

Approaches to develop structuring systems (with organoleptic properties similar to the existing ones), that 

have the potential to behave differently when subjected to particular processing conditions, are gaining 

reputation in food industry (Bayés-García et al., 2015). As a consequence of that, sudden advances in 

the search of new compounds, with the capacity to act as structuring agents have been noticed (Ventiloiu 

& Leroux, 2008; Acevedo, Peyronel, & Marangoni, 2011; Balasubramanian et al., 2012; Elnaggar, El-

Refaie, El-Massik, & Abdallah, 2014; Iwanaga, Kawai, Miyazaki, & Kakemi, 2012; Patel, Schatteman, De 

Vos, et al., 2013; Rogers, 2009). Even with the current stage of development and the increased attention 

given to oleogels implementation, the lack of bio-based and food grade alternatives as food structurants, 



Chapter II 
Use of bio-based structurants for the development of edible oleogels                                                                                       Martins, A. J. (2019) 

 
 

 45 

fat replacers and vehicles for bioactive is notorious (Patel, Schatteman, Vos, & Dewettinck, 2013). 

Legislation is one of the main aspects that must be considered, because of the many different legal 

aspects that are associated to new food ingredients and additives. Such aspects are, perhaps, the most 

difficult to overcome, due to the singularity of the laws in each country or region. 

 

Within such frameworks, the development of oleogels using food grade ingredients has been one of the 

most explored areas in the past years, among the scientific community and industry. Figure 2.1 presents 

the comparison between number of publications as a result of searching for hydrogels and oleogels for 

food applications in the last 10 years. It is clear that oleogels are getting more attention while hydrogels 

remain as a topic of interest. Moreover, a large number of filled patents (around 200, searching by 

“oleogel” and “food” in Google Patents) were deposited in the last years, demonstrating the compliance 

of oleogels for several applications. 

 

 

Figure 2.1. Number of publications searching by the keywords “food” and “organogels” or “oleogels” 

(dark line – hexagonal symbols), by “food” and “hydrogels” (grey line – circular symbols) and by “food” 

and “obesity” (grey line – triangular symbols). The source of information was Scopus database (keywords 

searched in the title, abstract and keywords). 
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Lipid structurants are among the compounds that claim the greatest consideration in this field, by both 

scientific and industrial communities. This happens due to their biological nature and because of their 

gelation mechanism, that allows oil to maintain its chemical characteristics, unlike other procedures that 

are based on inter-esterification and hydrogenation processes (Jimenez-Colmenero et al., 2015). Lipid-

based structurants are a viable substitute for butter that, from the industrial point of view, is a largely 

expensive product. Margarines still represent a widespread alternative as butter substitutes; however, 

their composition includes hydrogenated fats, translating into high amounts of trans fatty acids (TFAs). 

TFAs have been associated to cardiovascular disease, infertility, endometriosis, gallstones, Alzheimer’s 

disease and diabetes (Downs, Thow, & Leeder, 2013; Kris-Etherton, 2010; Mozaffarian, Katan, Ascherio, 

Stampfer, & Willett, 2006; Teegala, Willett, & Mozaffarian, 2009). If a common person is able to replace 

an estimated 5 % of the daily energy intake, which is related to saturated fats, that person will be able to 

reduce the risk of cardio vascular disease between 22 % and 37 % (Roche, 2005). The above-described 

harmful consequences are just a few examples of what can be overcome with the replacement of this 

type of fats by poly- and monounsaturated fats, while also improving the nutritional profile of foods (Duffy 

et al., 2009; Rogers, 2009). The World Health Organization (WHO) has already called for the removal of 

TFAs from the global food supply chains (Uauy et al., 2009). In several countries, including the United 

States, the TFAs are not considered GRAS and need to be removed completely from foods until 2018 

(FDA, 2015). Being so, the trend is to fully eradicate these products from the shelves immediately. Palm 

oil, widely used in food industry among European countries has been over analysis, despite being free of 

TFAs it contains saturated fats and when refined at high temperatures can generate some contaminants 

(EFSA, 2016). From the nutritional point of view, the objective should be to reduce the use of saturated 

and remove hydrogenated fats, while promoting the use of unsaturated fats (like olive oil and other 

vegetable oils). 

 

It is clear that consumers' acceptability will always be one of the great challenges for the application of 

such materials in food products. Therefore, is essential to improve structural and textural characteristics, 

as well as the nutritional value of formulations, e.g. via bioactive compound incorporation or non-healthy 

fat replacement (Maleky, 2015; Utrilla, García Ruiz, & Soriano, 2014). This combined functionality can 

be an advantage, when compared with other approaches presented in the past (e.g. emulsions). Oil 

structuring can become an everyday attractive option to upgrade the shelf-life behaviour of food products, 

improving their preservation when submitted to harsh storage conditions (e.g. freezing/thawing). 
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2.2. Oleogels development 

 

Edible oleogels are composed by an edible liquid phase that is entrapped by a structurant network, 

ultimately leading to the formation of a gel. They can be defined by semisolid systems, with a continuous 

phase made of a hydrophobic liquid (like a vegetable oil) where a self-assembled network (composed by 

the structurant) is responsible for the physical entrapment of the liquid (Marangoni & Garti, 2011; A. R. 

Patel, Schatteman, De Vos, et al., 2013; Sánchez, Franco, et al., 2011). According to the desired physical 

characteristics and the type of food application, oleogels with different properties may be produced. The 

structural conformation is always dependent of the type of structurant used, that will dictate the desired 

final application of the oleogels. 

 

One of the challenges is to understand the structuring mechanism that is in the basis of the physical 

gelation of edible oils from polymeric and monomeric structurants of different molecular weight. By using 

structurants that are able to produce oleogels through physical entrapment is possible to overcome the 

need of rearranging the molecular structure of the oil using chemical modification (e.g. hydrogenation). 

The first effort to connect macroscopic and microscopic properties to define a gel was made by Hermans 

in 1949 (Hermans, 1981). This study was the cornerstone for one of the most comprehensive definitions 

of such structures, which was based in two premises that a gel must respect: (1) have a continuous 

structure with macroscopic dimensions that is permanent on the time scale of an analytical experiment, 

and (2) be solid-like in its rheological behaviour (Li, Wang, Liu, & Pan, 2009). According to the type of 

gelation mechanism associated to the structure formation they can be classified in physical or chemical 

gels (C. Himawan & Stapley, 2006; M. Davidovich-Pinhas, Barbut, & Marangoni, 2015; Jimenez-

Colmenero et al., 2015; Kawano, Kobayashi, Taguchi, Kunitake, & Nishimi, 2010; Li et al., 2009; Rogers 

et al., 2014). The gelation mechanism is dependent on the structurant composition and its interaction 

with the oil phase, which can occur in different ways, and thus promote different types of gel structuring 

and conformational networks. 

 

2.3. Gelation process 

 

Trans- and saturated fats are present in foods in the crystallized form, changing physical structure and 

texture of foods, and therefore affecting consumers’ perception. Structured fat-based foods usually 
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demand for large amount of solid fat to be successfully achieved. In this sense, oleogelation can confer 

the distinctive features of a solid fat without needing a large amount of saturated fat. In addition to this, 

higher stability, longer shelf-life and bioactive compounds protection can be accomplished on these novel 

healthy foods (A.J. Martins, Cerqueira, Cunha, & Vicente, 2017). These are important issues in the food 

industry when addressing consumers’ preferences, acceptance and needs (Duffy et al., 2009). Besides 

the structure paradigm, the final gel properties are also significantly affected by the methods used for 

oleogelation. Several techniques and/or combinations of them can be used to promote oleogelation, 

always influenced by the type of the structurant used in the process.  

 

Oleogels can be formed by different types of structurants that will lead to different gelation mechanisms, 

explained at nano- and microscales, that will induce different macroscopic features (e.g. 

rheological/textural). The most well-known gelation mechanisms are: 

 

a) fatty acid crystallization; long hydrocarbon chains that, after reaching a certain concentration, are 

able to develop crystallite conformations strong enough to retain oil and promote solid structuring 

upon cooling;  

 

b) SAFIN’s or self-assembled fibrilar networks; these are formed through one-directional crystalline 

growth which are originated at the same nucleation point resulting in a 3D self-assembled fibrilar 

networks;  

 

c) reverse spherical micelles; amphiphilic molecules that are dissolved in non-polar media forming 

a three-dimensional network with a jelly-like structure. 

 

d) polymeric network; polymers will cross-link or entangle between them to form a network that will 

entrap the oil phase, which can be performed through direct and indirect methods forming a gel. 

 

Being so, different approaches regarding oil structuring can be pointed out as convenient and interesting. 

Both single-step and direct polymer gelation result in the formation of a supramolecular network that 

occurs by means of physical or chemical crosslinking of polymer strands. The most common direct oil 

gelation methods comprise the use of low molecular weight gelators that reveal high affinity towards non-
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polar solvents. These gelators are commonly waxes (low and high melting ones), sterol-based gelators 

(combinations of gamma(ɣ)-oryzanol and phytosterols), lecithin and fatty acid derivatives. As single-

component gelators, waxes remain probably as the most successful molecules; due to their unique (and 

complex) structure, these gelators are able to structure oil at very low concentrations (�3 %) (A.J. Martins 

et al., 2017). Monoacylglycerides also fall in this same category. It is important to stress that legislation 

is, of course, one of the main aspects due to all legal restrictions imposed to the introduction of new food 

ingredients and additives. For multi-component driven gelation, self-assembled fibrilar networks are the 

ones that present the most promising results when sterol-based molecules (e.g. phytosterols and gamma-

oryzanol) are combined to develop a 3D network that is capable to impart a structure to oils (Matheson, 

Koutsos, Dalkas, Euston, & Clegg, 2017). Figure 2.2 shows the different gelation methodologies for the 

production of oleogels, focusing on direct and indirect strategies, being the later more suited for polymer 

usage. 

 

 

Figure 2.2. Direct and indirect (biphasic template and solvent exchange) strategies for oil gelation. 

 

2.3.1. Direct strategies and structurants for oil gelation 

 

2.3.1.1. Crystal platelet conformation (food grade waxes and wax esters and fatty acid 

derivatives) 

 

Different types of structurant molecules can form crystal platelets, among them are natural and bio-based 

waxes and wax esters. Both show interesting features and are capable to develop a platelet crystalline 

conformation. Wax and wax esters molecules are very interesting alternatives for the development of 

oleogels, not only due to the lower critical concentrations needed to induce oleogelation, but also by the 
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attractive textural properties observed  from the resultant oleogels (Blake, Co, & Marangoni, 2014; Öʇütcü 

& Yilmaz, 2015). The type of crystals formed by these structurants is often referred as needle-like crystals, 

which are able to form a network when they are in sufficient concentration. This so-called network is 

capable of imprisoning the oil phase, thus inducing successful gelation of edible oils, as structurant 

concentration increases (Blake et al., 2014; Dassanayake, Kodali, Ueno, & Sato, 2012; M. Öǧütcü, 

2014). A more recent study, performed using morphology analysis, determined that the crystals created 

upon cooling, have a platelet-like structure (Figure 2.3). This work overcame the challenge of studying 

the effects of external factors on crystallization and network structure, using the cryogenic preparation of 

the samples for scanning electron microscopy (SEM) analysis; suggesting that optical light microscopy 

provides an imperfect and misleading representation of the true crystal morphology (Blake & Marangoni, 

2015). 

 

 

Figure 2.3. Cryo-SEM micrographs of oleogels containing 2 % of rice bran wax showing platelet crystals 

(Reprinted from Blake & Marangoni (2015)). 

 

Also, Hwang et al. (2015) using phase-contrast microscopy, showed that sunflower wax originated 

platelet-like crystals with thickness ranging from 100 to 250 nm when gelling soybean oil. This study 

allowed understanding that the anisotropic crystal growth, responsible for the formation of plate-like 

crystals, is guided by the nature of wax ester molecules in sunflower wax, since these are the main 

components of such structurant. Martins et al. (Martins, Cerqueira, Fasolin, Cunha, & Vicente, 2016) 

used Small Angle X-Ray Scattering (SAXS) to better understand how beeswax crystals are arranged, and 

gave an indication on how the arrangement influenced the rheological properties of oleogels. A lamellar 

shape was proposed which agrees with the reports above, stating the existence of platelet-like 

arrangements instead of the needle-like. 



Chapter II 
Use of bio-based structurants for the development of edible oleogels                                                                                       Martins, A. J. (2019) 

 
 

 51 

 

Mono- and diglycerides are commonly obtained by interestification of triglycerides with glycerol 

(glycerolises). The final content should vary from 10 - 60 % of monoglycerydes, being this value dependent 

on the glycerol/fat ratio used (Flack, 1976; Robert J. Whitehurst, Tim Cottrell, 2004). Oleogels formed 

upon these molecules structuring action, behave differently according to the processing parameters, such 

as concentration (higher amounts of monoglycerides result in higher gelation temperature and a harder 

structurant network) and gelation process (weaker or stronger networks can be produced depending on 

the shearing conditions) (O’Sullivan, Barbut, & Marangoni, 2016). Monoglycerides have several 

functionalities in food industrial processes, such as starch complexation (bread, sponge cakes, cakes), 

aeration (sponge cakes, cakes, desserts), emulsification (margarines, spreads), de-emulsification (ice 

cream) and compatible mixing (chewing gum) (Cottrell & Peij, 2007). It is also well known the use of 

monoglycerides as effective emulsifiers on topical applications (Sagiri et al., 2013), as well as an oral 

delivery vehicle for curcuminoids in the oleogel form (Yu, Shi, Liu, & Huang, 2012). Depending also on 

the temperature and oil phase, monoglycerides can exist in different crystal forms. For instance, when 

combined with hazelnut oil to form oleogels, monoglycerides are able to endure a different crystallization 

process and their crystals are identified as rosette-like (YIlmaz & Öǧütcü, 2014). Oleogels produced with 

higher viscous and polar oils, are characterized by their lesser firmness (Calligaris, Mirolo, Da Pieve, 

Arrighetti, & Nicoli, 2014). Glyceryl tristearate can be also used as a potential gelator of organic solvents 

due its hardening properties (Sahri & Idris, 2010). In fact, its use has been reported in combination with 

other structurants to perform oleogelation. Sorbitan esters of fatty acids are sorbitol-derived compounds 

that are also very useful for the delivery of bioactive compounds (Daman Huri, Ng, & Zulfakar, 2013; 

Murdan, 2005). Sorbitan monostearate (commercially called Span 60) is the most common sorbitan 

ester, and is a product from equimolar concentrations of fatty acid and sorbitol, through esterification 

method. Sorbitan tristearate is prepared from three moles of stearic acid to each mole of sorbitol. 

Sorbitans are hydrophobic non-ionic surfactants, capable of gelling vegetable oils. They are also 

responsible for producing opaque thermoreversible gels, being 10 % the critical gelation concentration in 

the case of sorbitan monostearate (Rogers, 2009). Sorbitan monostearate is normally develops weaker 

interaction with lecithin, however association with ethyl cellulose can be established to promote an 

additional functional role in supporting the gel structure (Gravelle, Barbut, & Marangoni, 2012). The 

conformational arrangement attributed to crystal formation when monoacylglycerol molecules are used 

as gelators is also lamellar. Monoacylglycerols, such as monoglyceride and glyceryl tristearate, result 
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from the esterification process of glycerine and stearic acid that respectively differ in morphology by the 

presence of one and three alkyl chains. Their use in formation of oleogels have been reported since years, 

but their auto-organize faculty to turn edible oils into oleogels gained interest by several researchers in 

the last years (Barbut, Wood, & Marangoni, 2016a; V. K. Singh, Pramanik, Ray, & Pal, 2015). It has also 

been reported that when used in combination with other structurant molecules such as lecithin, sorbitan 

tristearate is capable to induce gelation by means of needle-like or platelet-like crystals formation (Pernetti, 

van Malssen, Flöter, & Bot, 2007). 

 

2.3.1.2. Self-assembled networks (ethyl cellulose; oryzanol) 

 

Among the self-assembled networks capable to exert oil structuring, the self-assembled fibrilar networks 

(SAFINs) are among the most interesting structures used for oleogel formation (Jimenez-Colmenero et 

al., 2015; Pernetti et al., 2007; Rogers et al., 2014; Sman, 2012). The gelling mechanism of SAFINs 

consists in the construction of a crystalline network that results of a set of fibrilar networks with one-

dimensional growth. Due to the very specific type of interaction needed to form SAFINs crystalline 

networks, environmental factors, such as cooling rates and storage temperature, are essential during the 

development of the fibres. The variation of these conditions will lead to either longer or shorter fibres, 

which will influence the final oleogel hardness and compactness (Rogers, 2009; Rogers, Wright, & 

Marangoni, 2008). Some reports on the use of low molecular weight structurants such as hydroxystearic 

acid, showed that cooling rates faster than 5 ºC min-1 can result in the development of shorter fibres, in 

contrast with slower cooling rates which are responsible for lower fractal dimension values or long fibres 

(Lam, Quaroni, Pedersen, & Rogers, 2010). Other of the ways to achieve oleogelation is the use of a 

polymer able to entrap the oil phase through an entangled polymeric network, which can happen by direct 

or indirect methods (discussed later in this Chapter). 

 

To date, the only known polymer that can be used through the direct method to structure oils and 

approved for food applications is ethylcellulose (EC). The use of polymeric structurants for direct 

oleogelation is scarce, mostly due to their poor solubility in the oil phase; however, ethyl cellulose (EC) 

has been highly studied in the last past years. EC is a semi-crystalline linear polysaccharide derivative of 

cellulose (Figure 2.4), produced by replacement of the cellulose’s hydroxyl end groups with ethyl end 

groups (M. Davidovich-Pinhas, Barbut, et al., 2015; Gravelle, Barbut, Quinton, & Marangoni, 2014; A K 
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Zetzl, Marangoni, & Barbut, 2012). It is composed by a linear polymer of 1,4-β-D-glucose units with ethoxy 

substitutions at carbons 2, 3, or 6 (Rogers et al., 2014). The molecule presents three hydroxyl groups on 

each monomer (excluding terminal monomers) which are available for the ethoxylation process. Because 

of the level of ethoxylation that can be performed, the substitution degree (SD) of the molecule will 

determine the compound’s solubility, (i.e., 1.0 < SD < 1.5 soluble in water; 2.4 < SD < 2.5 soluble in 

organic solvent). It is common that ethylcellulose presents a SD of �2.5 (A. Singh, Auzanneau, & Rogers, 

2017). The molecule configuration can produce eight possible monomers, due to the three hydroxyl 

groups that are available for ethoxylation (T. A. Stortz, De Moura, Laredo, & Marangoni, 2014). 

Consequently, it is quite a tailor-friendly polymeric compound due to the SD by the addition of ethylene 

groups and the length of the polymer backbone (M. Davidovich-Pinhas, Barbut, et al., 2015). 

 

 

Figure 2.4. Ethylcellulose structure. Reproduced from (T. A. Stortz et al., 2014). 

 

There are several studies on the application of ethylcellulose in cosmetics, plastics, ceramics and 

agricultural herbicides (Dubernet, Rouland, & Benoit, 1991; Flores-Céspedes et al., 2018; Melzer, 

Kreuter, & Daniels, 2003; Mukherjee et al., 2005; Okuda, Irisawa, Okimoto, Osawa, & Yamashita, 2012; 

T. A. Stortz & Marangoni, 2013; Yamada, Onishi, & Machida, 2001). The production of ethylcellulose 

oleogels occurs after a complete polymer solubilization (at least 4 % of polymer mass is needed to form 

a network capable to retain the solvent) in an oil at high temperatures. After reaching the glass transition 

temperature (at �140 ºC) EC unfolds its structure, leading to a partial solubilization of the EC in oil phase, 

if this is not done, the risk of an incomplete gelation is high. The cooling of the mixture will promote the 

interaction between the EC polymers, inducing the formation of inter-polymer hydrogen bonds. These 

interactions are responsible for creating a three-dimensional polymer network that will behave as a trap 

of the liquid oil (Gravelle et al., 2014; Rogers et al., 2014; F. C. Wang, Gravelle, Blake, & Marangoni, 

2016). The physical gel is supported by hydrogen bonds formed between the unsubstituted hydroxyl 
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groups of the ethoxylated glucose units (Laredo, Barbut, & Marangoni, 2011). The high temperature 

necessary to induce gelation is one of the most interesting aspects and at the same time can be one of 

its drawbacks. Tailoring properties of ethylcellulose-based oleogels are extremely important, in the sense 

that distinct setting temperatures alongside the gelation process will determine different final mechanical 

and optical properties (M. Davidovich-Pinhas, Gravelle, Barbut, & Marangoni, 2015). If thermo-reversibility 

of the oleogel is induced by manipulating environmental conditions (e.g. temperature), the consequent 

gel-sol or sol-gel transitional behaviour will be responsible for a rearrangement of the structure of the 

polymer network. However, the need for high temperatures also brings some issues, affecting the organic 

phase, namely the levels of oil oxidation, always having in mind that such structures are intended to be 

incorporated in foods (Gravelle et al., 2012). Different cooling rates are reported to affect gel strength, 

being high cooling rates related to a weaker network structure of EC-based oleogels (M. Davidovich-

Pinhas, Barbut, et al., 2015). A model to predict the amount of different ingredients for EC oleogel 

formation has been studied, providing an important insight regarding the effects of different EC molecular 

weights on the temperature necessary to induce gelation and the resulting gel strength. The model 

consists in two-dimensional fits of the experimental data of oil-surfactant-ethylcellulose system, using gel 

strength as the variable to be optimized as a function of mass fraction of ethylcellulose and surfactant 

(with three fixed ethylcellulose/surfactant ratios). According to this model, for all the tested conditions the 

final gel strength increases with mass fraction of ethylcellulose in a power law. Such model should be 

useful to understand the consequences of the different molecular weights of ethylcellulose regarding 

manufacturing conditions and final gel characteristics (e.g. gelling temperature and gel strength) (Gravelle 

et al., 2014). Studies on the microstructure of ethylcellulose oleogels showed how the 3D network of the 

polymer surrounds the oil, in an oil droplet configuration. Surely, the grade of ethylcellulose will induce 

significant differences in terms of average pore size of the oil droplets, changing the final structure of the 

oleogel and consequently its mechanical properties, which are important in terms of product acceptance 

by the consumers. However, factors other than pore size are contributing for the mechanical strength of 

the gels; these factors can be the strength of the walls surrounding the pores, the interconnections on 

the polymeric network, the number of junction zones per polymer bundle and interactions between the 

polymer, oil, and/or surfactant, if this is present (Alexander K. Zetzl et al., 2014). O’Sullivan et al. reported 

on in-vitro digestion of beta-carotene loaded EC-oleogels, demonstrating bioactive delivery capability and 

how gel strength influences the behaviour of gels during the digestive process (O’Sullivan et al., 2016). 

In this work, slow or incomplete lipolysis was observed in harder oleogels. This is relevant regarding the 
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protection and consequent bioavailability of the desired compound under the harsh environmental 

conditions of the stomach. However, extremely high dosages of beta-carotene (as mentioned by the 

authors) are not the ideal. Despite that fact, this study revealed important information on oleogel structural 

behaviour, when another compound is present in its internal matrix, and how these oleogels can act as 

a vehicle of lipophilic molecules. Significant outcomes can result from the use of ethylcellulose oleogels 

when comparing with liquid or solid lipid matrices. Namely, improved shelf life stability and protection 

concerning recrystallization behaviour and degradation of the encapsulated bioactive compound 

(OʹSullivan, Davidovich-Pinhas, Wright, Barbut, & Marangoni, 2017; Yu et al., 2012). Going forward, the 

incorporation of ethylcellulose oleogels in an aqueous system is pointed as one of the most interesting 

developments to target even more applications for this kind of oleogels. With that in mind the multi-

component approach, with combination of different structuring materials aiming at certain synergic 

behaviours, can be a positive answer to overcome some of the existent problems (Pernetti et al., 2007; 

F. C. Wang, Peyronel, & Marangoni, 2016). Depending on the viscosity grade of the polymer, gelation 

confers higher or lower viscoelastic properties (solid like characteristics) to the oleogel obtained (Zetzl et 

al., 2014). As a consequence of exposed polymer chains, this interaction between oil and existent 

polymeric chains will be responsible for the physical transition of the gel from a more slippery or glassy 

state to a rough, rubbery state (Davidovich-Pinhas, Barbut, et al., 2015). 

 

SAFINs can also be produced by the gelation of phytosterols (e.g. β-sitosterol) in combination with 

oryzanol. This combination is achieved through the establishment of hydrogen bonds, where H-bonding 

between the hydroxyl group of sitosterol and the carbonyl group of oryzanol results in a slightly wedged 

stacking of this molecular assembly. This stacking pattern develops an uneven three-dimensional crystal 

network in a curved-shaped spiral-like assembly (Hughes, Marangoni, Wright, Rogers, & Rush, 2009; 

Rogers et al., 2014). Because of the wedged shape resultant from the stacking and due to the presence 

of a hydrogen bond, this asymmetric structuring favours the formation of an irregular crystal, extending 

in three directions. This results in hollow double-walled tubules (ca. 7.2 to 10 nm in diameter), which 

form a self-sustained and transparent oleogel (Anema & McKenna, 1996). 
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Figure 2.5. AFM images of (a) sitosterol + oryzanol tubule of oleogel (Reprinted with permission from 

(Matheson et al., 2017) Copyright 2017 American Chemical Society) and (b) EC fibrillar network. 

Reproduced in part from (OʹSullivan et al., 2017). 

 

Figure 2.5a shows the AFM representation of the ɣ-oryzanol and β-sitosterol self-assemble fibrils with 

approximately 9.8 nm of diameter (Matheson et al., 2017). This happens in contrast to common TAGs, 

where right after nucleation, the crystal formation process ensues. In the development of bulk fat different 

structural levels are involved: nucleation (comprises crystalline phase formation due to TAGs liquid phase 

transformation into a crystallites), crystal growth (incorporation in the already existing crystal lattice of 

other TAGs from liquid bulk), and finally polymorphism transition (TAG molecules packing in the formed 

crystals) (Rogers et al., 2008). Figure 2.5b presents the AFM image obtained from an EC-based oleogel 

after a preparation method that removes the majority of the oil from the sample. 

 

2.3.1.3. Inverse bilayers forming rod-shaped tubules (lecithin) 

 

Other of the possible compounds for oleogel development is lecithin. Lecithin is a non-polar compound 

that can be obtained from soybean and egg yolk and fits into a biologically essential class of substances 

termed phosphoglycerides or phospholipids (Marangoni, & Garti, 2011; Raut et al., 2012) (Figure 2.5). 

Lecithin has been systematically explored and sought, as a result of the different possible applications, 

namely as carrier of bioactive compounds or emulsifier. 
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Figure 2.6. Molecular structure of lecithin. Reprinted from (Cautela, Giustini, Pavel, Palazzo, & Galantini, 

2017). 

 

Lecithin is able to form reverse spherical micelles when dissolved in non-polar media, which can entangle, 

forming a three-dimensional network with a jelly-like structure (Figure 2.7A and 2.7B). These micelles are 

responsible for immobilizing the continuous phase (oil) and thus the formation of a viscous gel (Raut et 

al., 2012). It is important to mention that lecithin-based oleogels are developed with the addition of a 

polar compound (i.e., water). The presence of this mediator agent is required if the purpose is to produce 

a gel and not just a viscous system (Figure C). The addition of water will promote the uniaxial growth of 

the mentioned spherical reverse micelles into tubular or cylindrical aggregates. If the polar agent amount 

is increased, leading to a shift of micelles’ conformation, the bonding with lecithin is strengthened and 

will favour the formation of flexible, long tubular micelles of 2.0 to 2.5 nm in radius and hundreds to 

thousands of nanometers in length, resulting in a more structured/strong gel. From this process, the 

resultant higher efficiency of oil entrapment will consequently increase gel stiffness (Marangoni & Garti, 

2011). 
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Figure 2.7. Schematic representation of the packing geometry of (A) inverse micelle formation with large 

curvature, (B) formation of small curvature favouring inverse cylindrical micelles or lamellar phases; 

Reproduced from (Nikiforidis & Scholten, 2014), and (C) schematic diagram of the preparation of lecithin 

oleogels, adapted from (Kumar & Katare, 2005). 

 

As opposed to biologically sourced lecithin, synthetized or hydrogenated lecithin will include saturated 

fatty acids and as a consequence of that are less recommended for the purposes of oleogel development 

(Elnaggar et al., 2014; Kumar & Katare, 2005). Sorbitan tristearate can be added to lecithin in order to 

promote crystallization when both components have equal concentrations. During oleogel formation these 

crystallites are reported to be 10 μm in length (Sagiri et al., 2013). Glyceryl monostearate also showed 

synergic behaviour when combined with lecithin (Moran-Valero, Ruiz-Henestrosa, & Pilosof, 2017). 

 

2.3.2. Indirect strategies and structurants for oil gelation 

 

It is clear that one of the challenges is to find bio-based functional molecules able to produce oleogels. In 

this field, one of the alternatives that is still underexplored is the polymer gelation approach. In this field 

research has been focused on the synthesis of novel amphiphilic compounds or multi- component 

mixtures capable of providing that functionality, such as biopolymers which are very promising 

candidates. In fact, there is a great number of food grade polymers at our disposal, however, due their 

hydrophilic nature, very few of these can actually be used to form oleogels (Maya Davidovich-Pinhas, 

2016). 

 

2.3.2.1. Biphasic emulsion-based methodologies (chitin; cellulose-derivatives; mixtures 

of protein and polysaccharides 

 

Chitin is one of the most abundant natural aminopolysaccharide polymers, and can be obtain from several 

bio-based sources, (e.g. crustaceans, insects, and the cell walls of fungi) (Gutiérrez & Alvarez, 2017). It 

has been used in an extensive way in the development of polymeric scaffolds (through enzymatic or 

chemical deacetylation, as also happens with its derivative, chitosan) (Elieh-Ali-Komi & Hamblin, 2016). 

Chitin and chitosan have been also under study on the development of thickeners for oils, mainly by 

means of introducing reactive isocyanate groups into chitin or chitin-based molecules, and thus inducing 
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the formation of gel-like structures that could act as biodegradable lubricants (Gallego, Arteaga, Valencia, 

& Franco, 2013; Sánchez, Stringari, Franco, Valencia, & Gallegos, 2011). In the framework of oleogel 

development with these polymeric strands, they perform interactions by means of physical forces, such 

as van der Waals, and electrostatic interactions. These interactions are the ones responsible for the 

polymer–polymer and polymer–solvent synergies that will impart solid-like viscoelastic properties to the 

organic solvents used in the process (Laredo et al., 2011). Chitin is a strong hydrophobic compound with 

very poor solubility in water. The resemblance of the chitin molecular structure with the ethylcellulose 

structure (presented earlier in this chapter) is notorious in Figure 2.8 (when compared with Figure 2.4). 

In the C-2 position, chitin contains an acetamido group in contrast to the hydroxyl or ethyl ester groups 

in the case of ethylcellulose (Nikiforidis & Scholten, 2015). 

 

 

Figure 2.8. Sole unit of 2-acetamido-2-deoxy-d-glucopyranose and chitin structure. Adapted from 

(Nikiforidis & Scholten, 2015). 

 

Still very little is known, regarding the use of chitin as an oil structuring agent. It was reported that chitin 

as sole gelator component has not been able to shown oil structuring ability. Testing only chitin solubilized 

in oil (e.g. soybean and castor oil) resulted in very weak stranded gels and precipitation of chitin occurred 

after a few days due to inability to develop a sufficiently strong polymeric network (Sánchez, Stringari, et 

al., 2011). However, it has been reported that chitin-based oleogels can be developed by the use of chitin 

(in an emulsion-based method) in combination with surfactants or derived chitin nanoparticles that will 

create building blocks with oil structuring capabilities. Figure 2.9 portrays both the chitin-based oleogels 

as well as their microstructural arrangements in the presence of phosphatidylcholine and nanocrystals of 

chitin. These combinations showed promising results towards oil gelation and interesting oleogel 

viscoelastic properties (Nikiforidis & Scholten, 2015). The presence of surfactants helps preventing the 

aggregation of crude chitin in the nonpolar solvent; this process can overturn the chitin aggregation 

induced by hydrophilic chitin–chitin interactions, thus improving the stability and dispersion of crude 

chitin in the oil medium. Therefore, the minimization of chitin aggregation will lead to the subsequent 
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formation of a network that can trap liquid oil into a gel structure. Nikiforidis and Scholten (2015) showed 

that chitin combined with a non-ionic surfactant (Span 60), a zwitter-ionic surfactant (phosphatidylcholine) 

or an anionic enzymatically modified phosphatidylcholine, produced oleogels with different 

characteristics. Oleogels with enzymatically modified phosphocholine showed rheological thermal stability 

up until 90 °C without modification of viscoelastic values. Significant changes in oleogel’s structure can 

be performed using different chitin compositions, by changing the length and the flexibility of the chitin 

strands. Temperatures above 70 °C, will be equally determinant regarding polymeric interactions, which 

will suffer changes in polymer-polymer, polymer-solvent and polymer-surfactant interactions and affect 

the final properties of the oleogels. 

 

 

Figure 2.9. (a) Phase separation of crude chitin in sunflower oil; (b) chitin concentration of 20 wt % in 

sunflower oil; (c) microstructure of oleogels with crude chitin and high phosphatidylcholine content (70 

wt %); (d) microstructure of oleogels with chitin nanocrystals and phosphatidylcholine. Adapted from 

(Nikiforidis & Scholten, 2015). 

 

 

Like ethylcellulose, hydroxyl-propyl-methylcellulose (HPMC) is a cellulose derivative (Gutiérrez & Alvarez, 

2017). It is a polymeric strand that has shown to be suitable for oil structuring purposes. HPMC is non-
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toxic, biodegradable, biocompatible and presents good mechanical properties. Because of these 

characteristics, HPMC has numerous functionalities as regards its use by the food industry and can be 

subjected to fine-tuning processes(Patel & Dewettinck, 2015). HPMC is used as an emulsifier to control 

dispersions’ texture and rheological properties, once it allows controlling ice crystallization (Bell, Donald, 

& Alan, 2006). This polymeric strand acts as a hydrophilic foaming agent, able to create a colloid with 

air–water interface, that will make possible to stabilize, at low temperatures, a hydrophilic foam that after 

drying (and consequent water removal) allows the formation of a porous template. This porous template, 

with great oil affinity, was then utilized to develop oleogels (Patel & Dewettinck, 2015; Patel, Schatteman, 

Lesaffer, & Dewettinck, 2013). A recent study on the gelling behaviour of combinations of re-generated 

cellulose (RC) and carboxymethyl cellulose (CMC) demonstrated a feasible way to develop an indirect 

methodology to produce oleogels with oil concentrations up to �97 % (Jiang et al., 2017). The anti-solvent 

regeneration method to produce cellulose is quite effective in improving its role as dispersion and 

emulsion stabilizer agent. The mentioned methodology consists in developing water-continuous 

emulsions, that are stabilized by RC and CMC using a high-energy ultra-homogenization at 15 000 rpm 

for 3 min. Oleogels were obtained after removing water using freeze-drying and shearing the dried 

product. Oleogels revealed increased viscoelastic properties alongside with the increase of RC in the 

primary emulsion composition. Figure 2.10 shows the final cellulose-based oleogel appearance after 

shearing. 

 

 

Figure 2.10. Photographs of dried product (1.4 wt % RC and 1.4 wt % CMC) and oleogel prepared by 

simply shearing the dried product. Reproduced from (J. Wang et al., 2017). 

 

The possibility to develop linear amphiphilic block copolymers that are composed of hydrophilic HPMC 

and hydrophobic poly(l-lactide) (PLLA) has also been reported. These copolymers exhibit thermos-

responsive behaviour and microscopy revealed that they are able to self-assemble into distinct 
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architectural conformations like spherical micelles, rod-like micelles, worm-like micelles, or filo-micelles. 

These building blocks can possibly serve as templates for oil structuring purposes (J. Wang, Caceres, Li, 

& Deratani, 2017). However, due to the non-food grade status of PLLA, suitable alternatives should be 

investigated. One of the possibilities is polycaprolactone (PCL), which is a biodegradable and 

biocompatible polymer with current FDA approval for food applications and has been used for scaffold 

development with drug delivery purposes, as well as carrier of green tea polyphenols through PCL 

implants. 

 

Proteins in combination with other compounds, such as polysaccharides, can form a dense building block 

layer, which can be used as an oil gelator. This is a process based in oil-in-water systems that are capable 

to ensure protein adsorption at their interface, by means of chemical crosslinking or just driven by physical 

interactions. Romoscanu and Mezzenga (2006) reported on a similar approach where in this case, after 

emulsion formation, the resultant dry “foamed” polymer showed increased capability of oil retention. 

Here, the original emulsion could be restored by rehydrating the final (dried) solidified product 

(Romoscanu & Mezzenga, 2006). This approach requires removal of the hydrophilic phase, after which 

the exposed polymeric stranded structure will imprison the oil content of the primary emulsion, forming 

an oleogel (De Vries, Hendriks, Van Der Linden, & Scholten, 2015). De Vries et al. (2015) reported on 

emulsion stabilization by means of a mixture of protein and polysaccharide, namely gelatine and xanthan 

gum. More than their hydrophilic nature, one of the important reasons to use both gelatine and xanthan 

gum is their affinity to interact with each other, even more than to interact with just water. This not only 

results from hydrophobic interactions, but also from non-coulombic ones, that happen with the 

involvement of NH and OH groups. However, the ratio of the components will contribute to the success 

of this combination: if this interaction is performed with an increased fraction of gelatine, the reaction 

yield will decrease (Lii, Liaw, Lai, & Tomasik, 2002). This also evidences that the interactions between 

these biopolymers can be tuned by controlling the protein/polysaccharide ratio, together with the pH and 

the ionic strength (C. S. Wang, Natale, Virgilio, & Heuzey, 2016). Gelatine and xanthan gum are used to 

provide structure to this oil-in-water emulsion due to their hydrophilic nature. Both polymeric substances 

are not directly mixed for this purpose; instead, each one is used to obtain hydrophilic solutions which 

are subsequently added to oil under high energy mixing (e.g. using an Ultra-Turrax), as described 

elsewhere (A. R. Patel, Rajarethinem, et al., 2015). After this, a complete dehydration process is needed 

to eliminate the entire water content, exposing the biopolymer structure that will serve as building block 
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for the structuring process. Drying can be achieved by high or low-temperature processes, such as oven 

drying (e.g. at 70 °C for 48 h) or lyophilisation, respectively. The resultant dried structure that is used to 

entrap the oil phase, exhibits very interesting features, in the sense that its microstructural morphology, 

which is configured by a polymer layer that would act as oil droplet coalescence preventer, will be 

responsible for the packing of the oil droplets. The strength of this tight packing would influence the gel 

strength and the solid-like characteristics of the oleogels formed. As the polymer concentration rises, the 

easier the drying procedure will be. If the amount of polymer is relatively low, oil leakage will be noticeable 

leading to phase separation. It has been reported by Patel et al. (2015a) that for formulations containing 

>97 wt % liquid oil, the emulsion-based method using gelatine and xanthan gum is quite successful and 

promising (A. R. Patel, Rajarethinem, et al., 2015). As Patel et al. (2014) demonstrated, it is also possible 

to produce oil continuous emulsions and then promote the gelling of the water droplets, providing a strong 

enough interconnected network capable of imparting adequate structural sustainment to such emulsions 

(A. R. Patel, Rodriguez, Lesaffer, & Dewettinck, 2014). A successful gelation will produce a self-standing 

elastic gel-like structure, with sufficient strength to retain oil within its structure. This gelation of high 

internal phase emulsions (HIPEs) can be produced using a combination of different polysaccharides. 

Some options are galactomannans; these natural polymers are known to develop synergistic interactions 

with other food-grade hydrocolloids (e.g. κ-carrageenan and xanthan gum). Also because of its higher 

mannose:galactose ratio (4:1), locust bean gum (LBG) displays a strong interaction with other non-gelling 

colloidal solutions. These interactions will form gels at interesting low polymer concentrations. The 

hydrocolloids used should present thermoreversibility, because after all, this is a heat-triggered water 

droplet gelation mechanism that forms a gel after cooling. Also, the combination of different hydrocolloids 

is presented as being more attractive in order to widen the tailoring properties of these gels. Reports on 

this type of HIPE gelling mechanism, demonstrated such capabilities by emulsifying the hydrocolloid 

solutions in oil, using high temperatures (>70 °C) followed by a cooling process that leads to the gelation 

of the solutions (A. R. Patel, Rodriguez, et al., 2014). The stabilization of this system relies probably in 

the use of non-surface-active hydrocolloids that will maintain the oil continuous property of the system. 

Using the same LBG and carrageenan combination, Patel et al. (2015b) also explored gel-in-oil-in-gel type 

structured emulsions, that allowed producing different types of microstructured gels with mutable 

rheological properties (A. R. Patel, Dumlu, et al., 2015). These gels can possibly undergo processes 

aiming at increasing the final oil intake and serving as templates for the development of oleogels. 
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2.3.2.2. Solvent Exchange Methodologies (Proteins and Polysaccharides as Building 

Blocks for Oleogel Development) 

 

Producing hydrogels using proteins is a widely studied process; from the several possibilities can be 

pinpoint the use of collagen, gelatine, elastin, silk fibroin and milk proteins (Altman et al., 2003; Jonker, 

Löwik, & Van Hest, 2012; Juncosa-Melvin et al., 2006; Kinsella & Morr, 1984; Kuijpers et al., 2000). The 

main processing steps that will confer protein networks the ability of incorporating a nonpolar solvent as 

continuous phase, therefore forming oleogels, is based in a solvent substitution/replacement approach. 

It is well known that proteins display great affinity towards apolar solvents, being poorly capable of oil 

dispersion due to their hydrophilic character. One of the possibilities to change this behaviour is to induce 

a solvent-exchange process in order to allow performing oleogelation, widening the field of applications of 

proteins towards oil structuring strategies, while also showing the applicability of different conceptual tools 

in colloid science. The solvent exchange approach is commonly used to develop aerogels by means of 

water removal by solvent addition (e.g. acetone or/and alcohol). One example has been presented by 

Yang et al. (2017) where these solvents were removed by supercritical CO2. Whey protein was evaluated 

as a polymeric structural backbone for solvent exchange experiments, by first producing hydrogels with 

whey protein isolate (WPI) after ionic strength adjustments with NaCl. The heat denaturation of the 

proteins was performed at 80 °C during 30 min and, after cooling and stabilization at low temperatures 

�4 °C, the hydrogels were subjected to solvent exchange procedures (De Vries et al., 2015). Solvents 

like acetone and tetrahydrofuran that are capable of mixing with both water and oils were used; being so, 

a two-step procedure was performed to substitute the water by the oil (sunflower oil in this case). The 

immersion of the gels in fresh 100 % (v/v) acetone (or tetrahydrofuran) led to water removal, after which 

the gels were immersed in sunflower oil to remove the acetone and incorporate the oil within the polymeric 

strands (De Vries et al., 2015). Figure 2.11 shows the hydrogels that led to the formation of oleogels after 

solvent exchange.  
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Figure 2.11. WPI hydrogels on top and oleogels in the bottom after the solvent exchange procedure. The 

composition of the hydrogels was 15 % WPI with 0, 100, and 200 mM NaCl. Reproduced from (De Vries 

et al., 2015). 

 

The tailoring ability of these protein oleogels was demonstrated by the different levels of oil holding 

capacity of the protein network. This customization can be made by choosing the polarity of the solvents 

used in the intermediate step, and also by controlling the kinetics of the solvent exchange methodology. 

Regarding mechanical properties, protein oleogels showed increased hardness (increased modulus by 

approximately two orders of magnitude in comparison to the primary hydrogels) and revealed to be more 

brittle as well (decrease in fracture strain). Still in Figure 2.11, the upper row hydrogel samples resulted 

from a solution with higher ionic strength, helping proteins to aggregate in larger conformations (Yan & 

Pochan, 2010). Because of that, a wiry or coarser conformation of protein structures will confer increased 

turbidity to protein gels (De Vries et al., 2015). The swelling behaviour is a characteristic of protein-based 

gels; this is a feature that will help considerably this exchanging solvent approach in terms of improved 

oil intake. Despite the network that is responsible for the oil entrapment after solvent exchange being the 

same that primarily formed the hydrogels, the mechanical properties of the final oleogels will be distinct 

from their hydrogel counterpart. As showed by the authors, when comparing the oleogels with the 

corresponding hydrogels, the former showed a strong increase in modulus and fracture stress 

accompanied by a lower strain at fracture (Figure 2.12). 
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Figure 2.12. Large deformation properties of protein-based hydrogels and oleogels after the solvent 

exchange procedure using acetone. (A) Stress-strain curve for a representative 10 % of 50 mM NaCl 

hydrogel (solid line) and the resulting oleogel after the solvent exchange (dotted line). (B–D) Modulus, 

fracture stress, and fracture strain of hydrogels (grey bars) prepared at 50 mM NaCl with different protein 

concentrations and the resulting oleogels (white bars) after the solvent exchange. Error bars represent 

standard deviation of duplicate measurements. Reproduced from (De Vries et al., 2015). 

 

The solvent exchange approach described above will also be responsible for some other modified 

properties. The polarity of the solvent will decrease alongside with the exchange of solvent, being this 

factor responsible for a conformational change of the gel, leading to its shrinkage. This change will 

influence the oil intake capabilities of the oleogels. Depending on the solvent used in the intermediate 

step, gel shrinkage and consequent oil holding capacity will vary. A similar procedure was described by 

Manzocco et al. (2017), when reporting the development of oleogels by means of solvent exchange in 

polysaccharide aerogels. In this work, a single component polysaccharide (κ-carrageenan) was used to 

develop hydrogels, with increasing carrageenan concentrations. Afterwards, the hydrogels were submitted 

to immersion in alcohol solutions at increasing concentrations (25, 50, 75 % v/v) at a constant 1:8 (v/v) 

hydrogel:ethanol ratio. Then, to prevent hydrogel architectural collapse, supercritical CO2 drying was 

employed. Different CO2 flow rates were tested allowing to minimize the drying time, so that the structural 
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integrity of the gels remained unaltered, in particular without surface cracks. The final procedure 

consisted in introducing the aerogels in 125 mL of sunflower oil until a constant weight was recorded. 

The maximum observed oil intake was of �80 %. Table 2.1 shows several parameters for increasing 

concentrations of κ-carrageenan in hydrogel formulation and consequent oleogel production. 

 

Table 2.1. Visual appearance and firmness, oil content, and oil holding capacity (OHC) values of oleogels 

obtained from hydrogels produced with increasing k-carrageenan concentration 

k- carrageenan in 
hydrogel (% w/w) 

k- carrageenan 
in oleogel 
(% w/w) 

Oil in oleogel 
(% w/w) 

Firmness 
(N) 

OHC 
(% w/w) 

0.4 27.58 ± 0.83a 72.42 ± 0.83a 158.33 ± 9.16c 83.44 ± 1.35a 

1.0 26.76 ± 0.33a 73.24 ± 0.33a 311.70 ± 11.78a 82.18 ± 1.11a 

2.0 18.72 ± 0.31b 81.28 ± 0.31b 216.40 ± 6.79b 62.21 ± 1.31b 

*different letters in the same column are significantly different (p<0.05). Data from (Manzocco et al. 2017). (Reprinted from Food Hydrocolloids, 71, 

Manzocco, L., Valoppi, F., Calligaris, S., Andreatta, F., Spilimbergo, S., & Nicoli, M. C., Exploitation of κ-carrageenan aerogels as template for edible oleogel 

preparation, 68–75, Copyright (2017), with permission from Elsevier). 

 

Also, within the solvent exchange methodology approach, another possible solution to use protein building 

blocks as gelators to endure oleogel formation consists in the usage of whey protein aggregates that result 

from hydrogel structure breakdown. De Vries et al. demonstrated that protein aggregates with very small 

sizes can be successfully used in the formation of a network in a nonpolar environment, which resembles 

the ones usually developed in aqueous media by larger conformations (de Vries, Wesseling, van der 

Linden, & Scholten, 2017). In this approach, contrary to the one referred before, the primary backbone 

for oleogels is not the protein architectural structure, but the resultant protein dispersion pellet obtained 

after hydrogel breakdown, homogenization and centrifugation processes. One important feature is the 

ability of this protein to build blocks, forming gels with solid-like behaviour (i.e., Gʹ	> Gʺ), at a very low 

total mass fraction of gelator (�3 %). Macro and microstructures of the protein gels at different stages of 

oleogels’ development are shown in Figure 2.13. 
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Figure 2.13. (A) Appearance of heat-set WPI aggregates after centrifugation, (B) dispersion of freeze-dried 

WPI aggregates in sunflower oil and (C) WPI aggregates in sunflower oil via a solvent exchange with 

corresponding CLSM micrographs (D-F). Reproduced from (de Vries et al., 2017). 

 

The hydrophobic protein aggregated pellet, after the solvent exchange procedure (with acetone for 

example) and consequent solvent oil polarity changes with sunflower oil, is responsible for the formation 

of oleogels. This is materialized by the protein building blocks, with approx. diameter of 200 nm 

(measured for both water and oil), that act as gelator particles (de Vries et al., 2017). Also, for increasing 

amounts of protein, the rheological data shows modifications towards higher resemblance to an elastic 

covalent gel. 

 

2.4. Food grade materials used for oleogel development in further works reported in this thesis  

 

Some of the most significant physical properties of oleogels are a consequence of the type of structurant 

used to induce gelation and of the method used (direct or indirect). As mentioned above, the type of 

gelation process is dependent of the type of structurant and therefore their properties and characteristics 

must be well understood. Again, the goal was to investigate on the oleogel development, understand 

different gelling mechanisms that could influence macro-structure properties from a nano-structured point 

of view and consequently promote the application of such structure in food products. Because food 
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industry remains an extremely attached to already consolidated processes we focused on the direct 

methodology and selected two types of gelation mechanism to develop our work. 

 

The gelation process, using the direct method, occurs at refrigeration and room temperatures (e.g. 

between 5 °C and 25 °C). Figure 2.14 shows the rheological elastic modulus (G’) for oleogels with 

different gelators. It is possible to understand how the range, in terms of gel strength, can be diverse 

according to the material used. The oleogels’ gel network is self-assembled in the presence of low 

concentrations of structurant molecules (<15 %) and solvent, being this network responsible for oil 

entrapment, hindering solvent release or flow as a result of the surface tension effects (A. & J.-C., 2008; 

Hughes et al., 2009). In the next sections will be presented main characteristics of the structurants and 

of the oleogels made thereof produced using the direct method. 

 

 

Figure 2.14. Rheological data (G’ – storage modulus) on different structurants regarding oleogel formation 

by direct method. Data obtained from (Bin Sintang et al., 2017; Cerqueira et al., 2017; Jang, Bae, Hwang, 

Lee, & Lee, 2015; Artur J. Martins et al., 2016; A. R. Patel, Babaahmadi, Lesaffer, & Dewettinck, 2015; 

A. R. Patel & Dewettinck, 2015; Alexander K. Zetzl et al., 2014). 

 

2.3.1. Natural Waxes (plant and animal) and resins 
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Waxes remain one of the most studied oil structurants worldwide. Several types of wax can be considered 

as bio-based structurants (A. R. Patel, 2015), showing food grade status, good availability and low cost 

(Hwang, Kim, Singh, Winkler-Moser, & Liu, 2012). Among them Candellilla wax, Carnauba wax, Rice Bran 

wax, Beeswax and Sunflower wax should be highlighted. Depending on the type of oil phase, these 

substances can structure oils at concentrations of �3 % (w/w). Candellila wax can only be obtained from 

the leaves of a small shrub that is native from northern Mexico and southwest USA. This type of wax is 

composed in its majority by hentriacontane and by other n-alkanes (i.e., nonacosane and tritriacontane) 

C29–C33 (49–50 %) in lower proportions than other waxes, and also esters of higher molecular weight 

(20–29 %), free acids (7–9 %) and resins (12–14 %, mainly triterpenoid esters) (Hwang et al., 2012). 

Sunflower wax consists of wax esters (C38–C54, saturated, 66–69 %), fatty acids (12–16 %), fatty 

alcohols (11–13 %), and hydrocarbons  (6–7%) (Hwang et al., 2015). As an oil structurant, sunflower wax 

is able to produce oleogels at concentrations ranging from 0.5–10 %, and its melting point temperature 

ranges from 47 to 67 °C (Öʇütcü & Yilmaz, 2015). Carnauba wax is produced from the leaves of a 

Brazilian palm, Copernicia prunifera, and studies have shown that the melting temperature and enthalpy 

change of this plant wax are 84 °C and 137.6 J.g-1, respectively; it needs a minimum concentration of 4 

% (w/w) for gel formation and has a gelation time of 13.5 min at room temperature. It is mainly composed 

by wax esters (38–40 %, saturated), p-hydroxycinnamic aliphatic diesters (20–23 %), monohydric alcohols 

(10–12  %), x-hydroxyl esters (12–14 %) and p-methoxycinnamic aliphatic diesters (5–7 %) (Hwang et al., 

2012). It was reported that carnauba wax presents the lowest hardness value among other plant and 

animal waxes when used to gel hazelnut oil (Öʇütcü & Yilmaz, 2015). Rice Bran wax, a by-product from 

the rice industry and one of the main choices to structure edible oils is composed primarily by wax esters 

(C44–C64, saturated), consisting mainly of a mixture of saturated esters of C22 and C24 fatty acids and 

C24 to C40 aliphatic alcohols (Hwang et al., 2012). Since 0.4 to 1.5 % of wax can be obtained from rice 

bran oil and due to the direct relationship between the production of this wax and the worldwide rice 

production levels, it is clear that the potential use of Rice Bran wax is very promising (Blake et al., 2014). 

Beeswax (BW), is an animal wax and a complex mixture of chemical compounds, predominantly based 

in straight-chain monohydric alcohol compounds with carbon chains from C24 to C36 and straight-chain 

acids with carbon skeletons (35 %, mainly C50), hydroxyl esters (24 %, mainly ester of 15-hydroxypalmitic 

acid and C24–C34 alcohols), hydrocarbons (14 %), diesters (12 %), free acids (12 %) and unidentified 

compounds (6 %) (Hwang et al., 2012; Tulloch, 1970). BW has been used as a glazing and coating agent, 

as a texturizer for chewing gum base and as a carrier for additives. Being so, is important to tailor 
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adequately BW-based oleogels’ properties, so that they can become an interesting application for future 

fat-based foods (Cakmakcı  Gundogdu, E. & Kavaz, A., 2008; Yilmaz & Dagdemir, 2012). Shellac wax 

(SW) or resin is a purified product from the secretion of Luccifer lacca insects and has been used to 

produce emulsions and also thermo-reversible oleogels for application in cake manufacturing, as 

alternatives to margarine and also as spreading (A. R. Patel, 2015; A. R. Patel & Dewettinck, 2016). 

Recently, shellac has been used to develop chocolate paste recipes aiming at enhanced oil binding 

properties and solid fat content decrease with a reduction in the range of �49 % (A. R. Patel, Rajarethinem, 

et al., 2014). 

 

2.3.2. Phytosterols and oryzanol 

 

Gamma-oryzanol (ɣ-oryzanol) is one of the phytochemicals that can be found at high concentrations in 

rice. In fact, crude rice bran oil has 1–2 % of ɣ-oryzanol that occurs mainly in bran layers (Bitencourt, 

Filho, Paula, Garmus, & Cabral, 2016). Its composition is based on a group of ferulic acid esters of 

phytosterols where the major components are methylene cycloartanyl ferulate, cycloartenyl ferulate and 

campesteryl ferulate and triterpene alcohols (Figure 6a). ɣ-oryzanol acts as an effective natural 

antioxidant, being other beneficial properties attributed to ɣ-oryzanol, such as the ability to decrease 

plasma and serum cholesterol (M. Patel & Naik, 2004), lowering cholesterol absorption (Gerhardt & Gallo, 

1998), menopause disorders treatment (M. Patel & Naik, 2004), increase of muscle mass (Bonner, 

Warren, & Bucci, 1990; M. Patel & Naik, 2004) and suppression of inflammation, diabetes, and allergies 

(Islam et al., 2011). Regarding β-sitosterol, (Figure 2.15b), it is a natural component presented in several 

vegetable oils, and consequently the most abundant plant sterol in the human diet (Lomenick, Shi, Huang, 

& Chen, 2015). The decrease of prostate, colon and breast cancer incidence have been partially 

associated to β-sitosterol ingestion (Lomenick et al., 2015). β-Sitosterol (just like ɣ-oryzanol) fosters the 

decrease of cholesterol absorption at the intestine level, thus lowering its blood levels (Ikeda, Tanaka, 

Sugano, Vahouny, & Gallo, 1988). The molecular stacking between ɣ-oryzanol and β-sitosterol, mentioned 

in section 2.3.1.2, is responsible for the thin fibrilar architecture, that in turn will be responsible for the 

transparent gels produced by these two compounds (Bot, Veldhuizen, den Adel, & Roijers, 2009). 

Mixtures of ɣ-oryzanol and β-sitosterol in edible triglyceride oils were reported to be stable and translucent, 

being this transparency/opacity dependent on the ratio between structurants (Bot, Den Adel, and Roijers 

2008). These gels are quite glassy and slippery, but very firm and much more alike a bloc of fat.  
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Figure 2.15. (A) ɣ-Oryzanol main components; reproduced from (Bitencourt et al., 2016)) and (B) β-

Sitosterol structure; adapted from (Bot, Den Adel, & Roijers, 2008). 

 

2.5. Organic Solvents used to form organogels/oleogels 

 

A wide range of organic solvents can be used to perform oleogelation, however only edible oils can be 

used for food applications. Besides the biochemical pathways of edible oils during the human metabolism 

process, which will influence their effect on human health, their physical properties also change according 

to the type and source (Dassanayake et al., 2012). In fact, edible oil gelation kinetics can be influenced 

by their chemical structure, e.g. carbon chain length and unsaturation degree (Blake et al., 2014). In the 

last years, several reports mentioned the edible oils’ fatty acid composition as one of the most important 

factors influencing gel properties, thus affecting the way that oleogels behave in food matrices. It is known 

that the number of carbons in saturated triglycerides and the amount of saturated and unsaturated fatty 

acids will influence oil viscosity (Geller & Goodrum, 2000; Kim, Kim, Lee, Yoo, & Lee, 2010; Valeri & 

Meirelles, 1997). Recently, Martins et al. (A.J. Martins, Cerqueira, Fasolin, Cunha, & Vicente, 2016) 

evaluated the influence of the oil type (medium chain triglycerides - MCT and long chain triglycerides - 

LCT) on the rheological properties of oleogels. Oleogels produced with HOSO (high oleic sunflower oil), a 

LCT oil, presented higher viscoelastic properties (e.g. complex modulus G*) than MCT-based oleogels. 

This work showed that the number of carbon atoms of the fatty acid chain leads to a different organization 

of the oleogel structure. Small angle X-ray scattering studies complemented this information by showing 

that the structurant crystal deposition was different for both oil types. 

The TAG composition of oils is directly related to their chain length and unsaturation degree, therefore 

final physical characteristics of oleogels are also influenced by these features. Valoppi et al. (Valoppi et 
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al., 2017) showed that oil phases with long carbon chains, higher viscosity and lower dielectric constant 

are responsible for the formation of oleogels with higher firmness and rheological viscoelastic properties. 

The greater unsaturation degree will be responsible for inducing a higher conformational freedom and 

higher molar volume of the solvent. Moreover, the higher unsaturation degree will lead to a more crooked 

spatial arrangement, decreasing the interaction energy and leading to a more hydrophobic behaviour of 

the oil (Phan, Attaphong, & Sabatini, 2011). One of the consequences from this increasing hydrophobicity 

is the higher efficiency on non-polar structurant compounds solubilization. This facilitates the formation 

of a greater number of junction zones and therefore will produce stronger gels (Laredo et al., 2011). 

Some examples of vegetable oils that can be used for the development of edible oleogels are presented 

alongside with their fatty acid composition in Table 2.2. These oils are composed by a mixture of saturated 

(SFAs) and unsaturated fatty acids (UFAs) - either monounsaturated (MUFAs) or polyunsaturated fatty 

acids (PUFAs). 

 

Table 2.2. Fatty acids composition of vegetable oils. 

Oil phase SFAs MUFAs PUFAs n-3 PUFAs n-6 PUFAs 

Safflower	

Grape	

Silybum marianum	

Hemp	

Sunflower	

Wheat Germ	

Pumpkin Seed	

Sesame	

Rice Bran	

Almond	

Rapeseed	

Peanut	

Olive	

Coconut	

Linseed 

9.3 

11.6 

79.1 

0.2 

79.0 

10.4 

14.8 

74.9 

0.2 

74.7 

15.1 

20.7 

64.2 

0.9 

63.3 

9.2 

28.1 

62.8 

0.4 

62.4 

9.4 

28.3 

62.4 

0.2 

62.2 

18.2 

20.9 

61.0 

1.2 

59.7 

19.6 

26.1 

54.3 

0.1 

54.2 

16.9 

42.0 

41.2 

0.2 

40.9 

22.5 

44.0 

33.6 

0.5 

33.1 

9.3 

67.9 

22.8 

0.0 

22.8 

6.3 

72.8 

20.9 

1.2 

19.6 

10.7 

71.1 

18.2 

0.0 

18.2 

19.4 

68.2 

18.0 

1.6 

16.4 

92.1 

6.2 

1.6 

0.0 

1.6 

13.62 

24.26 

62 

46.64 

15.36 

*Data are expressed as percentages of total fatty acid methyl esters (FAMEs) Sources (Nascimento et al., 2016; Orsavova et al., 2015). 

SFAs - saturated fatty acids; UFAs - unsaturated fatty acids; MUFAs - monounsaturated fatty acids; PUFAs – polyunsaturated fatty acids. 
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The experimental work performed throughout this thesis comprised the use of three types of solvents for 

oleogel production. In order to understand the impact on oleogel properties induced by chain length, long 

chain triglycerides (HOSO – High Oleic Sunflower Oil) and medium chain triglycerides (caprylic/capric 

triglyceride) were used in that matter. Also, linseed oil was selected due to its higher fraction of n-3 

polyunsaturated fatty acids considering all the health claims and cardiovascular benefits associated to 

alpha-linolenic fatty acids. 

 

2.4. Food applications and commercial use 

 

Replacing saturated triacylglycerols by healthy triacylglycerols (the ones containing less saturated fats) is 

a good opportunity to obtain healthier alternatives for a healthier daily diet. The role of oleogels as a single 

part of a food product is certainly one of the main aspects to address when considering these systems in 

food applications. In this work, several proposals for the development of oleogel-based materials are 

presented. These have been pointed as strong candidates for food implementation in the past years, as 

their demand as replacers for fat constituents is showing a significant increase (Baseeth & Sebree, 2010; 

Marangoni, 2010). The number of filled patents from 2010 until now are approximately 50, showing the 

potential commercial value of such applications. Some of the studied applications are presented below. 

 

2.3.1. Chocolate 

 

Some of the challenges in a product like chocolate, are the thermal stability of the product and possible 

oil migration during storage. In this specific point, oleogels can present interesting advantages once they 

can provide the desired stability. Aiming at developing a different solution to oil phase partial replacement 

and control oil migration, shellac resin has been tested and explored as structurant in chocolate (Figures 

2.16A and 2.16B) (A. R. Patel & Dewettinck, 2016; A. R. Patel, Rajarethinem, et al., 2014; A. R. Patel, 

Schatteman, De Vos, et al., 2013; A. R. Patel, Schatteman, Vos, et al., 2013).  
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Figure 2.16. (A) and (B) present shellac as oleogel in chocolate formulations. Adapted from (A. R. Patel, 

Rajarethinem, et al., 2014) and C) heat resistant chocolate with EC oleogel. Adapted from (Rogers et al., 

2014). 

 

Also EC oleogels have been highly considered for application in chocolate, showing to be a very interesting 

possibility aiming at producing heat-resistant chocolate (Marangoni, 2014; Rogers et al., 2014; T. A. 

Stortz & Marangoni, 2013; T. Stortz & Marangoni, 2011). Because the main composition of chocolate 

resides in fat substances, with low melting point, the introduction of high-melting oleogels can promote 

higher thermal resistance (Figure 2.16C) and change the way of production, distribution and consumption 

of chocolate (i.e., seasonal consumption and low consumption in hot countries). Mars Incorporated, a 

global manufacturer of food products, has patented applications of EC oleogels in chocolate products 

(Marangoni, 2014). The use of oleogels in chocolate is also an alternative to the more expensive (and not 

so desirable) hydrogenation process.  

 

2.3.2. Dough and Pastry 

 

Pastry products, such as cookie dough and cake are among the products with higher levels of saturated 

fats, those are provided by the addition of butter and cream. Baked products need fats (e.g. margarine, 
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shortening or butter) so that desired characteristics such as air-incorporation, moisture barrier, shelf-life, 

and tenderness mouthfeel of the final product are achieved. The fat content in this product compositions 

will prevent the cohesion of gluten strands (Hwang, Singh, & Lee, 2016). Also, oleogels can be used for 

the fat partial replacement. One of the proposed examples is the use of wax oleogels, which can provide 

an alternative for reducing the fat content level, while maintaining the characteristic smoothness and 

uniform shape of the final product. In fact the physical properties of cookies can be improved by the 

addition of oleogels to the formulation (Mert & Demirkesen, 2016). Previous research showed the 

incorporation of oleogels produced with virgin olive oil, flaxseed oil and soybean oil, structured using 

different types of waxes (e.g. rice bran wax, sunflower wax, beeswax, candelilla wax) in cookie dough 

manufacturing. The resulting dough, with different levels of firmness, was used to produce cookies, and 

no significant differences were observed when the developed products were compared to conventional 

products in terms of spread factor, hardness and fracturability or brittleness (Hwang et al., 2016). Equally, 

EC oleogels are being considered for utilization in pastry, namely laminated pastries. Ethylcellulose was 

mixed with refined canola oil and extruded at several ratios, being the different oleogels produced by 

means of distinct temperature and process flow rates. Laminated pastries include puff-pastries, croissants 

and Danish pastries. Because laminated dough composition can contain 700 or more layers, which 

means that ca. 62 g of fat for every 100 g of bread flour (Roja Ergun, Robert B. Appell, Ergun, Appell, & 

Malotky, 2014). EC oleogels were also subjected to patenting as an effective ingredient to reduce the oil 

migration from the cooked dough products (Cattaruzza, Radford, & Marangoni, 2014). In Figure 2.17 is 

observed two cake slices made with different cake formulations. 

 

 

Figure 2.17. Cake slices using respectively (A) shellac and standard cake margarine (B) as shortening. 

Adapted from (Patel et al., 2014). 
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2.3.3. Spreads 

 

One of the main challenges in spreads is to replace the oil phase present in the typical construction of 

w/o emulsions, that convey the usual consistence and desired mouthfeel. One of the main features to 

consider in spreads’ structuring is the proper distribution of water droplets within the oil phase. This 

particular feature will influence the spreading, the structural consistency, and the desired consumer 

mouthfeel (Norn, 2014). Wax-based oleogels showed promise regarding their use as low-fat spreads. Also 

shellac wax proved to be very interesting as structuring agents to form spreadable gels, with very 

interesting rheological response regarding such application (Patel, 2015; Patel & Dewettinck, 2016). 

 

 

 

2.3.4. Processed Meat 

 

In the case of processed meat products, the main objectives are the reduction of total fat content and 

cholesterol, and (at the molecular level) the modification of the fatty acid profiles, which can be achieved 

with the direct incorporation of oleogels. A number of different approaches to introduce oleogels in meat 

products can be squared at the level of the meat structure disintegration (Jimenez-Colmenero et al., 

2015). Sausages and other processed meats have been a point of interest, in terms of fat replacement, 

making use of the integration of structured polymeric gels that incorporate oil (Salcedo-Sandoval, 

Cofrades, Ruiz-Capillas Pérez, Solas, & Jiménez-Colmenero, 2013). Frankfurters were particularly 

targeted regarding pork fat substitution; this replacement resulted in some changed characteristics when 

compared to control. For instance the addition of sole EC oleogels was responsible for the lowering of 

hardness and springiness values, however cohesiveness remained unchanged when compared to the 

pork fat and canola oil controls (Barbut, Wood, & Marangoni, 2016b).Oleogels based on soy lecithin and 

monoglycerydes combinations were tested with the objective of stabilize meat suspensions. Results 

showed a slight improvement on meat sauce stability due to the interaction between oil, lecithin and small 

amounts of water, that were responsible for a decrease in oil loss, a consequence of the formation of a 

structured system (Lupi et al., 2012). Sterol-based oleogels (produced with ɣ-oryzanol and phytosterols) 

showed also great capability regarding pork backfat replacement (approx. 50 %) in frankfurters, reporting 

no significant differences regarding the impact on physicochemical and sensorial properties of this 
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products (Panagiotopoulou, Moschakis, & Katsanidis, 2016). However, the addition of antioxidants such 

as rosemary oleoresin, reveals one of the secondary aspects that can be targeted in oleogel application 

in meat products, which is the capability to enrich food and make food safer to the consumer. 

 

2.3.5. Ice-cream 

 

Oleogels can also be a proficient substitute of fats in dairy products, such as ice-cream. Previous studies 

demonstrated an efficient incorporation of emulsified rice bran wax oleogels combined with glycerol 

monooleate (15 % total fat content) in ice-cream products; results showed that in terms of fat globule 

size, there were no significant differences in comparison to the control samples (Zulim Botega, Marangoni, 

Smith, & Goff, 2013). With the purpose of producing a low-fat ice-cream, a recent work addressed the 

substitution of milk cream and evaluated the usage of sterol-based sunflower oil oleogels (based on 

phytosterols and ɣ-oryzanol in oil) with quite impressive outcomes. Results showed that the ice-creams 

produced with oleogels presented similar density and viscosity values, in regard to the regular artisanal 

ice cream, also showing increased melting starting time and superior (less) overrun (Figure 2.18) 

(Moriano & Alamprese, 2017). 

 

 

Figure 2.18. Melting test of ice creams containing 4 g/100 g fat, produced with milk cream (MC4), 

sunflower oil (SO4), oleogel with 8 g/100 g gelators (OG4_8), and oleogel with 12 g/100 g gelators 

(OG4_12). The pictures are taken at the beginning of the test (T0) and after 30 (T30), 60 (T60), and 90 

(T90) minutes. Reproduced from (Moriano & Alamprese, 2017). 
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2.4. Future trends 

 

Oleogels epitomize one of the most attractive structures for food applications. They can be targeted by 

either academy and/or industry, as a strategy to induce oil structuring and reduce fat content in food 

formulations. Because of such potential, researchers are enforcing at finding new molecules that can act 

as oil gelling agents or structurants. This work presents several potentially interesting food applications, 

including structurants that comprise a segment of compounds that show clear promise for this type of 

applications: they are food-grade, easily accessible, by-products from other industries and capable to 

promote the oil gelation in small concentrations. One of the most important capabilities of the oleogels 

are their tailoring possibilities that make them very noteworthy, and thus being pointed as “the fats of the 

future” (Zoppe, Peresin, Habibi, Venditti, & Rojas, 2009). In fact, the incorporation of oleogels in foods 

has been based in common industrial processes, where mixing with other ingredients is based in the 

controlled shear of all ingredients in a continuous or batch process. Nowadays, the development of new 

tailor-made foods, such as the case of foods for special needed consumers (e.g. elderly people) due to 

physiological dysfunctions (e.g. dysphagia) and/or specific nutritional requirements (e.g. protein, iron and 

calcium), is increasing and new processing technologies have been pointed out (Aguilera & Park, 2016). 

3D printing, atomization and electro-hydrodynamic processes can be applied for the development of new 

food products, together with the application of new oil-based ingredients, such as oleogels. Some studies 

showed the possibility of using 3D printing with melting extrusion (Sun et al., 2015) or ink jet printing (De 

Grood & De Grood, 2013) for the production of chocolate-based products. Also, electro-hydrodynamic 

processing have been used to electrospun chocolate and cocoa coatings (using a melting procedure) in 

foods (Gorty & Barringer, 2011; Marthina & Barringer, 2012). These examples open the door to the use 

of oleogels on these innovative processes for food applications. 

 

Oleogels can have a critical role in food industry like no other system in years to come. However, like 

most of the novel designed food systems, there are issues that should be addressed and/or minimized 

to achieve the industrial applications. Some of the presented structurants may not have the required 

approval to be used as direct additives in food products in the amounts needed to form an oleogel, hence 

certain regulatory changes will be needed to enable this possibility. But the main challenges are still their 

ability to mimic mouthfeel and texture of commonly used fats. Nevertheless, the possibility of creating 

new healthy foods with soft, palatable and nutritious features are advantages that should not be neglected 
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by a food industry that is constantly adapting to consumers´ needs and demands. Such challenges will 

be addressed in the following chapters of this thesis. 
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Chapter III – Study of the influence of oil carbon chain size in the 

development of beeswax oleogels 

 
 

This chapter is focused on how different types of oil phase, MCT (medium chain triglycerides) and LCT 

(long chain triglycerides), exert influence on the gelation process of beeswax and thus properties of the 

oleogel produced thereof. Oleogels were produced and storage at different temperatures and qualitative 

phase diagrams were constructed to identify and classify the type of structure formed at various 

compositions. The microstructure of the gelator’s crystals was studied by polarized light microscopy. 

Melting and crystallization were characterized by differential scanning calorimetry and rheology (flow and 

small amplitude oscillatory measurements) to understand oleogels’ behaviour under different mechanical 

and thermal conditions. FTIR analysis was employed for a further understanding of oil-gelator chemical 

interactions. Results showed that the increase of beeswax concentration led to higher values of storage 

and loss moduli (G’, G’’) and complex modulus (G*) of oleogels, which is associated to the strong network 

formed between the crystalline gelator structure and the oil phase. Crystallization occurred in two steps 

(well evidenced for higher concentrations of gelator) during temperature decreasing. Thermal analysis 

showed the occurrence of hysteresis between melting and crystallization. Small angle X-ray scattering 

(SAXS) analysis allowed a better understanding of how crystalline conformations were disposed for 

oleogels produced with different carbon chain-size oil medium.  
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3.1. Introduction 
 
Texture is an important quality parameter in fat rich foods, which becomes critical when considering trans 

and saturated fats substitution by healthier ingredients. These unhealthy fats are related to coronary heart 

disease, high blood lipids content, inflammation, oxidative stress, endothelial dysfunction, high body 

weight, metabolic syndrome among other harmful health implications (Blake, Co, & Marangoni, 2014; 

Rogers, 2009). This makes changing consumers’ habits, by sacrificing a pleasurable taste and mouth 

feel, a very problematic issue (Koh et al., 2008), and has been driving the food industry to add fats into 

food products in order to improve their organoleptic characteristics, aiming at targeting acceptability by 

the consumers (Acevedo, Peyronel, & Marangoni, 2011). As a result, food industry faces a great challenge 

when it comes to find alternatives for trans and saturated fats substitution in food products. Fat-rich foods 

are considered one of the most desired types of food by consumers, which is understandable recalling 

that fats provide flavour, mouth feel and overall eating pleasure. These alternatives should have good 

performance in terms of nutritional value (Duffy et al., 2009), while providing good structuring and 

sensorial attributes. Interestification processes where fatty acid esters interact with fatty acids, alcohols 

or other fatty acid esters to form other esters is one of the currently used processes to structure organic 

solvents such as edible oils (Nugrahini & Soerawidjaja, 2015), but this is done involving chemical 

modification of molecules, which is less and less appreciated by increasingly informed consumers. 

Structured edible oils may also be an alternative e.g. oleogels, which can be a healthier alternative and 

could present a customizable performance (Jang, Bae, Hwang, Lee, & Lee, 2015). The tailoring 

capabilities of oleogels have been attracting significant interest (Behera et al., 2015; Cerqueira, Fasolin, 

Picone, Cunha, & Vicente, 2016). Gel-like characteristics exerted utilizing low amounts of 

gelators/structurants together with their thermo-reversibility opens the opportunity for application of such 

edible systems in food products(Patel, Schatteman, De Vos, Lesaffer, & Dewettinck, 2013). The gelation 

process is a consequence of the association of microcrystalline structures that are able to build up a three 

dimensional network that, if strong enough, will be capable of restraining the oil phase with success, 

resulting in an oleogel (Toro-Vazquez et al., 2007). Beeswax (BW) – like other waxes – is able to act as 

an edible gelator for different edible oils (Dassanayake, Kodali, Ueno, & Sato, 2009; Öğütcü, Arifoğlu, & 

Yilmaz, 2015; Öğütcü, Yılmaz, & Güneşer, 2015; Rocha et al., 2013; Yılmaz, Öǧütcü, & Arifoglu, 2015). 

Beeswax has been used for applications in food products such as a glazing and coating agent, and can 

be also applied as a texturizer for chewing gum base and as a carrier for additives, thus rendering BW 

oleogels the adequate properties to become an interesting application for future fat-based foods (Yilmaz 
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& Dagdemir, 2012; Yılmaz, Öğütcü, & Yüceer, 2015). Studies also showed the ability of BW oleogels to 

maintain aroma characteristics through time, as volatile compounds were successfully incorporated 

(Öğütcü, Yılmaz, et al., 2015; Yılmaz, Öğütcü, et al., 2015). 

 

Beeswax oleogels were produced and the effects of increasing beeswax concentrations and of changing 

the type (carbon chain size) of oil phase were evaluated. Qualitative phase diagrams, polarized 

microscopy and dynamic light scattering (DLS) provided information regarding the temperature influence 

in gelator aggregation. Differential scanning calorimetry (DSC) was subsequently used to evaluate oleogel 

thermal parameters (i.e., melting and crystallization peak temperature and enthalpy changes). 

Rheological behaviour of oleogels was accessed by flow curves and small amplitude oscillatory 

measurements under isothermal and non-isothermal conditions aiming the establishment of a 

relationship between oleogel structure and functionality. Small angle X-ray scattering (SAXS) was useful 

to recognise different crystal structuring and relate to gel strength. 

 

3.2. Materials and methods 

 

3.2.1. Raw materials and oleogel production 

 

Beeswax (BW), medium chain triglycerides (MCT, Neobee) and long chain triglycerides (LCT, HOSO) were 

kindly offered by PothHille (UK), Stepan Lipid Nutrition (USA) and by Cargill (Brazil), respectively. Oleogels 

were prepared in 8×2 cm tubes with screw caps by heating the mixture of oil phase (MCT or LCT) and 

gelator (BW) at 80 °C during 30 min under magnetic stirring. Different concentrations of gelator 8, 4, 2 

and 1 % (w/w) in 10 g of oil phase, were evaluated. The samples were stored at 25 ± 2 °C at least during 

24 h before being analysed. 

 

3.2.2. Qualitative phase diagrams 

 
Phase diagrams were constructed using oleogels prepared with beeswax and MCT or LCT oils, with 

different concentrations of gelator (1, 2, 4 and 8 % (w/w)) of gelator steady base of 10 g of oil for each 

oleogel formed). The range of storage temperatures tested was from 20 to 50 °C in intervals of 5 °C and 

oleogels were left for a period of 24 h at each temperature. The tubes were then tilted and the self-

standing ability of the oleogel samples was assessed visually; depending on the appearance of the 
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samples and their behaviour those were described as gel, thick liquid or liquid. Samples that did not flow 

were considered gels, samples that slowly flowed were considered thick liquids and samples that flowed 

immediately were considered liquids. 

 

3.2.3. Dynamic light scattering 

 

In order to study the aggregation process of beeswax in the presence of MCT or LCT oils, a Zetasizer 

Nano ZS (Malvern Instruments, UK) using a Helium-Neon (HeNe) laser-wavelength of 633 nm and a 

detector angle of 173° was used (Amin, Barnett, Pathak, Roberts, & Sarangapani, 2014). After the oil 

phase heating step, hot structurant solution was poured in a preheated (80 °C) glass cuvette and 

measurements were performed by cooling the solution in the cuvette from 80 to 0 °C stepwise with a 

cooling rate of 1 °C/step. 

 

3.2.4. Polarized microscopy 

 

Micrographs of oleogels were obtained under a polarized light microscope (Olympus System Microscope 

model BX51TF, Olympus America Inc., Center Valley, PA, USA) equipped with a digital camera (Olympus 

EX300, Olympus America Inc., Center Valley, PA, USA). The samples after preparation at 80 °C were 

poured directly in the support and conditioned at 25 °C during 24 h before being analysed at room 

temperature. Pictures were taken at a magnification of 80×. 

 

3.2.5. Differential scanning calorimetry 

 

Calorimetric studies were performed in a 2920 Modulated DSC differential scanning calorimeter (TA 

Instruments, USA). A DSC hermetic pan containing oleogel sample was tightly sealed and placed in the 

DSC cell. An empty pan was used as reference. The samples were analysed at 5 °C/min from 10 to 90 

°C in two cooling and heating temperature sweeps, for each sample. The crystallization peak temperature 

(Tc) was considered to be that corresponding to the maximum heat flow and the melting peak temperature 

(Tm) was considered to be that corresponding to the minimum heat flow. Melting and crystallization 

enthalpies were determined from the area of the endothermic and exothermic peak, respectively. Indium 

and water were used as standards for calibration. 
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3.2.6. Rheology analysis 

 

Flow and oscillatory rheometry were performed using a Physica MCR301 (Anton Paar, Graz, Austria) 

rheometer at 25 °C. Stainless steel cone-plate geometry of 50 mm, with an angle of 2° and truncation 

of 208 μm was used. The control of the equipment was made using software Star Rheoplus US200/32. 

The oleogels were tested after structure formation and then the samples were cut and placed in the 

rheometer Peltier plate. Flow curves for BW oleogels were obtained by a three-shear rate sweeps (up-

down-up) program, using a shear-rate range between 0 and 300 s−1. Results show the behaviour of the 

samples without prior shearing at the transient state (S1) and then and at the steady state (S3). Thixotropy 

of the gels was estimated based on the area between curves S1 and S3 (hysteresis). The power-law model 

(Equation 1) was used to fit the behaviour of non-Newtonian samples, where σ is shear stress (Pa), ɣ ̇ is 

shear rate (s−1), ' the consistency index (Pa.sn) and n the flow behaviour index (dimensionless).  

                                                                                                              Equation 1.1 

The apparent viscosity of non-Newtonian samples was determined at 3, 50 and 100 s−1 since some 

samples showed structure breakdown at higher shear rates. The viscoelastic properties of the oleogels 

were evaluated by oscillatory measurements, using a frequency sweep between 0.01 and 10 Hz, within 

the linear viscoelastic domain at 25 °C. Non-isothermal analyses consisting in heating–cooling sweeps, 

were performed between 10 and 80 °C at 1 °C.min-1 with a fixed frequency of 1 Hz. The sample was 

first placed at 80 °C and the changes in the slope of complex viscosity (η) as a function of temperature 

were evaluated from the derivation of the data in order to better visualize and estimate the thermal 

transitions. Gel temperature (Tg) was estimated from the G' onset of the abrupt transition during cooling 

of non-isothermal rheological measurements. 

 

3.2.7. Small angle X-ray scattering (SAXS) 

 

Small angle X-ray scattering (SAXS) measurements were performed at room temperature using the 

beamline of the National Synchrotron Light Laboratory (LNLS, Campinas, Brazil). The equipment has an 

asymmetrically cut and bent silicon (1 1 1) monochromator that yields a monochromatic (λ = 1.54 Å) 

and horizontally focused beam. A position-sensitive X-ray detector and a multichannel analyser were used 

ngks ×=
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to record the SAXS intensity, I(q), as a function of modulus of scattering vector q = (4(/ λ sin (!/2) (! 

being the scattering angle). Each SAXS pattern corresponds to a data collection time of 100 s. The 

determination of the crystal organization was done using the Bragg law through the relative positions of 

the diffraction peaks. The lattice parameter d (lamellar periodicity) of the lamellar structures was obtained 

from the position (s*) of the first (and most intense) diffraction peak (for lamellar phases the distance 

between peaks present the relation 1:2:3:4). The type of organization of the crystal and the type of crystal 

structure was evaluated, being the evaluation performed by the Guinier plot, where through the log-log 

plot (I) and the determination of the slope at small angles it is possible to determine the type of structure 

present (e.g. flat or rod-type structure). ATSAS software was used to analysis of SAXS data using PRIMUS. 

Through software was possible to determine the radius of gyration (Rg) (Konarev, Volkov, Sokolova, Koch, 

& Svergun, 2003). 

 

3.2.8. Fourier transform infra-red (FTIR) spectroscopy analysis 

 

FTIR spectra of the oil, BW and oleogels samples were determined using a Fourier transform infrared 

spectrometer (ATR-FTIR) (Perkin-Elmer 16 PC spectrometer, Boston, USA). FTIR measurements were 

made in the wavenumber range of 400 and 4000 cm-1 using 2 scans (Vlachos et al., 2006). 

 

3.3. Results and discussion 

 

3.3.1. Qualitative phase diagrams 

 

After BW oleogels production they were stabilized at different temperatures (from 20 to 50 °C in intervals 

of 5 °C) for a period of 24 h. For evaluation, the tubes were tilted and the self-standing ability of the 

oleogel samples was assessed visually (Figure 3.1). Only at beeswax concentrations of 4 % or higher, the 

oleogels were able to self-sustain (i.e., gel behaviour) at 20 °C. Results showed few differences between 

the oleogels produced with MCT and LCT as oil phases; the main differences were observed at 30 °C 

where LCT oleogel with 4 % of BW presented a gel-like behaviour, while the MCT-based oleogel for the 

same concentration of BW presented a partial displacement and did not flow. With these results, it was 

understood which minimum BW concentration was able to produce gel-like oleogels and move forward to 
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study aggregation by light scattering. Overall both types of oleogels presented a very homogeneous and 

creamy appearance in line with previous studies (YIlmaz & Öǧütcü, 2014). 

 

 

Figure 3.1. (A) Visual appearance of MCT and LCT BW oleogels stabilised at different temperature (from 

left to right the tubes represent 1, 2, 4, 6 and 8 % (w/w) of beeswax); (B) qualitative phase diagrams for 

MCT and LCT-based oleogels with increasing concentrations of beeswax (BW) and different temperature. 

 

3.3.2. Dynamic light scattering (DLS) 

 

With DLS it was possible to evaluate the aggregation process of BW in the studied oils. Figure 3.2 shows 

the scattered light intensity as a function of temperature during the cooling process for different 

concentrations of gelator in medium (MCT) and long chain (LCT) triglycerides. It is clear that the light 

scattered remains constant as the temperature decreases, and at a certain point an abrupt increase of 

the scattered light intensity was observed. This increase is dependent on gelator concentration and means 

that aggregates are being formed (Sawalha et al., 2013). A critical concentration of wax was required to 

allow forming a crystal network with capability to entrap the oil phase, thus originating a self-standing 

oleogel (i.e., increase of the measured intensity). The different aggregation temperature of the system 

observed for the same gelator concentration is indicating a possible influence of the oil phase 

composition. Oil phase type can be responsible for differences in crystallization kinetics, crystal dispersion 
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and the hardness of oleogels (Dassanayake, Kodali, Ueno, & Sato, 2012). This study shows that in the 

range of temperatures from 30 to 60 °C the aggregation mechanism was mostly influenced by the BW 

concentration. Therefore, the relationship between concentration and temperature is important for 

understanding of these oleogels’ behaviour and consequent applications. 

 

 

Figure 3.2. Scattered light intensity of MCT and LCT-based oleogels for (•) 2, (�) 4, (�) 6 and (�) 8 % 

(w/w) of BW as a function of temperature (MCT displayed in black and LCT in grey). 

 

3.3.3. Polarized microscopy 

 

Crystal morphology and crystal arrangement was evaluated under a polarized light microscope. Figure 

3.3 shows the increase of birefringence for higher concentrations of BW. The crystalline network 

undergoes significant changes when the concentration of BW is increased from 2 to 4 % for both oil 

phases (Figure 3.3A to 3.3B and Figure 3.3D to 3.3E). The differences are greater when comparing 2 

and 4 % BW oleogels than when comparing 4 and 8 % BW oleogels. At room temperature both types of 

oleogels (MCT- and LCT-based) presented the same characteristics concerning crystal morphology and 

arrangement. 
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Figure 3.3. Polarized micrographs of BW oleogels. A, B and C correspond to MCT-based oleogels with 2, 

4 and 8 % (w/w) of BW concentration respectively. D, E and F correspond to LCT-based oleogels with 2, 

4 and 8 % of BW concentration respectively. 

 

3.3.4. Calorimetric analysis 

 

Table 3.1 shows the parameters obtained from DSC analyses. For an appropriate understanding of the 

meaning of the thermodynamic characteristics for these oleogels, it is very important to consider the 

chemical nature and molecular composition of beeswax and how this gelator is able to interact with the 

oil phase in both melting and crystallization processes. The increase of crystallization temperature 

alongside with the increase of gelator concentration in the oleogel development stage can be related to 

the increase of amount of BW concentration leading to the consequently stronger crystal network (as 

confirmed by the polarized micrographs). Similar thermal behaviour was reported for BW oleogels with 

hazelnut oil (YIlmaz & Öǧütcü, 2014). The predominant hydrocarbon and linear ester chains should be 

responsible for the alignment of the saturated chains that will be accountable for the entrapment of the 

oil phase (Pérez-Monterroza, Márquez-Cardozo, & Ciro-Velásquez, 2014). Enthalpy changes both for 

melting and crystallization is well differentiated and related with the gelator concentration. Hysteresis is 

well observed between Tm and Tc when the gel-solid transition occurs as temperature decreases. BW 

crystals were formed from two different stages of crystallization which were identified in the thermogram. 

The presence of more than a single exothermic peak is a result of the heterogeneous chemical 

composition of the BW (Blake et al., 2014). This can result from hindered crystal growth, due to the low 
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compatibility between major and minor components, as debated by Hwang et al. (2012). This degree of 

crystalline disorder can be responsible for a crystallization in two different stages, since first a group of 

BW crystals start to form as the first onset temperature (Onset TC1) is reached and then after TC1 a lower 

amount of energy is needed for a final arrangement of the crystal network to complete the structuring 

process of the BW oleogels. 
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Table 3.2. Thermal parameters (Temperature of melting - Tm; enthalpy of melting - ΔHm; temperature of crystallization - Tc; enthalpy of crystallization – ΔHc; sol-gel 

temperature transition during the cooling - Tg, cooling, of oleogels with concentrations of 2, 4 and 8 % of beeswax 

Sample 
T  

(°C) 

Onset T  

(°C) 

ΔHm  

(J.g-1) 

Tc1  

(°C) 

Onset Tc1 

(°C) 

ΔHc2 

(J.g-1) 

Tc2  

(°C) 

Onset Tc2  

(°C) 

ΔHc2  

(J.g-1) 

Tg1 cool  

(°C) 

Tg2 cool  

(°C) 

Tg1 melt  

(°C) 

Tg1 melt  

(°C) 

8 % BW 
MCT 50.85 ± 0.13 35.80 ± 2.48 6.40 ± 0.68 43.21 ± 0.39 45.73 ± 0.15 2.49 ± 0.25 29.45 ± 0.22 32.82 ± 0.29 1.23 ± 0.36 42.30 ± 0.00 42.30 ± 0.00 52.47 ± 0.58 37.53 ± 4.42 

LCT 50.84 ± 0.02 32.52 ± 0.42 7.65 ± 0.28 44.92 ± 2.47 45.83 ± 0.08 2.25 ± 0.59 28.00 ± 1.24 32.87 ± 0.25 1.34 ± 0.07 43.30 ± 1.41 43.30 ± 1.41 52.80 ± 0.00 26.80 ± 0.71 

4 % BW 
MCT 46.30 ± 0.62 37.28 ± 3.41 3.07 ± 1.02 38.95 ± 0.42 41.04 ± 1.00 1.21 ± 0.10 26.17 ± 1.01 29.46 ± 0.94 0.58 ± 0.11 28.10 ± 1.73 28.10 ± 1.73 49.40 ± 0.61 30.07 ± 1.16 

LCT 45.73 ± 0.28 30.35 ± 3.28 2.37 ± 0.26 36.53 ± 0.94 39.26 ± 1.36 1.04 ± 0.12 23.36 ± 0.86 27.38 ± 1.00 0.56 ± 0.05 36.87 ± 0.58 36.87 ± 0.58 49.03 ± 0.56 28.40 ± 0.00 

2 % BW 
MCT 42.66 ± 0.93 32.24 ± 1.24 1.17 ± 0.01 34.52 ± 1.20 36.95 ± 0.04 0.69 ± 0.00 21.34 ± 0.27 24.71 ± 0.04 0.35 ± 0.01 19.33 ± 0.58 19.33 ± 0.58 46.03 ± 1.53 27.30 ± 0.00 

LCT 44.54 ± 0.00 37.54 ± 3.46 1.34 ± 0.01 34.46 ± 1.10 36.72 ± 0.81 0.85 ± 0.07 19.75 ± 0.88 23.35 ± 0.62 0.29 ± 0.01 40.80 ± 0.71 23.05 ± 1.49 44.15 ± 2.19 27.30 ± 0.00 

Data regarding samples with concentrations of 1 and 6 % of structurant are not presented. 
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3.3.5. Rheological measurements 

 

3.3.5.1. Non-isothermal 

 

From the region between 80 and 10 °C two plateaus and one abrupt transition are observed. Another 

transition with a smaller slope is noticed (Figure 3.4) at temperatures between 10 and in the range 

between 40 and 50 °C and correspond to the phase transition of the oleogels, which was more 

pronounced in the MCT-based oleogels. The slope, or abrupt transition, observed in Figure 4 expresses 

a rapid structural conversion during cooling/heating from liquid or molten oleogel, to the final crystalline 

state. The gelator concentration (saturation) is responsible for the differences in the onset temperatures 

and state transition (crystallization/melting stages) in oleogels, which was also observed in DSC data 

(Table 3.1). The increase of BW concentration leads to higher values of the onset TC1 and consequently 

TC1 as well. TC1 is in the range 34.46 – 44.92 °C and Tg is in the range 36.87 – 49.9 °C for all oleogels 

showing the same behaviour in both measurements. A gradual increase is noticed as more gelator is 

added to the formulation, leading to a change in the TC1 values. For an increase of 6 % in BW concentration 

(from 2 to 8 % of BW) a change of approx. 10 °C in the TC1 values occurs, being this one the highest 

changes when the same comparison is made between 4 and 8 % of BW oleogels. Overall, during both 

heating and cooling stages, the evaluated rheological parameters are higher for LCT-based oleogels.  

 

During the heating phase G’ and G’’ values showed a more pronounced decrease for oleogels using MCT 

as oil phase; this decrease was more evident between 45 and 55 °C. After that temperature interval, the 

curves are very alike which is possibly due to the complete melting of gelator network in oleogels (for both 

oil phases). Melting temperature (Tm) values obtained by DSC measurements are also in agreement with 

the rheological results. The values for Tm ranged from 44.54 °C, for 2 % BW oleogels, to 50.85 °C, for 8 

% BW oleogels, which correspond to the same range of temperatures that can be identified in the 

rheological temperature sweeps as the turning point where the oleogels turn into a molten state. These 

sudden transitions took place at different ranges of G’ and G’’; this change in the rheological parameters 

is a consequence of varying concentrations of gelator. 

 

Regarding the cooling phase, the slope changes observed for the rheological parameters G’ and G’’ are 

a result of the crystallization process that is developed in more than one single stage due to formation of 



Chapter III 
Study of the influence of oil carbon chain in the development of beeswax oleogels                                 Martins, A. J. (2019) 

 
 

 111 

diverse polymorphic crystalline structures (Rocha et al., 2013). During this stage G’ and G’’ values 

increase as the temperature decreases, which is a consequence of gelator crystal network assembly and 

consequent oleogel formation. This behaviour suggests that crystallization occurs in two steps; the 

temperature sweep analysis reveals a sudden increase and then a plateau followed by another slightly 

increasing curve; this is also verified by DSC analyses, where two distinct crystallization peaks or slopes 

take place for oleogels with BW concentration above 2 %. Results show oleogels’ behaviour concerning 

crystal formation and oil-gelator interaction; overall, Tm and Tc are in the same range of values for MCT 

and LCT oleogels. The resemblance between the rheological temperature sweeps and DSC values, for 

both types of oleogels, shows the relationship between the rheological behaviour and the corresponding 

thermal characteristics. However, LCT-based oleogels presented higher values of G’ and G’’ which could 

be associated with longer chain oil or lower mobility of gelator and strengthened network of gels formed 

during crystallization process. 

 

 

Figure 3.4. Temperature sweeps, heating and cooling stages are shown, (-) 2, (x) 4, (�) 6 and (•) 8 %; 

G’ displayed in black and G’’ in grey. 
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3.3.5.2. Isothermal rheology – frequency sweeps and flow curves 

 

Figure 3.5 shows complex modulus (G*) profiles of oleogels after crystallization (25 °C) as a function of 

the frequency for all the studied concentrations of gelator. A clear increase of oleogel strength is observed 

alongside with increase of BW concentrations, indicating the formation of stronger association between 

the crystallized gelator structures and the oil phase (reflected in the increase of the G* values), which 

indicates a more strengthened structure, able to withstand higher stress values before irreversible 

deformation. The increase of G* values was associated to an increase of the BW’s solid volume fraction 

of the oleogels under evaluation (Blake et al., 2014). The independence of frequency (a characteristic of 

stronger gels) is more evidenced for oleogels with higher concentrations of gelator (4 % and 8 % of BW). 

The G* profile expressed for 1 % and 2 % of BW concentration reveals a strong frequency dependence, 

since the gelator concentration is not enough to create a complex crystal network. The behaviour of G* 

for MCT and LCT-based oleogels was quite similar for all the tested concentrations. 

 

 

Figure 3.5. Complex modulus (G*) as function of frequency for MCT- and LCT-based BW (-) 1, (x) 2, (�) 

4 and (•) 8 %; MCT displayed in black and LCT in grey. 

 

Figure 3.6 shows the stress overshoot observed for the highest concentration of BW oleogels (8 %) with 

MCT or LCT oil registered between shear rate values of 0 and 50 s-1 indicating breakage of a more 

structured crystalline network with the increase of shear rate. For instance the act of swallowing normally 

occurs at a shear rate ranging from 5 to 50 s-1 (Cichero & Murdoch, 2006), in contrast with pipe flow (e.g. 

blood flow; pumping) which ranges from 1 to 1000 s-1 (Barnes, Hutton, & Walters, 1989). At lower 

concentration of gelator (4 %), the oleogels showed a low structuring behaviour revealed by a small stress 

overshoot, which can be related to a weaker network (shown in polarized micrographs and thermal 
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analyses). The shear stress values of the flow curves of MCT oil oleogels were similar to those found for 

LCT oil oleogels. Oleogels with 4 and 8 % of BW showed thixotropy, being the highest values of hysteresis 

associated with oleogels produced with 8 % of BW explained by the more structured crystal network 

formed (Table 3.2). Oleogels with 1 and 2 % of BW did not present hysteresis or shear time dependence 

(i.e., non-thixotropic behaviour). Food processing/usage of gels are associated to different shear rate 

values and the viscosity of Non-Newtonian materials changes according to the shear rate. Therefore, the 

values of viscosity of the BW oleogels with MCT and LCT oil were determined at different shear rate 

conditions, such as storage or almost quiescent conditions (h3), human act of swallowing (h50) and pipe 

flow in industrial processing (h100). These are relevant parameters for the development of new products 

as well as for determining their industrial processability and possible relevance for the consumers. 

 

Table 3.2. Values of thixotropy (T0), estimated Power-law parameters (k, n, R2) and apparent viscosity at 

3, 50 and 100 s−1 for MCT- and LCT-based oleogels with 1, 2, 4 and 8 % of BW at 25 ºC 

Sample T0 k (Pa. sn) n R2 h3 (Pa.s) h50 (Pa.s) h100 (Pa.s) 

8 % BW 
MCT 2.52 ± 0.24 0.51 ± 0.02 0.90 ± 0.00 0.99 ± 0.00 1.23 ± 0.03 0.39 ± 0.01 0.34 ± 0.01 

LCT 2.64 ± 0.28 0.45 ± 0.03 0.90 ± 0.00 0.99 ± 0.00 1.16 ± 0.12 0.36 ± 0.03 0.31 ± 0.02 

4 % BW 
MCT 0.35 ± 0.05 0.26 ± 0.02 0.92 ± 0.00 0.99 ± 0.00 0.39 ± 0.03 0.19 ± 0.01 0.18 ± 0.01 

LCT 0.40 ± 0.02 0.27 ± 0.01 0.92 ± 0.00 0.99 ± 0.00 0.40 ± 0.01 0.20 ± 0.01 0.19 ± 0.01 

2 % BW 
MCT 0.00 ± 0.00 0.14 ± 0.00 0.96 ± 0.00 0.99 ± 0.00 0.16 ± 0.00 0.12 ± 0.00 0.12 ± 0.00 

LCT 0.00 ± 0.00 0.14 ± 0.00 0.96 ± 0.00 0.99 ± 0.00 0.14 ± 0.00 0.11 ± 0.00 0.11 ± 0.00 

 

A slight shear-thinning behaviour was observed for 8 % BW oleogels. Regarding 8 % BW oleogels, the 

viscosity value in steady state (h3) is quite similar to that of chocolate syrup; when ingested (h50) and 

processed (h100) the value decreases reaching values comparable to a starch solution or sugar solution 

of 70 °Brix. Oleogels with 4 % of BW reveal viscosity values resembling liquid egg solution (under ingestion 

and industrial processing conditions). Oleogels with 1 and 2 % of BW present viscosities in the same 

range for the three studied parameters since they present a behaviour close to a Newtonian fluid. The 2 

% BW oleogels’ viscosity value is similar to the one reported for rapeseed oil and 1 % BW oleogels present 

a similar behaviour to that of soybean or olive oil. 
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Figure 3.6. Flow curves for all concentrations of BW oleogels with MCT and LCT. 

 

3.3.6. Small angle X-ray scattering (SAXS) measurements 

 

Figure 3.7 shows SAXS spectra regarding each type of oil phase, giving information about crystal structure 

and the way that these crystals are organized in the bulk oleogels. Data concerning LCT-based oleogels 

presented one smaller peak, followed by a sharp one that was tailed by a weaker reflection. Thus, at least 

three peaks were observed for all gelator concentrations above gelation critical concentration (4 %). For 

MCT-based oleogels the spectra showed a single, small and wide peak that was followed by an even 

feebler replication. The presence of at least two peaks respecting the relation 1:2 is typical of lamellar 

structures and the differences between d-spacing and Rg values can be related to the gel properties. 

Platelet-like crystals are formed when this type of gelators are employed to structure edible oils (Blake & 

Marangoni, 2015). These platelets produced by stacking of wax crystals are formed in a lamellar shape, 

which will be responsible for oil entrapment. 

Regarding LCT-based oleogels the intensity of the first peak increased as the gelator concentration 

increased as well; for a concentration of BW of 2 % this first peak was barely noticeable (Figure 7B). The 

sharp peak verified for all LCT-based oleogels occurred approximately at q = 0.93 nm-1 and the crystalline 

structures were found to have d-spacing values of approximately 67 Å for 2 % of BW, and 93 Å for the 
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remainder 4 – 8 % of BW. MCT-based oleogels presented the highest peak near q = 0.60 nm-1, and d-

spacing of lamellas of approximately 106 Å for all oleogels between 2 and 6 % BW concentrations. In the 

later, it was possible to verify the formation of different crystalline organization as the amount of BW is 

increased, since at 8 % the peak displaced to a lower q-value. Rg values for LCT-based oleogels were in 

the range of 29.10 to 33.50 Å, which was considerably higher than the values corresponding to MCT-

based oleogels in the range of 6.33 to 19.70 Å (Figure 3.7C). Rg analysis reckons the development of 

thicker lamellar structures for LCT-based oleogels. For lower concentrations of gelator, both LCT and 

MCT-based oleogels presented the same lamellar (which is of 1:2:3:4 for lamellar structures) 

organization, however as gelator concentration was increased, LCT-based oleogels developed a different 

packing structure due to larger complexes of crystal deposition. The increase of concentration of the 

gelator lead to a different crystalline deposition within the formed lamellas. The lower spacing between 

lamellas and their larger structure (as confirmed by the higher Rg values) in LCT-based oleogels can be 

responsible for the increased values of G’ and G’’ verified in the non-isothermal rheology experiments, as 

shear-induced gelation was responsible for a stronger oleogel. The increased intensity of peaks verified 

for oleogels with higher concentrations of gelator indeed demonstrated the successful formation of a more 

structured self-assembled three-dimensional structure. 

 

 

Figure 3.7. SAXS spectra for (A) LCT (above) and MCT-based oleogels with BW as gelator with increasing 

concentrations; (B) LCT-based oleogels with increasing concentration of BW; (C) MCT-based oleogels with 

increasing concentration of BW. Data regarding BW 1 % (w/w) is not presented. 

LCT

MCT
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3.3.7. Fourier transform infrared (FTIR) spectroscopy 

 

Figure 3.8 presents the spectra for selected samples of BW, MCT and LCT oil, as well as MCT- and LCT-

based oleogels. Spectral changes are observed in the C-O region (�1746 cm-1), where a widening of the 

bands is shown, possibly due to heating and the consequent production of saturated aldehyde functional 

groups (oil phase) or other secondary oxidation products (Vlachos et al., 2006). The addition of BW 

enhances this effect in the MCT oleogel, broadening the band to lower wavenumbers. The combination 

of heat and BW addition could be the cause for the overlapping of the stretching vibration of the ester 

carbonyl functional group of triglycerides. Absorbance is observed in the 3005 cm-1 fingerprint regions of 

the spectrum, due to the C-H stretching of the cis-double bonds. Typically, MCTs do not show absorbance 

in this region, while LCTs do, which is clear from Figure 3.8. Also, in this region, the presence of BW in 

LCT sample (10 % BW LCT) was confirmed. 

 

Apart from the oil fingerprint region there was no new peak formation, peak disappearance or peak shifts 

for the conjugation of BW and the different oil phases, which is a clear indication that only physical 

interactions are occurring between the components (YIlmaz & Öǧütcü, 2014). 

 

Figure 3.8. FTIR spectra for LCT oil, MCT oil, beeswax and selected oleogels samples 

 

3.4. Conclusion 

 

All oleogels showed an increase of rheological properties for higher concentrations of gelator, justified by 

the effect of the more structured network formed when greater gelator concentrations are added to the 

system. Produced oleogels revealed important features such as thermo-reversibility and thixotropy. No 

significant differences were observed regarding the isothermal rheological properties for the different 
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types of oleogels, but LCT-based oleogels were stronger than MCT-based oleogels during network 

formation (non-isothermal rheology). Regarding the difference of carbon chain of the oil phase, LCT-based 

oleogels presented different spacing and placement between crystals, in a lamellar conformation, which 

was also observed was in non-isothermal rheological measurements. Because in this work the focus 

structuring different oil phases (MCT and LCT), this effort allowed us to understand the impact of different 

carbon-chain oil phases and gelator concentrations in oleogels’ development stages. 
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Chapter IV – Fortified beeswax oleogels: effect of β-carotene on gel structure 

and oxidative stability 

 

 

The main objective of this chapter was the evaluation of the physical conformation and oxidative stability 

of beeswax-based oleogels after incorporation of β-carotene (originating complex-beeswax oleogels). The 

rheological evaluation of such oleogels showed the presence of a strengthened structural conformation 

when β-carotene was present, in contrast with oleogels produced without β-carotene. That was verified 

by the increase of the rheological viscoelastic parameters. Small Angle X-Ray Scattering data showed that 

the lamellar crystal structure of oleogels with β-carotene presented similar d-spacing and lower radius of 

gyration (Rg) values for the complete range of concentrations tested, relating to a stronger network of the 

oleogel. X-ray diffraction measurements provided useful information on crystal polymorphism type and 

the arrangement of the internal lamellar phases of the crystals. Oil binding capacity was also affected by 

the incorporation of β-carotene in oleogel and proven to be higher for complex-beeswax oleogels, 

enhancing its ability to retain the oil phase within the crystalline network. The oxidative profile of complex-

beeswax oleogels was studied during a determined storage period and the concentrations of 4, 6 and 8 

% of beeswax revealed higher oxidative stability than the one containing 2 % of beeswax. 
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4.1. Introduction 

 

Controlling and tailoring the physical properties and the nutritional balance of foods has been a challenge 

to the scientific community. In past years, structured edible oils have been presented as one of the ways 

to replace fats in food products, being their functionality (e.g. incorporation of functional compounds) one 

of the main issues nowadays. Due to their functionality and potential health implications, the interest in 

the development of these systems is very high, leading to new findings in the field of oil structuring 

(Jimenez-Colmenero et al., 2015; Utrilla, García Ruiz, & Soriano, 2014). The incorporation of bioactive 

compounds in oleogel-based delivery systems is not common and is one big step further in the field, 

being directly related with their capacity to increase the nutritional value and shelf-life of food products 

(Patel & Dewettinck, 2016; Shi et al., 2014). β-Carotene, is one of the most commonly available 

carotenoids in the human diet; it is a lipid soluble compound that has many health benefits, but its 

utilization lacks a further application in food products, namely because of its poor water solubility and low 

bioavailability (Mun, Kim, & McClements, 2015; Roohinejad et al., 2015). Hughes et. al reported on the 

kinetics of β-carotene release during lipid digestion, both dispersed in liquid oil and incorporated in HSA-

based oleogels. The results showed that the β-carotene in the oleogel was released between 30 and 75 

min while the β-carotene in the liquid oil was released in the first 30 min of the experiment (Hughes, 

Marangoni, Wright, Rogers, & Rush, 2009). This is proof that micellization is dependent on the physical 

matrix of the sample that contains the bioactive compound. Because the main goal foresees the delivery 

of bioactive compounds through food, it will be relevant to understand how the gastrointestinal 

environment influences the micellization process and consequent adsorption, of bioactive compounds 

incorporated in oleogels, at the intestinal level (OʹSullivan, Davidovich-Pinhas, Wright, Barbut, & 

Marangoni, 2017; Wright, Pietrangelo, & MacNaughton, 2008). In previous chapter, beeswax (BW) was 

used as structurant agent for the production of oleogels and their properties were evaluated for increasing 

concentrations of BW and different types of oils. The crystallization behaviour of BW-based oleogels was 

also addressed for low concentrations of BW in different edible oils using slow cooling rates (Jana & 

Martini, 2014). BW is a hard amorphous solid containing about 70–80 % of long chain esters, 12– 15 % 

of free acids, 10–15 % of hydrocarbons, and small amounts of diols and cholesterol esters (Parish, Boos, 

& Li, 2002). Beeswax is one of the most useful and valuable commercially available waxes (Öğütcü, 

Arifoğlu, & Yilmaz, 2015; Patel & Dewettinck, 2016; YIlmaz & Öǧütcü, 2014). 
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This chapter demonstrates how the incorporation of a lipophilic bioactive compound (β-carotene was 

used as a model) influences the arrangement of the crystalline network of a beeswax-based oleogel. 

Beeswax-based oleogels with and without β-carotene, were produced and the influence of beeswax 

concentration was evaluated alongside with the β-carotene incorporation through visual appearance, 

colour, oxidative behaviour, rheological and thermal properties. The influence of the β-carotene on the 

effective capacity of the structurant to bind the oil phase was also studied. Moreover, crystalline structures 

were evaluated using Small Angle X-Ray Scattering (SAXS), X-ray diffraction (XRD) and polarized light 

microscopy analysis. 

 

4.2. Materials and methods 

 

4.2.1. Raw materials and oleogel production 

 

Beeswax (BW) was kindly offered by PothHille (UK), and is a mixture of fatty acid esters combined with 

long chain alcohols, free wax acids and natural hydrocarbons with congealing point of 61 – 65 °C, acid 

value of 17 – 24 mg KOH.g-1, ester value 70 – 80 mg KOH.g-1 and saponification value 87 – 104 mg 

KOH.g-1 (CAS No 8012-89-3). Long chain triglycerides, LCT (High Oleic Sunflower Oil, HOSO) was offered 

by Cargill (Brazil). β-Carotene (β-C), with 95 % purity, was purchased from Sigma-Aldrich (St. Louis, USA). 

Oleogels were prepared in 8×2 cm tubes with screw caps by heating the mixture containing the oil phase 

(LCT oil), BW and β-C at 80 °C during 30 min under magnetic stirring. BW and β-C concentrations were 

determined considering a base of 10 g of LCT oil for each oleogel formed, following the procedure 

described by Martins et al. (2016). β-C in a concentration of 0.01 % (w/w) was added to all oleogels and 

named complex-BW (CBW) oleogels; this concentration was used to assure that total solubilization in LCT 

oil was accomplished (Roohinejad et al. 2015). The stability of β-C, under the mentioned conditions, was 

verified using TBARS test. Both unheated and heated oil, with dispersed β-C, showed the same level of 

oxidation at the first measurement (no statistical differences between TBARS values; data not shown). 

Oleogels in the absence of β-C were named simple-BW (SBW) oleogels. A screening of different beeswax 

concentration was performed in order to determine the critical gelling concentration using tube tilting 

tests. Afterwards, different concentrations of structurant were chosen to be evaluated (2, 4, 6 and 8 %). 

Samples were stored at 25 ± 2 °C at least during 24 h before being analysed. 
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4.2.2. Polarized microscopy 

 

Micrographs of oleogels were obtained under a polarized light microscope, Nikon Instruments Eclipse Ti-

E Upright Microscope (Japan) equipped with a Nikon digital camera supported by the NIS-Elements 

Microscope Imaging Software also from Nikon. After preparation at 80 °C the samples were poured 

directly in the support and conditioned at 25 °C during 24 h before being analysed at room temperature. 

 

4.2.3. Differential scanning calorimetry (DSC) 

 

Calorimetric studies were performed in a 2920 Modulated DSC differential scanning calorimeter (TA 

Instruments, USA). A hermetic pan containing about 20 – 30 mg of sample was tightly sealed and placed 

in the DSC cell. An empty pan was used as reference. The samples were analysed from 10 to 90 °C, at 

5 °C min-1 in two cooling and heating temperature sweeps, for each sample. The crystallization peak 

temperature (Tc) was considered to be that corresponding to the maximum heat flow and the melting 

peak temperature (Tm) was considered to be that corresponding to the minimum heat flow. Melting and 

crystallization enthalpies were determined from the area of the endothermic and exothermic peak, 

respectively. Indium and water were used as standards for calibration. 

 

4.2.4. Rheological analyses 

 

Performed likewise described in the section 3.2.6. 

 

4.2.5. Small angle X-ray scattering (SAXS) and X-ray diffraction (XRD) 

 

Small angle X-ray scattering (SAXS) is a powerful technique for nano-scale analysis of solid and liquid 

materials. SAXS measurements were performed at room temperature using the beamline of the National 

Synchrotron Light Laboratory (LNLS, Campinas, Brazil). The equipment has an asymmetrically cut and 

bent silicon (1:1:1) monochromator that yields a monochromatic (ɣ = 1.54 Å) and horizontally focused 

beam. A position-sensitive X-ray detector and a multichannel analyser were used to record the SAXS 

intensity, I(q), as a function of modulus of scattering vector q = (4!/ɣ) sin("/2) (" being the scattering 

angle). Each SAXS pattern corresponds to a data collection time of 100 s in the range of 0.119 nm-1 < q 
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< 4.811 nm-1. All scattering data were corrected by subtraction of the pure mica and sampler signal. The 

determination of the crystal organization was done using Bragg’s law through the relative positions of the 

diffraction peaks. The lattice parameter d (periodicity) of the lamellar structures was obtained from the 

position q* of the first (and most intense) diffraction peak (for lamellar phases the distance between peaks 

present the relation 1:2:3:4). The type of crystal organization and crystal structure was evaluated, being 

the evaluation performed by the Guinier plot, where through the log-log plot (I vs q) and the determination 

of the slope at small angles it is possible to determine the type of structure present (e.g. flat or rod-type 

structure). ATSAS software was used for SAXS data analysis with PRIMUS (Konarev, Volkov, Sokolova, 

Koch, & Svergun, 2003), making possible to determine the radius of gyration (Rg) a linear fit to the low-

q region of Guinier curve using the approximation: 

 

I q = I 0 exp(−q,	 ./,/3)												(./ 	< 	1.3)	                                                                Equation 4.2 

 

The maximum q that is generally acceptable to include in the fit is 1.3/Rg. In order to understand how 

intra-crystal arrangements were disposed, an X-Ray Diffractometer X Pert PRO MRD system 

(PanAnalytical, Netherlands) was used. The X-ray diffraction (XRD) patterns of the oleogel samples were 

measured at room temperature. Angular scans from 5.0 to 50° (2") were performed and recorded at 14 

pts.s-1 with a Cu source, X-ray tube (ɣ = 1.54056 Å) at 45 kV and 40 mA. Fine Calibration Offset for 2" 

= -0.0372 deg. All XRD data were analysed using PANanalytical X'Pert HighScore Plus. 

 

4.2.6. Oil binding capacity (OBC) 

 

The OBC method was adapted from Yilmaz et al. (Öǧütcü, Yılmaz, & Öǧütcü, 2014). This methodology 

allows to understand the oil binding capacity of the oleogel structure. Briefly, 1 mL of freshly prepared 

oleogel (following the methodology described in the section 4.2.1) was placed into an eppendorf tube and 

storage during one hour at 4 ˚C. All tubes were then centrifuged at 9167 g for 15 min at room 

temperature, and then they were turned over onto a filter paper to recover the released oil. OBC was 

calculated by Eq. (4.3) as following: 

 

OBC	% = 1 − :;<:=
:;

∗ 100                                                                                    Equation 4.3 
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where ?@ is the weight of the sample before centrifugation and ?A the weight after the oil release. 

 

4.2.7. Oxidative stability 

 

The oxidative stability of samples stored at room temperature and exposed to light and air was measured 

during 20 days at three different time intervals (1, 8 and 20 days) in order to understand the effect of the 

structurant on the oxidative profile of beeswax oleogels. Oxidation was determined by measuring 2-

thiobarbituric acid-reactive substances (TBARS). This procedure allows the direct determination of TBARS 

without preliminary isolation of secondary oxidation products. TBA (> 99%, w/w, 2-thiobarbituric acid) 

was purchased from Merck KGaA (Darmstadt, Germany), trichloroacetic acid (analytical-grade) and iron 

(III) chloride (> 97 %, w/w) were purchased from Synth® (Diadema, Brazil). An aliquot (300 μL) of each 

sample was combined with 3 mL of a reaction solution composed by TBA (2-thiobarbituric acid, 0.37 %, 

w/v), trichloroacetic acid (15 %, w/v), and hydrochloric acid (1.8 %, v/v). Then the reaction mixture was 

kept boiling during 30 min to induce formation of the malondialdehyde (MDA) that is a final product of 

fatty acid peroxidation, which reacted with TBA to form a colourful complex. Afterwards, the mixture was 

quickly cooled in an ice bath, then samples were centrifuged at 613 g for 10 min at temperature of 5 °C 

and the absorbance of the supernatant was measured at 532 nm using a spectrophotometer (SP-220, 

Biospectro, Brazil). TBARS values were expressed as µmol MDA equivalent/300 μL oleogel using a molar 

absorption coefficient equal to 1.56×105 M-1.cm-1 (Balachandran & Rao, 2003; Karaca, Nickerson, & Low, 

2013; Michelon, Mantovani, Sinigaglia-Coimbra, de la Torre, & Cunha, 2016). 

 

4.2.8. Colour evaluation 

 

The colour of oleogels was measured using a colourimeter (Hunter Lab model Colour Quest XE) with 

CIELab scale (L�, a�, and b�) in the reflectance mode. The colour measurements were expressed in terms 

of lightness L� (L� = 0 for black and L�=100 for white) and chromaticity parameters a� (green [−] to red 

[+]) and b� (blue [−] to yellow [+]). The instrument was calibrated with white and black tile, and then the 

colour reading was performed on several different points of the glass tubes filled with the oleogel samples. 

Measurements were carried out in triplicate 24 h after preparation and at the 8th and 20th day of storage. 

Also, three control samples were tested; Control 1 (LCT oil), Control 2 (oleogel 4 % SBW) and Control 3 
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(LCT oil with carotene). Values of L�, a� and b� were measured at day 1 and after 8 and 20 days of 

storage. 

4.3. Results and discussion 

 

4.3.1. Polarized microscopy 

 

Polarized microscopy provided information regarding the structural conformation of complex-beeswax 

(CBW) oleogels with different beeswax concentrations (Figure 4.1).  

 

 

Figure 4.1. Polarized micrographs of simple-beeswax oleogels (left) and complex-beeswax oleogels (right) 

with 0.01 % of β-carotene. 
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For the lowest concentration of beeswax (2 %) is already possible to identify crystal arrangements in a 

clear way in the oleogel matrix, being their formation clear for 4 % of BW. For higher concentrations (6 

and 8 %) the individual crystal structures are not clearly observed, which is explained by the beeswax 

crystals stacking. At these higher BW concentrations, oleogels presented a more interconnected and 

denser network and it is possible identify a large bulk of crystals that could be responsible for the 

strengthening of the gel structure. No major differences were observed when comparing the present 

results with those of polarized micrographs portrayed in Chapter III. There are no noticeable differences 

between the micrographs of SBW and CBW for increasing beeswax concentrations The range of beeswax 

concentrations used allowed studying different structures and their effect on the final oleogel properties 

(Figure 4.2A). It was determined that the critical gelling concentration for these oleogels are in the range 

of 3.0 to 3.2 % for SBW oleogels and 2.0 to 2.2 % for CBW oleogels (Figure 2B). 

 

 

Figure 4.2. (A) Visual observation of the simple and complex-beeswax oleogels with increasing 

concentrations of beeswax from left to right; (B) Evaluation of the critical gelation concentration of 

oleogels. 

 

The β-C concentration used is in agreement with the concentrations used by Roohinejad et al. (Roohinejad 

et al., 2015), and considering that high temperature was also used during the dissolution, it can be 

concluded that full solubilization of the bioactive was successfully achieved during the oleogels’ production 

process. Thus, when the temperature decreases during oleogel formation, the structure of beeswax 

crystals formed a network that enclosed the oil phase where the bioactive is solubilized. Full solubilization 

was confirmed by polarized microscopy (Figure 4.1) and is not possible to observe the supersaturation 

of β-C aggregation. This is also an important fact regarding the stability of the oleogels as affected by 
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processing conditions and storage time. A very consistent and smooth appearance was observed for both 

types of oleogels, which is in line with observations reported in the previous chapter of this thesis. 

 

4.3.2. Differential scanning calorimetry 

 

Table 4.1 shows the parameters obtained from DSC analysis. Results showed an increase of the 

crystallization temperature (Tc) and melting temperature (Tm), alongside with the increase of beeswax 

concentration in the oleogel composition. This tendency was also verified for the CBW oleogels, but the 

incorporation of β-C did not influence the thermal parameters for higher beeswax concentrations. The 

same range of temperatures regarding melting and crystallization was observed, because beeswax is a 

multicomponent (two chemical components in high proportions) (Patel, Babaahmadi, Lesaffer, & 

Dewettinck, 2015), also two crystallization steps were identified. When compared to the correspondent 

SBW, the CBW oleogels with 2 and 4 % of structurant present a higher melting enthalpy (ΔHm) difference 

when compared to the remaining samples. This can be due to a combination promoted by the bioactive 

and the beeswax in this particular concentration once this are closest samples to the critical gelling 

concentration. Therefore, the stacking of crystals can be arranged in a way that the necessary energy to 

disrupt these self-assembled structures is of a different magnitude. For 4% (w/w), the ΔHm values more 

than doubled, from 2.37 ± 0.26 to 5.37 ± 0.56 J g-1, when the bioactive compound is incorporated in the 

oleogel. The non-isothermal rheological analyses support these findings (section 4.3.3.1). Enthalpy 

changes, both for melting and crystallization, are in accordance to the structurant concentration increase. 

The sol-gel transition occurs as temperature decreases and beeswax crystals are formed. The presence 

of a more pronounced step in the crystallization process regarding the CBW oleogels with 8 % is a result 

of a more homogeneous matrix, as observed in polarized micrographs (Figure 4.1). For the SBW, and the 

remaining CBW samples, the more heterogeneous composition of beeswax prevails as being responsible 

for the two steps crystallization event.



Chapter IV 
Fortified beeswax oleogels: effect of β-carotene on gel structure and oxidative stability                                                                                                                                                                                         Martins, A. J. (2019) 

 
 

 131 

Table 4.1. Thermal parameters (Temperature of melting - Tm; enthalpy of melting – ΔHm; temperature of crystallization - Tc; enthalpy of crystallization – ΔHc) of 

oleogel with concentrations of 2, 4, 6 and 8 % for simple-beeswax (SBW) oleogels and complex-beeswax (CBW) oleogels 

Sample Tm (ºC) Onset Tm (ºC) ΔHm (J g-1) Tc1 (ºC) Onset Tc1 (ºC) ΔHc1 (J g-1) Tc2 (ºC) Onset Tc2 (ºC) ΔHc2 (J.g-1) 

2 % BW 
SBW 44.54 ± 0.00a,A 37.54 ± 3.46a,A 1.34 ± 0.01a,A 34.46 ± 1.10a,A 36.72 ± 0.81a,A 0.85 ± 0.07a,A 19.75 ± 0.88a,A 23.35 ± 0.62a,A 0.29 ± 0.01a,A 

CBW 41.73 ± 0.43b,B 22.01 ± 0.37b,B 2.34 ± 0.65b,A 33.18 ± 0.60b,A 35.96 ± 0.59b,A 1.00 ± 0.04b,A 18.64 ± 0.36b,A 20.97 ± 0.28b,B 0.09 ± 0.01a,A 

4 % BW 
SBW 45.73 ± 0.28c,C 30.35 ± 3.28c,C 2.37 ± 0.26a,B 36.53 ± 0.94a,B 39.26 ± 1.36c,B 1.04 ± 0.12a,B 23.36 ± 0.86c,B 27.38 ± 1.00c,C 0.56 ± 0.05b,B 

CBW 46.86 ± 0.01d,D 25.56 ± 1.80b,C 5.37 ± 0.56c,C 40.15 ± 0.28c,C 42.23 ± 0.28d,C 2.22 ± 0.12c,C 25.54 ± 0.18d,C 28.96 ± 0.04d,D 0.88 ± 0.06c,C 

6 % BW 
SBW 48.13 ± 0.69e,E 32.79 ± 1.07a,c,D 6.04 ± 0.18d,D 42.02 ± 1.44d,D 44.12 ± 1.09e,D 2.21 ± 0.1d,D 26.19 ± 0.14e,D 30.42 ± 0.31e,E 0.90 ± 0.15d,D 

CBW 47.66 ± 0.38d,E 32.04 ± 3.30d,D 6.31 ± 0.28c,D 40.92 ± 0.18c,D 43.00 ± 0.47d,f,D 2.48 ± 0.14c,D 26.16 ± 0.15d,f,D 29.97 ± 0.25d,E 1.12 ± 0.11e,E 

8 % BW 
SBW 50.84 ± 0.02f,F 32.52 ± 0.42a,c,E 7.65 ± 0.28e,E 44.92 ± 2.47d,E 45.83 ± 0.08e,E 2.25 ± 0.59d,E 28.00 ± 1.24g,E 32.87 ± 0.25f,F 1.34 ± 0.07f,F 

CBW 49.30 ± 0.04g,G 34.71 ± 0.08e,E 8.45 ± 0.45c,E 42.24 ± 0.57c,E 44.35 ± 0.23f,E 3.48 ± 0.40e,F 27.70 ± 0.12bf,E 31.35 ± 0.19g,G 1.39 ± 0.05g,F 

Same small letters mean no statistical differences regarding beeswax concentration between the same type of oleogels (SBW/CBW) in the same column. 

Same capital letters mean no statistical differences regarding the incorporation of carotene the same beeswax concentration
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4.3.3. Rheological analyses 

 

4.3.3.1. Non-isothermal oscillatory measurements 

 

Prior to gelation phenomenon the studied oleogel samples presented a liquid-like behaviour, where G’’ > 

G’. Higher G’ values are associated to a stronger three-dimensional network formed by aggregation of the 

crystals when the concentration of beeswax is increased. The non-isothermal rheological measurements 

allowed understanding the impact of the presence of β-C regarding the crystallization process for such 

oleogels. The addition of this bioactive, promoted a distinct crystallization process, for samples with higher 

amounts of beeswax a more pronounced step was observed, as can be seen in Figure 4.3B. Regarding 

the temperature sweeps for SBW oleogels (Figure 4.3A) results showed that the crystallization process 

happens in more than just one clear stage, which can be explained by the heterogeneity of beeswax 

composition. The continuous decrease of temperature will create the final crystallization step and 

consequently formation of beeswax oleogel structure. The addition of the bioactive induced more 

homogeneity in CBW oleogels and as we can observe by the presence of flatter increase of the viscoelastic 

properties, the occurrence of the gelation and melting process occurs in a subtler and not so abrupt step, 

masking the effect of the heterogeneous beeswax structuring. The increase of beeswax in SBW and CBW 

is responsible for a gradual increase in the melting gel-sol transition temperatures, that range from 46.20 

± 0.71 °C to 52.80 ± 0.00 °C for SBW and from 45.35 ± 0.92 °C to 51.80 ± 0.00 °C. The same 

concentration-related tendency was identified in the cooling stage, and both responses are in line with 

DSC results presented in Table 4.1 in the previous section. A two-step crystallization event was identified 

for all oleogels, as verified in DSC analysis where the crystallization temperatures were in the same range 

to the ones found in non-isothermal rheology. The CBW oleogel with 8 % of structurant is the unique 

sample where this crystallization pattern is less pronounced, yet still present. This can be explained by 

the structurant critical gelling concentration being surpassed, therefore the second step as a result from 

the heterogeneous crystallization of the beeswax was not observed since the presence of the bioactive 

with a large concentration of beeswax is responsible for a stronger network structure. 
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Figure 4.3. Rheological cooling stage for: (A) simple-beeswax oleogels; (B) complex-beeswax oleogels with 

[0.01 %] of β-C; - BW (-) 2, (x) 4, (�) 6 and (•) 8 % (w/w), G’ displayed in black and G’’ in grey. 

 

4.3.3.2. Frequency and flow curves 

 

Figure 4.4 displays the frequency-dependence of storage (G’) and loss (G’’) moduli for the SBW oleogels 

and CBW oleogels. It is clear that, for equal concentrations of beeswax, the oleogels that contain β-C 

display higher G’ values. The storage modulus (G’), which represents the energy that remains stored in 

the system during oscillation, is a consequence of the elastic deformation of the oleogel structure. The 

loss modulus (G”) represents the viscous properties. The elastic attribute is dominant over the viscous 

one for CBW oleogels. This points to a predominance of elastic properties for these oleogels, in contrast 

with SBW oleogels. CBW oleogels showed a gel-like behaviour for concentrations above 3.2 % of beeswax, 

where both G’ and G” are frequency-independent. Considering their elasticity and gel-like behaviour, these 

formulations can also be categorized as elastic solid-like gels (Hsiao, Solomon, Whitaker, & Furst, 2014).  
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 404 
Figure 3 - Rheological cooling stage is shown for: A) simple-beeswax oleogels; 405 
B) complex-beeswax oleogels with [0.01%] of β-C; - BW (-) 2, (x) 4, (▲▲▲▲  ) 6 and 406 
(•) 8% (w/w), G’ displayed in black and G’’ in grey. 407 

Frequency and flow curves 408 

Figure 4 displays the frequency-dependence of storage 409 
(G’) and loss (G’’) moduli for the SBW oleogels and CBW 410 
oleogels. It is clear that, for equal concentrations of 411 
beeswax, the oleogels that contain β-C display higher G’ 412 
values. The storage modulus (G’), which represents the 413 
energy that remains stored in the system during 414 
oscillation, is a consequence of the elastic deformation of 415 
the oleogel structure. The loss modulus (G”) represents 416 
the viscous properties. From Figure 4A the elastic 417 
attribute is dominant over the viscous one for CBW 418 
oleogels. This points to a predominance of elastic 419 
properties for these oleogels, in contrast with SBW 420 
oleogels.CBW oleogels showed a gel-like behavior for 421 
concentrations above 3.2% of beeswax, where both G’ 422 
and G” are frequency-independent. Considering their 423 
elasticity and gel-like behavior, these formulations can 424 
also be categorized as elastic solid-like gels 27. A stronger 425 
gel network is built by higher concentrations of beeswax, 426 
which are responsible for a more developed crystalline 427 
association that entraps the oil more effectively 16 as also 428 
evidenced in the polarized micrographs. It is also possible 429 
to identify the stress overshoot, in the flow curves 430 
displaying shear stress versus shear rate behaviour. This is 431 
related to the residual stress of the oleogels with 432 
structurant concentration above the critical gelling 433 
concentration. The breakage of the gel structure with 434 
increasing shear rate happens when the irreversible 435 

deformation point is reached, characterized by the 436 
alignment of the gel particles with the increase of the 437 
shear rate, leading to a viscosity reduction. The overshoot 438 
for CBW oleogels presented higher values than for the 439 
SBW oleogels, since a stronger crystal network is formed 440 
when the bioactive is present, which is supported by the 441 
storage and loss moduli values shown in Figure 4.  442 

 443 
Figure 4 - Frequency measurements (left) with flow curves (right) for all 444 
oleogels  – simple-beeswax oleogels displayed in grey and complex-beeswax 445 
oleogels displayed in black; G’ displayed in filled symbols and G’’ displayed 446 
with empty symbols. 447 

Small Angle X-ray Scattering (SAXS) and X-Ray Diffraction 448 
(XRD) 449 

SAXS spectra provided information regarding crystal 450 
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as well. In Figure 5B (CBW oleogels) it is possible to 459 
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Figure 4.4. Frequency measurements (left) with flow curves (right) for all oleogels – simple-beeswax 

oleogels displayed in grey and complex-beeswax oleogels displayed in black; G’ displayed in filled symbols 

and G’’ displayed with empty symbols. 
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A stronger gel network is built by higher concentrations of beeswax, which are responsible for a more 

developed crystalline association that entraps the oil more effectively, as seen in Chapter III, and also 

evidenced in the polarized micrographs. It is also possible to identify the stress overshoot, in the S2 

(transient) flow curves displaying shear stress versus shear rate behaviour. This peak of shear stress is 

associated to the force needed to start breaking the elastic network structure subjected to flow. High 

values of this parameter can be related to stronger viscoelastic networks. This result could be related to 

the residual stress of the oleogels with structurant concentration above the critical gelling concentration. 

The breakage of the gel structure with increasing shear rate happens when the irreversible deformation 

point is reached, characterized by the alignment of the gel particles with the increase of the shear rate, 

leading to a viscosity reduction. The overshoot for CBW oleogels presented higher values than for the 

SBW oleogels, since a stronger crystal network is formed when the bioactive is present, which is supported 

by the storage and loss moduli values shown in Figure 4.4. 

 

4.3.4. SAXS and XRD measurements 

 

SAXS spectra provided information regarding crystal structure for SBW and CBW oleogels. Concerning 

SBW oleogels (Figure 4.5B) one smaller peak can be observed, followed by the sharpest one that is 

tracked by a feebler reflection. At least three peaks were observed for all structurant concentrations (Table 

4.2) providing information on oleogel structural shape, and assembly. The intensity of each peak 

increased as the structurant concentration was increased as well. In Figure 4.5B (CBW oleogels) it is 

possible to identify the absence of the first peak observed in Figure 4.5A, meaning that the inclusion of 

b-C in the oleogels is responsible for a change in the beeswax crystalline arrangement. The repetition 

between peaks and the changes observed in the relation between the first and the remaining peaks is 

1:2:3:4 for lamellar structures. Regarding the use of this type of gelator to structure edible oils, the formed 

crystals are expected to be platelet-like crystals (Blake & Marangoni, 2015). These platelets produced by 

the stacking of the wax crystals are shaped like lamellae. For SBW oleogels, the sharp peak verified for 

all oleogels occurred approximately at q = 0.93 nm-1. SAXS data for SBW oleogels (4 – 8 % of BW) revealed 

a more unpronounced reflection with d-spacing of 93 Å reported previously in chapter III. This peak, that 

resembles more of a “shoulder”, is barely noticeable for lower concentrations of beeswax. This disorder 

on crystal packing is more noticeable when carotene is not present and can be related to beeswax 

heterogeneous composition. b-C affinity towards the higher hydrophobic oil phase, leads to the observed 
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crystal deposition in a more regular and homogeneous structuring. As a consequence of that the above-

mentioned effect and the peak is no longer observed. 

 

 

Figure 4.5. SAXS spectra of oleogels with beeswax (BW) with increasing concentrations; (A) simple-

beeswax oleogels; (B) complex-beeswax oleogels. 

 

Therefore, the increase of concentration of the beeswax was responsible for a different crystalline 

arrangement leading to a different crystalline lamellar disposition. In the case of CBW oleogels, d-spacing 

showed almost constant values, varying from a short range between 66 and 67 Å for all beeswax 

concentrations. Consequently, for these oleogels, the crystalline lamellar structures were closer to each 

other. Rg values for complex-BW oleogels were in the range of 33.20 to 38.50 Å, while for SBW oleogels 

Rg values were between 29.10 and 33.50 Å. Scattering data, allow us to infer that incorporation of the 

bioactive changed crystalline packing structures. This larger sized crystal platelets aggregate and the 

consequent crystalline structural arrangement will be responsible for the increase of gel strength (Tran & 

Rousseau, 2016). As consequence of that, differences were registered on thermo-mechanical properties 

of the oleogels with carotene. XRD measurements, showed in Figure 4.6, provided useful information 
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about the crystals type and the internal arrangement of the lamellar phases in which they are disposed. 

In the low angle region of the XRD the d-spacing presents a value of 12.19 Å, while for the wide angle 

XRD the d-spacing values are around 3.69 - 7.45 Å. 

 

Figure 4.6. X-ray diffraction patterns for simple (SBW) and complex-beeswax (CBW) oleogels. 

 

Despite the scarce knowledge regarding XRD for beeswax-based oleogels, studies with rice bran wax 

(Dassanayake, Kodali, Ueno, & Sato, 2009) and a most recent one with beeswax indicated the possibility 

that such crystals present a similar β’ crystal form, that occurs in the triacylglycerols, suggesting that β’ 

polymorphs normally show an orthorhombic perpendicular subcell structure (Öʇütcü, Arifoʇlu, & Yilmaz, 

2015; YIlmaz & Öǧütcü, 2014). Alongside that work, the d-spacing detected for these beeswax oleogels 

present similar values, namely the diffraction at 4.49 Å. No differences were observed for oleogels with 

b-C incorporation. All small and wide-angle diffractions are presented in Table 4.2. 

 

Table 4.2. Small and wide-angle diffractions for simple-beeswax (SBW) oleogels and complex-beeswax 

(CBW) oleogels 

Oleogel 

Sample 

Small Angle 

diffractions (Å) 

Wide Angle 

diffractions (Å) 

Proposed 

conformation 

SBW 4% 67.42; 33.24 4.49; 4.09; 3.69 Lamellar 

CBW 4% 66.32; 32.45 4.47; 4.09; 3.69 Lamellar 

SBW 6% 66.87; 33.11 4.43; 4.04; 3.66 Lamellar 

CBW 6% 66.32; 32.58 4.48; 4.09; 3.69 Lamellar 

SBW 8% 67.42; 33.24 4.47; 4.06; 3.67 Lamellar 

CBW 8% 66.32; 32.71 4.47; 4.07; 3.67 Lamellar 
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4.3.5. Oil binding capacity (OBC) 

 

The comparison between oleogels with and without carotene, showed results statistically differences for 

oleogels with 2 and 4 % (w/w) of beeswax, indicating that CBW oleogels were more successful to retain 

oil than the oleogels with no carotene (Figure 4.7). This was a consequence of a stronger crystalline 

network that resulted in a shift of the critical gelling concentration required for gel formation. Oleogels 

with b-C showed statistical differences between samples with 2 % and the other tested concentrations 

and also between 4 and 8 % of beeswax. Therefore, oleogels with lower spacing between the crystal 

arrangements, that lead to stronger gels, were able to sustain its structural network showing better 

capacity to successfully bind to the oil phase, despite of the centrifugation process (Öʇütcü & Yilmaz, 

2015). Oil phase separation or “oiling-out” phenomenon can be caused by lower crystal size; for instance 

Yilmaz et al. used candelilla wax to induce gelation in hazelnut oil (Öʇütcü & Yilmaz, 2015) and virgin 

olive oil (Öǧütcü et al., 2014), and reported OBC percentage values of 80.6 ± 5.6 and 71.70 ± 1.60 %, 

respectively, obtained for the self-sustained samples with 7 % of structurant. Our results show higher 

values even for the concentration of 4 % of beeswax.  

 

 

Figure 4.7. Oil binding capacity profile for simple (SBW) and complex-beeswax oleogels (CBW). 

Asterisks are indicative of statistical differences between samples. 
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4.3.6. Oxidative stability (OS) and colour evaluation 

 

The OS evaluated by TBARS method allowed us to conclude that the presence of beeswax (4 % or higher 

concentration) is responsible for the decrease of the oxidative profile of oleogel samples with β-C 

(p<0.05), as shown in Figure 4.8. The CBW oleogels with higher concentrations (4, 6 and 8 %) revealed 

higher oxidative stability than the one containing 2 % of BW. The oleogels with 2 % of beeswax revealed 

higher values (p<0.05) at the end of the experiment (20 days), when compared with the other samples 

in the same period of time. After 8 days of storage, the increase of oxidation was registered between 

oleogels with 2 and 8 % of beeswax. Regarding the control samples, the oleogel with 4 % of beeswax was 

the one presenting the lowest oxidation values. All other control samples presented higher and similar 

values of oxidation, which increased with storage time (t = 1, 8 and 20 days). The oleogels with only 2 % 

of beeswax reported the highest oxidative values, which can be explained by the weaker network promoted 

by the structurant that made the β-C more exposed to air and light, thus more prone to a faster oxidative 

process and higher values of MDA. 

 

Lightness and chromatic evolution of oil and oleogel samples were evaluated during storage. The three-

dimensional colour space is defined by coordinates L*, a* and b*. Colour data analysis of the CBW oleogel 

samples, namely b* (where negative values indicate blue and positive values indicate yellow) showed that 

oleogels with high BW concentrations (6 and 8 % of BW) do not present statistical differences during the 

20 days of storage (Table 4.3). For low concentrations of BW (2 and 4 % of BW) were observed statistical 

differences between t1 and t20, with the increase of the b* value. This increase can be related with a 

less protective effect regarding the environmental storage conditions, as can be seen for 2 % beeswax 

oleogels, once these samples exhibited higher oxidation values. Consequently, the mentioned results 

were a result of greater exposure of the oil phase, which is more likely to change colour by exposure to 

light and air. All results are presented in Table 4.3. 
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Figure 4.8. Oxidative profile of control samples and complex-beeswax oleogels (CBW) with concentration 

of 0.01 % of β-C. Asterisks are indicative of statistical differences among the same sample in different 

times. 
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Table 4.3. Colour evaluation of complex-beeswax (CBW) oleogels and control samples 

Control L* (t1) L* (t8) L* (t20) Control a* (t1) a* (t8) a* (t20) Control b* (t1) b* (t8) b* (t20) 

1 24.76 ± 0.95a,A 23.77 ± 0.19a,A 23.35 ± 0.42a,b,A 1 0.01 ± 0.01A -0.01 ± 0.07A 0.04 ± 0.12A 1 2.23 ± 0.16a,A 1.66 ± 0.21A 1.22 ± 0.17A 

2 34.14 ± 0.25B 33.73 ± 1.80b,B 35.27 ± 0.56c,B 2 -1.58 ± 0.10B -1.51 ± 0.22B -1.46 ± 0.10B 2 -2.83 ± 0.28B -3.37 ± 0.35B -3.67 ± 0.14B 

3 21.88 ± 0.45C 21.40 ± 0.52C 21.83 ± 0.50a,C 3 2.84 ± 0.30a,C 2.91 ± 0.91D 2.31 ± 0.46a,E 3 3.19 ± 0.88aa,C 3.35 ± 0.89C 2.99 ± 0.70C 

Oleogel    Oleogel    Oleogel    

CBW 2% 24.37 ± 0.29a,b,D 24.18 ± 0.90a,D 25.04 ± 2.25b,D CBW 2% 1.99 ± 0.22b,c,F 2.53 ± 0.07a,G 2.2 ± 0.52a,F CBW 2% 5.65 ± 0.33D 7.37 ± 1.33E 7.33 ± 1.35E 

CBW 4% 31.08 ± 0.09E 31.04 ± 0.59E 31.07 ± 0.43E CBW 4% 2.11 ± 0.10b,d,G 2.33 ± 0.07a,G 2.12 ± 0.09a,G CBW 4% 14.55 ± 1.19G 16.49 ± 0.29H 16.45 ± 0.29H 

CBW 6% 35.21 ± 0.32b,F 35.70 ± 0.19b,F 35.63 ± 1.04c,F CBW 6% 2.18 ± 0.07c,d,H 2.24 ± 0.09a,H 2.15 ± 0.07a,H CBW 6% 22.10 ± 0.54I 22.28 ± 0.07I 21.4 ± 0.88I 

CBW 8% 39.80 ± 0.34G 40.32 ± 0.34G 40.48 ± 0.27G CBW 8% 2.62 ± 0.25a,d,I 2.48 ± 0.26a,I 2.54 ± 0.16a,I CBW 8% 26.27 ± 0.29J 26.32 ± 0.18J 25.72 ± 0.66J 

Same small letters mean no statistical differences for L*, a* or b*, regarding different samples at the same time of the experiment (single column comparison). 

Same capital letters mean no statistical differences for L*, a* or b*, regarding different times of the experiment (line comparison).
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4.4. Conclusion 

 

Overall, BWO showed a change in their rheological properties when β-C was added to the gelling system. 

The arrangement of crystalline-BW lamellar structures suffered dissimilarities in the presence of β-C, and 

these different crystal arrangements allowed developing CBW oleogels with a stronger microstructural 

network. These oleogels behaved differently from SBW oleogels when subjected to variations of shear rate 

and frequency. Physical interactions of the bioactive substance were predominant in the gelation process 

leading to a more organized crystalline network. SAXS measurements provided valuable information 

considering the disposition of the lamellar structures formed by wax crystals and the impact of the addition 

of the bioactive in that disposition and structure size. The higher Rg of the lamellar structures in CBW 

oleogels were associated to the development of a more homogeneous structural network (and in this 

case) with stronger viscoelastic response. Also, useful information on intra-lamellar structure was provided 

by the fingerprint d-spacing values obtained in XRD analysis, that are in agreement with β’ crystal form 

reported. The increased capacity of CBW oleogels to retain oil when compared to the SBW oleogels can 

be an important factor during processing. Equally, oleogels can be used as vehicles for the delivery of 

bioactive compounds, adding value to food products and enhancing their shelf-life. 
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Chapter V – Hybrid gels containing beeswax: influence of oleogel/hydrogel 

ratio on rheological and textural properties 

 

 

Hybrid gels can be used for controlled delivery of bioactives and for textural and rheological modification 

of foods. In this regard the hydrogel:oleogel ratio and gel development methodologies showed to be the 

aspects that influence most of their properties. In this chapter, it was demonstrated how different fractions 

of beeswax-based oleogel influenced the hydrogel matrix of an oleogel-in-hydrogel emulsified system in 

terms of polymorphic arrangement, microstructure, texture and rheology. The hydrogel was prepared by 

using an aqueous sodium alginate solution and the oleogel was prepared through the gelation of medium 

chain triglycerides with beeswax. Hybrid gels were prepared under constant shearing. Crystallinity was 

clearly changed as hydrogel and oleogel were combined. No polymorphism was observed in the X-ray 

diffraction of hybrid gels, as these showed homogeneous results for all component ratios. The behaviour 

of samples with increasing oleogel:hydrogel ratio presented a decrease of both firmness and spreadability, 

and then, a decrease of gel adhesivity and cohesiveness. This textural response was a consequence of 

the disaggregated structure, stemming from the disruption of the hydrogel network, due to the inclusion 

of increasing amounts of oleogel. Rheological results showed that all hybrid gels presented a gel-like 

behaviour (G’ > G’’). Oleogels’ strength influenced the overall textural and rheological performance of 

hybrid gels. This work demonstrates the possibility of producing hybrid gels aiming at tailoring texture on 

food systems. 
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5.1. Introduction 

 

Hydrogels present extremely interesting properties (i.e., easy spreadability, easy to clean, water-solubility; 

miscibility, non-staining) and their compatibility with a wide range of excipients (i.e., solvents), allows 

using them in a wide range of applications (Peppas, Bures, Leobandung, & Ichikawa, 2000). 

Pharmaceutical and tissue engineering applications are some examples that display a number of user 

compliance features of hydrogels (e.g. non-oily nature, swelling behaviour and cooling effect and the ability 

to be simply removed from the body just using water) (Peppas et al., 2000). Biodegradable and 

biomimetic properties associated to hydrogels showed to be relevant when they are used for development 

of innovative drug delivery systems (Lin & Metters, 2006; Peppas et al., 2000). Some drawbacks are 

associated to these structures, when considering their use as vehicles of bioactive substances through 

the lipophilic barrier of the skin (Mura, Faucci, Bramanti, & Corti, 2000). The difficulty to solubilize 

lipophilic compounds under these circumstances has been a starting point to further developments that 

consider the elaboration of particulate hydrogel microspheres or complex hydrogels, composed by small 

oil droplets entrapped within a biopolymer or protein-coated fat droplets, aiming the delivery of lipophilic 

bioactive compounds through the skin barrier (Matalanis & McClements, 2013; Mun, Kim, & 

McClements, 2015). In terms of food applications, some interesting developments have been reported in 

recent years, like oil-filled caseinate-rich hydrogel particles (Chung et al., 2013) and chemically stable 

curcumin through filled alginate hydrogel beads (Chung, Degner, Decker, & McClements, 2013; Zheng, 

Zhang, Chen, Luo, & McClements, 2017). Soradech et al. (2016) showed very promising results using 

an emulsified gel consisting of different waxes inside an alginate-based gel bead aiming at controlled 

tamarind seed extracts release. Nevertheless, direct applications of hydrogels in foods, as replacement 

for other ingredients, is still a challenge. 

 

Difficulties in mimicking structural and textural properties of foods are a concern. Emulgels were pointed 

as one of the solutions to overcome some of the above-mentioned shortcomings attributed to hydrogels. 

Emulgels result from an emulsification (oil-in-water or water-in-oil) where the system will be gelled by 

means of cross-linking between the chains of the compounds present in the mixture; e.g. stearate 

organogel–gelatin bigels (Sai Sateesh Sagiri et al., 2015; Soltani & Madadlou, 2016). The amphiphilic 

functional behaviour, promoted by both hydrophilic and lipophilic affinities of their constituents, 

potentiates the usage of emulgels towards the delivery of bioactive compounds. Nonetheless, emulgels 
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have been less appreciated by consumers due to their pastiness/stickiness, and phase separation (Sai 

Sateesh Sagiri et al., 2015). In terms of pharmaceuticals, some of these drawbacks are pointed to 

oleogels too. Oleogels (or organogels) are soft matter structures, that are able to structure oils as a result 

of an entangled network that is formed during the cooling stage of development. Oleogels can be produced 

using different types of oils  in which they can transport lipophilic compounds for pharmaceutical and 

food applications (Patel & Dewettinck, 2016; Wang, Gravelle, Blake, & Marangoni, 2016). Great attention 

from the scientific and industrial communities has been directed towards oleogels once they have been 

mentioned as one of the main answers to act as fat replacers, offering a healthier product while presenting 

a tailor-made performance (Ergun, Thomson, & Huebner-Keese, 2016; Mert & Demirkesen, 2016; Rogers 

et al., 2014; Sloan, 2015; Utrilla, García Ruiz, & Soriano, 2014; Utrilla et al., 2014). One of the most 

interesting features is their ability to present gel-like behaviour even using low amounts of gelator 

molecules (e.g. beeswax; ethyl-cellulose; fatty acid derivatives; oryzanol combined with phytosterols) 

(Cerqueira et al., 2017; Öǧütcü, Yılmaz, & Öǧütcü, 2014; Patel, 2015). Previous works reporting on 

beeswax-based oleogels, demonstrated their ability to structure different types of oil and to incorporate 

bioactive compounds (Martins et al., 2016; Patel & Dewettinck, 2016). 

 

In previous chapters of this thesis, beeswax-based oleogels’ properties were studied in regard to variations 

of gelators concentration, carbon chain of the oil medium and in regard to the influence of the 

incorporation of a lipophilic compound. This chapter aims at understanding how such oleogel system can 

be used to develop an emulsified gel system using a low-energy mixing methodology. The combination of 

hydrogels and oleogels results in the so-called hybrid gels (or bigels), with both hydrophilic and lipophilic 

characteristics. Hybrid gels are biphasic systems that conjugate water-based gels (hydrogels) and oil-

based gels (oleogels). Hybrid gels application in food products must be focused towards their 

implementation in complex food systems, in similar ways as hydrogels and oleogels. Unique 

thermodynamic behaviour, viscoelasticity and the variety of materials that can be used are among the 

most important characteristics of this type of gels. These properties can also be tuned with formulation 

adjustments and material combinations that increase their potential (Cakmakcı et al., 2008; Esposito et 

al., 2018; Lupi et al., 2015; Singh et al., 2014). In fact, such applications of hybrid gels can target major 

developments for food industry that will represent an alternative for the enrichment of food nutritional. 

These systems have been studied regarding their capacity for controlled release of active compounds like 

omega-3 fatty acids (Rehman, Mohd Amin, & Zulfakar, 2014; S S Sagiri et al., 2015; Wakhet et al., 2015). 
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Our objectives were to improve the knowledge and expand hybrid gels’ applications. This chapter reports 

on the hybrid gels’ textural and rheological behaviour aiming at their tailoring capabilities for further use 

in food applications. Therefore, it was studied the incorporation of a beeswax-based oleogel (produced 

with different gelator concentrations, 3 and 6 % w/w) into a sodium alginate hydrogel and how this would 

influence the resulting hybrid gel’ structural properties at nano-, micro- and macroscale level. 

 

5.2. Materials and methods 

 

5.2.1. Raw materials and methods 

 

Three control samples were produced, namely two samples of oleogel (with increasing gelator amount) 

and one hydrogel. Oleogels were prepared using beeswax, as the gelator and medium chain triglycerides 

(MCT) Neobee with 55 % C7H15 and 44 % C9H19 as the nonpolar solvent. Beeswax was kindly offered 

by Poth Hille & Co Ltd (Rainham, UK) and the MCT was gently donated by Stepan Company (Northfield, 

USA). Based on previous research reports performed by our group, the oleogels (OG) were: OG3 (with 3 

% w/w of gelator) and OG6 (with 6 % w/w of gelator); these were produced by dissolving beeswax under 

agitation at 80 °C in MCT oil until full solubilization during approximately 30 min as described in previous 

chapters. Control samples (alginate hydrogel and beeswax oleogels) were submitted to the same shearing 

procedure. Subsequently, the mixture was left at room temperature (approx. 23 °C), during at least 2 h 

to achieve oleogelation. In the case of the hydrogel (AL), only one type (with constant sodium alginate 

concentration) was produced. The sodium alginate hydrogel (2 % w/w) was produced at room 

temperature using sodium alginate from FMC Corporation (Philadelphia, USA), with 35/65 G/M ratio 

(1,4-linked alpha-L-guluronic acid (G) and beta-D-mannuronic acid (M) units) that was kindly offered by 

Eurosalmo Ltd (Matosinhos, Portugal). Sodium alginate was poured in distilled water under strong and 

constant stirring at room temperature until full solubilization. We chose the concentration of 2 % (w/w) 

for sodium alginate because it revealed to be appropriate to develop a gel-like structure after full 

solubilization without heating. 

 

Hybrid gels (HGs) were produced by mixing the oleogel (at room temperature 22 ± 2 °C) after complete 

gelation, with the hydrogel (alginate solution described above) in different ratios, using a helical 

mechanical mixer at 600 rpm during 45 min. Samples were then stored at 4 °C, stabilized at room 
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temperature during 24 h before being analysed. In total, samples with 5 different ratios hydrogel:oleogel 

(1:99; 5:95; 10:90; 20:80; 50:50) were developed: HG3-1:99; HG3-5:95; HG3-10:90; HG3-20:80 and 

HG3-50:50 (using OG3) and HG6-1:99; HG6-5:95; HG6-10:90; HG6-20:80 and HG6-50:50 (using OG6). 

All the samples were evaluated by the test tube tilting method. 

 

5.2.2. X-ray diffraction 

 

X-Ray Diffractometer X Pert PRO MRD system from Malvern Panalytical Ltd. (Royston, UK), was used to 

execute X-ray diffraction analysis (XRD) with the finality to study the crystalline polymorphism among HG 

samples. The X-ray diffraction data were acquired at room temperature, using angular scans from 5.0° 

to 50° (2!), performed with a Cu source, X-ray tube (λ = 1.54056 Å) at 45 kV and 40 mA. The fine 

calibration offset for 2! = -0.0372 deg. Information was collected during 174 s and PANanalytical X'Pert 

HighScore Plus software was used to gather data and the analysis of peak diffractions. Determination of 

the lattice parameter d was performed using Bragg’s law, where λ is the wavelength of the X-ray used, ! 

is the half of the diffraction Bragg angle (2!) and d is the space between planes. 

n λ = 2d sin !                                                                                                   Equation 5.1 

 

5.2.3. Bright-field and fluorescence microscopy 

 

Bright field micrographs were obtained with a Nikon Instruments Wide-Field Upright Ni-E Microscope 

(Tokyo, Japan) equipped with a Nikon digital camera, supported by the NIS-Elements Microscope Imaging 

Software, also from Nikon. The samples were prepared after hybrid gels settling at room temperature. 

After that, the small samples were cut and placed carefully on the glass support with a cover glass and 

then observed under the microscope. Extreme care was taken to avoid influencing the gel’s structure 

(e.g., the cover glass was simply laid over the gel and no pressure was exerted on the sample). A 

fluorescence microscope Olympus BX51 (Tokyo, Japan) was used to understand the structural 

arrangement of the oleogel particles in hybrid gel samples. 

 

5.2.4. Textural measurements 

 



Chapter V 
Hybrid gels containing beeswax: influence of oleogel/hydrogel ratio on rheological and textural properties                              Martins, A. J. (2019) 

 
 

 151 

Three parameters (firmness, spreadability, and adhesivity) were chosen for texture measurements and 

performed using a double axis texture analyser TA.HD PLUS from Stable (Surrey, UK) using a load cell of 

5 kg with a conical TTC Spreadability Rig (HDP/SR) attachment (Stable Microsystems, Surrey, 

UK) consisting of a set of precisely matched male (positive) and female (negative) acrylic 90° cones. The 

test involved traveling 24 mm from a fixed position 25 mm over the bottom of the lower cone. Four 

samples from each formulation were evaluated at room temperature. The firmness, spreadability 

(maximum force and work of shear respectively) and adhesivity data were obtained and analysed. 

Regarding data collection, the maximum force and work of shear were extracted from the force vs time 

curve and related as indicators of product firmness and spreadability, respectively (Sanders Iii et al., 

2014). The peak force value is related to the maximum compression force (uniaxial), designated as 

“firmness” at the depth specified in the test. Because of the continuous structural network that forms the 

gels, higher firmness values translate to a larger area under the force vs time curve, corresponding to a 

higher total amount of force required to perform the shearing process; this is designated as spreadability. 

In the last step of the textural test, the conical probe withdraws/leaves the sample and any adhesivity 

demonstrated by a negative force region on the shown curve is recorded, which is related with the work 

of adhesion (Kamboj & Rana, 2014). This conical spreadability rig test provides a more complementary 

understanding about the materials/gels rather than compression test alone. 

 

Before testing, the positive cone probe was calibrated against the negative cone so that the starting point 

is at the same height for each test (25.0 mm above the female cone). The software is used to calibrate 

the probe with a return distance of 25.0 mm, after raising the positive cone. The probe travelled 

downwards, touched the negative cone, and then returned to a position precisely 25.0 mm over the 

calibrating point. The hybrid gel was filled into the negative cone, allowed to equilibrate at room 

temperature overnight and then positioned in the base holder for testing. Spreadability was obtained from 

the area under the curve force vs time, and adhesiveness was gathered from the negative values of this 

curve. Each treatment was performed in triplicate. For data analysis, software Texture Exponent ver. 

6.1.1.0 by Stable Microsystems (Surrey, UK) was used. 

 

5.2.5. Rheology 
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All rheological measurements were made using a Discovery Hybrid Rheometer (DHR1) from TA 

Instruments (New Castle, USA) with Peltier temperature set to 25 °C. TRIOS Software was used to control 

the equipment and to acquire rheological parameters. The hybrid gels were tested after the setting period. 

Small samples were cut and placed carefully on the surface of the rheometer Peltier plate. A stainless-

steel cone-plate geometry of 60 mm, with an angle of 2.006° and truncation of 64 μm, was used due to 

its capability of generate uniform shear rate across the entire gel sample. Regarding oscillatory rheometry 

measurements, the viscoelastic properties of HG were assessed by utilizing a frequency sweep range 

between 0.01 and 30 Hz. This test was performed to evaluate the material response, at a constant strain 

amplitude of 1 % for the whole range of deformation frequencies (and within the region of reversible 

deformation). Flow curves were also used in order to understand the behaviour of HGs when large rates 

of deformation are applied. This test is important to fully understand the behaviour of the different gel 

matrices under shear growth. Three replicates of each HG sample were recorded for every test. 

 

5.2.6. Statistical analyses 

 

The experiments subjected to statistical analysis were carried out in triplicate. The statistical analyses 

were performed using analysis of variance, Tukey's mean comparison test (p<0.05) from results conveyed 

as average and standard deviation (GraphPad Software Inc., San Diego, USA). 

 

5.3. Results and discussion 

 

5.3.1. X-ray diffraction pattern of hybrid gels 

 

Figure 5.1A shows the diffraction pattern for AL and OG6 controls and Figures 5.1B and 5.1C show HG3 

and HG6 samples, respectively (it was not possible to measure OG3 due to its runny consistency and 

therefore no self-sustainment in the XRD sample support). Figure 5.1B and 5.1C showed the XRD patterns 

of the HG samples in order to better understand the differences. For each HG the recorded diffraction 

pattern was very similar to the pattern recorded for the AL control. Results allow concluding that as long 

as the HGs are formed, the absence of polymorphism is reached. Polycrystallinity is detected for OG6 

(Figure 5.1A) in wide angle regions with d-spacings in the range of 3.74 to 8.04 Å. AL control exhibited a 

broad peak around 13° that is attributed to the presence of an amorphous region in the polymer (Li, Jia, 
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Pan, Jiang, & Cheng, 2012). This peak does not present big changes after the incorporation of oleogel, 

however, a little variation was visible in some peaks for HG3 samples between 10° and 12.5°. Results 

also show a very dim intensity change around 21.5°, in this case these reflections are more accentuated 

in HG6. The mentioned alterations in diffraction are possibly a result of the introduction of the oleogel 

(beeswax) that is responsible for a more ordered structural arrangement. When the HG are produced the 

crystalline arrangement remains consistent, as larger quantities of crystalline particles are introduced in 

the hybrid gel system (i.e., higher oleogel fraction). 

 

 

Figure 5.1. XRD patterns for A) Control samples; B) and C) hybrid gels with OG3 and OG6 respectively. 

 

5.3.2. Morphological and microscopy analysis 

 

Figure 5.2 provides information on the stability of controls and HG, as the tilted tubes showed that OG3 

is not self-standing while OG6 presents a gel-like behaviour. This behaviour was a consequence of the 

hybrid gels’ properties produced with higher OG amounts. In the case of HG3 50:50 the sample flows as 

the tube is tilted, while in the case of HG6-50:50 the sample remained self-standing. This can be explained 

by the properties of the OG and their crystal network, that is arranged in lamellar conformation that is 

formed during the cooling process of oleogel formation, as discussed in chapters III and IV. 
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Figure 5.2. Structural behaviour of hybrid gels at different ratios (1:99, 5:95, 10:90, 20:80, 50:50) (A) 

Hydrogel control (AL), hybrid gels with OG 3 % (w/w) and oleogel controls (OG3 and OG6). (B) Hydrogel 

control (AL), hybrid gels with OG 6 % (w/w) and oleogel controls. 

 

The shearing process during hybrid gel production was responsible for less ordered crystalline oleogel 

particles. For HG3 the oleogel particles were not distributed in the same way as for HG6, therefore 

presenting a runnier (liquid) consistency in some ratios. For HG3 samples, was observed a more 

heterogeneous distribution of oleogel (elongated particles with larger sizes, namely in smaller oleogel 

ratios), thus conveying less structural strength and thus explaining the flow of the gel. However, it is 

important to notice that the shear process during gels mixing was responsible for the incorporation of 

oleogel inside the hydrogel matrix, leading to the oleogel-in-hydrogel structural arrangement. Concerning 

the HG samples with the same amount of oleogel, the differences regarding oleogel particles distribution 

within the hydrogel matrix are quite clear once alongside with the increasing oleogel incorporation ratio a 

globular gelled structure is increasingly more heterogeneous (Figure 5.3). The imprisoning of oil droplets 

in the structure is confirmed by fluorescence microscopy images (see Figure 5.4) and the stability test 

performed by centrifugation provided information about the increased oil binding capacity of HG6 as 

compared to HG3 samples (see Figure 5.5). 
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Figure 5.3. Micrographs of hybrid gels with the increasing of oleogel ratio. Column in the left presents 

hybrid gels with OG 3 % (w/w); and column in the right presents hybrid gels with OG 6 % (w/w). 

Micrographs obtained with a magnification of 15x. 
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Figure 5.4. Fluorescence micrograph of: (A) 20:80 hybrid gel with OG6 inside hydrogel matrix and (B) 

Polarized micrograph of 20:80 hybrid gel with OG6 inside hydrogel matrix. Micrographs obtained with 

magnification of 20x. 

 

 

Figure 5.5. Binding capacity of hybrid gels performed by centrifugation according to the methodology 

described by Yilmaz et al. (Öʇütcü, Arifoʇlu, & Yilmaz, 2015). HG3 data is presented in black and HG6 in 

grey. 

 

5.3.3. Textural measurements 

 

Texture measurements provided useful information on how the oleogel concentration and different oleogel 

incorporation influenced the HGs textural parameters, such as firmness, spreadability and adhesivity. 

Results showed that higher gelator’s concentration (HG3 and HG6) only influences significantly the 

textural behaviour of HG samples (Table 5.1) after reaching a ratio of 10:90. Regarding the influence of 

the ratio (for HG3 and HG6 separately) it was verified the decrease of firmness and spreadability values 

along with the increase of oleogel fraction in the overall composition of hybrid gels. This decrease is 

statistically significant in the majority of the samples (with the same gelator concentration). The exception 
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was for HG samples with closer composition to the controls, namely control AL with 1:99 and 50:50 with 

oleogel control samples (OG3 and OG6), in which no statistically significant differences were observed. 

 

The mixing process of both gel constituents is responsible for the introduction of dispersed oleogel 

particles inside the hydrogel matrix. This incorporation is seen in Figure 5.3 and Figure 5.4 where 

structures with oleogels as the disperse phase and hydrogel as the continuous phase can be observed. 

When the oleogel amount increases in the overall composition of HGs (i.e., high OG ratio), the consistency 

of the gel changes as the particle arrangements are also modified, as seen in Figure 5.3. The addition of 

the oleogel, weakens the gel structure promoting a more disaggregated structure that will flow easily and 

provide less resistance for the textural probe. It should also be considered that an extrusion factor is also 

associated to this test: as the conical probe is penetrating the sample, the samples with higher oleogel 

fraction will be extruded with less opposition or contrary force, and that behaviour is translated into the 

spreadability of the gels. The adhesivity profile of HGs is an indication of the response of the material and 

its consequent resistance to separate from the cone base. The stickier the sample is, the more negative 

the value will be; the influence of hydrogel and oleogel fractions in this parameter is well observable in 

the adhesivity data presented in Table 5.1, where is possible to understand that a larger disaggregated 

gel (with increased oleogel mass) reveals a less adhesive textural response. 
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Table 5.1. Firmness, spreadability and adhesivity of gel samples 

Samples Firmness (N) Spreadability (N.s-1) Adhesivity (N.s-1) 

Controls 

AL 12.03 ± 0.64a 14.14 ± 1.05a -2.88 ± 0.33a 

OG3 0.213 ± 0.001e,H 0.082 ± 0.002e,H -0.037 ± 0.002c,H 

OG6 0.39 ± 0.02f,I 0.25 ± 0.01d,I -0.073 ± 0.003e,I 

HG3 

1:99 12.60 ± 0.60a,A 14.66 ± 0.54a,A -3.11 ± 0.27a,b,A 

5:95 9.12 ± 0.23b,A 11.95 ± 0.35b,A -2.44 ± 0.14a,A 

10:90 5.59 ± 0.29c,B 8.02 ± 0.61c,B -0.88 ± 0.10c,B 

20:80 2.62 ± 0.07d,D 2.99 ± 0.01d,D -0.71 ± 0.01c,d,D 

50:50 0.57 ± 0.01e,F 0.52 ± 0.02e,F -0.13 ± 0.00d,e,F 

HG6 

1:99 11.95 ± 0.87a,A 14.14 ± 0.96a,A -2.49 ± 0.00a,A 

5:95 9.06 ± 0.38b,A 12.22 ± 0.85a,A -2.81 ± 0.15a,A 

10:90 6.47 ± 0.12c,C 9.64 ± 0.29b,C -1.60 ± 0.30b,C 

20:80 3.07 ± 0.02d,E 3.23 ± 0.12c,E -0.82 ± 0.01c,E 

50:50 1.52 ± 0.01f,G 1.37 ± 0.05c,d,G -0.33 ± 0.01c,d,G 

Values presenting the same small letters mean that for the same oleogel concentrations the samples have no significant 

differences between different ratios; and values presenting the same capital letters mean that for the same ratio the samples 

have no significant difference between different gelator concentrations. 

 

5.3.4. Rheological analysis 

 

Low deformation oscillatory rheology was performed in HG3 and HG6 samples in order to understand the 

rheological behaviour of hybrid gels using various hydrogel/oleogel ratios. The effects associated to the 

progressive increase of the oleogel ratio led to a decrease in the integrity of the generated gel matrix, in 

a way that these gels could flow easily. Based on the microstructure of the HGs, it may be concluded that 

the increase of the size of oleogel particles and the consequent possible phase separation in HGs structure 

can explain this behaviour. Figure 5.6 shows the tan " values that were obtained for selected points within 

the range of applied frequencies. The gathered data shows the reduced values that HGs demonstrate, 

evidencing their solid-like behaviour, in contrast to both oleogel control samples (OG3 and OG6). These 

results reveal a transition that occurs in the oleogel control, from solid-like to a liquid-like performance. 

This is translated by the increase of tan " values (tan " > 1) when frequency increases. This trend is also 
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observed for AL (hydrogel control), however this remains solid-like for all the frequency range. Approx. 50 

rads s-1 (close to 10 Hz) can be used as the value of human perception of thickness (Hill et al., 1995). 

Figure 6 shows this tendency for the samples produced with the 20:80 ratio that presented lower tan " 

values (more solid-like or elastic prevailing) than the other HG samples as frequency is increased. The 

close-up shows this cross-over (Figure 5.6A1 and Figure 5.6B1). On the other hand, the OG controls 

showed a more liquid-like behaviour. Despite from this, no major differences are observed demonstrating 

major influence of using OG6 versus OG3 in hybrid gel formulation. 

 

 

Figure 5.6. Tan " as a function of oscillation frequency. (A) and (A1) HG3; (B) and (B1) HG6 for different 

controls and HG sample ratios (● 1:99; � 5:95; � 10:90; � 20:80; ⬣ 50:50; + control OG; ⨯ control 

AL). (A1) and (B1) represent a “zoomed in” section of the tested frequency range. 

 

Both HG3 and HG6 can be classified as a gel since G’ is generally an order of magnitude larger than G’’ 

(below 10 Hz), which can be observed in Table 5.2. The storage and loss moduli information regarding 

gels’ stress response in oscillatory shear, demonstrated that for HGs there was no cross-over, this is a 

typical behaviour of elastic networks which means that the mixture of oleogel and hydrogel produced HGs 

with a solid-like behaviour (Yan & Pochan, 2010). In contrast, oleogel control samples, demonstrated to 

be frequency dependent, as the cross-over between the elastic and the viscous moduli occurred at higher 
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frequencies. Samples with a 20:80 ratio for HG3 and HG6 revealed the highest value of storage modulus 

(G’) in the studied frequency range among all HGs. These samples are accountable for a more 

pronounced response due to a higher interaction between the big oleogels particles inside the alginate 

polymeric matrix (Figure 3). This might have happened, in contrast to the 50:50 samples which had an 

even higher oleogel fraction, because the oleogel concentration (20:80) is not sufficiently high, to promote 

a disaggregated gel and phase separation. In the sample HG 20:80 the hydrogel matrix was maintained 

in the outer side, while for the HG 50:50 was in part less organized, being the oleogel not fully incorporated 

in the hydrogel and exposed to the outside of the hydrogel matrix. In comparison to the hydrogel control, 

this was observed in all HG samples as a response to the increase of oleogel particles in gel composition. 

 

Flow curves show how the use of OG6 influenced HG deformation behaviour (Figure 5.7). HG6 samples 

recorded wider shear stress values (for the same shear-rate) between the different ratios. The HG6 with 

50:50 and 20:80 ratios revealed higher values of shear stress than HG3. The tendency for HGs with 

higher ratios of oleogel to present lower stress values when shear rate increases, agrees with the 

morphological and microscopy analyses showed in Figure 5.2 and Figure 5.3. This may be a result of the 

effect imparted by the addition of larger proportions of oleogels and the consequent inability to incorporate 

successfully this phase within the hydrogel matrix. The shear-thinning effect attributed to alginate 

hydrogels was observed for all HG samples. The effect of the increase in gelator concentration was also 

visible as larger “stress overshoots” in the flow curves (first shear rate increasing- unsteady state) were 

visible for HG3 20:80, HG6 20:80 and HG6 50:50. This stress overshoot in flow curves can be indicative 

of a structure that was destroyed by the shear movement that was induced in the rheometer. A well-built 

network is identified in this case, as this peak of shear stress is associated with the force, that is necessary 

to break the structural elastic network inducing flow behaviour. This is a result of the breakage of the gel 

structure with increasing shear rate where irreversible deformation is found. This flow behaviour is 

depicted by the alignment of the particles in the gel matrix, reducing viscosity. The same level of overshoot 

is not evidenced for the HG3 50:50 (Figure 5.7A). As seen from the first flow curve, HG6 samples do not 

flow so easily, even after the applied shear. After the second shear rate sweep the results do not vary 

(steady state), and the only main observation is the decrease of the overshoot for the less organized 

samples; i.e. HG3 and HG6 with ratios of 50:50 and 20:80 (results not shown). 
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Figure 5.7. Flow rheology curves for control and hybrid gel samples. (A) HG3 and (B) HG6; first 

deformation flow curve with increasing shear rate for hybrid gels (unsteady state) (● 1:99; � 5:95; � 

10:90; � 20:80; ⬣ 50:50; + control OG; ⨯ control AL). 
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Table 5.2. Storage (G’) and loss (G’’) moduli of control and hybrid gel samples at an oscillation frequency 0.1, 1, 10 and 30 Hz  

 Frequency 

Samples 
0.1 Hz 1 Hz 10 Hz 30 Hz 

G’ G’’ G’ G’’ G’ G’’ G’ G’’ 

Controls 

Al 175.1 ± 12.24a,A 37.83 ± 1.99a,A 250.73 ± 15.80a,B 80.13 ± 3.31a,B 414.00 ± 20.76a,C 161.10 ± 5.66a,f,C 540.73 ± 16.61a,D 214.04 ± 7.32a,g,D 

OG3 14.70 ± 4.60b,A 4.92 ± 1.71b,A 18.68 ± 5.14b,A,B 9.45 ± 1.86b,A,B 29.69 ± 7.75b,B,C 31.82 ± 4.89b,C 35.17 ± 4.11b,C,D 58.93 ± 8.34b.D 

OG6 36.22 ± 8.24b,A 15.75 ± 1.33b,A 40.61 ± 7.59b,A 22.35 ± 1.52b,A,B 50.21 ± 3.22b,A 55.51 ± 6.57b,C 45.45 ± 13.71b,A 88.81 ± 12.45b,D 

HG3 

1:99 168.81 ± 24.63a,A 38.01 ± 4.82a,A 244.73 ± 32.62a,A,B 79.80 ± 7.68a,B 408.92 ± 45.79a,C 158.51 ± 12.64a,C 541.37 ± 54.09a,D 209.06 ± 15.34a,D 

5:95 183.69 ± 35.15a,A 38.88 ± 6.24a,A 260.72 ± 46.01a,A,B 80.20 ± 9.40a,B 423.83 ± 62.74a,C 159.31 ± 14.77a,g,C 551.35 ± 68.76a,C,D 211.60 ± 17.57a,D 

10:90 291.38 ± 27.42c,g,f,A 57.41 ± 4.32a,A 395.76 ± 35.52 c,g,f,A,B 103.94 ± 7.74a,e,B 600.56 ± 51.31c,C 198.96 ± 12.81f,g,h,C 743.19 ± 62.17c,D 261.86 ± 15.24g,d,h,D 

20:80 588.00 ± 34.88d,e,A 103.89 ± 4.83c,d,A 727.94 ± 39.31d,e,B 150.37 ± 5.11c,d,B 968.94 ± 46.46d,e,C 268.89 ± 8.07c,d,i,C 1075.49 ± 58.35d,f,C,D 356.35 ± 11.18c,e,f,D 

50:50 259.22 ± 41.78a,g,f,A 53.92 ± 6.09a,A 314.78 ± 47.79a,g,f,A,B 91.48 ± 9.10a,B 430.05 ± 62.18a,B,C 199.25 ± 17.14f,g,j,C 517.36 ± 70.40e,C,D 298.21 ± 21.75d,h,I,C,D 

HG6 

1:99 190.57 ± 36.52a,A 43.54 ± 14.26a,A 267.27 ± 46.26a,A,B 85.38 ± 19.43a,A 429.50 ± 61.71a,C 165.26 ± 25.93a.h.j,C 564.04 ± 72.14a,C 217.03 ± 27.84a,g,C 

5:95 207.62 ± 43.35a,g,A 43.28 ± 6.57a,A 293.14 ± 53.97a,g,A,B 88.13 ± 8.83a,B 472.12 ± 69.43a,c,C 173.59 ± 13.85a,h,j,C 615.79 ± 76.39a,c,C 229.69 ± 17.03a,g,D 

10:90 240.49 ± 21.19a,g,A 49.52 ± 3.22a,a 337.29 ± 26.23a,g,h,B 98.68 ± 4.94a,f,B 535.33 ± 32.92a,c,C 191.51 ± 8.41a,h,j,C 689.93 ± 29.04a,c,D 252.11 ± 10.67a,g,i,D 

20:80 533.87 ± 48.30e,d,A 109.56 ± 12.08d,c,A 663.03 ± 57.17e,d,A,B 154.35 ± 12.14d,c,B 890.45 ± 69.27e,d,C 268.65 ± 16.85d,c,k,C 989.22 ± 56.38f,d,C 349.44 ± 18.99e,c,j,D 

50:50 346.18 ± 37.92f,A 85.77 ± 10.41e,c,A 411.72 ± 40.61f,h,A,B 122.30 ± 8.66e,f,B 532.41 ± 52.28a,c,B,C 240.65 ± 12.82e,I,k,C 630.22 ± 75.06a,c,C,D 348.23 ± 14.42f,j,D 

Values presenting the same small letters mean that for the same oleogel concentrations the samples have no significant differences between different ratios; and values presenting the same capital letters mean that for the same ratio the 

samples have no significant difference between different gelators concentration. 
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5.4. Conclusion 

 

Hybrid gels produced with different oleogel and hydrogel ratios result in gels with diverse rheological and 

textural behaviours. The absence of polymorphic response from the XRD tests for the HGs showed the 

prevalence of the alginate fingerprint, as the waxes’ crystal arrangement was not seen in the HGs results 

after the inclusion of oleogel in the hydrogel matrix. Different gelator concentration (HG3 vs HG6) do not 

produce differences in terms of texture-related parameters (i.e., firmness, spreadability and adhesivity), 

due to the strong shear that is applied during HG development. However, after increasing the oleogel 

fraction from 10 % upwards (within the same type of hybrid gel; e.g. HG3) the registered textural results 

were significantly different. The exhibited spreadability and adhesivity values, varied in opposite ways with 

the incorporation of larger oleogel quantities. As firmness decreases, the work of shear (spreadability) 

follows the same trend and consequently the adhesivity of the samples decreased. Gel-like behaviour (G’ 

> G’’) was identified for all HGs, within the entire range of applied frequencies. However, high deformation 

rheology and textural experiments showed the tendency for hybrid gel samples to demonstrate lower 

values of such parameters alongside the increase of the oleogel ratio. The oscillatory rheometry results 

pointed out that HG3 and HG6 samples with 20:80 ratio are the ones with a higher viscoelastic response, 

that can be associated to the gel particle structure evidenced in polarized microscopy, where the gelled 

particles are bigger in size but still part of an interconnected structure (despite samples with increased 

oleogel ratio showed visible disaggregation under the microscope). Texture properties can be changed by 

varying oleogel and hydrogel ratios in HG formulation. Tailoring ability was evidenced and this constitutes 

an advantage for these particular structures in order to use hybrid gels in applications where gel strength 

and shear capability are decisive parameters. 
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Chapter VI – Sterol-based oleogels’ with different component ratio: evaluation 

of the gelation process and stability under different conditions 

 

 

This chapter addresses the study of the gelation process of a multi-component gelling system that is able 

to induce oil structuring by self-assembly mechanisms, as well as the properties associated to such 

oleogels. Sterol-based oleogels (STO) produced with mixtures of ɣ-oryzanol and β-sitosterol in different 

ratios were developed and studied in terms of their optical, molecular and textural properties. Cooling 

rates used during oleogel formation were also investigated in order to access their effect on the nano-, 

micro- and macro-structures of oleogels. A tubular network is responsible for the system’s oil structuring 

capabilities. Oleogels’ properties were characterized using Rheology, Confocal Raman Spectroscopy, 

Small Angle X-Ray Scattering (SAXS), X-ray Diffraction and Polarized Microscopy. 
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6.1. Introduction 

 

Low molecular self-assembled congregations evidence enough oil structuring capability and will be 

responsible for oleogel formation, through solvent entrapment processes, producing a robust three-

dimensional network (Bot, Veldhuizen, et al. 2009; Patel 2015; Pernetti, K. van Malssen, et al. 2007; 

Singh, Auzanneau, and Rogers 2017). Active research on molecular self-assembly has been made in past 

years; as Rogers and co-workers well depicted, these processes can occur spontaneously or be influenced 

by external factors (e.g. shear, ionic charges, temperature, light and electric fields) (Rogers et al. 2010). 

The use of low molecular weight gelators for the production of oleogels have been gaining interest, being 

most of the studies focused on the gelation mechanics and in the search for interesting bio-based 

ingredients that act as gelling-capable molecules. Previously, Bot and Agterof (2006) reported on the 

structuring of edible oils that are intermediated by mixtures of ɣ-oryzanol and phytosterols. They showed 

that different sterols are able to form gels in association with ɣ-oryzanol (e.g. β-sitosterol cholesterol, 

dihydrochlesterol; ergosterol, stigmasterol, cholestanol) (Bot, den Adel, et al. 2009; Bot and Agterof 

2006). 

 

Recently, molecular dynamic modeling simulations have been used to predict this molecular assembly. 

This docking and atomistic modeling technique was able to corroborate some of the above mentioned 

research, confirming the self-assembly of ɣ-oryzanol and sterol esters (Figure 6.1) into hollow tubular 

conformations and also the possible occurrence of interconnected non-covalent bonds (especially van der 

Waals and !−! connections) between the fibrillar structures (Dalkas et al. 2018).  

 

 

Figure 6.1. Molecular model of sitosterol (blue) bound to sitosteryl ferulate (oryzanol is a mixture of 

ferulate esters). Coloured in red and white are the oxygen and hydrogen atoms, respectively. The 

hydrogen bond is indicated with a dashed line, and the cycloartenyl ferulate’s methyl group which 
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prevents parallel stacking of the sterane groups is indicated with a dashed circle. Adapted from (Dalkas 

et al. 2018). 

 

This last remark is particularly important because these interactions can be the ones that will be 

responsible for increased strength in these type of oleogels. These compounds are only able to structure 

apolar solvent media when associated. The use of mixtures of plant sterols and ɣ-oryzanol represent an 

alternative for TAGs’ replacement in food. Such alternatives epitomize a significant innovation towards 

the production of healthier food products, in part because of the possibly reduced consumption of 

detrimental fats and due to the bioactivity exhibited by phytosterols (European Food Safety Authority 

2012). As discussed in Chapter II, plant sterol-based oleogels are recognized for their interesting optical 

and textural properties. 

 

Particular environmental characteristics are influential in terms of the oil structuring mechanisms 

involving ɣ-oryzanol and β-sitosterol. Factors like gelators concentration and/or ratio associated to 

different cooling ramps and even storage time will influence the final textural, visual and molecular 

characteristics of this type of oleogels. One of the factors affecting the oleogels formation is the cooling 

process and the storage time, since both contribute for changes in the overall final properties. 

Investigating on the gelling mechanisms of sterol-based oleogels and understanding the different 

structural levels, ranging from nanoscale to macroscale are essential and in some aspects underexplored. 

Structural re-organization throughout storage periods is a relevant topic when thinking forward in the 

application of such oleogel systems in foods. With that in mind, confocal Raman spectroscopy was 

explored as it appears to be a powerful technique that could give valuable outputs in terms of chemical 

information, while being non-destructive (not contact with the sample) and non-invasive (Toporski, Dieing, 

and Hollricher 2018). The present chapter evaluates oleogels’ properties at macro- micro- and nano-

scale, by means of Rheology, Confocal Raman Spectroscopy, Small Angle X-Ray Scattering (SAXS), X-ray 

Diffraction and Polarized Microscopy, after the gels are produced under different cooling conditions and 

during their storage. 
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6.2. Materials and Methods 

 
The oil phase selected to develop the sterol-based oleogels (STO) was high oleic sunflower oil, that was 

kindly offered by Cargill (Brazil). This oil phase was composed by 0.1 % of C14:0, 3.8 % of C16:0, 3.3 % 

of C18:0, 80.1 % of C18:1, 10.7 % of C18:2, 0.3 % of C18:3, 0.4 % of C20:0 and 0.1 % of C20:1. The 

structuring agents or gelators used were, ɣ-oryzanol acquired from Oryza Oil & Fat Chemical Co. Ltd. 

(Ichinomiya, Japan) and β-sitosterol >70 % from Sigma (St. Louis, USA). Every oleogel sample was 

produced independently in the same manner, by heating the mixture of oil phase and gelators mixture at 

85 ± 5 °C during at least 30 min, under magnetic stirring (ensuring full solubilization of the compounds 

in the oil phase). The ratios and concentrations of the gelators were selected after researching the 

published literature on the subject. Considering the literature, it is reported that the ratio of 1:1 M of 

oryzanol-sitosterol corresponds to the formulation responsible for the production of oleogels with the 

highest firmness values (Bot, Den Adel, and Roijers 2008). Since β-sitosterol >70 % was used for all the 

experiments described in this Chapter, a 60:40 ratio of oryzanol-sitosterol was explored in order to 

resemble the adequate molar ratio. Because it was our goal to work with fully structured systems, it was 

important to determine the critical concentration of gelation for these gels. Also, with food applications in 

mind, the cost of production and visual appearance are some of the major issues to be tackled when 

evaluating the introduction of new ingredients in current formulations. 

 

Later, concentrations of 8 and 10 % (w/w) of an oryzanol:sitosterol mixture were used for oleogel 

development with ratios of 50:50 and 60:40 (STO8 and STO10). Every oleogel sample was produced as 

described earlier in this section, and poured in glass slide containers (proper for microscope observation). 

After that, two cooling rates (r1 = 1 °C min-1 and r2 = 7 °C min-1) were used for the oleogel curing in a 

Weiss WKL 34/70 Climatic chamber (Weiss Technik, USA). The samples were stored at room 

temperature (	 22 °C) throughout the complete set of experiments that took place during a four-week 

period. 

 

6.2.1. Gelation observation and rheological study under different conditions 

 
After gel preparation, the critical gelator concentration was determined. After that, oleogels with 8 % (w/w) 

of gelators were produced using 50:50 and 60:40 ratios (oryzanol:sitosterol) and were poured after heat 

processing into glass Petri dishes. In order to better understand the gelling behavior and visual 
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characteristics of such gels, visual gel evolution was monitored and their morphology was observed under 

a microscopic lens using polarized light, during an 8-day period. Rheology was used with 8 % (w/w) STO 

gels (with 50:50 and 60:40 gelator ratios). This solids concentration was chosen because this value is 

placed above the critical point of gelation and could be increasingly susceptible to be affected by external 

parameters, that possibly would not exert such effect in oleogels with greater solids concentration. 

Oscillatory temperature ramps were performed in the rheometer’s Peltier-heated plate in order to reach 

1 and 7 °C min-1. Samples were placed in the plate and the temperature was increased in order to erase 

the structural history of these oleogels. After the cool-down process, stress growth tests were performed. 

These consisted in the application of a constant shear rate while examining the stress response from the 

sample. This methodology allows monitoring the stress build-up by each oleogel sample during a non-

determined time of the experiment in order to understand the influence of the gelator ratio and the cooling 

ramps in the process. The rheological measurements were performed using a Discovery Hybrid 

Rheometer (DHR1) from TA Instruments (New Castle, USA) equipped with a 40 mm parallel plate. TRIOS 

Software Version: 4.1.1.33073 was used to control the equipment and to determine the desired 

rheological parameters. This two-step experiment consisted in an oscillation-temperature ramp, starting 

at 80 °C with soak time of 10 s, ending at 	 22 °C with a sampling interval 10 pt s-1 using a strain value 

fixed at 0.1 % and a steady frequency of 0.1 Hz; thereafter, the stress growth profile was obtained during 

3000 s with a shear rate of 10 s-1. 

 

6.2.2. Oleogel characterization during a 28-day period 

 
Figure 6.2 shows how the different techniques were implemented during this study in a given time-period. 

 

 

Figure 6.2. Characterization techniques performed during oleogels’ study at different time-points of the 

storage period. 
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Despite the production of gels for textural analysis, which required a defined sample geometry, for the 

remainder of the characterization tests, glass slides with a container served as oleogel sample holder in 

order to be used under the polarized microscope and confocal Raman lens. In this way, the gels suffer 

no additional manipulation that could interfere with the gelation mechanism and thus in the gel 

microstructural arrangements. This was found to be the most practical way to observe the differences 

between samples and investigate the influence of the cooling ramps in a bulk amount of gel (approx. 20 

g of gel were analysed for each formulation). 

 

6.2.2.1. Polarized microscopy 

 
Oleogels were analysed at room temperature with a polarized light microscope (Olympus System 

Microscope model BX51TF, Olympus America Inc., Center Valley, PA, USA) equipped with a digital 

camera (Olympus EX300, Olympus America Inc., Center Valley, PA, USA). Pictures were taken at a 

magnification of 100x. 

 

6.2.2.2. Confocal Raman Spectroscopy (CRS) 

 
Raman spectroscopy provided information on vibrational (phonon) states of molecules, serving as an 

invaluable analytical tool targeting molecular finger printing and for monitoring changes in molecular 

bond structure. Raman spectroscopy measurements were performed on an Alpha300R confocal 

microscope, (WITec), using a 532 nm Nd:YAG laser for excitation. A laser beam with power output of 

2.5 mW was focused on STO samples by means of a ×50 Zeiss lens with a numerical aperture (NA) of 

0.9 at a Z value of approx. 2200 µm. For all tested samples, the spectra were collected after 10 

acquisitions with integration time of 2 s (for oil samples a total of 150 acquisitions were made). 

 

6.2.2.3. Small Angle X-Ray Scattering (SAXS) 

 
SAXS measurements were performed using an Anton Paar SAXSess mc2 model (Anton Paar, Graz, 

Austria), operating at 40 kV and 50 mA at 	22 °C. Oleogel samples were placed in TCS sample stages 

used for solid measurements (kapton scattering recorded no interference). Data were collected with an 

image plate detector (2D data acquisition), SaxsQuand2D software was used to normalize the profile 
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masks of samples after profile integration. The control of the device and data acquisition were made with 

SAXSquantTM software. 

 

6.2.2.4. X-Ray diffraction (XRD) 

 
An X-Ray Diffractometer X Pert PRO MRD from Malvern Panalytical Ltd. (Royston, UK), was used to 

perform X-ray diffraction analysis (XRD) during the different time-points. X-ray scans were performed at 

room temperature (	 22 °C) in the range of 10 to 50 ° (2" degrees), using a Cu source, X-ray tube (ɣ = 

1.54056 Å) at 45 kV and 40 mA with " set to -0.0372 degrees for the fine calibration offset. PANanalytical 

X'Pert HighScore Plus software was used to gather the data, collected during 174 s and to perform peak 

diffractions analysis. Diffraction parameters were obtained using the minimum of the 2nd derivative with 

parameters set for peak search in HighScore Plus software. The lattice parameter d was determined 

using Bragg’s law (Equation 5.1), where λ is the wavelength of the X-ray used, " is he half of the diffraction 

Bragg angle (2") and d is the space between planes.  

 

6.2.2.5. Texture experiments during the storage period 

 
Compression textural experiments were performed in a Texture Analyzer TA-XT2i (Stable Microsystems, 

Surrey, UK) equipped with a 30 kg charge cell. A P25 SMPS probe with 25 mm of diameter was 

employed to compress the cylindrical shaped oleogel samples. Five replicates of each formulation with 8 

mm of diameter and 8 mm of height were used to collect the results on oleogel hardness. The test 

conditions involved a compression speed of 1.0 mm.s-1 (with the same speed of probe pulling) with a 

strain of 50 %. For these samples, a 50 % strain is able to perform fractural damage in the gel structure, 

as desired, in order to get an overall response of the gel hardness during the 5 time-points that were 

tested. The values of hardness were calculated using the Texture Exponent v.6.1.1.0 software (Stable 

Microsystems). 

 

6.2.2.6. Statistical analysis 

 
The statistical analyses that are presented in this chapter were performed using analysis of variance, 

Tukey's mean comparison test (p<0.05) (GraphPad Software, Inc. USA).  
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6.3. Results and discussion 

 
6.3.1. Gelation observation and rheological study under different conditions 

 
Critical gelation concentration was determined as being above 6 % (w/w) of gelator mass, for gels stored 

at room temperature during at least 48 h after cool down, as seen in Figure 6.3. Once our goal was to 

work with fully structured systems, and because of that from this point on, the gelator concentration used 

was always above this value. 

 

 

Figure 6.3. Study of the critical point of gelation for STO’s with 60:40 gelator ratio at room temperature. 

1, 2, 4 and 6 meaning 1, 2, 4 and 6 % (w/w) respectively. 

 

In regard to the gelators’ ratio, the 60:40 (oryzanol-sitosterol) is also the one that is able to produce 

oleogels that exhibit high levels of transparency. This is a very interesting feature in terms of applications 

for such structures, namely in food products. However, several other applications may likely need stronger 

gels, that are formed through different conditions and display distinct features (e.g., lower hardness, 

altered optical properties or higher amount of phytosterols) that can be for their final application. Because 

of that, two formulations were selected in order to perform a more comprehensive study, concerning the 

molecular interaction, different solid content and distinct environmental conditions during processing and 

storage that can dictate divergent final properties for these gels. At first, it was evaluated how the same 

mass of gelators, with different ratios, would behave in terms of visual appearance and rheological 

response. Oleogels with 8 % (w/w) of gelators with different molar ratios (50:50 and 60:40, oryzanol-

sitosterol) were prepared and it was possible to detect visual differences among them. After an 8-day 

period, 60:40 gels remained quite transparent and 50:50 gels developed crystalline bodies, as can be 

seen in Figure 6.4. 

 

1     2     4     6
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Figure 6.4. Appearance of STO8 oleogels with different gelator’s ratio (50:50 and 60:40 displayed above 

and below respectively) during 8-day period. From left to right (t0), t1 (1 day), t8 (8 days). A and B figures 

on the right represent the crystal formations observed under polarized microscopy in STO8 50:50 after 

8 days. 

 

As identified by Bot and Agterof (2006), this sterol system showed erratic gelling behaviour under 

quiescent circumstances without attributed specific gelling time, which can succeed if a small mechanical 

commotion is suffered (Bot and Agterof 2006). If such disorder does not happen, it is safe to say that 

gelling time is not predictable under quiescent conditions. Rheology was used in order to understand how 

the ratio of solids could influence the gelation mechanism and consequent oleogel development, by 

studying gel properties under constant shear rate values. Stress growth rheology is a commonly used 

procedure where a sample is subjected to hardening work that is below its critical strain, being then 

stretched in the shear field. After the elastic elements approach their critical strain, the gel structure will 

start to break, resulting in a shear-provoked thinning and it will flow. Instead, because of the rheopetic 

nature of the gel when stationary (before the hardening process), this test allows understanding how the 

oleogel structure builds-up with time at a constant shear-rate. Using this rotational rheological technique, 

it was decided to pursue the study of the structuring of the sterol-based oleogels that endure gelation, not 

only as consequence of a shift in thermal environmental conditions, but also due to a build-up of 

structures based in the gelator molecules that self-assemble. Figure 6.5 shows STO8 structured under 

the rheometer after the completion of a stress growth experimental work. 
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Figure 6.5. Gels produced in rheological tests. In the left image is shown STO8 60:40 and in the right, is 

shown STO8 50:50. 

 

These multi-component gels are quite particular due to their own molecular composition and structuring 

mechanism. The formation of the stacked 3D fibrilar architecture, that is responsible for oil entrapment, 

is not only triggered by the decrease of temperature, but has also the association of a time factor that will 

contribute to harden the gel. One fixed concentration and two ratios of gelators were studied here, and 

the influence of the cooling ramp was evaluated as well. The applied shear under the rheometer 

demonstrated that, with increasing time, higher stress values were registered for each oleogel sample, 

until the maximum stress point was reached (Figure 6.6). The evolution in the stress response from the 

oleogel was a consequence of an increase in gel viscosity. This increasing viscosity progresses through 

time, as well. 

 

Because oil structuring can be accelerated with shear movement, it is not guaranteed that the structural 

arrangements between ɣ-oryzanol and β-sitosterol that were discussed above, at least for the 60:40 ratio, 

develop at the nano-scale in the same manner as it happens when steady conditions are applied. It can 

be hypothesised that they can do so, because of the transparency of the gel, shown in Figure 6.4 (in the 

left), however this parameter was not explored for gels produced under rheological tests. 
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Figure 6.6. Stress growth rheological tests for STO8 samples (with 60:40 and 50:50 ratios) after using 

different cooling ramps (r1 = 1 °C and r2 = 7 °C; n= 3 reflects samples that were tested for each 

formulation). 

 

The maximum stress exhibited from each set of samples did not reveal statistically significant differences 

between them. Regarding the max build-up time and the initial build-up time, there were significant 

differences (Figure 6.7). Initial build up was registered using the value of viscosity equal to 1 Pa.s-1 as 

reference. Samples with similar mass ratio of gelators (50:50) showed a quicker structural initial build-

up under the rheometer probe, in contrast to the samples with analogous gelator molar ratio (60:40). 

This can happen as an outcome of dissimilar molecular arrangements and separate crystallization during 

the gelation process that will be responsible for disparities in terms of the gelling network provided by the 

ɣ-oryzanol and β-sitosterol (Bot et al. 2008). This difference between gelators interaction allowed some 

samples to gel at a faster pace than the others and as a consequence of that, the viscoelastic properties 

of the samples appear to be influenced as well. It was also noticeable that the cooling ramps, to which 

the oleogels were exposed before the stress test, influenced the final rheological results. Among samples 

with the same gelator’s ratio, those that were exposed to higher cooling rates (r2) revealed lower initial 

build up, which can be an indicative that gels processed under these conditions can achieve gelation 

faster than the remainder. 
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Figure 6.7. Stress growth results collected for STOs using different cooling ramps (r1 = 1 °C and r2 = 7 

°C). 

6.3.2. Oleogel characterization during a 28-day period 

 
Reports on gel development and the effects of using sitosterol or other sterols in conjugation with oryzanol 

tackled the influence of gelator ratio on gel morphology (Bot, den Adel, et al. 2009; Rogers et al. 2010). 

However, translating this type of characterization could be a difficult task. This is so because these types 

of structures, that contain more than 90 % of oil, can suffer critical alterations during the storage periods 

and understanding how molecular arrangements can sustain its conformation and binding effect, or 

instead, shifting into some other conformations, is of paramount importance. One of the goals was to 

visually evaluate how these gels evolve through time (Figure 6.8). Right from the beginning it was possible 

to observe that evolution. At 4 h after production, all gels exhibited higher transparency. In this case, it is 

still possible to verify that the oleogels with higher concentration of gelators (STO10) show some opacity 

(not measured) that can be attributed to an increased density of solubilized solids. In the same period of 

time it is noted the existence of small crystalline conformations, identified by polarized microscopy, in the 

STO8 50:50-r1 sample. This is not observed in the sample produced with the same formulation at the 

higher cooling rate (STO8 50:50-r2). This element is an indicative of the effect that different cooling rates 

can induce in oleogel formation with lower amount of gelator mass, since it is not possible to observe any 

similar assembly in STO10 produced in the same conditions. At 8 h the only registered evolution was in 

the sample already mentioned above (STO8 50:50-r1), while the other samples do not show visible 

differences (even detectable at the microscope lens). Figure 6.8 shows the pictures of oleogel samples 

that were taken during the 28-day period, being easily observed the main differences that occurred during 

this time interval and how the possible co-crystalization of plant sterols will create macroscopic crystals 

with light diffracting capabilities. 
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Figure 6.8. Pictures and polarized micrographs of oleogel samples registered at different time-points 

during the period of storage. Micrographs numbered from 1 to 6 refer to the polarized images obtained 

under the microscope with 100x magnification.  

 

At 24 h, it was possible to observe crystals in STO8 50:50-r2, however it was interesting to verify that the 

conformation type that is present in these samples is quite different from the STO8 50:50-r1. In this 

particular case, the observed crystals display a well-defined branching configuration where several 

ramifications diverge from a single nucleation point (micrograph D). At this point these crystals, although 

small in size, present nucleation points placed very distant from each other in the whole sample. This is 

one of the main differences observed between the STO8 50:50 samples processed at different cooling 

ramps; the ones produced under the r1 cooling ramp developed a greater number of crystals but they do 

not branch greatly, in fact they seem not to be able to increase their size because of a large density of 

crystals in their vicinity (micrograph 2). At this stage, it is observed that in STO10 50:50 samples (both 

r1 and r2) there were small crystals. These are different from the ones already discussed, because these 

crystals are branched but with an extremely thick conformation (as seen by polarized light in micrograph 

3). Figure 6.9 shows the crystalline morphology observed for both STO8 50:50 samples, in which clear 

differences that are translated to oleogels’ optical properties during the storage period can be observed. 

These differences were conveyed by the usage of different cooling rates during the oleogel production. 

Until this period of time, samples produced with 60:40 ratio (both cooling ramps) did not show crystalline 

bodies, and remained with unaltered morphology. 

 

 

Figure 6.9. Crystal growth morphology and disposition in STO8 50:50 produced under different cooling 

ramps (r1 = 1 °C in the left and r2 = 7 °C in the right – equal magnification) at 24 hours. Micrographs 

obtained under polarized light with 100x magnification. 
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After the first week of storage, it is well observed the evolution of the crystal arrangements for 50:50 

samples (both STO8 and STO10). At this point, some interesting deductions can be pointed out. For 

instance, regarding STO10 50:50 samples, little evolution was registered for the sample produced at the 

r1 cooling rate. In fact, the crystal size increased, but there was not a significant increase in the number 

of visible crystals. Similar tendency, regarding size, was also observed for the r2 sample, however the 

higher cooling rate seems responsible for a contrasting effect considering the observable nucleation 

points. This sample shows a considerably larger number of crystals. In STO8 50:50 it is quite clear the 

effect of the cooling rate in the type of crystal morphology, as shown in Figure 6.10 below. Is observed, 

for r2 samples, enlarged fibrillar conformations where large ramifications start to grow from reduced 

nucleation points until they reach the container wall or get too close from other crystals branches. A 

different behaviour is visible for STO8 50:50-r1; in this case the smaller crystals are already covering all 

the oleogel surface, originated from different nucleation points, and some tend to aggregate into clusters 

(Figure 6.10 in the left). 

 

 

Figure 6.10. Polarized micrographs of STO8 50:50-r1 and STO8 50:50-r2 (r1 = 1 °C in the left and r2 = 7 

°C in the right) at the first week. Micrographs obtained under polarized light with 100x magnification. 

 

The following weeks only accentuate the effects already discussed. Samples with 60:40 ratio exhibited 

high morphological stability throughout the entire experiment, as no crystalline particles were observed. 

The 50:50 samples produced under r1 ramp had an evolving crystalline growth, that seemed to peak at 

the 2-week time point. At this point, STO8 seem to be fully packed of crystals and STO10 only evidenced 

growth in the structures that did not cover the whole gel. These differences are probably resulting from 

an increased solubility of STO8 (in comparison to STO10), that allows the structures to produce fine fibrils 

and displace a not fully soluble mass of gelators through all the area of the oleogel. In contrast, the mass 

that forms the crystals for STO10 is higher, and the energy necessary to spread all over the gel is 
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presumably not achieved, therefore the tendency to pack and form larger and bulkier crystals is higher 

and the lower solubility in oil does not allow the crystals to cover much of the oleogel area in the container. 

Figure 6.11 shows the larger density and size of crystals for the STO10 50:50 samples produced with 

the two cooling ramps; here is visible a single crystal morphology with different number of nucleation 

points. 

 

 

Figure 6.11. Crystal growth morphology and disposition in STO10 50:50 produced under different cooling 

ramps (r1 = 1 °C above and r2 = 7 °C below) at 2 weeks. Micrographs in the right were obtained under 

polarized light with 100x magnification. 

 

Summarizing, it is robust the effect of slower cooling for oleogels produced with the same ratio of ɣ-

oryzanol and β-sitosterol in lower total concentration (STO8 50:50). In this case, multiple crystal 

conformations were observed, being these established on fine tubules that radiate from central nucleation 

points which can occur in a smaller or larger number (Figure 6.10). This hylotropic crystal occurrences 

are similar to the ones observed in the thorough study performed by Rogers (2011) using ɣ-oryzanol and 

cholesterol, that presents a similar chemical structure to β-sitosterol (Rogers 2011). As mentioned before, 

it is important to state that the 50:50 ratio corresponds to an excess of sitosterol in the mixture and this 

additional mass is highly susceptible to produce these macroscopical differences in STO8, impacting 

differently in the case of STO10 samples (Figure 6.11). Since it was reported that distinctive energy of 

500 µm

500 µm
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activation, influenced by gelators’ ratio, may be influential in nucleation and consequent crystal growth 

(Rogers et al. 2010), these differentiations yielded by different cooling ramps can be a consequence of 

such phenomena. The major trend between STO8 and STO10 (50:50 ratio) samples, is that this binary 

gelling system will generate different supramolecular morphologies, even when produced under the same 

cooling rates. Higher gelator’s concentration generated very dense and low ramified crystalline structures; 

instead, lower concentrations of gelator developed fine crystals with a highly ramified structure (Figure 

6.12). The 60:40 samples remained firm and transparent, slight haziness is observed after 28 days but 

seemed to be stable since week 1. The decrease in solubility, as mentioned before in this chapter, will 

influence the visual differences that are observed between STO8 and STO10 produced with the same 

cooling ramp. According to the literature, oleogels produced with these two components can become less 

hazy if a filtration methodology is adopted during gel development, without affecting its mechanical 

properties (Bot and Agterof 2006). However, if total sterol concentration is close to the gelation critical 

point, mechanical properties are susceptible to be affected with the introduction of a filtration step, due 

to the shearing effect. 

 

 

Figure 6.12. Morphology of STOs produced under different cooling ramps - a) STO10 50:50-r2; b) STO8 

50:50-r2; c) STO10 60:40-r2; d) STO8 60:40-r2. a’), b’), c’) and d’) below show the respective cross-section 

view for the respective sample. All pictures relate to the 2-week time point. 
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6.3.2.1. Confocal Raman Spectroscopy 

 
This technique was previously applied to polymer-based oleogels as a function of temperature where 

increased interchain interactions were observed (becoming more gauche), due to stretching vibrations of 

the CH2 band (Laredo, Barbut, and Marangoni 2011). The lipid species evidence specifically high Raman 

cross-section, which occurs as a consequence of their highly non-polar nature associated with the greatly 

polarizable C-H and C-C bonds as major molecule constituents. To further investigate the molecular 

structure of STOs during the gelation and storage periods, Raman measurements were performed at the 

different time-points of the experiments. Figure 6.13 shows a typical example of this study. The spectrum 

of a molecule under Raman identifies the fingerprint, while the intensity of the Raman scatter (photon 

count) refers to the concentration of the molecule (Wan Mohamad et al. 2017). 

 

 
Figure 6.13. Room temperature Raman spectra of sample STO8-50:50-r1, with the indication of the three 

main regions of interest. 

 

Three sets of ranges compose the most relevant regions of the Raman spectra (Figure 6.13). The Raman 

modes present in range I correspond to the molecular finger print, range II is associated to double bonds 

in atomic arrangement (e.g. C=N, C=O, C=C) and range III is where the CH-stretch modes are seen. In 

range I, the bands that are comprised around 	1300 cm-1 and between 1400–1500 cm-1, are assigned 

respectively to CH3 and CH2 groups, that correspond to scissoring and twisting vibrations. The bands that 

appear in the 1050-1200 cm-1 correspond to the C-C stretching vibrations or “skeletal optical modes” 
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(Czamara et al. 2015). Figure 6.14 shows the adjustment (darker line) regarding STO8 50:50-r1 for time 

equal to 0 h. 

 

 

Figure 6.14. Raman spectra regions obtained for the STO8 50:50-r1 sample. 

 

In Figure 6.15, Raman spectra are shown for each region in order to provide a clearer observation of the 

effect of time on the molecular structural arrangement of STO8 oleogel samples. Concerning range I, it 

is seen that clear modifications occur between 8 and 28 days within the 1100-1800 cm-1 interval.  
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Figure 6.15. Individual regions (range I and II) of the Raman spectra for A) STO8 50:50-r1 and B) STO8 

60:40-r1. A’) and B’) represent the first and last recorded spectra. 

 

The starting broader bands become well defined peaks (lower full width at half maximum - FWHM) and 

an intensity inversion occurs for the two (circled in Figure 6.15) peaks between 1270 - 1350 cm-1 modes, 

concomitant with a shift of the lower wavenumbers. This intensity inversion and peak shift occurs (at 

least) at the final time-point. Concerning range II, the most evident modification in the Raman spectra as 

a function of time is seen in the broader and asymmetric bands after 1590 cm-1. Still in this region, these 

bands clearly resolve into two narrow bands (evidently seen at 28 days), appearing to be a composition 

of more than one component. 

 

Thus, as seen in Figure 6.15 in the range 1550-1750 cm-1: 

• at 8 days the differences are better resolved for 60:40 ratio, (Figure B’); 

• there is an increased intensity of the mode at 1638 cm-1 comparing with 1660 cm-1 (Figure A’); 

• appearance of 2 modes as the shoulder becomes one mode at 1686 cm-1 (+) - clearly visible at 

28 days for 50:50 ratio, while for 60:40 ratio is seen at 8 days. 

 

Figure 6.16 shows that a little shifting is observed for oryzanol–related features, that are assigned to 

1601, 1625 and 1683 cm-1 (Mandak et al. 2013). At around 	1190 cm-1, the existent peak is associated 

with modes in ferulic acid moiety of ɣ-oryzanol and is appointed to the methoxy group (Sebastian, 

Sundaraganesan, and Manoharan 2009). Indeed, it is seen an increased definition of this mode after 28 

h, for both 50:50 and 60:40 STO8 gels (Figure 6.15). Dalkas et al. (2018) also reported changes in this 

region of the Raman spectra, inferring that those will affect the interfibril aggregation, relating these 

variations to an increase in gelator concentration, because this was only observed in gels produced with 

concentrations greater than 5 % of gelator (with 1:1 M ratio).  

 

As reported by Czamara et al. (2015), a mode at around 	 1672 cm-1 is a prominent band identified for 

cholesterol and a group of sterols (like β-sitosterol), that retain the four interconnected cycloalkane groups 

(sitosterol is one of them). This band originates from the C = C stretching vibrations of the aromatic ring 

and is not visible in an independent form in oleogel samples, meaning that the arrangement between the 
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two molecules in the presence of the oil “dilutes” this mode within the ones observed for ɣ-oryzanol and 

the oil in the same region that seem prevalent. A more comprehensive visualization of each compound 

contribution is portrayed in Figure 6.16, as the molecular fingerprint at a determined wavenumber is 

associated to the overall contribution at the oleogel development stage. 

 

 

Figure 6.16. Raman spectra (two regions) of gelator powders (ɣ-oryzanol and β-sitosterol), oil sample 

(HOSO) and oleogel sample after 28 days. Dashed colored lines are associated to the compound of the 

correspondent mode. 

 
The main peaks observed are in line with the values mentioned before, namely the 1190 and 1164 cm-1 

modes (assigned to the related ferulic acid moiety in oryzanol) and the 1446 cm-1 mode for β-sitosterol 

and HOSO (assigned to CH2 scissoring vibration). Thus, little shifting in the wavenumber positions can be 

observed, however this is not indicative of variations in peak assignment. Table 6.1 presents the modes 

that are recorded after peak adjustment for each one of the components and for oleogel’s samples in the 

final time-point.  
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Table 6.1. Registered peaks for the Raman Spectra of: STO8 60:40-r2 at t28 days, ɣ-oryzanol and β-

sitosterol powders and HOSO sample at t0 and at t28 days 

Oleogel 
(cm-1) 

ɣ-oryzanol 
(cm-1) 

β-sitosterol 
(cm-1) 

HOSO t0 
(cm-1) 

HOSO t28 
(cm-1) 

1749 - - 1742 1740 
1706 - - - - 
1686 1689 1674 - - 
1660 - - 1655 1655 
1639 1639 - - - 
1610 1610 - - - 
1590 1593 - - - 
1509 1520 - - - 
1456 1459 1463 1463 1460 
1444 1434 1446 1446 1442 
1373 1375 - - - 

- 1324 1335 - - 
1305 1302 - 1305 1305 
1278 1283 - - 1264 

- - - 1270  
1227 1220 - - - 
1190 1188 - - - 
1164 1168 - - - 
1126 1130 - - - 
1087 - - - 1087 

- - - 1080  
- - - - 1065 
- 1044 - - - 

 

The results, obtained for 8 % and 10 % (w/w) oleogels, with the same ratio, showed that the samples’ 

spectra resemble the modes reported by Matheson et al. (2017) for 5 % gels. In Figure 6.17 it is clear 

the evolution, where the 1190 cm-1 mode (circled in the left) appears as a small reflection of the broader 

present peak (for STO8), after 24 h its definition increased, and at t28 this shoulder becomes a well-defined 

peak, matching the mode present for STO10 in the same region. The peak at 1164 cm-1 relates to C-OH 

stretching (attached to the aromatic ring of the ferulic acid moiety in ɣ-oryzanol) and the modes at 1190 

cm-1 and 1278 cm-1, that correspond to the aromatic C-H in-plane bending (Mandak et al. 2013) that only 

achieved the final mode resolution after 28 days of storage. 
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Figure 6.17. Raman spectra alterations for STO8 60:40 (lower line in each graph) and STO10 60:40 

(upper line in each graph) for 1 h, 24 h and 28 days in the wavenumbers ranged between 1000 - 1400 

cm-1 (left side) and 1500 - 1800 cm-1 (right side). 

 

For higher gelator concentrations the spectrum does not reveal the similar changing patterns (during 

time) as seen in STO8 (Figure 6.18). This demonstrates that the final, tubular conformation is formed 

faster for these (STO10) oleogels. It seems that the nanometric stability of the tubular conformations is 

achieved earlier for STO10, as verified through peak analysis in the aromatic ring area, with the final 

spectra conformation being attained at earlier time-points. 
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Figure 6.18. Individual regions (range I and II) of the Raman spectra for STO8 60:40-r1 and STO10 60:40-

r1. 

 

Figure 6.18 shows that at 0 and 2 h for the spectra in C = C stretching vibrations of the aromatic ring 

(range II), the mode marked as (**) already presents a visible peak, meaning that the stacking of both 

oryzanol and sitosterol molecules occurs at a faster pace and the stability of the tubules is already in 

place. The mode at 1190 cm-1 (*) is only clearly visible at 24 h for STO8; instead, for STO10 it is seen at 

every stage (except for 1 h). There are no differences between STO8 and STO10 after 24 h, as the 

patterns are only distinguishable when dislocated upwards, even for the inversion that occurs at around 

	 1190 cm-1. Before that, it is observed that this same mode is visible for STO10 right at the 1 h time-

point, according to what has been discussed before. Shifting in mode position between the two samples 

is observed for: 

i) ≈ 1590 cm-1 (STO10) vs ≈ 1596 cm-1 (STO8) 

ii) ≈ 1276 cm-1 (STO10) vs ≈ 1270 cm-1 (STO8) 

 

Morphological differences are not so greatly observed for STO10 50:50 samples with different cooling 

ramps (Figure 6.8 and Figure 6.11). The greatest visual effects are observed for STO8 50:50 samples, 

where the nucleation points vary and the ramified crystalline structures differ in morphology between 

them. However, because the crystalline arrangements that are visible seem to be related to the amount 

of excess β-sitosterol (that is not able to bridge with the ɣ-oryzanol molecules at the nanoscale level to 
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form tubules) it was not possible to identify any characteristic molecular vibrational modes in the Raman 

spectra as a consequence of using distinctive cooling ramps (Figure 6.19). 

 

 

Figure 6.19. Raman spectra alterations for STO8 samples produced with both r1 and r2 cooling ramps. 

The row above shows STO8 60:40 samples and below are portrayed the STO8 50:50 samples. 

 

This may have happened because the characteristic mode assigned to β-sitosterol (around 1446 cm-1) 

matched the wavenumber region of the one observed (superimposed) for the oil. Every sample looks 

analogous at the last time-point. However, regarding the 50:50 samples, for both 1200 -1400 cm-1 and 

1550 -1800 cm-1 regions, r2 evidences some earlier changes than r1. The mode inversion in the first one 

occurs at 8 days for r2  and the same is only observed at 28 days for r1. The same tendency is visible for 

the 1596 cm-1 mode, that is well defined at 8 days and for r1 this only happened at 28 days. The mentioned 

inversion in oleogels between 1278 and 1307 cm-1 modes is certainly a contribution of ɣ-oryzanol (strong 

intensity peak at 1282 cm-1 in Figure 6.16) that increases with time as the molecular stability of the 

stacked molecule (in conjunction with β-sitosterol) also intensifies. In Figure 6.20, both images referring 

to certain modes’ intensities corroborate that the most significant transformations within the molecular 
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arrangement of the oleogel samples occur between 28 h and 8 days of storage. It is shown in Figure 

6.20A the increase in intensity of the mode at 1686 cm-1, starting at 24 h. At the same time-point it is 

registered an intensity decrease of the mode at 1660 cm-1 (visible also in Figure 6.15 B’ for the STO8 

60:40-r1). Figure 6.20 B shows a clear intensity increasing of 1590, 1275 and 1190 cm-1 modes.  

 

 

Figure 6.20. Intensity ratio shifts during time for STO8 60:40-r2 sample. A) intensity ratios for 1660 and 

1686 cm-1 modes; B) intensity ratios for 1190, 1275 and 1590 cm-1 modes. 

 

For range III a similar global behaviour is observed in the spectra (Figure 6.21). However, minor changes 

can be discussed here.  

 

Figure 6.21. (A) Raman shift from 1000 to 2000 cm-1 for oil samples (HOSO virgin unheated; heated 

HOSO t28; STO8 60:40-r1 t28 days and STO8 60:40-r2 t28 days); (B) Raman shift from 2700 to 3100 cm-1 for 

oil samples (HOSO virgin unheated; heated HOSO t0, heated HOSO t28 days, STO8 60:40-r1 t28 days and 

STO8 60:40-r2 t28 days); 
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This region of the Raman spectra exhibits several scattered bands between 2800 and 3100 cm-1 that are 

characteristic of the symmetric and antisymmetric # (C-H) vibration of the most abundant (in edible oils) 

methyl (CH3) and methylene (CH2) terminal chains (Baeten et al. 1998). The weak intensity peak that 

occurs at 	3010 cm-1 refers to the presence of unsaturated fatty acids that are provided by the 

unsaturation present in the carbon chain for the HOSO, therefore it is constant for all the tested samples 

without increase of intensity (Baeten et al. 1998).  

 

Comprehensive reviews of Raman spectroscopy on lipids, oil types and other naturally occurring fats from 

vegetable and animal sources were published in the past. These works are mainly focused in the 

component analysis through sample correlation with fatty acids and structural assignments (Baeten, 

Hourant, Morales, & Aparicio, 1998; Czamara et al., 2015). Reports on oxidation of oils, measured using 

Raman spectroscopy, use the feature at 2875 cm-1 which (is not affected by oxidation) as spectral 

normalization for this range, allowing to distinguish the oxidative features. The superimposed bands 

detected between 2900 and 2950 cm-1 increase upon oxidation (Machado et al. 2012). In Figure 6.21A 

this seems to happen for all samples when compared to the virgin oil (HOSO), even more for HOSO at t0 

and t28 days, where the reflections seem in greater number within the mentioned wavenumbers (for 

oleogel samples, the same observation seems even more inconclusive). However, the values gathered 

can be inconclusive due to the interpretation of these changes, which is very difficult due to the origin of 

these bands. Also, the increases registered in the bands at 1635 and 1695 cm-1 are pointed to oxidation 

in edible oils (e.g., linolenic acid) (Muik et al. 2005). The 1695 cm-1 mode is assigned to # (C=O) referring 

to conjugated aldehydes (Machado et al. 2012). Upon adjustments, we could not find such modes 

interference in the overall oleogel results, and not even in the oil samples (Figure 6.21B) probably as 

result of no major oxidative behaviour (or at least one that could be detectable in Raman measurements). 

Despite of that, the existence of the mode at around 1596 cm-1, is also pointed out as a result from 

oxidation products (Machado et al. 2012). This mode is discussed above in regard to is prominent final 

resolution, at earlier time-points for the samples produced using cooling ramp 2, shifting from 1590 to 

1596 from STO10 to STO8. That mode was not observed for the oil samples tested (virgin HOSO and 

HOSO t28 days after being heated in a similar way to oleogels during production). The superimposition 

of this mode (1590 cm-1) originated from the oryzanol (Figure 6.16) does not make it possible to infer 

about oxidation of oleogels also.  
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Figures 6.22 and 6.23 report on the mapping of oleogel samples using Raman. Figure 6.22 shows (A) 

the image of an oleogel obtained from the confocal Raman microscope (the red dotted line indicates 

where the XZ mapping (B) was performed). The colour in the Raman map (B) corresponds to the colours 

of the Raman spectra in Figure 6.22C. The map reveals a good uniformity (in thickness) of the Raman 

signal.  

 

 

Figure 6.22. (A) the confocal microscopic image for STO8 60:40-r2 (24 h); the mapping and the Raman 

spectra refereeing to STO8 60:40-r2 (24 h) are (B) and (C) respectively.  

 

 

Figure 6.23. XZ mapping in regard to distinct modes in STO8 60:40-r1 sample. 

In Figure 6.23 is shown the mapping regarding distinct modes within the oleogel sample. It is also visible 

a good consistency alongside the entire sample, showing good uniformity of the sample while the gel is 

forming (since these correspond to a sample at the 24 h time-point). 
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6.3.2.2. Small angle X-ray scattering (SAXS) 

 
Small angle X-ray Scattering is an interesting tool that can provide useful information on structural 

properties of oleogels. Scattering patterns can provide information through specific scattering area 

analysis. Figure 6.24 shows the scattering pattern for the series of tested 50:40 and 60:40 % ɣ-oryzanol:β-

sitosterol mixtures in HOSO. The spectra can be divided in three regions of interest: the low angle region 

comprises the Guinier region, then comes the Debye region at intermediate angles, finally (for higher 

angles) is the Porod region. The first segment, independent of q, is the Guinier region, which contains 

information on the volume-square weighted size of the scatterers, being also possible to find the total 

volume fraction of scatterers in the sample.  

 

 
Figure 6.24. SAXS patterns collected to all STO samples during the storage period. The different points 

are displayed in growing order (bottom to top) from t1 to t5, where t1 = 24 h; t2 = 7 days; t3 = 2 weeks; t4= 

3 weeks; t5= 28 days (4 weeks); r1 and r2 data are displayed in black and grey, respectively. Data was 
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collected during 28 days and the curves have been shifted vertically for easier observation and were 

placed in ascendant order (t1 to t5). 

 

Bragg peaks inform on the internal structure of the particles, a broadening view is obtained at the small 

angle scattering, where information on size and shape of the particles is provided (Figure 6.25). In this 

lower-angle region it is also possible to infer about the shape of the molecular arrangements. The form 

factor study allowed to understand that in this range of gelators concentrations and ratio, long rod-like 

(cylinder) conformations are identified due to a slope of -1 in lower q values in all samples. 

 

 

Figure 6.25. Example of SAXS spectra and form factor ability. 

 

A model-dependent analysis is important to allow inferring about the complexity of the structures studied 

under small angles. The samples show d (nm) = 2!/q. The q parameter identifies the wave vector peak 

position that is related with a precise diffraction. More or less sharp features are observed in the whole 

spectra for all STOs, however it is possible to observe that oleogels with a 50:50 ratio demonstrate a 

pronounced evolution in terms of the arrangement of the structures through time. Diffractions after q = 

1 nm-1 tend to be sharper with increasing time (Figure 6.25). The 60:40 samples showed a noteworthy 

stability, where diffractions did not vary during storage, allowing us to conclude that the structural 

arrangement did not suffer modifications. In detail, Figure 6.26 shows the features for STOs with 50:50 

ratio at d = 6.72 nm (001), d = 3.26 nm (002), d = 3.17 nm (003) and d = 2.32 nm (004). The broad 

initial peak is characteristic of tubules formed in oil medium, starting from approx. 40 % of oil fraction in 
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the total mixture (Sawalha et al. 2015). It is clear that the faster cooling ramp (r2) induced higher definition 

in the structural organization. Despite of that, both samples (throughout the five time-points) still exhibit 

the characteristic hexagonal symmetry, that is inferred from the diffraction peak position ratios. In this 

particular case, the lattice packing relative to the position of the first peak resembles to the 1, √3, 2, √7 

order (Santana et al. 2014; Sawalha et al. 2015). These peak position ratios are observed for every 

sample, meaning that the self-assembled tubules remain present for all oleogel compositions. There are 

no additional diffractions outside of the hexagonal geometry that can be attributed to lamellar or cubic 

packing. This can occur if the concentrations are varied, for instance if the oil content is lowered (Alhasawi 

and Rogers 2013). 

 

 
Figure 6.26. SAXS patterns of STO8 50:50. Oleogel samples produced under ramp r1 and r2 in the left 

and right, respectively. The different points are displayed in growing order (bottom to top) from t1 to t5, 

where t1 = 24 h; t2 = 7 days; t3 = 2 weeks; t4= 3 weeks; t5= 28 days (4 weeks). The reflections are displayed 

with (001), (002), (003) and (004). 

 

The increase in solids mass exerted some effects on lattice diffraction; such changes do not interfere in 

the structural packing, nonetheless more resolved peaks can be observed in the arrangement of atoms, 

showing increased intensity and sharpness of the diffractions, yielding a long-range ordering. As shown 

in Figure 6.27, the t5 for STO10 50:50-r1 seems to evidence a peak splitting in the hexagonal packing 

between d = 3.26 nm and 3.17 nm. This behaviour can be explained by the interfibre aggregation, 

resulting in the already discussed turbidity in these gels that are richer in sitosterol (Bot et al. 2008). Also, 
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the decrease in solid solubility can be the cause for this increased intensity. That is emphasized during 

time, as the macroscopic sterol crystals, seen in Figure 6.8 (micrograph 1), tend to get bigger. Wall 

configuration inequality was reported by Bot et al. (2012) for oryzanol:sitosterol emulsions (as water 

interfered with the hollow-tubular conformation); this does not seem to have happened here, as Raman 

spectroscopy showed that the aromatic ring and the ferulic acid moiety modes do not suffer any major 

changes when comparing the oleogels produced with 50:50 and 60:40 ratios. The ferulic acid was 

hypothesized as being the responsible for keeping the nanotubes apart by inducing the wedged stacking 

of the molecules after the staking of oryzanol and sitosterol (Pernetti, van Malssen, et al. 2007). 

 

 

Figure 6.27. SAXS patterns of STO10 50:50. Oleogel samples produced under ramp r1 and r2 in the left 

and right respectively. The different points are displayed in growing order (bottom to top) from t1 to t5, 

where t1 = 24 h; t2 = 7 days; t3 = 2 weeks; t4= 3 weeks; t5= 28 days (4 weeks). The reflections are displayed 

with (001), (002), (003) and (004). 

 

Considering 60:40 oleogels, the Bragg peaks' position remains unaltered (Figure 6.28). Since the hollow-

cylinder conformation was adopted for the self-assembled structures, the distance between the centers 

of the cylinders remains the same, regardless of the cooling ramps and solids concentration (Santana et 

al. 2014). The increase in the solids concentration led to an increase in the density (increasing number) 

and extension of the tubules (Matheson et al. 2017). Moreover, this happens without exerting any effect 

on the cross-section parameters of the self-assemblies, and not influencing other parameters like 

transparency and hardness, as will be presented and discussed further. 
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Figure 6.28. SAXS patterns of STO8 60:40 (A) and STO10 60:40 (B). Oleogel samples produced under 

ramp r1 and r2 in the left and right respectively. The different points are displayed in growing order (bottom 

to top) from t1 to t5, where t1 = 24 h; t2 = 7 days; t3 = 2 weeks; t4= 3 weeks; t5= 28 days (4 weeks). 

 

6.3.2.3. X-Ray Diffraction 

 
A crystalline three-dimensional network can be characterized by lowering the length-scale of analysis in 

X-Ray diffraction measurements. Poly-crystallinity was observed in oleogels´ XRD results (Figure 6.29) 

where broad diffraction peaks (2") were found at around 18/20°, with corresponding d-spacings ranging 

from 4.49 to 4.74 Å. These values can relate to the ones previously obtained for medium-chain triglyceride 
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gels that were produced with pure oryzanol and sitosterol (Bonsdorff-nikander et al. 2003; Bot, 

Veldhuizen, et al. 2009). This diffraction occurs for all samples tested under XRD and with the exception 

of some intensity variations (not discussed) there is not an evidence of some effect on the crystalline 

packing as a result from the different cooling ramps used during oleogel formation. On the other hand, 

the changes in gelators ratio did exert some effects on gel crystallinity. The XRD pattern of STO samples 

with 50:50 ratio reveal a small diffraction, that range between angles of 14.5 to 15.5°. This lattice relates 

to d-spacings ranged between 5.77 and 6.11 Å, that are close to the ones reported for crystal 

conformations of β-sitosterol in oil (Bonsdorff-nikander et al. 2003), thus being a contribution of the larger 

quantity of sitosterol in the total mass of gelator in such samples. 

 

The three major crystal packing arrangements for triacylglycerols (TAG’s) are of the hexagonal (α), triclinic 

(β) and orthorhombic (β’) subcell polymorphic forms. The β polymorphic form is characterized by a short 

spacing at 4.6 Å (Hagemann and Rothfus 1988), that occurs for STOs. It can be said that in the case of 

STO oleogels this packing shape, which relates to a high packing density with average stability, will be 

responsible for the steady crystalline response through the storage period. 

 

 



Chapter VI 
Sterol-based oleogels crystalization and stability under different conditions                                                                               Martins, A. J. (2019) 

 
 

 202 

Figure 6.29. XRD spectra all STO samples during the storage period. The different points are displayed 

in growing order (bottom to top) from t1 to t5, where t1 = 24 h; t2 = 7 days; t3 = 2 weeks; t4= 3 weeks; t5= 

28 days (4 weeks); r1 and r2 data are displayed in black and grey, respectively. 

 

6.3.2.4. Texture 

 
It is important to understand how the mechanical response of the oleogels will change through time, in 

order to relate such properties with the ones already studied. For that, we promoted the compression 

until break of the gel samples in order to understand the effects of the crystalline structures in oleogel 

hardness and how solids concentration and cooling rates could affect such property. 

 

  

Figure 6.30. Oleogels’ hardness values, where t1 = 24 h; t2 = 7 days; t3 = 2 weeks; t4= 3 weeks; t5= 28 

days (4 weeks). 

 
To better understand the differences with increasing time, hardness values for t1 and t5 at each time of 

analysis are presented in Figure 6.31. 
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Figure 6.31. Oleogels’ hardness values for t1 = 24 h and t5= 28 days (4 weeks). Tukey's multiple 

comparisons test results are displayed, with small letters showing significance in differences between 

samples at t1 and capital letters showing significance in differences between samples at t5; ns shows the 

only non-significant result between time for the same sample. 

 

Also, further statistical analysis (comparing the cooling rate influence at t5) allowed to identify that at the 

final time-point (t5) the measured hardness of every tested set of samples registered significative different 

values between them. These results demonstrate that different cooling rates produce oleogels with 

different hardness. In particular, the hardness registered at t5 was lower for oleogels produced using r2 

cooling rate. As reported by Gravelle et al. (2012), the hardness values of EC oleogels were influenced by 

oxidation, where increased oxidation led to higher oleogel hardness. Despite the inconclusive results 

regarding oxidation obtained with Raman, it may have happened at a faster pace for oleogels produced 

with the slower cooling ramp (r1), hence producing oleogels with increased hardness at the final time-

point. 

 

6.4. Conclusion 

 

It seems that the nanometric stability of the tubular conformations is achieved earlier for STO10 60:40, 

as verified through peak analysis in the aromatic ring area, once the final spectra conformation is attained 

at earlier time-points for gel samples produced with 10 % sterols. STO8 and STO10 (60:40) present a 

solid conformation at least at the 3 h time-point for both ramps. The samples with the 50:50 ratio exhibit 
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the same visual behaviour at least at 24 h. Despite of that, it is possible to hypothesize that the differences 

in the critical point of gelation (referring to the molecular stabilization of the samples) from the data 

gathered in Raman measurements, occur between 28 h and 8 days for STO8 60:40-r1, STO10 60:40-r1 

and STO10 50:50-r2. For STO8 50:50-r1 the critical point of gelation seems to occur between 8 days and 

the final time-point. Cooling ramps and gelator concentration impacted on the hardness of oleogels. As 

mentioned before, the non-covalent interfibril connections (van der Waals and !−! connections) amid 

the ferulic acid groups of ɣ-oryzanol (through aromatic rings) and the hydroxyl and methoxy groups, will 

be leading the attachment of the fibrilar structures, conferring the final structure of the oleogel 

architectural arrangement. This means that time, and not only the gelator concentration, will influence 

the molecular vibrational arrangement. Hence the spectra response, i.e. gel stability, and consequently 

the critical point of gelation, will thus be reached differently. This is an important conclusion as it indicates 

that time and gelator concentration are important variables in the modulation of oleogels properties. 
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Chapter VII – Sterol-based oleogels’ characterization for food applications 

 

 

Following the work with sterol-based oleogels that was developed in the previous chapter, in this chapter 

we used the same ɣ-oryzanol but in combination with a commercial phytosterol mixture, Vitaesterol®, for 

the development of edible oil oleogels. This combination was used to develop oleogels with three different 

concentrations of gelators. Small Angle X-ray Scattering (SAXS) and X-Ray Diffraction (XRD) were used to 

characterize the oleogels at nano and molecular scale, confirming the formation of hollow tubule 

structures. Increased hardness was observed with the increase of gelator content used in oleogel 

manufacturing. The produced oleogels showed promising features such as tailored mechanical strength 

and low opacity, which are important features when considering their incorporation into food products. 

Despite of differences in gel strength, oleogels exhibited textural characteristics that make these 

structures suitable for incorporation in food products. The oil migration profile associated to these oleogels 

can provide a solution for the controlled release of lipophilic compounds as well as for the retention of oil 

in cooked food products. 

 

Keywords: Oleogelation; Oryzanol; Phytosterols; Self-Assembly; Oleogel. 
 

 

  



Chapter VII 
Sterol-based oleogels characterization for food applications                                                                                                      Martins, A. J. (2019) 

 
 

 210 

7.1. Introduction 

 

Interesting applications have been recently discussed regarding the use of oleogels in food formulations. 

The selection of an adequate combination of gelators, with distinctive oil gelling behaviour, is one of the 

most important steps in the process of oleogels’ formulation (Bot, den Adel, Roijers, & Regkos, 2009; 

Calligaris, Mirolo, Da Pieve, Arrighetti, & Nicoli, 2014; Co & Marangoni, 2012; Davidovich-Pinhas, Barbut, 

& Marangoni, 2015; Martins, Cerqueira, Cunha, & Vicente, 2017; Martins, Vicente, Cunha, & Cerqueira, 

2018; Mert & Demirkesen, 2016; Patel & Dewettinck, 2016; Stortz & Marangoni, 2013). One of the most 

relevant issues is to guarantee that gelation is achieved with the lowest possible amount of gelator, so 

that the oleogel effect is heightened, the cost of development is reduced and the final food production 

cost is maintained. Oryzanol/phytosterol-based oleogels are characterized by their transparency and 

mechanical features (with resemblance to a block of fat when fully structured), and also for their health-

related properties associated to low intestinal cholesterol absorption, being these pivotal elements for 

fecal removal of cholesterol (Bot, Den Adel, & Roijers, 2008; Bot, Veldhuizen, den Adel, & Roijers, 2009;  

Sawalha et al., 2012; Sawalha, Venema, Bot, Flöter, & van der Linden, 2011; Vaikousi, Lazaridou, 

Biliaderis, & Zawistowski, 2007; Wang et al., 2017). It is important to stress that if one of those 

components is not present, self-assembly will not happen and the hollow fibers will not be produced. Both 

components alone are able to form crystalline conformations (Bot & Agterof, 2006; Rogers, 2011). 

However, these conformations do not display nano-sized hollow tubules capable of gelling oil  (Patel, 

2017). 

 

Organoleptic characteristics of food products are often influenced by their textural and optical properties, 

which greatly affect the acceptance and preference by consumers. This has direct implications on the 

use of new ingredients, since such characteristics are affected by the used materials, processing 

conditions and storage. Oleogels are good examples of such ingredients, once their mechanical and 

optical properties change according to their formulation, as well as with the processing conditions. 

Oleogels may be incorporated in foods aiming at fat replacement but for this kind of application the 

textural properties should be strictly controlled. 

 

This work has been performed recurring, for the first time, to a commercial mixture of phytosterols, in 

order to achieve gelation in conjunction with g-oryzanol. In contrast with other reported works, the 
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phytosterols used have only 	45 % of β-sitosterol (being this the major component) exposing the gelation 

mechanism to an increased amount of other phytosterols that can interfere in the co-assembly with g-

oryzanol. Despite the ability for other phytosterols to interact with g-oryzanol to successfully develop 

oleogels, the structural and visual properties of these gels can differ (Bot & Agterof, 2006). High oleic 

sunflower oil, a long chain triglyceride (LCT), was used as the oil phase and the ability to form solid-like 

gels with reduced concentration of gelators (6, 8 and 10 % w/w) was evaluated. Our intention is to 

demonstrate the tailoring abilities in the production of these oleogel structures at macro and molecular 

levels, in particular how textural behaviour is directly associated to oil retention capacity, using lower 

amount and low-cost ingredients. This is surely relevant when evaluating the possibility of incorporating 

an oil structure in foods without compromising the final functionality and with the smallest possible 

influence on price. This work thus aimed at the development of sterol-based oleogels using concentrations 

of gelators not exceeding 10 % (w/w) and exploiting a commercial mixture of phytosterol compounds 

(Vitaesterol®), instead of pure β-sitosterol. The morphology of these oleogels was studied using polarized 

microscopy, Small Angle X-ray Scattering (SAXS) and X-ray diffraction. Texture measurements allowed 

determining gels’ hardness, final force and adhesiveness. Oil migration and colour were also evaluated 

for increasing concentrations of sterol mixtures. 

 

7.2. Materials and methods 

 

7.2.1. Raw materials and oleogels development 

 

High oleic sunflower oil fraction composed by: 0.1 % of C14:0, 3.8 % of C16:0, 3.3 % of C18:0, 80.1 % 

of C18:1, 10.7 of C18:2, 0.3 % of C18:3, 0.4 % of C20:0 and 0.1 % of C20:1 was kindly offered by Cargill 

(Brazil). g-Oryzanol was purchased from Oryza Co. (Japan) and the mixture of phytosterols Vitaesterol®, 

was kindly offered by Vitae Naturals (Spain). This phytosterol mixture is composed by β-sitosterol (	45 

%), campesterol (	25 %), stigmaesterol (	23 %), brassicasterol (	1 %), other sterols (	3 %). 

 

The 1:1 mol.L-1 ratio of oryzanol:sitosterol (60:40 (w/w)) was evaluated in the previous Chapter as being 

the firmest transparent gel, likewise reported by Bot et al. (2008). However, in line with other previous 

works in the field, we developed oleogels using the ratio of 60:40 (w/w) oryzanol:phytosterol in order to 

understand the effect of a reduced concentration of β-sitosterol (	45 %), targeting sterol-based gels 
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production. Different concentrations were tested in order to determine the critical concentration of gelation 

(results not shown); Sterol-oleogels (STOs) with less than 6 % (w/w) of total gelators concentration were 

not self-sustained. Different concentrations of this mixture of gelators were used to produce sterol-based 

oleogels: 6, 8 and 10 % (w/w) – STO6, STO8 and STO10, respectively. All gels were produced by heating 

the mixture of oil phase and gelators at 80 °C during 30 min, under magnetic stirring to ensure full 

solubilization of the compounds in the oil phase prior to the cooling stage. The samples were left cooling 

at room temperature and then stored at 4 °C during at least 24 h. Before analyses, the samples were 

left again at room temperature for 24 h. 

 

7.2.2. Polarized microscopy and segmentation 

 

Sterol-based oleogels were cut and placed in a cover slip and analysed at room temperature with a 

polarized light microscope (Olympus System Microscope model BX51TF, Olympus America Inc., Center 

Valley, PA, USA) equipped with a digital camera (Olympus EX300, Olympus America Inc., Center Valley, 

PA, USA). Pictures were taken at a magnification of 120x and 320x. Images were segmented using the 

threshold colour plugin available in ImageJ software. This plugin enables an image segmentation in 

distinctive black and white colour areas defined using an automatically calculated threshold (Hotaling, 

Bharti, Kriel, & Simon Jr, 2015). 

 

7.2.3. Small angle X-ray scattering and X-ray diffraction 

 

All small angle X-ray scattering (SAXS) analyses were performed at room temperature, using the beamline 

of the National Synchrotron Light Laboratory (LNLS, Campinas, Brazil). The apparatus is equipped with 

an asymmetrically cut and bent silicon (1:1:1) monochromator that yields a monochromatic (λ = 1.54 Å) 

and horizontally focused beam. In order to record SAXS intensity a position-sensitive X-ray detector and 

a multichannel analyzer were used. I (q) was evaluated as a function of the modulus of scattering vector 

q = (4!/λ) sin ("/2) (" being the scattering angle). Each SAXS pattern corresponds to a data collection 

time of 100 s in the range of 0.119 nm-1 < q < 4.811 nm-1. Scattering data was corrected by subtraction 

of the pure mica and sampler signal. The determination of the crystal structure was done using Bragg’s 

law, through the relative position of the diffraction peaks. The lattice parameter d (periodicity) of structures 

was obtained from the position q* of the first (and most intense) diffraction peak. The type of crystal 
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organization and crystal structure was evaluated, being the evaluation performed by the Guinier plot, 

where through the log-log plot (I vs q) and the determination of the slope at small angles allows 

determining the type of structure (e.g. flat or rod-type structure). ATSAS software was used to gather SAXS 

data, then PRIMUS software was used to analyze the data, making possible to determine the radius of 

gyration (Rg) associated to the hollow tubular structure that is reported for this type of self-assembled 

structure. 

 

X-ray diffraction was employed to understand the differences between oleogels at molecular length scales. 

Crystal polymorphic structure was evaluated by scattering methodology with an X-Ray Diffractometer X 

Pert PRO MRD system from PanAnalytical. PANanalytical X'Pert HighScore Plus was the software used to 

gather data and analyze peak diffractions. The X-ray diffraction (XRD) diffractograms were acquired at 

room temperature, angular scans from 5° to 50° (2") were performed with a Cu source, X-ray tube (ɣ = 

1.54056 Å) at 45 kV and 40 mA. The fine calibration offset for 2Theta = -0.0372 deg. 

 

7.2.4. Textural analysis 

 

The textural parameters of sterol-based oleogels were measured with a Texture Analyzer TA-HD Plus 

(Stable Microsystems, Surrey, UK). Samples were prepared (approx. 3 g) in plastic cups with 15 mm of 

diameter and the test performed using a 10 mm cylindrical probe. The measured force in compression 

was made with a test speed of 1 mm s-1, and then pulling the probe out from the sample at 10 mm s-1. 

This experiment allowed determining values of firmness (force), final force (value recorded at the endpoint 

of the probe travel) and adhesivity (recorded in the dragging final stage). The data were calculated using 

Texture Exponent v.6.1.1.0 software by Stable Microsystems (Surrey, UK). 

 

7.2.5. Optical properties 

 

Colour and opacity of oleogels were evaluated using a Minolta colourimeter (CR 300; Minolta, Japan). 

Each mean is the result of five measurements in one triplicate oleogel sample. A white standard colour 

plate was used for background measurements and also as the instruments’ calibration (Y=493.5, 

x=40.3114, y=40.3190). Then CIE L*a*b* values of each sample were evaluated by reflectance 

measurements. The opacity of each oleogel was calculated from reflectance measurements and 
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corresponds to how much light passes through it (Casariego et al., 2009). The higher this value is, the 

lower the amount of light that can pass through the material. This parameter was calculated according 

to the Hunter lab method, as the relationship between the opacity of each sample on a black standard 

(Yb) and the opacity of each sample on a white standard (Yw). 

 

7.2.6. Oil migration 

 

Oleogel oil migration (OMG) profile was measured following the methodology described by Dibildox-

Alvarado et al. (Dibildox-Alvarado, Rodrigues, Gioielli, Toro-Vazquez, & Marangoni, 2004) with some 

modification. Samples were prepared cutting a disc of 15 mm diameter and 3.5 mm of thickness. After 

that, each one of the discs was placed on top of a round filter paper (Whatman #1, 90 mm diameter) 

and then incubated at 20 °C. Collected data is a result of five replicates for each oleogel. The weight of 

the filter papers was determined during the first 8 h and then every day until a final period of 96 h. The 

weight of a “blank” filter paper was measured in all experiments. The percent of the amount of oil 

absorbed from each one of the samples was calculated using Equation 7.1. 

 

OMG = (	*+*,-	.,/012 3 (	45+67	.,/012
*+*,-	.,/012	(29:) ×	100																																																																							Equation 7.1 

 

7.2.7. Statistical analysis 

 

All experiments subjected to statistical analysis were carried out in quintuplicate. The results were 

reported as an average and standard deviation of these measurements. The statistical analyses were 

performed using analysis of variance, Tukey's mean comparison test (p<0.05) (GraphPad Software, Inc. 

USA).  

 

7.3. Results and discussion 

 

7.3.1. Polarized microscopy and segmentation 

 

The use of light polarization during microscopy is one of the most efficient techniques to identify the 

presence of crystalline structures in edible oils. Polarized microscopy allows identifying the crystalline 
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structures that result from the gelation of the oryzanol and phytosterols in the organic solvent. The 

structures observed through microscopic lenses are resultant of the larger amounts of phytosterol. The 

observed crystals can be explained by the phytosterols (is expected that only beta-sitosterol interacts with 

oryzanol) that are not able to interact with oryzanol to form the hollow-tubules that characterizes this 

sterol system. The haziness of these gels can be a result of the sterol mixture, which includes no more 

than 45 % of β-sitosterol. Because of the enlarged amount of other phytosterols, some disparities in the 

already reported molecular aggregation processes might have happen. Figures 7.1A, 7.1B and 7.1E show 

the polarized microscopy images of STO6, STO8 and STO10 respectively (magnification 120x). Figures 

7.1C and 7.1D were taken from 7.1A and 7.1B with larger magnification (320x). For STO6 the branching 

of these crystals is clear and they are very well distinguished. These structures when formed will also 

contribute to the entrapment of the oil phase. It is possible to identify a large amount of structures as the 

concentration of gelators is increased, but it is more difficult to fully distinguish these structures. For the 

highest concentration of structurant (10 %) it was not possible to identify the single crystal structures 

(Figure 7.1E). This may happen because of the presence of crystals in different morphological planes 

inside the oleogel structure. With polarizer shifting and consequent light blocking, it was possible to direct 

the angle at which light reaches the sample in order to generate contrast with the background, thus 

allowing a better visualization of gelators’ crystals in the oil phase. We also hypothesize that the presence 

of several sterol components is responsible for the haziness (and material agglomeration) on the formed 

oleogels. This also justify the capacity to identify the crystal structures in polarized microscopy in the 

oleogel with 60:40 ratio of oryzanol and sitosterol; according to the previous chapter of this thesis and 

the literature this ratio will produce (with pure components) glossy and transparent gels, which is not the 

case here (see Figure 7.4). 
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Figure 7.1. Polarized micrographs of sterol-based oleogels. A, B and E correspond to STO6, STO8 and 

STO10, respectively. C, D resemble A and B with larger magnification. 

 

Figure 7.2 represents the segmentation of Figure 1A using ImageJ software. This treatment allows 

understanding exactly the different geographical planes where the crystals are disposed in the STO 

samples and how this deposition or stacking is responsible for the self-sustainment of the oleogels. The 

clearer is the recognition of crystals in the dark background, less density of crystalline material is 

observed; this less density consequently will affect the gel opacity and will be involved on gel textural 

characteristics, as is discussed below. This provides a good overview of the crystalline fibrilar deposition 

in the oleogel bulk structure. The use of the micrograph of STO6, which is representative of the lower 

concentration of gelators used, allowed obtaining the best segmentation fitting. This happens because 

the crystals density is the lowest of all STOs concentration tested, which facilitates the task of discerning 

the crystal disposition without much background noise. In fact, it is very difficult to understand this if the 

segmentation is performed using the images of oleogels for higher concentrations of sterols because of 

the more crowded background. 

 

 

Figure 7.2. Processing and consequent segmentation of STO6 polarized micrograph. The segmentation 

was performed using the Mixed Segmentation Algorithm. 
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7.3.2. Small angle X-ray scattering and X-ray diffraction 

 
Figure 7.3A shows SAXS spectra for STO6, STO8 and STO10 samples. The spectra show that for higher 

concentrations of gelator there is an increase of the scattering intensity for the observed peaks. From the 

log-log plot (I vs q) and the slope at small angles the value is -2 (q-2) thus allowing to conclude that the 

obtained structures are hollow cylinders, in agreement with the literature. The reports, mentioned before, 

show that the maxima decrease, regarding interference peaks, is proportional to q-2, while for solid 

cylinders the model would require a decrease proportional to q-4 (Bot et al., 2008). Studies with similar 

geometric structures (hollow tubules) formed by amphiphilic peptides are reported to have also scattering 

curves with q-2 at low q values (Bitton et al., 2005). Three major reflections are observed for all STOs, 

being the lattice of the crystalline arrangements at 1.1 (001), 2.01 (002) and 2.75 nm-1 (003). These 

values deviate from the values presented in the literature (Bot et al., 2008; Bot, den Adel, et al., 2009). 

These shifts can be explained by the significant amount of other phytosterols present in the mixture, 

leading to a shift of the peak from 0.99 to 1.10 nm-1. Despite that, the broad pattern of self-assembled 

tubules and the presented reflections are in line with the ones presented by Adel et al. (Ruud den, Patricia, 

& Arjen, 2010). The Rg parameter was obtained using the hollow-cylinder geometry as the predefinition 

in Primus Software. This parameter was obtained from the Guinier region of the full SAXS spectra, and 

gives information on the radius of spherical-like structures or ensembles (Davidovich-Pinhas, Barbut, & 

Marangoni, 2016). Lower amounts of β-sitosterol did not prevent the formation of nano-scale tubules, 

formed by phytosterol interaction with g-oryzanol. Rg values were very close for all concentrations, ranging 

between 7.8 and 8.4 nm. This should be an indication that different concentrations of gelator are not 

responsible for changes in tubule thickness. However, different gelators concentration will influence the 

size and number of crystals. 

 

Reducing the length-scale of analysis, X-ray diffraction allowed evaluating the crystal structure of oleogels 

at molecular scale. Figure 7.3B presents X-ray spectra of the STOs for the three tested concentrations, 

vertical shifts were applied to the curves to improve the observation. Spectra show a large amorphous 

peak (10-15°) which is evidencing the occurrence of a mixed crystalline phase (Alhasawi & Rogers, 2013). 

In contrast to the patterns evidenced by the pure components, the oleogel’s crystalline pattern is not as 

clear (Calligaris et al., 2014). The peak associated with the oil phase (approx. angle of 18.9°) relates to 

a lattice value of 4.63 ± 0.05 Å (002), similar to the ones recorded for pure oryzanol:sitosterol oleogels 
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with sunflower oil and MCT-based oleogels (Bonsdorff-nikander, Karjalainen, Rantanen, & Christiansen, 

2003; Bot, Veldhuizen, et al., 2009). It is possible to recognize that the crystallite monogram is not clear, 

however besides the main peak, we also identified some weaker reflections and we can associate the 

peaks at d = 6.18 ± 0.07 Å (001), in the mixed crystalline phase with β-sitosterol crystallites in oil 

(Bonsdorff-nikander et al., 2003).. The presence of these weaker reflections in a very smooth pattern was 

also observed in the formation of tubules in the mixture of oryzanol + phytosterols (tall oil sterol from 

Unilever with 78.1 % β-sitosterol, 10.3 % campesterol) 16 % total mass in refined sunflower oil (Ruud den 

et al., 2010). 

 

  

Figure 7.3. (A) SAXS pattern for STO10, STO8 and STO6; (B) XRD spectra for STO10, STO8 and STO6. 

 

7.3.3. Texture analysis 

 
STOs were self-standing (Figure 7.4A) maintaining their structure after hand compression and also 

transparent (Figure 7.4B), as a result of the oil-phase colour and submicron structures formed during 

gelation. 

 
Figure 7.4. (A) Visual appearance of STO10, STO8 and STO6; (B) Transparency associated to this type 

of oleogels. 
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Figure 7.5 presents the results of texture parameters determined for STO6, STO8 and STO10. It shows 

that an increase of the concentration of gelators leads to an increase of the force the samples can 

withstand (force peak and final force) and adhesivity, being these higher for oleogels with 10 % (w/w) of 

gelators. The obtained values for firmness/hardness (force peak) and final force were significantly 

different (p<0.05) for all concentrations, while for adhesivity the values between STO6 and STO10 are 

the only ones that present statistically significant differences. The final force is the value recorded at the 

endpoint of the probe travel, and these results show the strength of the gel structure after the compression 

test. The strongest oleogel (STO10) presented values of force peak and final force which were 2-fold 

higher than the values for the lower concentrations (6 and 8 %) These results are explained by a 

significantly stronger crystal network that is formed using a higher gelator concentration. This fact is well 

displayed in the polarized micrographs. The oleogels with a more interconnected crystal network showed 

higher mechanical properties, as can be observed in textural data analyses. These features can be 

important when such oleogels are used in foods, so that certain textural behaviour can be mimicked 

according to the oleogel formulation. For example, sausages with high fat content present firmness values 

of approx. 12.20 N (Petersson, Godard, Eliasson, & Tornberg, 2014), which are of the same order of 

magnitude of the values obtained in the present work (see Figure 7.4). 
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Figure 7.5. Texture parameters for STO samples. Different letters mean that samples are significantly 

different (for the same parameter measured). 

 

7.3.4. Optical properties 

 

All oleogels were quite transparent with a very slight yellowish tonality (Figure 7.4). Table 7.1 presents 

the data regarding colour parameters, namely L* (lightness), a* (range between green and magenta) and 

b* (range between blue and yellow). Regarding these data, the lightness values (L*) record statistically 

significant differences between STO6 oleogels and the other two, being in all cases relatively high values, 

ranging from 87.13 to 90.45. Also for b* values, the results confirm the visual observation that a slight 

yellowish colouration is identifiable in all samples, possibly resulting from the colouration of sunflower oil, 

which also increases with the increase of sterols concentration. 

Table 7.1. Colour parameters of oleogel samples 

Parameter STO6 STO8 STO10 
 Mean sd n Mean sd n Mean sd n 

Opacity 12.4 a 0.26 3 13.81b 0.11 3 13.91b 0.28 3 

L* 90.451a 0.721 3 87.554 b 0.339 3 87.127 b 0.289 3 
a* -0.499 a 0.057 3 -0.443 a 0.003 3 -0.58 a 0.069 3 
b* 7.555 a 0.921 3 10.299 b 1.148 3 11.815c 0.701 3 

Different letters in the same row correspond to statistically different samples for a 95 % confidence level. sd: standard 

deviation, n: number of replicates. 

 

It is important to notice that the samples with the highest concentration of sterols (STO10), still exhibit 

high values of transparency, which can be a very desirable feature for an ingredient aimed at being 

incorporated in food products. The greater the value associated to opacity, the lower is the transparency 

of such sample. Table 7.1 shows that the presence of larger amounts of sterols is responsible for an 

increase of opacity with significant differences between STO6 and the other two types of STO (STO8 and 

STO10, between which no statistically significant differences were observed). This opacity results are in 

line with the crystalline network that was observed in the polarized microscopic analyses. As seen in the 

polarized micrographs (Figure 7.1), the density of the crystal structures formed in STO8 and STO10 was 

higher than the one observed for STO6. 
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7.3.5. Oil migration 

 
Figure 7.6 presents the results of oil migration (OMG) for each STO through time. STO10 samples present 

the lowest value of OMG. This can be explained by the increased amount of crystalline structures (lower 

porosity) observed by polarized microscopy, which also led to a higher hardness exhibited by this 

particular formulation. For STO10 samples the OMG profile stabilized after 24 h, being stable until the 

end of the experiment (96 h). The STO6 samples revealed to be less stable once oil migration occurs 

continuously until the end of the experiment. STO8 gels showed an intermediate behaviour. However, as 

previously observed for other parameters, the most significant change was observed when the 

concentration of the gelator increased from 6 to 8 % (w/w). This is justified by the proximity to the critical 

point of gelation (as already mentioned, slightly below 6% of the total sterols concentration) as gels with 

less available mass of gelator, and consequent less crystals can facilitate oil leakage at the surface. 

 

Figure 7.6. Oil migration (%) of STOs during 96 h. 
 

These results show the capacity of STOs to block or reduce OMG in fat-based multi-component foods, but 

also opens the possibility of using STOs as delivery systems of lipophilic compounds. A previous study 

showed that in a multi-layer system, using gelled chocolate containing sterol-based oleogel in its 

composition, the level of oil migration to the chocolate layer was reduced in around 50% (Wendt, Abraham, 

Wernecke, Pfeiffer, & Flöter, 2017). Regarding statistical analyses, only the OMG values for STO10 for 

migration times of 24, 48, 72 and 96 h showed no statistically significant differences (p<0.05). 
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7.4. Conclusion 

 
Oleogels based in a commercial mixture of phytosterols were produced using different gelator 

concentrations and high-oleic sunflower oil as solvent. SAXS results confirmed the hollow fibrilar shape, 

characteristic of these gelators’ interaction and self-assemble. Scattering data and polarized microscopy 

allowed to understand how gelator arrangements are disposed in order to be able to entrap the oil and 

consequently induce gelation. Textural characteristics are modified (i.e. stronger oleogels) with the 

increase of gelator concentrations, showing the possibility to tailor these structures to fit the requirements 

of the intended applications. The produced oleogels showed other promising features such as mechanical 

strength and good visual characteristics (low opacity values), important when considering the 

incorporation in food products. Oil migration was differently affected by the sterols concentration and 

related with the gel strengths. This is important envisioning the application of these oleogels in foods, 

either as fat replacers or in the delivery of lipophilic bioactive compounds. 
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Chapter VIII – Toxicological and digestive response of beeswax and sterol-

based oleogels 

 

 

This Chapter addresses the morphological changes that both bioactive loaded wax- and sterol-based 

oleogels underwent through the in-vitro gastrointestinal tract. Textural profile analyses (TPA) results 

showed that sterol-based oleogels (STOs) exhibit an average hardness of 12.9 N, which is approximately 

40 times higher than the values recorded for beeswax oleogels (BWOs). In-vitro digestion allowed 

concluding that both types of oleogels showed structural disintegration, namely during the final two steps 

that correspond to gastric and intestinal phase (as evaluated by visual inspection and fluorescence 

microscopy analysis). In addition, beeswax oleogels’ structure was less resilient than oryzanol oleogels. 

Cytotoxicity tests, using a human epithelial cell line (Caco-2) with PrestoBlue assay, showed that both 

undigested sterol- and beeswax-based oleogels (with and without β-carotene) were not cytotoxic, up to 48 

h of contact. Improvements on oleogel formulation could be done in order to experience an increase in 

the bioaccessibility of β-carotene through digestion of STOs and BWOs (respectively 4.0 and 2.6 %), 

consequently increasing the bioavailability of the compound. 
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8.1. Introduction 

 

A number of beneficial effects are attributed to carotenoids and their precursors. Some comprise 

biological activities like antioxidant activity acting in the deactivation of free radicals that are known to 

damage lipidic cell membranes (Fiedor & Burda, 2014). They are anti-allergenic, anti-cancer and anti-

obesity (Tanaka, Shnimizu, & Moriwaki, 2012). Favorable outcomes associated to the ingestion of dietary 

carotenoids that point towards the prevention of degenerative diseases in humans are also reported. Data 

regarding the United States state that the major contributors to the intake of provitamin A carotenoids are 

carrots, cantaloupes, sweet potatoes and spinach (Harrison, 2012). The main challenge resides in the 

actual intake of carotenoids from the human organism trough the digestive process of foods (Bohn et al., 

2015; Palafox-Carlos, Ayala-Zavala, & González-Aguilar, 2011). The mechanical movements and the 

structural transformations that occur during the oral processing of foods will release particles from the 

food matrix (e.g. emulsified droplets in the case of emulsion gels). This will influence the mechanical and 

tribological bolus properties and due to the oil fraction, that will consequently be in contact with the 

tongue, the dynamic texture perception will be oversaw by it (Foegeding, Stieger, & van de Velde, 2017). 

Bioactives can be supplied by a great number of food products like solid foods and beverages, however, 

their bioavailability is strongly affected by the poor solubility that is exhibited by carotenoids in digestive 

fluids during the pre-intestinal stage of digestion (Lin, Liang, Williams, & Zhong, 2018). Because of that, 

low values of bioaccessible carotenoids are normally registered during its digestion, due to the low 

quantities of bioactive that is actually released from the food matrix in the gastrointestinal tract, thus 

becoming available for epithelial absorption. Different food products are, in fact, digested in different 

ways; the rigidity, different textures and matrices structural arrangements are characteristics that will 

influence how the digestive process will occur. The absorption of lipids and lipid-soluble components from 

food is quite a complex mechanism and external factors namely, like lipid composition, breakdown of 

food matrices, emulsion droplet size and lipid solubilization within mixed micelles of bile salts will 

influence the whole digestive process (Dickinson, 2014). In Chapter IV the incorporation of a bioactive 

compound (β-carotene) in beeswax-based oleogels was addressed. 	β-carotene is found in plant derived 

foods, as provitamin A carotenoid and in this Chapter, the comparison between the mechanical 

characteristics of two type of oleogels (loaded with β-carotene) and their digestion under an in-vitro 

process was performed. Our objective was to understand the digestive behaviour and the bioavailability 

of β-carotene when carrier in oleogels produced with completely different gelators (oleogels studied during 
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Chapter III-IV and V-VI). Beeswax was used as the mono-component gelator molecule that is able to 

undergo crystallization process and induce gelation in triglyceride medium. The sterol combination of 

gamma-oryzanol and carotene β-sitosterol was used as a multi-component gelation approach. These two 

plant sterols develop hollow tubular-shaped arrangements that are responsible for triglyceride gelation. 

During this chapter, it is shown the morphological, tribometric and textural characteristics exhibited by 

the oleogels loaded with β-carotene before digestion. Important features like cytotoxicity, evaluated before 

digestion simulation and cell permeability of β-carotene (loaded in the oleogels), evaluated after digestion 

simulation (i.e. mouth, stomach and small intestine) are addressed here. For the in-vitro digestion 

simulation a static harmonized in-vitro digestion method (Minekus et al., 2014). Finally, the 

bioaccessibility of β-carotene was determined after extraction methods with complementary 

chromatographic methodology and the bioavailability of the bioactive compound was accessed by means 

of a cell line permeation protocol, using a co-culture of Caco-2 and MT29 epithelial cells. 

 

8.2. Materials and methods 

 

8.2.1. Raw materials and oleogels production 

 

In this work, two types of edible oleogels loaded with β-carotene were developed. The oleogels were 

produced through the gelling process of long chain triglycerides (LCT) with a sterol-mixture (formed by 

gamma-oryzanol and β-sitosterol) or beeswax as the two oil gelators. The LCT oil was offered by Cargill 

(Brazil) and is a high oleic sunflower oil (HOSO) fraction with full composition of: 0.1 % of C14:0, 3.8 % 

of C16:0, 3.3 % of C18:0, 80.1 % of C18:1, 10.7 of C18:2, 0.3 % of C18:3, 0.4 % of C20:0 and 0.1 % of 

C20:1. 

 

For the production of both types of oleogels, different ranges of the concentration of solids were used for 

to perform oil gelation; from 2 to 10 for BWO´s and from 6 to 10 for STO’s. In the case of the sterol-

based gels, the ratio used of oryzanol:sitosterol in oleogel formulation was of 60:40. Both types of oleogels 

were loaded with the same amount of β-carotene by means of solubilization in LCT, using the same 

process as described in chapter IV this thesis. In order to minimize the degradation effect on the β-

carotene, all experiments after oleogel formation were performed under diminished lighting and the 

temperatures were never higher than 37 °C (temperature during digestion simulation) even during 
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bioactive recovery through solvent extraction methods. The amount of carotene loaded in the oleogels 

was of 0.01 % w/w for the first trials and was further increased to 0.1 %. 

 

8.2.2. Tribology and textural analyses 

 

8.2.2.1. Tribology 

 

Beeswax-based oleogels and sterol-based oleogels, both loaded with β-carotene, were submitted to 

tribology tests. Tribology allow us to investigate on static and kinetic friction coefficient that serve as a 

reflection of sensations that occur at the tongue-food-palate interface. Figure 8.1 shows the scheme of 

the performed tribological test. 

 

 

Figure 8.1. Coefficient of friction (COF) directly related to the resistance of the motion between two 

contacting surfaces. 

 

Polydimethylsiloxane hemispheres, with diameter of 10 mm, were produced with (PDMS - SYLGARD 184) 

from Sigma Aldrich (St. Louis, USA). The hemispheres were used to simulate the tongue (at low contact 

force, e.g. 0.15-0.2 MPa). The force set between the PDMS and the glass (food material support) was 

0.5 N for the sterol-based oleogels (harder oleogels) and 0.1 N for the beeswax-based oleogels (softer 

oleogels), in order to mimic the tongue-food-palate interface. The force was diminished for the softer gels 

to avoid the PDMS to touch directly in the glass. Tribology tests were made at a velocity of approx. 10 

mm.s-1. PDMS hemispheres’ surface were hydrophilized in a salinization process followed by an oxygen 

plasma treatment. 
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8.2.2.2. Texture 

 

Texture profile analysis (TPA) was performed in 5 replicate samples, of beeswax and sterol-based 

oleogels, with cylindrical shape with 13 mm of height and the same 13 mm of diameter. The tests were 

performed using a Texture Analyser TA-XT2i (Stable Microsystems, Surrey, UK) equipped with a equipped 

with a 30 kg charge cell. The TPA tests were performed using a SMSP P25 probe, with diameter of 25 

mm. After previous testing with similar samples, force-time curves were recorded with test speed and 

post-test (recovery) speed of 0.5 mm s-1 and with probe travel of 25 % strain (unable to induce higher gel 

structure fracturability). A 2 second period was used between compressions. The values of hardness (N), 

and cohesiveness were calculated, using the Texture Exponent v.6.1.1.0 software (Stable Microsystems). 

 

8.2.3. Cytotoxicity 

 

8.2.3.1. Cell culture and Presto Blue cytotoxicity assessment 

 

Oleogel samples’ cellular compatibility was determined by Caco-2 human colon epithelial cancer cells 

(ATCC, HTB-37) that were routinely cultured in Modified Essential Medium (MEM), supplemented with 1 

% non-essential amino acids, 20 % foetal bovine serum (FBS) and 1 % penicillin/streptomycin. These cells 

were maintained in a T-75 cell culture flask, at 37 °C, in a humidified 5 % CO2 atmosphere and harvested 

at 80% confluency using trypsin. Cells of passage 20-50 were used throughout. Harvested cells were 

counted using the Neubauer chamber and trypan blue. 

 

The influence of oleogels on cellular metabolism was evaluated with a resazurin-based assay with 

PrestoBlue (PB), Invitrogen (USA). This assay is commercially available and comes ready to use. 

Metabolically active cells are capable of reducing the PB reagent, with the fluorescence measured change 

used to quantify cell viability. Cells were seeded onto the apical side of Millicell culture plate inserts 

(diameter 1.1 cm2, pore diameter 0.4 µm) at a target density of 6 × 104 viable cells cm-2 and then were 

incubated overnight to allow cell adherence. At first, inserts were used due to the sample characteristics 

(solid ample and non-soluble or dispersible) to guarantee PB access to adherent cells. The cells were 

incubated overnight to allow cell adherence. The cells were provided with 1.5 mL of supplemented EMEM 

on the basolateral side of the filter and with 0.5 mL on the apical side. Cells were then incubated in the 
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presence or absence of each oleogel (80 mg) in the apical side for 24, 48 and 72 h. Untreated cells were 

used as negative controls. The PB solution (10 %) was added, just after oleogels application, to each well 

in the basolateral side; plates were maintained in the incubator up to 72 h. At each time point, 100 μL 

from the basolateral side was transferred to a 96-well plate for fluorescence measure: excitation at 560 

nm and emission at 590 nm (BioTek Synergy H1 multi-well plate reader). At each time point, the 

fluorescence values of the no-cell control wells (only cell culture media with 10 % presto blue) were 

averaged and subtracted to the fluorescence value of each experimental well. 

 

Subsequently, cytotoxicity tests were performed under similar conditions for all beeswax and sterol-based 

oleogels with and without β-carotene, however 24-well microplates (without inserts) were used for cell 

seeding. After consequent cell adherence and the removal of culture medium in each well, the cells were 

incubated in the presence or absence of each oleogel (80 mg) in the apical side for 4 and 24 h. Untreated 

cells were used as negative controls. Cells growing in the culture medium with 20 % (v/v) of ultrapure 

water (considered as 100 % cell viability) were used as the negative control. The 30 % di-methyl sulfoxide 

(DMSO) solution was used as a positive control. The samples were incubated for 24 h with 10% PB; plates 

were maintained in the incubator up to 24 h. At each time point (4 and 24 h), 100 μL from the basolateral 

side was transferred to a 96-well plate for fluorescence measure: excitation at 560 nm and emission at 

590 nm (BioTek Synergy H1 multiwell plate reader). At each time point, the fluorescence values of the 

no-cell control wells (only cell culture media with 10 % presto blue) were averaged and subtracted to the 

fluorescence value of each experimental well. 

 

8.2.3.2. 3-(4,5-dimethylthiazol-2-yl) 2,5 diphenyl tetrazolium bromide (MTT) assay 

 

Caco-2 cells in suspension were seeded at 6.6 ×104 cells (500 µL of cellular suspension) per well in 24-

well plates and left adhering overnight in a humidified atmosphere of 5 % CO2 in air at 37 °C. After 

adhesion, oleogel samples were incubated in the culture medium and incubated for 4 and 24 h. After 

that, the samples were removed and 100 µL of MTT solution (5 mg mL-1 in phosphate buffer saline-PBS) 

was added to each well at a final concentration of 0.45 mg mL-1 and incubated at 37 °C. After 3 h, MTT 

solution was removed and MTT-formazan crystals were dissolved with 400 µL isopropanol. Absorbance 

was measured at 570 nm and 690 nm (reference wavelength) using a Microplate Reader (Synergy, BioteK 

H1, USA). In this assay, metabolically active cells reduce MTT, by mitochondrial succinic dehydrogenases, 
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to blue formazan crystals, allowing to measure cell viability. The cell viability was expressed in percentage 

of fluorescence in treated cells in relation to the fluorescence of cells growing in the cell culture medium. 

8.2.4. In-vitro gastrointestinal digestion 

 

Prior to the gastrointestinal digestion tests, a pre-determined mass of oleogel (5 g) was weighted into 

50 mL tubes. These tubes were used as a digestive medium for each sample replicate throughout the 

entire digestive experiment. Each tube was then preheated in a Thermomix heater at 37 °C. Due to 

distinct oleogel morphology and because sterol gels present a hard-enough structure, these samples were 

sliced in smaller pieces (roughly 	3mm) after gelation and then, correctly weighted. 

 

To learn the quantity of β-carotene that was transferred from the lipid to the aqueous phase, from the oil 

(control) and oleogel samples. a simulation of the oral, gastric and intestinal (duodenal) steps of the 

gastrointestinal digestion, was performed using an adapted INFOGEST standardized protocol. Figure 8.2 

describes the steps of the in-vitro gastrointestinal tests. 

 

 

Figure 8.2. Overview of a simulated in vitro digestion method. SSF, SGF and SIF are Simulated Salivary 

Fluid, Simulated Gastric Fluid and Simulated Intestinal Fluid, respectively. 

 

Oral
Mixture of sample with SSF (2 min)
Temperature: 37 °C / pH 7

Gastric
Mixture with SGF (2 h)
+ pepsin
Temperature: 37 °C / pH 3

Intestinal
Mixture with SIF (2 h)
+ pancreatic enzymes
+ bile salts
Temperature: 37 °C / pH 7
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Simulant salt stock solutions used in the experiment, SSF (simulate salivate fluid) - SGF (simulated gastric 

fluid) and SIF (simulate intestinal fluid) were prepared in advance and stored in the proper conditions 

before use, as described elsewhere (Brodkorb et al., 2019; Minekus et al., 2014). The prepared solutions 

were: KCl 0.5 g mol-1, KH2PO4 0.5 g mol-1, NaHCO3 1 g mol-1, NaCl 2 g mol-1, MgCl2(H2O)6 0.15 g mol-1, 

(NH4)2CO3 0.5 g mol-1, CaCl2(H2O)2 0.3 g mol-1, HCl 6 g mol-1. 

 

Due to the nature of the oleogel samples (solid) the quantification of carotenoids was only performed in 

the final step of the digestive process. A thermomixer device was used to mimic the digestion conditions 

ensuring temperature and proper mixing environment. All tested samples were digested using SGF in the 

presence of lecithin (10 mg mL-1), from Albert y Ferran Adrià (Spain). Lecithin should be used if the 

samples that will undergo the digestive process do not contain phospholipids or other low molecular 

weight surfactants within its composition (Lin et al., 2018). Prior to use, the lecithin solution was sonicated 

and centrifuged and then the supernatant was used. Also, according to the protocol, the desired amounts 

of pepsin, bile salts and pancreatic enzymes were also prepared in advance, just before the start of each 

digestion procedure.  

1) Oral phase: 5 g of oleogel sample mixed with 4 mL of SSF + 25 µL of CaCl2 0.3 M and 975 µL Milli-Q 

water. 

2) Gastric phase: oral phase solution + 7.5 mL of SGF + 1.6 mL of pepsin (25000 U/mL) + 5 µL of CaCl2 

0.3 M + 0.2 mL of HCl 1M (adjust pH = 3) + 695 µL Milli-Q water. 

3) Intestinal phase: gastric phase solution + 11 mL of SIF + 5 mL pancreatin (800 U/mL) + 2.5 mL of 

bile salts (160 mM) + 40 µL of CaCl2 0.3 M + 150 µL de NaOH 1 M (adjust pH=7) and 1.31 mL Milli-Q 

water. 

 

All the other analytical grade reagents used were purchased from Sigma-Aldrich (St. Louis, USA). 

 

8.2.4.1. Fluorescence microscopy 

 

Micrographs from the digestion samples were obtained under a fluorescence from a Nikon Instruments 

Eclipse Ti-E Upright Microscope (Japan) equipped with a Hamamatsu digital camera supported by the 

NIS-Elements Microscope Imaging Software also from Nikon. Green Fluorescence Protein (GFP) filter was 

used to obtain the images. 
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8.2.5. Bioaccessibility and bioavailability assessment 

 

β-carotene extraction methodology was based in the protocol performed by Wright, Pietrangelo, & 

MacNaughton (2008). After the digestive experiments, the pH of the samples was adjusted to pH 7. 

Samples were then centrifuged (9509 g during 10 minutes) in order to facilitate the recovery of the 

micellar (aqueous) phase. After the addition of 0.6, 1.8 and 0.3 mL of Milli-Q, acetone and ethanol 

respectively, to an aliquot of 0.2 mL of micellar phase sample, 1.2 mL of hexane was added to the mixture 

and after inverting each tube 10 times the superior (organic) layer was collected after 5 min stabilization. 

The remaining volume of the aqueous fraction was then pooled in the same amount of hexane and the 

procedure was repeated. The final amount of organic phase was centrifuged under vacuum with a 

SpeedVac SPD121P from ThermoFisher (Waltham, USA) almost complete dehydration. After that, a fresh 

amount of 0.1 mL of hexane was added and each sample was vortexed to ensure that β-carotene was 

re-dissolved (concentrated here) and the samples were placed in opaque glass vials (with glass inserts 

due to the minimum volume used). Tests using the resultant micellar (aqueous) fractions from the oil and 

oleogels samples (with 0.01 % loading of β-carotene) were inconclusive. It was not possible to quantify 

the amount of bioactive within the aqueous phases under liquid chromatography, probably due to the 

fact that 0.01 % (w/w) is not an abundant mass to be detected after the digestive process. Further 

experiments were performed using 0.1 % of β-carotene. The quantification was performed from three 

independent in-vitro digestive procedures, with n=3 for each sample, using a high-pressure liquid 

chromatograph (HPLC, Agilent 1260 Infinity Quaternary LC, Agilent Technologies, Santa Clara, USA), 

equipped with a RRLC in-line filter, and Kinetex 2.6 µm XB-C18 100 Å column with 150 x 4.6 mm. The 

calibration curve is presented in section 8.3.3.1. 

 

Then, samples also originated from the micellar phase were selected to perform cell permeability tests, 

those underwent a dialysis procedure for an approx. time of 16 h in membranes with porosity ranging 

from 12 to 14 kDa. Co-cultured monolayers of HT29-MTX cells and Caco-2 cells, that were seeded (cell 

density 	 2.2E5 cells mL-1) and monitored for confluency and membrane integrity (Trans-Epithelial Electric 

Resistance - TEER) during at least 21 days, were placed in trans-wells in order to be perform cell 

permeability using four degrees of micellar sample dilutions (2x, 4x, 10x, 20x) after dialysis. After the cell 

washing procedure using pre-warmed Hanks’ balanced salt solution (HBSS), 1.5 and 0.5 mL of the same 

reagent were placed on the basolateral and apical sides respectively, following an incubation period of 15 
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min at 35 °C, using an orbital shaker (VWR, USA). The TEER was measured for membrane integrity check 

before the start of the test., 500 µL of sample were placed on the apical side and for each time-point (1, 

2, 3 and 4 h) the TEER was measured and 200 µL were removed from the apical side (for quantification) 

and the same volume of HBSS was added to perform the initial volume. In the final step, after cell washing 

with HBSS, the cell membranes, from each trans-well, were lysate with a triton solution and centrifuged 

in order to collect (after solvent extraction) some residual bioactive amount that could be on the interior 

of the cells. Two independent in-vitro procedures (with n=3 for each sample) made possible to evaluate 

at this time the permeability capacity for the bioactive. 

 

8.3. Results and discussion 

 

8.3.1. Tribology and texture 

 

The coefficient of friction (COF) is directly related to the resistance of the motion between two contacting 

surfaces. Figure 8.3 portrays the apparatus used in this experiment. 

 

 

Figure 8.3. (A) PDMS contact probe; (B) Tribometer full apparatus; (C) Ongoing measurement using 

STO8 60:40 as oleogel sample. 

 

Initially, the objective was to understand the friction response and the lubrication profile of the oleogels 

when in contact with a simulated tong and palate surfaces. The COF value for the static tribology 

measurements obtained for BWO samples was significantly higher (p<0.05) than the ones registered for 

STO samples, as they ranged from 0.2343 to 0.5426 in contrast to the later ones that range from 0.1046 

to 0.1110. This is also translated for the dynamic measurements, where two objects are moving relative 

A B C
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to each other and rub together. COF values of beeswax-based samples average 0.2243 and the sterol-

based samples average is 0.0271 (Figure 8.4). This happens due to a larger adhesion component that 

is exhibited from the wax-based oleogel samples. In the case of sterol-based oleogels, the morphology of 

the gel develops a more abrasive response when in contact with the PDMS surface, because of that, 

lower friction coefficient values are obtained for these oleogels. The decease of friction observed for STO 

during dynamic measurements, is a result of an increase of lubrication between the surfaces. This 

probably happens due to an oil loss from the gel surface that will improve benefit the lubrication in the 

mouth and improve mastication and swallowing (Ligtenberg & Veerman, 2014). In contrast, the adhesive 

interactions are higher for BWO. This is a “softer” gel, however its sticky properties do not make them a 

friendly material to be swallowed. The dynamic tribological profile shows a very constant behaviour from 

this gel sample during the 10 s period, there is no loss of lubrication, but for sure this parameter does 

not increase. 

 

 

Figure 8.4. Coefficient of friction (COF) directly related to the resistance of the motion between two 

contacting surfaces. (A) and (B) represent the static tribology results for BWO and STO respectively; (C) 

and (D) represent the dynamic tribology results for BWO and STO respectively. 
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Texture profile analyses (TPA) are useful to understand the mastigability effect on both structures, prior 

to the digestion process. Figure 8.5 shows the TPA profiles for STO and BWO (both with carotene) and is 

possible to observe the differences exhibited by both oleogels. The common TPA sequence comprises 

the probe contact with the sample, compressing it, retrieving to the original contact point and then the 

first cycle is repeated for a second time. 

 

 

Figure 8.5. TPA profile for STO and BWO prior to in-vitro digestion. 

 

Different strains were tested in order to perform a correct TPA analysis. The trials allowed to verify that 

strains above 30 % (for STO’s) were extremely destructive for these samples, therefore we opted to use 

a fixed 25 % strain for every TPA measurements (both STO’s and BWO’s). Higher strains, that would 

induce oleogel fracture, originating critical detachment of STO samples, would interfere on the results 

from the second compression therefore overturning the TPA analysis results.  

 

Texture data is indicative of the differences between BWO and STO. Significant differences (p < 0.05) 

were observed for the obtained parameters. The maximum force endured during sample first 

compression is related to the hardness of the sample, and this parameter translates the force of each 

sample. STO’s demonstrated higher hardness, averaging a force of 12.9 N at the higher point for the first 

compression, in contrast to the 0.16 N value that was averaged from the BWO samples. Between the two 

compressions, or two positive areas of the chart (Figure 8.6) is recorded the adhesivity of the sample, 

this parameter was not considered here because we suspect that apparent adhesivity was recorded. This 
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can happen for products that show higher hardness and could create pressure between the sample and 

the base and thus improve the bond generating (apparent adhesion A stronger cohesion was shown by 

BWO samples, this happened because despite the higher hardness of STO’s its structure buckles 

(showing less recovery power) after the first compression, meaning that in the second compression the 

point of contact is not at the height as it was at the time for the first compression. 

 

 

Figure 8.6. Texture parameters for sterol- and beeswax-based oleogels. 

 

8.3.2. Oleogel cytotoxic evaluation (cell culture; Presto Blue and MTT assay cytotoxicity 

assessment) 

 

Before the in vitro gastroinstestinal digestion study and the evaluation of epithelial transport of β-carotene, 

oleogels were tested in terms of cytotoxicity. To make that possible, we used Caco-2 cell line as the base 

of our study, as this is a well-established model system to study cellular differentiation of human 

enterocytes of intestinal origin. Caco-2 cells are capable to differentiate spontaneously, originating cells 

(polarized) with both morphological and biochemical features likewise small intestinal enterocytes 

(Buhrke, Lengler, & Lampen, 2011). 

 

 

Hardness (N) Cohesiveness (%)
0.00

0.05

0.10

0.15

0.20

10

20

30

40

STO+BC (8% w/w)

BWO+BC (8% w/w)



Chapter VIII 
Toxicological and digestive response of beeswax and sterol-based oleogels                                                                              Martins, A. J. (2019) 

 
 

 240 

Figure 8.7. Confluent CaCo-2 cells for cytotoxicity experiments. The image in the left corresponds to a 

10-times amplification of the image on the left. 

 

The first experiments for oleogel cytotoxicity evaluation comprised the use of inserts serving as cell 

monolayer containers. Cells were incubated in the presence or absence of each oleogel (80 mg) in the 

apical side for 24, 48 and 72 h. Untreated cells were used as negative controls. 

 

 

Figure 8.8. CaCo-2 cells in Presto-Blue assay with beeswax-based oleogels (BWO) loaded with β-carotene 

and sterol-based oleogels (STO). 

 

The fluorescence intensity of cells incubated with BWO’s loaded with β-carotene, was similar to the one 

obtained with the control samples (cell grown in culture medium), demonstrating the non-toxic behaviour 

of the oleogel formulation with good reproducibility. During the 72 h test, fluorescence intensity increased 

for all oleogel samples. The cell viability is defined as the number of healthy cells in a sample, being so 

the proliferation of cells is a vital indicator of non-toxic behaviour induced by the oleogels when in contact 

with confluent cells. Figure 8.9 shows that cell viability remained high during all the experiment, attesting 

the non-toxic behaviour of BWOs (with carotene) and STOs for human organism. 
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Figure 8.9. 72 h cell viability test from CaCo-2 Presto-Blue assay. (A) Fluorescence intensity of cells 

incubated with control (cell grown in culture medium), beeswax-based oleogels loaded with β-carotene 

and sterol-based oleogels without β-carotene; (B) Cell Viability results. 

 

Subsequently, a range of concentrations for both types of oleogels, without carotene, were tested for 

cytotoxicity with PrestoBlue assay. Results showed (Figure 8.10) that the 2 sets of experiments, with both 

undigested sterol- and beeswax-based oleogels (produced with increasing concentrations of gelator) were 

non-cytotoxic, with up to 48 h of cell contact. 
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Figure 8.10. Fluorescence intensity regarding cell contact with control medium and oleogel samples with 

different gelator concentrations (left). Cell viability evaluated with CaCo-2 Presto-Blue assay with beeswax-

based (BWO) and sterol-based (STO) oleogels with different gelator concentrations, during 24 and 48 h. 

 

The following experiments, consisted in performing a parallel test with a range of different oleogels, above 

the critical gelation point concentration. Furthermore, with the in-vitro digestive tests in mind, we decided 

to increase the loaded amount of carotene for these tests from up to 10 times higher (0.1 %, w/w) than 

the one used in the previous cytotoxic trials. Because of the temperature conditions that must be applied 

for gelator solubilization, the β-carotene was fully solubilized in the oil medium. In this particular test, the 

conditions were optimized for 96 well-plates and Presto Blue and MTT assays were run in parallel. The 

results of fluorescence intensity and cell viability after 4 h and 24 h are depicted in Figures 8.11 and 

8.12. Cytotoxicity results showed that all tested samples, with and without β-carotene were not cytotoxic, 

including some oleogel sample induced cell proliferation after 24 h of contact. 

 

 

Figure 8.11. Fluorescence intensity regarding cell contact with control medium (CM) and oleogel samples. 

Decrease in fluorescence intensity is observed because of the need to change the signal gain due to 

increasing intensity that was not possible to measure in the plate reader. 
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Figure 8.12. Oleogel samples’ cell viability evaluated with Caco-2 - human colon epithelial cancer cells 

Presto-Blue assay in the left, and MTT assay results in the right. 

 

8.3.3. In-vitro digestion 

 

Long chain triglycerides (HOSO), BWO’s and STO’s (all loaded with β-carotene – 0.01%) underwent the 

in vitro digestive process applying the above described INFOGEST standard protocol, as regular 

procedure. 

 

During the processing of all samples, after gastric and intestinal steps, samples from both the superior 

layer (lipidic phase) and the inferior layer (aqueous phase) were recovered and placed in microscope 

slides for immediate microscopic observation in order to evaluate the evolution of the oleogel structure 

alongside the procedure and to visualize the evolution in regard to the migration of the lipid particles from 

the lipid phase (superior) to the aqueous (inferior) phase. Little time was spared to collect the samples 

and no fine sedimentation (or centrifugation) process was performed to do so (in order to not interfere in 

the regular digestive process). Each replicate was incubated in the same thermal and agitation conditions 

throughout the entire digestive experiment. For pH adjustment, a replicate of each sample was selected 

as the test tube, nevertheless each replicate’s pH value was verified (at the determined time-points in the 

end of each stage of the process) and adjusted if not in accordance with the test tube. 

 

Figure 8.13 shows the increase of the lipid content in the inferior phase of the digestive “reactor”; this 

happened as a result of the micellization of lipid particles from the oil and oleogels. In this case the oleogel 

matrix degradation, first by thermal and/or mechanical processes, will expose the incorporated 

components (Buhrke et al., 2011). Consequently, the micellization process is prompted by an active 
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participation of enzymes in conjugation with the bile salts in the digestive processing of the oleogels, 

helping the transport of hydrophobic molecules through the epithelium as a consequence of the elasticity 

of micelles that carry the molecules and are able to pass through the cell walls (Lin et al., 2018). Both 

oleogels showed structural disintegration, namely during the final two steps, that correspond to gastric 

and intestinal phase (as evaluated by visual inspection and fluorescence microscopy as presented in 

Figure 8.13 and 8.14). During in vitro digestion, the changes in the morphological conformation of the 

beeswax samples occur due to the interaction with enzymes and the simulated fluids were observed. For 

sterol-based oleogels the modifications were less evident during oral and pre-gastric phase (no sampling 

recovery), only in the intestinal phase was possible to identify a change in the structure. This is also visible 

for LCT oil samples (likewise BWOs) with carotene in Figure 8.15. 

 

 

Figure 8.13. Micrographs and structural changes in BWO with 6 % (w/w) of gelator during the digestive 

process (oral, gastric and intestinal phases). 

 

Methods

Introduction

Conclusions

Food products are digested in different ways; rigidity and different textures are characteristics that 
will influence how digestion will occur. Absorption of lipids and lipid-soluble components from food 
is quite complex and factors like lipid composition, breakdown of food matrices, emulsion droplet 
size and lipid solubilization within mixed micelles of bile salts will influence the digestive process 
(Dickinson, 2014). In this work, two types of edible oleogels (sterol-based and beeswax-based 
gels) loaded with beta-carotene (0.01 % w/w) have been developed. The oleogels were produced 
through the gelling process of long chain triglycerides (oil phase), with a sterol-mixture (gamma-
oryzanol and beta-sitosterol) and beeswax as the two oil structuring agents. We report on the 
morphological and textural characteristics, as well as on the cytotoxicity and digestive behaviour 
of the oleogels during a digestion simulation (i.e. mouth, stomach and small intestine) using a 
static harmonized in vitro digestion method (Minekus et al., 2014).
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• Sterol-based oleogels demonstrated increased hardness (4 times higher than beeswax gels).  
• In-vitro digestion allowed concluding that both types of oleogels showed structural disintegration, as 

evaluated by visual inspection and fluorescence microscopy analysis. In addition, beeswax oleogels’ 
structure was less resilient than oryzanol oleogels.  

• Cytotoxicity tests showed that both undigested sterol- and beeswax-based oleogels (without beta-
carotene) were not cytotoxic. 

Future work will be performed aiming at establishing the relationship between gels’ disintegration and 
beta-carotene bioavailability.
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• The fluorescence intensity of cells incubated with beeswax-based oleogels 
loaded with beta-carotene is similar to the one obtained with control (cell 
grown in culture medium), demonstrating the non-toxic behaviour of the 
oleogel formulation (Figure 4).

• Both oleogels showed structural disintegration, namely during the final two steps that correspond to gastric and intestinal 
phase (as evaluated by visual inspection and fluorescence microscopy in Figure 2 and 3). 

• During in vitro digestion changes in the morphological conformation of the beeswax samples due to the interaction with 
enzymes and the simulated fluids were observed. 

• Regarding sterol-based oleogels the modifications were less evident during oral and pré-gastric phase (no sampling 
recovery), only in the intestinal phase was possible to identify a change in the structure.

In Vitro Digestion

Figure 5 - Fluorescence intensity regarding cell contact with control medium and oleogel 
samples (beeswax oleogels-BWO; sterol oleogels-STO) with different gelator concentrations. Figure 6 - Cell viability evaluated with CaCo-2 Presto-Blue assay with beeswax-based (BWO) 

and sterol-based (STO) oleogels with different gelator concentrations, during 24 and 48 h. 

Figure 2 - Micrographs and structural changes in beeswax oleogels with 2% (w/
w) of gelator concentration, alongside the digestive process.

Figure 3 - Micrographs and structural changes in sterol oleogels with 6% (w/w) of gelator 
concentration, alongside the digestive process.

Figure 4 - 48h cell viability test from CaCo-2 Presto-Blue assay with beeswax-based 
oleogels (BW-O) loaded with beta-carotene and sterol-based oleogels (STO-O).
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Figure 1 - Textural properties of beeswax-based and sterol-based oleogels with 6% (w/w) of gelator 
concentration (both loaded with 0.01 % (w/w) of beta-carotene).

• Fluorescence intensity increased for all oleogel samples (Figure 5).  

• Cytotoxicity tests, using a human epithelial cell line (CaCo-2) with PrestoBlue assay, showed that 2 sets of 
experiments with both undigested sterol- and beeswax-based oleogels, produced with increasing concentrations of 
gelator, without beta-carotene were not cytotoxic, with up to 48 hours of contact (Figure 6).
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Figure 8.14. Micrographs and structural changes in STO with 6 % (w/w) of gelator during the digestive 

process (oral, gastric and intestinal phases). 

 

 

Figure 8.15. Micrographs and structural changes in LCT oil samples alongside the digestive process. 
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The in vitro digestion allowed concluding that both types of oleogels demonstrated structural 

disintegration, as evaluated by visual inspection and fluorescence microscopy analysis. In addition, 

beeswax oleogels’ structure was less resilient than oryzanol oleogels, this is in accordance to the 

increased hardness demonstrated by STO (undigested) samples during the texture tests. 

 

From this point onwards, we decided to further analyse the samples resulting from the digestive 

experiments, in order to obtain data on bioavailability and bioaccessibility of the β-carotene under after 

digestion of these oleogels systems. 

 

8.3.3.1. Bioaccessibility and bioavailability assessment 

 

The in vitro digestive process, divided in three steps (oral, gastric and intestinal) was performed in the 

same manner, as stated earlier in this chapter. Figure 8.16 shows the progress of selected replicates for 

each sample that was studied. The evolution in regard to migration of lipid particles is well evidenced by 

the fluorescence microscopy, both for the superior and inferior phases.  
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Figure 8.16. Micrographs and structural changes in A) control (LCT-oil) and beeswax-based oleogels and 

in B) control (LCT-oil) and sterol-based oleogels, during gastric and intestinal stages of in vitro digestion. 

 

It is observed the changing panorama in terms of the particulate system observed in the inferior phase 

at the intestinal stage, when compared to the same local in the earlier gastric stage. The morphology of 

the particles seems to change by the action of the enzymes and the bile salts (that are responsible to 

involve the lipidic molecules) forming mixed micelles. With higher degree of lipolysis, the digestive 

products tend to be also highly included into the mixed micelles by joint action between surface-active 

Gastric

Intestinal

Control Sample 1 Sample 2 Sample 3

Superior

Superior

Inferior

Inferior

BWO8

A

Control Sample 1 Sample 2 Sample 3

Superior

Superior

Inferior

Inferior

CSTO8

Gastric

Intestinal

B



Chapter VIII 
Toxicological and digestive response of beeswax and sterol-based oleogels                                                                              Martins, A. J. (2019) 

 
 

 248 

bile salts and phospholipids (here similarly provided by lecithin-based solution) which are key intervenient 

in the digestion of lipids as they adsorb in the surface of fat droplets (Sarkar, Ye, & Singh, 2016). The 

micellization process will then be the responsible for the internalization of the bioactive molecules. Some 

parameters were altered objectively to increase the chromatographic detection of the compound, namely 

the mass of bioactive was increased up to 10-fold (still within the solubility limit for β-carotene in oil when 

temperature is applied). The overall quantification was based in a three-step procedure; first a dialysis of 

the product of digestion, then an extraction methodology. that was based in an organic solvent procedure 

and finally high-pressure liquid chromatography was used to final bioactive quantification. 

 

In the end of the in vitro digestion, the mechanical separation of the three phases, was performed using 

centrifugation. This allowed to separate the upper lipid phase from the aqueous phase. It is also visible a 

pellet in the bottom of the tubes. Normally upper phase (lipid phase) contains the undigested lipids, in 

this case in form of oil droplets or bulk oil and very small pieces of oleogel. The pellet in the bottom is 

usually constituted by denser insoluble material (i.e. undigested proteins, bile salts, free fatty acids, and 

minerals). The aqueous phase is the one that contains the mixed micelles and vesicles, that contain bile 

salts, phospholipids, and lipid digestion products (monacylglycerol and free fatty acids). In the particular 

case of β-carotene, this lipophilic agent can be solubilized within the hydrophobic interior of the micelles 

and vesicles (McClements & Li, 2010). Figure 8.17 shows the visual appearance of the samples during 

the end of the digestion, after centrifugation and the collection of the aqueous phase, also micrographs 

of the aqueous phase are shown here. 
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Figure 8.17. Micrographs of the final aqueous solutions resulting from in-vitro digestion of control 

(HOSO) and oleogels at: (A) final stage of digestion; (B) after centrifugation; (C) micellar phase after 

collection. Optical micrographs for micellar phase of (D) HOSO; (E) STO; and (F) BWO. 

 

 

Figure 8.18. (A) Absorbance profile of β-carotene solubilized in hexane; (B) HPLC calibration of β-carotene 

used for compound quantification. 

 

A different number of parameters can affect the micellization development. One parameter that is 

reported to affect the digestive process of lipids, hence reduce the β-carotene micellization and 

consequently its’ bioaccessibility, is the presence of phospholipids that would be responsible to inhibit 

the binding of the pancreatic lipase-co-lipase complex in the interface region (Malaki Nik, Corredig, & 

Wright, 2010). However, tests performed without the introduction of lecithin (results not shown) revealed 

similar results that the ones showed in Figure 8.19. 

 

 

Figure 8.19. β-carotene bioaccessibility, of samples of HOSO, STO and BWO, obtained through high-

pressure liquid chromatography from three independent in-vitro digestive procedures; n=3 for each 

sample. 
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The amount of bioactive quantified for HOSO, STO and BWO was in average respectively 0.165 ± 0.042 

mg, 0.201 ± 0.043 mg and 0.128 ± 0.069 mg, representing 3.3, 4.0 and 2.6 % of bioaccessibility. The 

emulsified droplets can experience aggregation at the oral or gastric stages (by coalescence or even 

flocculation) and that can modify significantly the exposition of the lipid surface to lipase effectiveness 

within the small intestine, this limitative behaviour would be accentuated by the initial (lipid droplet size) 

oil bulk that comprise the oleogel samples. Such performance would be linked to low bioaccessibility, due 

to the lower probability of these larger initial droplets being fully digested, hence β-carotene would persist 

inside them (initial droplets) resulting in a lower number of mixed micelles (McClements, 2018; Salvia-

Trujillo et al., 2017). Reports on lipid digestion of emulsified oleogels using rice bran wax address pointed 

the effect of the “indigestible crystal network entrapping liquid oil” as being responsible for the delay of 

the rate of the digestive process, when compared to emulsions without the presence of the wax (Guo, 

Wijarnprecha, Sonwai, & Rousseau, 2019). This will influence the amount of available compound 

(lipophilic) to be absorbed through the epithelium, thus lowering its bioaccessibility. In the case of the 

studied oleogels, low bioaccessibility could be directly linked to it, in the form that an un-emulsified system 

(like oleogel) would be difficult to digest, since the oil droplets or bulk oil would decrease the solubilization 

of the loaded lipophilic compound into the mixed micelles (Lin et al., 2018). Reports on emulsified-

systems, link their properties (i.e. droplet size; emulsifier) with the bioaccessibility and/or bioavailability 

of bioactives (e.g. β-carotene) (McClements, 2018). Because droplet sizes (in the mentioned systems) 

can vary between 140 nm and 2300 nm, it is safe to say that the particle sizes seen in Figure 8.17 (in 

the aqueous phase for example) evidence larger sizes than the ones needed to facilitate the compound 

permeability, thus lowering the values of bioaccessibility and consequently, as discussed below, the 

bioavailability as well. Differences regarding the migration of β-carotene from the oleogel to the aqueous 

phase, can be a result of the gelator network that will influence gel structural stability (Osullivan, 

Davidovich-Pinhas, Wright, Barbut, & Marangoni, 2017). 

 

Bioavailability of β-carotene was determined by cell permeability tests and firstly, we decided to expose 

the cell monolayer to the final aqueous product of the in-vitro digestion. However, it was noticed that 

those samples were responsible for the disintegration of the assembled cell monolayers (in the inserts), 

therefore invalidating the success of the test. Meaning that the centrifugation step, that takes place in the 

final stage for aqueous phase collection, could be inefficient to isolate soluble colloidal dispersions that 

can be a focus of interference with the epithelial cells (Minekus et al., 2014). An optimization of this 
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procedure was explored in order to facilitate the cell permeation without compromising the integrity of 

the cell monolayers. After unsuccessful trials, using Amicon filters with MWCO of 10 000 Da, (that would 

get blocked after centrifugation) we decided to perform a dialysis of the aqueous phase prior to cell 

permeability test. Identical volumes of aqueous phases gathered for each replicate and were placed inside 

membranes with ranging MWCO of 12000-14000 Da. The procedure was performed during an 

approximated time of 16 h, with a total volume of dialysis medium ranging from 6 to 8 litres for each 

replicate. The volume inside the membranes in the end of the test was taken into account for all the 

quantification measurements. Afterwards, the samples that were originated from the digestion (four 

degrees of micellar sample dilutions after dialysis: 2x; 4x; 10x; 20x) were put in contact with the co-

cultured monolayers of HT29-MTX cells and Caco-2 cells and their integrity was evaluated for three hours. 

This evaluation was performed by measuring the TEER of each trans-well (Figure 8.20). 

 

Figure 8.20.(A) Set-up for transepithelial electrical resistance (TER) measurements; (B) Evolution of TEER 

when incubation was performed using different dilutions of the micellar samples after the dialysis 

procedure. 

 

It is observable in Figure 8.20 B) that the TEER values, remained higher at a constant level for 20- and 

10-times diluted samples. Oppositely, samples only diluted 2- and 4-times, revealed to be detrimental for 

cell membranes, as TEER values were not able to remain “positive” after 50 min of the contact. From 

this point on, samples were collected and then diluted (10x) for cell permeability trials for the evaluation 

of the bioavailability of β-carotene. Several permeability tests were performed using 10x dilutions of 

micellar dialysate samples. Figure 8.21 shows the TEER evolution of a selected permeability test. In this 

case the cell monolayer kept its integrity during the full time of the experiment for all the tested samples. 
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Figure 8.21. Evolution of TEER when incubation was performed using different dilutions of the micellar 

samples after the dialysis procedure. 

 

The data obtained after quantification revealed that the amount of β-carotene that was present in the 

apical side and available to be transported across the cell membrane corresponded to less than 1 % of 

the quantified amount in the aqueous phase sample. The quantified values ranged between 0.15 – 0.34 

% for HOSO; 0.14 – 0.44 % for STO and 0.10 – 0.36 %, these values correspond to a mean of mass for 

β-carotene of 0.41, 0.50 and 0.24 μg (Figure 8.22). 

 

 

Figure 8.22. Mass of quantified β-carotene in the original aqueous phase (directly resultant from the 

digestive process) and in the apical side of the cell monolayer (immediately prior to the permeability 

tests). 

 

Mass balances were performed in order to understand the rate and amount of “bioactive material” that 

was permeated through the cell membrane and how much of it would remain in the apical side or would 
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be internalized inside the cells. Cell lyse was done in the final stage of the procedure. Figure 8.23 shows 

the mass of β-carotene that was quantified, using liquid chromatography, in the apical side of the cell 

monolayer at 0 and 4 hours, as well as the amount that was remained within the cells. 

 

 

Figure 8.23. Quantified mass of β-carotene during different steps of individual three cell permeability 

experiments. 

 

For the same permeability trials, the sum of the quantified β-carotene present in the apical side at 4 h 

(apical final) and the quantified β-carotene from the cells lysate product, corresponded to values of 

approx. 86 % (HOSO), 79 % (STO) and 89 % (BWO) of the amount of bioactive existent in the apical side 

at 0 h. Meaning that only approx. 14, 21 and 11 % of bioactive mass would be available to permeate the 

cell monolayer. However, from the trials using co-culture cell lines that were performed, it was not possible 

to quantify the permeate β-carotene in the basolateral side. This can be explained by the low amounts of 

β-carotene that permeate, that are below the detection limit of the equipment. 

 

8.4. Conclusions 

 

Both undigested sterol- and beeswax-based oleogels, with and without β-carotene revealed not cytotoxic 

behaviour. The in vitro digestion tests demonstrated that both types of oleogels showed structural 

disintegration, with BWOs showing a less resilient structure than STOs. The mechanical processes, 

associated to food disintegration during chewing, could play a determinant role in the release of 

carotenoids during the gastro and intestinal processing of foods. The hardness and overall morphology 

of the oleogel samples, namely the great overall content of oil was determinant for the digestive behaviour 
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of the β-carotene loaded samples. Materials and structural arrangements in oleogel production shown to 

be determinant and different formulation should be targeted in order to improve the micellization of β-

carotene. Also, an improved chewing process could assist on the digestibility of the oleogels, signifying a 

substantial enhancement of bioactive availability for absorption at the intestinal level. This is a factor that 

we will target in the future for oleogel’s digestive experiments. The necessary treatments involving the 

collected aqueous phase after in vitro digestion should be revised in order to diminish the impact on 

bioactive content, that was considerably decreased before cell permeability experiments, affecting the 

outcome of the bioavailability tests. 
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Chapter IX – Incorporation of oleogels in foods 

 

 

Obesity and cardiovascular diseases are among the most dangerous health problems worldwide. Food 

and diet habits are some of factors that contribute to health problems in the western countries, being the 

fats present in the foods one of the main issues. In this chapter, we address this issue, by evaluating the 

incorporation of oleogels in distinct meat−based products. Two meat−based products (hamburgers and 

pate) that are commonly elaborated with a high fraction of saturated fat were reformulated with linseed 

oil based oleogels. The incorporation of oleogels with an oil phase rich in polyunsaturated fatty acids 

guarantee the modification of the fatty acid profile. Distinct gelling approaches were implemented using 

beeswax− and sterol−based oleogels as linseed oil structuring agents. 

 

In hamburgers, the oleogels were used for the partially replacement of the solid fat fraction present in 

pork patties (H−25 for 25 % of substitution and H−75 for 75 % of substitution). Results showed that for 

both degrees of fat substitution, performed with oleogel incorporation there were no differences with the 

control regarding textural parameters such as hardness, cohesiveness, chewiness and gumminess. 

Overall, despite the clear preference among the sensorial panel towards the control samples, the samples 

with less amount of oleogel (H−25), were well classified in the acceptance and preference tests. These 

results show the feasibility of introducing oleogels as a fat replacer in the manufacturing process of pork 

patties, though there is still work to be done regarding in order to improve their sensorial attributes. 

 

Regarding the pate, the partial replacement of solid fat was performed for 30 % and 60 % of pork fat. After 

fat replacement by linseed beeswax−based oleogels, textural and morphological properties of pate were 

studied in order to understand the impact the oleogel introduction during pate processing. Due to the 

processing conditions and the sensitivity to shear exhibited by beeswax−based oleogels, the textural 

properties between the control samples and the ones containing oleogel (even the samples with the lower 

degree of fat substitution) were different. Wide−ranging consumer and acceptance sensorial tests were 

also performed, leading to conclude that further work must be done in order to decrease the gap in terms 

of meat binding properties

9.1. Introduction 
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Consumers interests are moving into all sorts of diet plans and habits, that range between common diets 

to the unconventional “trendy” ones (Stanton, 2014). Demographic factors such gender, marital status, 

education level and location are amongst some of the main characteristics that should be considered on 

a focus groups when a new product is being developed (Bogue & Sorenson, 2007). From the industry 

standpoint, product offering is based on different aspects, being some of the drivers of this process the 

increased consumer awareness on the damaging effects of unbalanced food consumption and their desire 

to have a healthier diet and lifestyle. The prevailing demands regarding the use of food grade ingredients 

and the removal of GRAS status for trans fats, implemented already in some countries, is opening the 

doors for the use of substances, other than saturated fats, to act as fat replacers (Information, 2015; 

Singh, Auzanneau, & Rogers, 2017). In meat−related industrial processing there is a generalized use of 

numerous additives such as binders, fillers, emulsifiers and stabilizers. Their use is mostly linked to the 

induction of ingredient’s stabilization, enhancement of flavours and also reduction of formulation costs 

(Ducatti, de Almeida Nogueira Pinto, Sartori, & Ducatti, 2016). In that sense, solid−state lipids play an 

important role regarding the structure and taste of the meat products because these systems are 

responsible for conveying structural and meat binding properties that will influence the texture of foods. 

These solid lipids are traditionally composed by assembled networks of crystalline triacylglycerols (TAGs) 

(Pernetti et al., 2007; Sawalha et al., 2015). Mouth−feel and textural properties like plasticity, 

cohesiveness and hardness of many foods, including ice cream, chocolate, and processed meat products 

are conveyed by commonly used fats (Drewnowski & Almiron−Roig, 2010). The main problematic is that 

saturated fats are directly associated with adverse effects on lipoprotein (cholesterol) profile as well as in 

cardiovascular diseases (Pernetti et al., 2007). Such fats are regularly introduced in a large scale in the 

productive processes as a natural−source substitute for trans fats. However, food industry companies 

have been suffering intense pressure to innovate and develop new healthier food formulations. 

Functionality, texture and palatability associated to common hardstocks  can be tailored using edible oil 

oleogels in order to preserve the appropriate physical characteristics (Singh et al., 2017). In regard to 

oleogels, the nature of both the gelator and the oil phase will determine the viscoelastic properties of the 

oleogels and here is where the main interest resides. As mentioned in previous chapters, the ability to 

induce oil structuring using low concentrations of gelators is extremely interesting to the food industry. 

The structural characteristics of oleogels suits them to be incorporated in food, making possible to provide 

desirable functionality characteristics to food products and making them still appealing for the common 

consumer. The main challenges regarding the incorporation of oleogels in food involves the proficiency 
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to modify nutritional, structure and sensorial properties without frighten the consumers. Due to the 

inherent difficulties of identifying inexpensive food grade gelators, the applications of oleogels in foods 

remain limited and the potential benefits of oleogel incorporation must overcome the costs of additional 

investment (Patel, 2015). However, the field of research in this specific topic is expanding right now, with 

new and innovative methods that comprise oleogel introduction in the food product development stages. 

Meats, among other like chocolates, ice−cream and baked products are among the most promising 

targets for oleogel implementation in the industrial food chain. Some scientific developments have been 

made and the tailoring ability of fat substitution can be used to manipulate food products’ texture, 

sensorial properties and even oxidative behaviour in meat−based foods (Barbut, Wood, & Marangoni, 

2016a, 2016b, 2016c; Utrilla, García Ruiz, & Soriano, 2014). Reports on the incorporation of 

ethylcellulose oleogels or oleogel−in−water emulsions, in contrast to fat substitution with only canola oil, 

made possible to mimic the hardness perception of frankfurters with common pork backfat (Barbut et 

al., 2016b, 2016c). 

 

In processed meats, the role of fat is important in the formation of stable emulsions that will improve 

water holding and binding capabilities, resulting in reduced cooking losses (Barbut et al., 2016c; Y. S. 

Choi et al., 2010; Moschakis, Panagiotopoulou, & Katsanidis, 2016; Panagiotopoulou, Moschakis, & 

Katsanidis, 2016). Sunflower oil oleogels, structured using gamma−oryzanol and phytosterols mixtures, 

showed capability to replace 50% of pork backfat content in frankfurters, without significantly affect its 

general physicochemical and sensorial properties (Panagiotopoulou et al., 2016). Current consumption 

trends are directed towards natural healthy meat products (Jose M. Lorenzo et al., 2018). The 

International Food Information Council Foundation stated recently that at the moment of purchase, 64% 

of consumers  consider health, when making a final decision, and the expected tendency is for this 

number to increase (Insight, 2016). Moreover, an approximate number of 67 % of consumers check for 

saturated fat in food products’ labels and about 50 % of all consumers are likely to purchase a product 

with a “no saturated fat” claim (Nunes, 2016). Due to the appealing aspect (to most consumers) and 

versatility of meat products, there is a great interest in using them in a healthy diet with increased benefits 

to the consumers, provided that no major changes are inflicted in appearance and taste of the final 

product (Grasso, Brunton, Lyng, Lalor, & Monahan, 2014). Consumers’ perspectives on healthier food 

ingestion are directed towards the increase of the consumption of low−fat food products with higher 

contents of unsaturated fatty acids. Also, polyunsaturated fatty acids (PUFA’s) like omega−3 and 
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omega−6 are essential and can only be provided to the human organism through the diet (they cannot 

be synthetized by the human body due to lack of endogenous enzymes) (A. P. Simopoulos, 2002). Food’s 

preventive and protective abilities are now generally recognised, namely the influence of omega−3 fatty 

acid rich diets in human cognitive process and the effect on synaptic function and plasticity maintenance 

in rodents (McCann & Ames, 2005; Wu, Ying, & Gomez−Pinilla, 2007). In the past 30 years western 

countries’ diets have changed resulting in an increasing consumption of omega−6 fatty acids and a 

consequent decrease in the intake of omega−3 fatty acids, and thus an unbalanced omega−6/omega−3 

(n−6/n−3) ratio intake. This larger intake of omega−6 is directly associated to the prevalence of 

overweight and obesity (A. P. Simopoulos, 2016). In addition, the intake of total fat (including saturated 

fat) as a percentage of the total calories ingested has continuously increased in the same period of time 

(A. P. Simopoulos, 2016). The feasibility of replacing fat content in meat products is somewhat dependent 

on the ability of oleogels to mimic the characteristics of the traditionally used fats. Also, replacing 

saturated fatty acids (SFAs) with PUFAs or monounsaturated (MUFAs) ones is certainly one of the main 

objectives of fat reduction in meats products (Rubén Domínguez, Pateiro, Agregán, & Lorenzo, 2017; 

Rubén Domínguez, Pateiro, Sichetti Munekata, Bastianello Campagnol, & Lorenzo, 2017; Heck et al., 

2017; Jose M. Lorenzo, Munekata, Pateiro, Campagnol, & Domínguez, 2016).  

 

It is very important to understand how these oleogels will behave under different processing and storage 

conditions and how they will interact within the structure of processed meats. We decided to approach 

oleogel incorporation in meat products using beeswax oleogels and sterol−based gels for fat replacement 

in pate and hamburgers. 

 

9.2. Sterol−based oleogels as fat substitutes in hamburgers 

 

For the hamburgers, the approach was use a multicomponent gelation strategy that is comprised by the 

use of linseed oil as the organic solvent and a mixture of plant sterols (ɣ−oryzanol and β−sitosterol) as 

oil gelators. Sterol−based oleogels were added to pork patty for the replacement of fat. Two levels of 

saturated fat replacement were tested and the produced pork patties were evaluated in terms of physical 

and chemical characteristics and by comprehensive consumer and acceptance sensorial tests. 
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In this case, besides providing structure to oil, these gelators have intrinsic bioactive properties, since 

phytosterols are acknowledged for health benefits (Shortt, 2015). In terms of appearance and texture, 

sterol oleogels are quite transparent and reveal mechanical features similar to blocks of fat (Pernetti et 

al., 2007; Bot et al., 2009). These oleogels will also modify the fatty acid profile of the hamburgers due 

to the use of linseed oil, which is rich in n−3 (⍺−linolenic acid) and n−6 (linoleic acid) fatty acids (Dubois, 

Breton, Linder, Fanni, & Parmentier, 2007). Moreover, the additional health benefits of sterols will also 

be an advantage to the final product. The European Food Safety Authority (EFSA) reported, under a health 

claim referring to disease risk reduction, that the minimum duration that is required for achieving the 

maximum effect of plant sterols and stanols on LDL− cholesterol lowering is of two to three weeks 

(European Food Safety Authority, 2012).  

 

9.2.2. Materials and methods 

 

9.2.2.1. Raw materials and oleogels production 

 

An approx. 4.50 kg of lean pork meat was used for all the experiments. Both lean pork meat and pork 

backfat were purchased from a local butcher (Ourense, Spain). A commercial hamburger mixture that 

comprises salt, maize, dextrose, spices, sodium sulphite, ascorbic acid, sodium citrate and cochineal 

colorant, was purchased from Ceylan (Manufacturas Ceylan S.L., Valencia, Spain). For the production of 

sterol−based oleogel a commercial linseed oil Vitaquell® (Hamburg, Germany) with 72 % PUFAs (approx. 

55 % of α−linolenic), 19 % MUFAs and 9 % SFAs was used as the oil phase. A mixture with 60:40 (w/w) 

oryzanol−sitosterol ratio was used for the production of sterol−based oleogels as presented before. 

Oryzanol and β−sitosterol were purchased from Oryza Co. (Japan) and Sigma−Aldrich (France) 

respectively. Oleogels with 8 % (w/w) of structuring agents were produced and used for all the 

experiments. Both structuring agents (ɣ−oryzanol and β−sitosterol) were dispersed under stirring until 

solubilization in linseed oil at 80 ºC, during 30 minutes. After that, the mixture was left cooling at room 

temperature until gel formation. 

 

9.2.2.2. Pork patties elaboration 
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For the hamburgers production, the lean pork meat and the subcutaneous pork fat were ground through 

a 6 mm diameter mincing plate in a refrigerated mincer machine (La Minerva, Bologna, Italy) and mixed 

in a vacuum mincer machine (Fuerpla, Valencia, Spain) for 3 min. The commercial hamburger mixture 

was added during mixing in order to homogenize all the components. Three sets of samples of patties 

were elaborated: a control set of samples (H−Co) and two sets were produced partially replacing 

subcutaneous pork fat with sterol−based oleogels in 25 % (H−25) and 75 % (H−75). For that, the correct 

amount of oleogel was added to the mixture and properly mixed until a paste was obtained. With the 

support of a burger−maker (Gaser, A−2000, Girona, Spain), the patties were shaped from the previously 

obtained paste. For every set of samples, 10 replicates were used for each of the performed 

measurements. Table 9.1 presents the formulations of each set of samples and Figure 9.1 shows the 

processing of the meat patties. 

 

Table 9.1. Formulation of pork patties; control sample – H−Co, with 25 % of pork fat replacement – H−25 

and 75 % of pork fat replacement − H−75 

Ingredients H−Co H−25 H−75 

Lean pork meat (g) 1410 1410 1410 

Subcutaneous pork fat 

(g) 

90 67.5 22.5 

Sterol−based oleogel (g) − 22.5 67.5 

Commercial burger 

additive (g) 

42.3 42.3 42.3 

Water (mL) 155 155 155 

 

 

Figure 9.1. Representation of the meat patties production process. 
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9.2.2.3. Physicochemical composition 

 

The pH of the burgers was measured using a digital portable pH−meter (HI 99163, Hanna Instruments, 

Eibar, Spain) equipped with a penetration probe. Colour parameters were measured using a portable 

colorimeter (Konica Minolta CM−600d, Osaka, Japan) with pulsed xenon arc lamp, 0 degrees viewing 

angle geometry and 8 mm aperture size, to estimate patties colour in the CIELAB space: lightness, (L*); 

redness, (a*); yellowness, (b*). The colour was measured in three different points of each sample in 

homogeneous and representative areas. Moisture, protein and ash were quantified according to the ISO 

recommended standards (ISO 1442, 1997; ISO 937, 1978 and ISO 936, 1998, respectively). Total fat 

was extracted according to the AOCS Official Procedure Am 5−04 (AOCS, 2005). 

 

9.2.2.4. Fatty acid composition 

 

The fat was extracted from 10 g of patty using 18 mL of chloroform and 20 mL of methanol, using an 

IKA T25 digital ultra−turrax. Ten mL of NaCl 1 % (w/w) were added to enhance phase separation, being 

the sample subsequently centrifuged at 4000 g for 10 min. Chloroform was recovered and fat was 

extracted through evaporation under vacuum at 56 °C in a rotary evaporator. Extracted fat was stored at 

−80 °C until fatty acid methyl esters (FAMEs) analysis. According to the procedure of Dominguez et al. 

(2015) 50 mg of fat was used to determine the fatty acid profile. FAMEs separation and quantification 

was carried out using a GC−Agilent 6890N gas chromatograph (Agilent Technologies Spain, S.L., Madrid, 

Spain) following the chromatographic conditions described by (Domínguez et al. 2015). The 

chromatogrpah was equipped with a flame ionization detector and an automatic sample injector HP 7683; 

(Supelco SPTM−2560 fused silica capillary column (100 m, 0.25 mm i.d., 0.2 μm film thickness, 

Sigma−Aldrich, Spain). The chromatographic consisted in column initial temperature (120 °C) was 

maintained for 5 min, then increased at a rate of 5 °C.min−1 up to 200 °C maintaining this temperature 

for 2 min, then at 1 °C.min−1 until reaching 230 °C, this temperature was maintained during 3 min, and 

then increasing again at 2 °C.min−1 up to a final temperature of 235 °C which is then held for 10 min. 

The injector and detector were maintained at 260 and 280 °C, respectively. Helium was used as carrier 

gas at a constant flow−rate of 1.1 mL.min−1, with the column head pressure set at 37.73 psi. The split 

ratio was 1:50 and 1 μL of solution was injected. Nonanic acid methyl ester (C9:0 ME) at 0.3 mg/mL 

was used as internal standard and added to the samples prior to injection. Individual FAMEs were 
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identified by comparing their retention times with those of authenticated standards (Supelco 37 

component FAME Mix). All data regarding FAMEs composition was expressed in percentage of area with 

respect of identified total fatty acids. The proportion of polyunsaturated (PUFA), monounsaturated 

(MUFA), and saturated (SFA) fatty acid contents and the ratios PUFA/SFA, n−6/n−3 and nutritional value 

(NV) = Σ(C14:0 + C16:0)/ Σ(C18:1 + C18:2n6c) were calculated.  

 

9.2.2.5. Texture analyses 

 

Pork patties of 100 g were placed inside vacuum plastic bags to be cooked in a water bath with automatic 

temperature control (JP Selecta Model Tectron Bio, Spain) at 70 ºC. This target temperature was 

controlled by thermocouples type K (Comark, PK23M, UK) connected to a data logger (Comark Diligence 

EVG, N3014, UK). After cooking, pork patties were cooled at room temperature by placing the bags under 

water at 18 ºC during at least 30 minutes. Texture profile analysis (TPA) was performed in seven patty 

slices of 1 x 1 x 1 cm (height x width x length) with a texture analyzer (TA.XTplus, Stable Micro Systems, 

Vienna Court, UK). The test was developed according to the methodology proposed by Bourne, Kenny, & 

Barnard, (1978). Textural parameters were measured by compressing to 80% using a compression probe 

of 19.85 cm2 of surface contact. The speed to record the force−time curves was 1 mm.s−1. Between the 

first and second compressions, the probe waited for two seconds. The computer software (Texture 

Exponent 32 (version 1.0.0.68), Stable Micro Systems, Vienna Court, UK) was used to obtain hardness 

(N), cohesiveness, springiness (mm) and chewiness (N.mm). 

 

9.2.2.6. Consumer sensorial test – acceptance and preference 

 

This study was performed with the objective of evaluating consumers’ acceptance and preference of 

distinct food products. All samples used for sensorial evaluation were received at the sensory analysis 

laboratory with proper identification. All tests were carried out following the UNE−EN ISO 8589:2010 

normative. All patties were cooked at 180 °C using a convective oven, after pre−heating until 70 °C. The 

sensorial evaluation was performed with 16 panellists from the Meat Technology Centre (7 female, 9 

male). After sampling, panellists used crackers without salt and water to clean the palate. For the 

acceptance test, the sensorial evaluation was based in the method UNE−ISO 8587:2010. The attributes 

were evaluated using a hedonic 7−point scale (very much liked; liked a lot; liked; neither liked nor disliked; 
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disliked; much disliked; very much disliked) where panellists described how was their felling regarding 

each hamburger sample. In the preference test the panel classified each sample according to sensory 

attributes (general appearance; smell; tenderness; juiciness; taste; global evaluation). The visual 

appearance was classified taking into account the uncooked patty samples. The evaluations were made 

in different order of samples to the Friedman statistical test, which is a non−parametric test for evaluating 

the difference between several related samples. This test is used when the same parameter has been 

measured under different conditions on the same subjects, the grade of 1 was given to the preferred 

sample, grades 2 and 3 were given respectively for the second and the third most preferred samples. 

 

9.2.2.7. Statistical analyses 

 
The statistical analyses were performed by means of analysis of variance using Tukey's mean comparison 

test (* for p 0.05; ** for p 0.01; *** for p 0.001; **** for p 0.0001) from average results and 

standard deviation (GraphPad Software, Inc. USA). For every physico-chemical, fatty acid and textural test 

was used n=10. For the sensorial results the Friedman statistical test was used to understand if there 

were statistical differences among the classifications given by the panellists (α=0.05). 

 

9.2.3. Results and discussion 

 
9.2.3.1. Chemical composition 

 
The chemical composition of all sets of pork patties are presented in Table 9.2. Figure 9.3 shows the 

results of the total cholesterol content and the complete fatty acid profile composition of control samples 

(H−Co) and patties with oleogel incorporation (H−25 and H−75). 

 

Table 9.2. pH and chemical composition of pork patties elaborated with linseed oleogel 

 H-Co H-25 H-75 

pH 6.44 ± 0.04a 6.62 ± 0.12a 6.45 ± 0.13a 
Protein 

(%) 
18.01 ± 0.22a 17.74 ± 0.34a 17.30 ± 0.24a 

Moisture 
(%) 

73.09 ± 0.64a,b 72.49 ± 1.01a,b 72.30 ± 1.01b,c 

Fat (%) 2.83 ± 0.69a 3.29 ± 0.45a,b 4.05 ± 0.94c 

Ash (%) 2.61 ± 0.47 2.76 ± 0.96 2.45 ± 0.05 

Different letters (in the same row) mean that samples are statistically different (α=0.05) 
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It is possible to verify that total cholesterol (TC) content increased for a higher fat substitution. The similar 

molecular structure of plant sterols that are added through oleogel mass (that comprises plant sterols as 

gelator molecules) explains the observed TC values. With the higher substitution of pork fat and the 

incorporation of oleogel, this concentration increased and consequently higher values of TC were 

obtained. On the other hand, the content of SFAs and MUFAs decreased significantly with the increase 

of the amount of oleogel used; this oleogel contains linseed oil, thus contributing to the increase of PUFA’s 

content. Changes of the fatty acid profile are presented in detail in Table 9.2, namely the decrease of the 

saturated fraction in samples with oleogel incorporation such as C18:1 oleic acid, and an increase of n−3 

PUFA family such as α−linolenic acid (ALA; 18:3n–3) for H−25 and H−75 samples. These changes are 

explained by the fatty acid profile of linseed oil that is the main component of the oleogels used to replace 

pork fat. 

 

 

Figure 9.2. Fatty acid profile of patty samples; control sample – H−Co, with 25% of pork fat replacement 

– H−25 and 75% of pork fat replacement − H−75. (TC – Total cholesterol; SFA – Saturated fatty acids; 
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MUFA – Mono−unsaturated fatty acids; PUFA – Poly−unsaturated fatty acids; n6/n3 – ratio of 

omega−6/omega−3). 

 

It was demonstrated that, as a consequence of different treatments, statistically different n6/n3 ratios 

were obtained, leading to an increase of the healthier cholesterol fraction in the final product (after 

replacing pork fat with sterol−based oleogels). A decrease of the ratio of LDL/HDL in a diet with 

hamburgers with higher incorporation of oleogel is also expected. The positive health effects of omega−3 

have been credited to ALA elongation and desaturation products like eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) (Dyall, 2015). A great importance is given to dietary fatty acids and their 

role in pathogenesis, but also in the preventive effect of metabolic syndrome (Roche, 2005). 
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Table 9.3. Fatty acid profile of pork patties; control sample – H−Co, with 25 % of pork fat replacement – 

H−25 and 75 % of pork fat replacement − H−75 

 H−Co H−25 H−75 

C10:0 0.08 0.07 0.05 

C12:0 0.07 0.06 0.05 

C14:0 1.23 1.05 0.73 

C15:0 0.07 0.07 0.05 

C16:0 22.13 19.70 15.22 

C17:0 0.40 0.37 0.24 

C18:0 11.27 10.30 8.76 

C20:0 0.14 0.15 0.16 

C22:0 0.05 0.03 0.07 

C16:1n7 2.17 1.84 1.24 

C17:1n7 0.30 0.27 0.18 

C18:1n7 0.27 0.24 0.17 

C18:1n9 37.88 34.86 29.28 

C18:1n7 3.10 2.72 2.03 

C20:1n9 0.91 0.39 0.18 

C18:2n6 0.01 0.01 0.01 

C18:2n6 16.34 16.87 16.22 

C20:2n6 0.69 0.61 0.40 

C18:3n6 0.08 0.10 0.14 

C18:3n3 0.87 8.67 23.60 

9c,11t−CLA 0.07 0.07 0.04 

C20:3n6 0.24 0.20 0.15 

C20:3n3 0.18 0.17 0.14 

C20:4n6 1.17 0.96 0.74 

C22:5n3 0.18 0.15 0.11 

C22:6n3 0.05 0.04 0.03 
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9.2.3.2. Texture analyses and colour 

 

Texture analysis, performed by a compression test, evaluated the effect of pork fat substitution on the 

hamburgers samples that were summited to sous−vide cooking procedure. Results showed that 

according to oleogel incorporation (pork fat substitution degree) the hamburger samples H−75 present a 

statistically different behaviour regarding the chewiness parameter when compared with the control 

samples (H−Co). The increase of oleogel in the samples from 25 to 75 % of the total fat also influenced 

the hardness of the samples. Among the other samples, no statistical differences were observed (see 

Figure 9.3). These results are in line with the values obtained for the tenderness parameter that was 

evaluated during the comprehensive preference test. No differences (p>0.05) were observed for hardness 

between H−Co and H−25 samples, indicating that for this interval of fat substitution, the reformulation of 

the internal meat product structure had not produced a significant weakening structure effect. The oleogel 

itself presented an average hardness value of 9.921 ± 0.723 (N) and an adhesiveness value of −0.428 

± 0.089 (N s).  

 

 

Figure 9.3. Textural analysis of hamburger samples; control sample – H−Co, with 25 % of pork fat 

replacement – H−25 and 75 % of pork fat replacement − H−75. 
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No differences were observed for the adhesiveness when oleogel is added to the hamburger. Oleogel 

incorporation, and consequent subcutaneous fat removal, did not result in a partial disintegration of the 

structural configuration of the hamburger samples. The results led us to conclude that the oleogel is 

indeed a very good replacer for regular fat, once the textural parameters obtained could guarantee similar 

organoleptic properties and the stability of the hamburgers. 

 

Statistical differences (p < 0.05) were observed in the colour of cooked hamburgers with the addition of 

the oleogel (Table 9.4).  

 

Table 9.4. Colour parameters (L*, a*, b*) and RGB conversion of hamburger samples; control sample – 

H−Co, with 25 % of pork fat replacement – H−25 and 75 % of pork fat replacement −– H−75. RGB 

conversion was performed using Matlab software 

CIE−Lab H−Co H−25 H−75 

L* 45.513 ± 2.744a 49.773 ± 2.889b 53.409 ± 2.050c 

a* 16.990 ± 1.045a 18.896 ± 1.828a 18.248 ± 0.950a 

b* 14.624 ± 0.901a 17.042 ± 0.797b,c 16.816 ± 1.412c,b 

RGB conversion H−Co H−25 H−75 

R 142 158 167 

G 97 106 115 

B 84 90 100 

Colour 
   

Different letters (in the same row) mean that samples are statistically different (α=0.05). 

 

The colour represents a critical objective parameter for quality index measurements of raw and processed 

foods. The cooking process of meat denatures myoglobin, leading to the characteristic (dull) brownish 

colour of cooked meat. The uniformity within the complete set of samples showed a significant increase 

in the lightness value, reducing the browning effect. It has been reported that meat batters, produced 

with vegetable oils as an ingredient for fat substitution, revealed decreasing lightness and redness values 

(Choi et al., 2009). This is not in agreement with our results, which is explained by the glassy appearance 

of the oleogels that is responsible for a gradual lightness increase as the amount of oleogel increases. 
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Also, the increased values for parameter L* and b* can be explained by the yellowish tone of the oleogel, 

provided by the linseed oil. Reports on the subject presented likewise behaviour after pork backfat 

substitution with edible oils in products like pates (Morales−Irigoyen, Severiano−Pérez, Rodriguez−Huezo, 

& Totosaus, 2012), frankfurters (Rubén Domínguez, Pateiro, Agregán, et al., 2017), pork patties 

(Rodríguez−Carpena, Morcuende, & Estévez, 2012). and breakfast sausages (Barbut et al., 2016b).  

 

9.2.3.3. Sensorial tests 

 

9.2.3.3.1. Acceptance test 

 

The results of the sensorial evaluation (presented in Figure 9.4) performed after tasting control hamburger 

samples (H−Co), showed that, from the 16 members of the sensorial panel that participated in the 

acceptance test, three of them selected “very much liked”, ten of them selected “liked a lot” and three 

pointed to “liked”. Overall, the fat substitution with sterol−based oleogels was not received negatively by 

the consumers. For the sample with the least amount of fat replacement (H−25), two members of the 

jury selected “very much liked”, three selected “liked a lot”, four panellists chose “liked”, three of them 

preferred to mention “neither liked nor disliked” and four selected “disliked”. The sample with the higher 

oleogel incorporation (H−75), received one selection as “very much liked”, six selections as “liked”, four 

selected “neither liked nor disliked”, four selected “disliked” and finally one single section as “much 

disliked”. The general acceptance test allowed us to classify the samples H−Co, H−25 and H−75 

respectively with the score of 2.00, 3.25 and 3.81. 

 

 

Figure 9.4. Global acceptance results of hamburger samples control sample – H−Co, with 25 % of pork 

fat replacement – H−25 and 75 % of pork fat replacement − H−75. 
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9.2.3.3.2. Preference test 

 

The consumer preference test consisted in the evaluation of the hamburgers regarding six parameters: 

visual aspect of uncooked hamburgers, smell, tenderness, juiciness, taste and global evaluation. 

Regarding the visual aspect of the uncooked (raw) samples, from the sixteen participants nine (56 %) 

selected the control sample (H−Co) as the preferred sample, five (31 %) of them selected sample H−25 

and only two of them (13 %) selected the sample H−75. All the preference test results are presented in 

Figure 9.5 and it is possible to observe that the control sample (H−Co) was the number one preference 

for all the parameters and only the juiciness presented a similar preference to the sample H−25. 

 

 

Figure 9.5. Results from the preference test for all the evaluated parameters. 

 

The results of the survey resulted in a nominal evaluation for every parameter tested. he consumers 

evaluated the preferred sample with a score of 1, the second preferred with 2 and least favourite with a 

3 rating. This classification allowed to perform a Friedman Test, in order to understand how differently 

was the perception of the consumers of these three sets of hamburger samples. However, statistical 

analysis showed that for some of the parameters, no significant differences were observed. From the data 

obtained through Friedman analysis, provided in Table 9.5, we can identify that globally the samples were 

rated as different (global valuation). However, the control sample had no statistical differences (p > 0.05) 

for raw visual aspect, tenderness, juiciness and flavour when compared to H−25 samples. This means 

that trained panellist did not differ hamburger samples with lower amount of oleogel (H−25) from the 

control samples. 
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Table 9.5. Friedman test results using valuation of 1, 2 or 3 for the preferred sample, second preferred 

sample and for the third respectively 

Parameters H−Co H−25 H−75 
Raw Visual Aspect 25a 30a,b 41b 

Smell 20a 40b 36a,b 
Tenderness 26a 30a,b 40b 
Juiciness 29a 29a 38a 
Flavour 20a 36a,b 40b 

Global valuation 19a 37b 40b 

F(test) > F(α=0.05). Different letters mean that samples (same line) are statistically different (α=0.05). 

 

9.3. Beeswax−based oleogels as fat substitutes on pate 

 

Spreadable liver pates are very popular food products. These are pastes normally produced with pork 

liver, precooked pork back−fat, water, sodium caseinate and small quantities of other additives (Terrasa, 

Dello Staffolo, & Tomás, 2016), in which animal sources may vary depending on the country of 

production. These products are consumed all over the world and are usually considered as an added 

value product with increased with sensory qualities like intense flavour and appellative spreadable texture. 

Pates are regarded as food products with high animal fat content, ranging from 35 to 50% (Xiong et al., 

2016). Lorenzo et al. (2013) studied the physic and chemical profile of pates, based on the nature and 

fat content of the meat used in their formulation, concluding that distinct sources of fat influence the final 

properties of pates, namely texture and n−6/n−3 ratio. Some studies report fat substitution in meat 

products, however regarding pate and the use of healthy structured oils, studies are scarce. 

Delgado−Pando et al. (2011) studied on the application of different oil combinations (vegetable and fish 

oils) with konjac hydrogels to produce low fat liver pates with fat and saturated fatty acids contents of 50 

and 33 %, respectively. Gomes−Estaca et al. recently reported on the incorporation of ethyl cellulose and 

beeswax oleogels using oil blends in pates, showing promising physicochemical and sensorial properties 

(Gómez−Estaca et al., 2019). The main challenge resides in not compromising some main 

characteristics, namely water, fat binding and consequently pate cohesiveness, that will influence on 

sensorial features of this particular food product. In the present work, a linseed beeswax−based oleogel 

is proposed as a suitable alternative for saturated fat reduction on pate formulation. As discussed in 

chapters III and IV, beeswax, is a versatile gelator, capable of enduring gelation using low concentrations 

in different types of oils. Other waxes can be used with similar purpose (Jimenez−Colmenero et al., 2015) 
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while linseed oil is a rich source of n−3 ⍺−linolenic fatty acid, that has been identified as an important 

cardio−protective agent (Han et al., 2018). Selected fractions (30 and 60 %) of fat were replaced by 

linseed beeswax−based oleogels and textural and morphological properties were evaluated in order to 

understand the impact of the oleogel on the pate. Wide−ranging consumer and acceptance sensorial 

tests were also performed. 

 

9.3.1. Materials and methods 

 

9.3.1.1. Raw materials and pate production 

 

Pate formulation consisted in an emulsion formed by pork subcutaneous fat, sodium caseinate, cold 

water, portions of lean pork meat, chopped liver, salt and water. For the production of beeswax−based 

oleogel a commercial linseed oil (Vitaquell®, Germany) with 72 % polyunsaturated (approx. 55 % of 

α−linoleic), 19 % monounsaturated and 9 % saturated fatty acids was used as the oil phase. Oleogels 

with 8 % (w/w) of gelator were produced for all the fat replacement experiments. Beeswax was dispersed 

in linseed oil under stirring at 80 ºC (above wax melting point) during at least 30 min. After that period of 

time, the gels were left cooling at room temperature until full gel formation. 

 

A commercial pate mixture that comprises salt, maize, dextrose, spices, sodium sulfite, ascorbic acid, 

sodium citrate and cochineal colourant, was purchased from Ceylan (Manufacturas Ceylan S.L., Valencia, 

Spain). After that period of time, the gels were left cooling at ambient temperature until full gel formation. 

All the ingredients used for pate preparation are described in Table 9.6. 

 

Table 9.6. Formulation of pate samples; control sample − P−Co, with 30 % of pork fat replacement – 

P30, and 60 % of pork fat replacement – P−60 

Raw materials (g) P−Co P−30 P−60 

Fat/oil emulsion    
Pork subcutaneous fat 400 280 160 
Linseed oleogel / 120 240 
Sodium caseinate 20 20 20 
Cold Water 230 230 230 

Lean meat 150 150 150 
Liver 180 180 180 
Sodium chloride 20 20 20 
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The pate elaboration consisted in mixing properly all the ingredients (Table 9.6) using an automatized 

mincer in order to obtain a homogeneous fine paste (Figure 9.6). For samples P−30 and P−60 the 

necessary quantity of beeswax−based oleogel was added in the process as substitute for pork 

subcutaneous fat. The pâtés were manually distributed into metal cans until completely 

full (250 g) and these were then hermetically closed prior to thermal treatment (78 °C/75ʹ). The 

samples were cooled in a blast chiller (−21 °C) prior to analysis. 

 

 

Figure 9.6. Processing of pate and oleogel introduction in the development stage. 

 

9.3.1.2. Physicochemical composition 

 
Moisture, protein and ash were quantified in accordance to the ISO recommended standards (ISO 

1442:1997; ISO 937:1978 and ISO 936:1998 respectively). Total fat was extracted according to the 

AOCS Official Procedure Am 5−04 (AOCS, 2005). The pH of the pate samples was obtained using a 

digital portable pH−meter (HI 99163, Hanna Instruments, Eibar, Spain) that was equipped with a glass 

penetration probe. The colour parameters were measured using a CM−600d portable colorimeter (Konica 

Minolta, Osaka, Japan): lightness, (L*); redness, (a*); yellowness, (b*). The colour was automatically 
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que se tienen las diferentes pastas (figura 6), se enlatan y estas se meten en el pasteurizador. Una 

vez pasteurizadas se enfrían. 
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measured on the surface of the pâtés in three different points of each sample in homogeneous and 

representative areas. 

 

9.3.1.3. Fatty acid composition 

 

Chloroform/methanol (2/1; v/v) was used to extract the fat from 5 g of according to according to (Folch, 

Lees, & Stanley, 1957). Lipids were evaporated to dryness under vacuum at 35 ºC and stored at −80 ºC 

until analysis by preparation of fatty acid methyl esters (FAMEs). Lipids’ trans−esterification was 

performed using a solution of boron trifluoride (14%) dissolved in methanol in 50 mg of the extracted 

lipids, forming FAMEs which were stored at −80 °C until chromatographic analysis. The chromatographic 

procedure was the same as described in section 9.2.2.4 of this chapter. 

 

9.3.1.4. Textural and colour analyses 

 

A TA-XT.plus texture Analyzer (Stable Micro Systems, Vienna Court, UK) was used. The penetration tests 

were carried out at room temperature (22 °C) and performed with a 6 mm diameter penetration probe 

(with 5 kg charge cell) at a velocity of 0.8 mm·s−1 with a traveling distance of 8 mm. Hardness (N), 

springiness (mm), gumminess (N), and adhesiveness (N.sec) values were obtained using the available 

computer software (TEE32 Exponent 4.0.12. Stable Micro Systems, Vienna Court, UK). 

 

9.3.1.5. Consumer sensorial tests – acceptance and preference 

 

All the consumer sensorial evaluation tests were performed under the UNE−EN ISO 8589:2010 

normative. These studies were carried out with the main objective of evaluating consumers’ acceptance 

and preference regarding the different pate samples. The sensorial evaluation panel was composed by 

13 tasters. The acceptance test consisted in a sensorial evaluation of a number of attributes right after 

tasting. Each one of the panelists was asked to rank the pate samples, relating to visual aspect of pate, 

smell, tenderness, juiciness, taste and global evaluation. Their evaluation for each sample overall 

acceptability, was made using a 7−point hedonic scale (very much liked; liked a lot; liked; liked and did 

not liked; disliked; much disliked; very much disliked) was used by each member of the panel to measure, 

varying from (1) “liked very much” to (7) “disliked very much”.Differently, the preference test is based 
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on a single classification, for each pate sample, in line with the following sensorial attributes: visual aspect; 

smell; texture; flavour; global evaluation. In order to prevent the impact of the so−called “carry over 

effect”, sample evaluations were conducted using different sample distribution for each member of the 

panel. All sensorial tests results were statistically treated by means of the non−parametric Friedman test, 

commonly used to attest differences between a number of related samples, when the same parameter 

has been measured under different conditions on the same subjects. The grade of 1 was given to the 

preferred sample, grades 2 and 3 were given respectively for the second and the third most preferred 

samples. 

 

9.3.1.6. Statistical analysis 

 
The statistical analyses were performed by means of analysis of variance using Tukey's mean comparison 

test (* for p 0.05; ** for p 0.01; *** for p 0.001; **** for p 0.0001) from average results and 

standard deviation (GraphPad Software, Inc. USA). For every physico-chemical, fatty acid and textural test 

was used n=10.For the sensorial results the Friedman statistical test was used to understand if there 

were statistical differences among the classifications given by the panellists (α=0.05). 

 

9.3.2. Results and discussion 

 

9.3.2.1. Chemical composition 

 

The incorporation of the beeswax oleogel with linseed oil, as the apolar phase, is responsible for the 

modifications in the fatty acid profile of the resultant pate samples (Table 9.7). 

 

Table 9.7. Chemical composition of all sets of pasteurized pate samples 

 P-Co P-30 P-75 

pH 6.45 ± 0.03a 6.38 ± 0.21a,b 6.29 ± 0.01b 
Protein (%) 13.12 ± 0.72a 10.75 ± 0.36b,c 11.12 ± 0.71c,b 

Moisture (%) 50.79 ± 1.53a,b 51.38 ± 1.06b,a 52.83 ± 1.53c,b 
Fat (%) 29.25 ± 4.56a 26.28 ± 1.94b 17.84 ± 0.81c 
Ash (%) 3.00 ± 0.10a 2.70 ± 0.12b 2.77 ± 0.05b 

Different letters (in the same line) mean that samples are statistically different (α = 0.05). 
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At first, we identify a decrease of almost 50 %, for P−60, in regard to palmitic acid (C16:0), which 

represents an important reduction of the overall saturated fatty acid in pate samples with oleogel 

incorporation. It is visible that the composition in unsaturated fatty acids changed considerably, namely 

for oleic acid (C18:1 n9) which decreased with oleogel incorporation. Linolenic acid is the main 

component in linseed oil, explaining the higher values of C18:3 n3 in P−30 and P−60 in contrast with 

the control samples. It is important to stress that both these fatty acids are associated to a decreased of 

low−density lipoprotein (LDL) cholesterol, commonly referred as “bad cholesterol”. 

 

The inclusion of beeswax−based oleogel imparts changes in the chemical composition of the resultant 

pate samples, not only due to the removal of a significative amount of saturated fat (that comprise the 

control composition) but also because of the linseed oil, that is gelled by the beeswax. Total cholesterol 

is composed by low−density lipoprotein (LDL), high−density lipoprotein (HDL), and very−low−density 

lipoprotein (VLDL) (Friedewald, Levy, & Fredrickson, 1972). Analysis also showed that TC of P−Co is 

equal to 21.42 ± 4.15 mM, as for P−30 and P−60 the values are 19.69 ± 1.86 mM and 24.41 ± 2.54 

mM respectively. Significative differences (p<0.05) were detected between P−30 and P−60, as a result 

of an increased contribution in triglyceride content from linseed oil. Pate samples with beeswax oleogel, 

showed a decrease of the saturated content as can been observed by the decrease in saturated fatty 

acids (C10:0; C12:0; C14:0; C:15:0; C16:0; C17:0; C:18) observed in Table 9.8. In Figure 9.7 are 

showed the changes, that are conveyed through this replacement regarding the fatty acid profile 

composition of the control samples (P−Co) and samples with oleogel incorporation (P−30 and P−60).  
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Table 9.8. Fatty acid composition of pate samples; control sample – P−Co, with 30 % of oleogel as fat 

substitute – P−30 and 60 % of oleogel as fat substitute− P−60 

 P−Co P−30 P−60 

C10:0 0.058 0.040 0.021 
C12:0 0.067 0.049 0.025 

C14:0 1.194 0.878 0.428 

C15:0 0.085 0.055 0.044 

C16:0 21.969 17.147 11.153 

C17:0 0.472 0.312 0.286 

C18:0 11.335 8.797 7.043 
C20:0 0.193 0.215 0.220 

C22:0 0.000 0.063 0.116 

C24:0 0.000 0.127 0.217 

C16:1n7 2.120 1.610 0.688 

C17:1n7 0.347 0.205 0.148 

C18:1n7t 0.268 0.203 0.116 
C18:1n7c 2.975 2.315 1.589 

C18:1n9c 38.041 31.928 26.187 

C20:1n9 0.947 0.657 0.039 

C18:2n6t 0.024 0.022 0.014 

C18:2n6c 16.767 17.155 16.577 

C20:2n6 0.693 0.499 0.265 
C18:3n3 1.149 16.625 33.670 

C18:3n6 0.056 0.106 0.162 

9c,11t−CLA 0.107 0.147 0.210 

C20:3n6 0.155 0.129 0.107 

C20:4n6 0.130 0.096 0.069 

C22:5n3 0.728 0.536 0.492 
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Figure 9.7. Fatty acid profile of pate samples; control sample – P−Co; P−30 and P−60 are respectively 

the control sample; 30 and 60% of oleogel addition as fat replacer (TC – Total cholesterol; SFA – Saturated 

fatty acids; MUFA – Mono−unsaturated fatty acids; PUFA – Poly−unsaturated fatty acids; n6/n3 – ratio 

of omega−6/omega−3). 

 

As the amount of removed saturated fat increased, the saturated fatty acids (SFA) and mono−unsaturated 

fatty acids (MUFA) show a significant decrease (p<0.05); this is a consequence of the increased amount 

of n−3 fatty acids, provided by the high fraction of ⍺−linolenic fatty acid that constitutes the linseed oil 

that is gelled and then used to substitute fat. The inclusion of linseed oil is the main factor for the visible 

fatty acid profile modifications or adjustments Full fatty acid characterization exposed the opposite 

behaviour for the poly−unsaturated fatty acid (PUFA) profile which increased. This happens also due to 

the presence of double bonds in the carbonated chain of the substitute fatty acids (existent in linseed oil). 

Omega−3 associated, n−3 PUFA family of α−linolenic acid (ALA; C18:3n–3), recorded higher values in 

P−30 and P−60 samples. This shows the potentialities of the incorporation of oleogels from selected 

solvents (oils) and evidences of the capabilities of tailored nutrition in meat−based food products. 

 

9.3.2.2. Textural and colour analyses 

 

Figure 9.8 shows the influence of oleogel incorporation in pate textural properties. Oleogel incorporation 

in pate composition produced a significant (p<0.05) decrease of the hardness values of pate samples. 
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The softer consistency, demonstrated by P-30 and P-60, is a result of the decrease in saturated fats and 

the increase in polyunsaturated fats when pork back fat was replaced by oleogels. This behaviour is in 

accordance to the ones reported in the literature when sources of saturated fat were replaced by 

unsaturated ones in pate formulations, it was also noted the possibility that the adipocyte structure of 

back fat tissue remains intact after the manufacture contributing to the higher consistency of the control 

batches (R. Domínguez, Agregán, Gonçalves, & Lorenzo, 2016; Martin, Ruiz, Kivikari, & Puolanne, 

2008).results were predictable because beeswax−based oleogels are among the less shear resistant 

oleogel structures, as verified in chapter III and IV. The adhesiveness was also influenced by the oleogel 

incorporation as a consequence of a more disintegrated macrostructural arrangement of the final pate 

samples. This oleogel formulation, with 8% (w/w) of gelator, is not able to convey the same meat−binding 

properties as the pork backfat present in control samples. This reduced adhesiveness obtained for P−30 

and P−60 samples is a consequence of a less binding activity provided by the oleogel. Following the 

mechanical movements that were applied during pate processing (grinding) these samples showed a 

different macrostructure, when comparing with the control sample, revealing also less gumminess after 

the shearing process. There were no differences for the springiness parameter in all samples. Apart from 

the springiness parameter, the values obtained for P−30 and P−60 (for all the other parameters) were 

similar, even when using the double of the oleogel (from P−30 to P−60). 
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Figure 9.8. Textural properties (hardness; springiness; gumminess and adhesiveness) for P−Co P−30 

and P−60 pate samples, as a result of TPA analysis. Values presenting the same letters mean that for 

the same parameter the samples have no significant differences. 

 

One of the alternatives to reach the values of hardness and adhesiveness of the control pate samples, 

could be the use of a beeswax−based oleogel with increasing gelator concentration, hence increasing 

textural parameters (Öʇütcü & Yilmaz, 2015). This could increase the overall hardness properties of pate 

samples. However, this is a formulation that could alter the consumer acceptance and preference for the 

product, therefore this particular aspect needs further work. The addition of the oleogel in pates’ 

formulation was responsible for significative changes in the colour parameters of P−30 and P−60 

samples. Table 9.9 shows the CIELab colourimetric coordinates, as well as the RGB conversion 

(performed using Matlab software) and the observed colour for pasteurized pate samples. As the amount 

of added oleogel increases, the lightness values decrease significantly and the b* coordinate shows 

increased values; as a consequence of that the pate colour changes towards a richer yellowish tone. This 

yellow tonality is a contribute from the oil phase and also from the presence of beeswax. In contrast to 

the meat patties, evaluated earlier in this chapter, the opaque characteristic of the beeswax oleogels (in 

contrast to the glassy−like sterol−based oleogels) influences in a opposite direction the lightness values.  

 

Table 9.9. Colour parameters (L*, a*, b*) and RGB conversion of pate samples (P−CO: control sample; 

P−30 and P−60: samples with 30 % and 60 % of pork fat replacement, respectively) 

CIE−Lab P−CO P−30 P−60 
L* 63.81 ± 4.04a 63.33 ± 5.25a 59.77 ± 2.75a 

a* 5.23 ± 0.55a 4.48 ± 0.54b 5.66 ± 0.39a 

b* 20.88 ± 2.06a 23.82 ± 1.09b 28.29 ± 2.79c 

RGB Conversion P−CO P−30 P−60 
R 174 172 166 
G 151 150 140 
B 118 111 94 

Actual colour 
   

Different letters (in the same line) mean that samples are statistically different (α=0.05). 
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9.3.2.3. Sensorial tests 

 

9.3.2.3.1. Acceptance results 

 

The results of the sensorial tests were conclusive in regard to the preference and acceptance of the jury 

panelists concerning the tested pate samples. After the tastings, the collected data analysis allowed to 

understand that the much−liked sample was indeed the control sample. However, in our opinion after 

data observation, the overall score for the P−30 sample still remains positively interesting and not that 

far from the P−Co. The global acceptance score for P−60 is distant from the other two and was classified 

as “much disliked” by a seven of the panelists, which is a large number. The global acceptance score is 

resultant of the grades given by the jury in their evaluation and is portrayed in Figure 9.10. Is safe to say 

that even the control sample did not please some panelists, as portrayed by the overall score. 

 

Figure 9.9. Number of selections made for every pate sample. 

 

 

Figure 9.10. Global acceptance overall results. 

 

0 1 2 3 4 5 6 7 8 9 10

Very much liked

Liked a lot

Liked

Liked and did not liked

Disliked

Much disliked

Very much disliked

P-Co

P-30

P-60

P-Co

P-30

P-60

Very much 
liked

Liked a lot Liked Liked and 
did not like

Disliked Much 
disliked

Very much 
disliked

P-Co 3.62
P-30 4.08
P-60 5.85



Chapter IX 
Incorporation of oleogels in foods                                                                                                                                              Martins, A. J. (2019) 

 
 

 285 

9.3.2.3.2. Preference results 

 
The evaluation of the pates was also performed particularly in regard to the following properties: visual 

aspect of pate, smell, tenderness, juiciness, taste and global evaluation comprises the consumer 

preference test. The preferred pate sample for each of the tested parameters is shown in Figure 9.11. 

P−Co sample was selected as the one with best visual aspect. A total of 13 (92 %) participants selected 

P−Co. The best global valuation was obtained for the P−Co sample, as classified by 11 (85 %) participants, 

followed by 2 (15 %) that selected the P−30 and no one in the panel selected the P−60. It is possible to 

observe that the control sample (P−Co) is the number one preferred sample for all the parameters. For 

three of the five surveyed parameters, P−60 was not even considered by the members of the panel. 

 

Figure 9.11. Preference score for each of the parameters showed in percentage. 

 

The Friedman Test was useful to comprehend the disparities in terms of consumer sensitivity in regard 

to the three sets of pate samples. This statistical analysis registered the statistical differences between 

the control sample and the other two, for all the parameters. The data obtained through Friedman analysis 

is presented in Table 9.10. This is an indication that improvements must be done, namely in regard to 

an intermediate degree of fat substitution in order to achieve satisfactory results. 
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Table 9.10. Friedman test results using valuation of 1, 2 or 3 for the preferred sample, second preferred 

sample and for the third respectively 

Parameter P−Co P-30 P-60 
Raw Visual Aspect 15a 27b 36b 

Smell 19a 26b 33b 
Tenderness 18a 23b 37b 
Juiciness 19a 22b 37b 
Flavour 15a 25b 38b 

Global valuation 15a 27b 36b 
F(test) > F(α=0.05). Different letters mean that samples (same line) are statistically different (α=0.05). 

 

 

9.4. Conclusion 

 

The incorporation of oleogels in the pork patties for hamburger production showed to be a very promising 

approach, with interesting outcomes towards the fat substitution in meat−based products. Fat is indeed 

the main contributor in terms of physical and sensory attributes. Two levels of pork fat substitution were 

used and the results showed that it is possible to improve the fatty acid profile of these food products 

without changing most of the textural parameters evaluated.  

The insertion of a healthier solution, capable to replace saturated fat, in pate formulation was 

demonstrated in this experimental work. The used concentration of sterols and beeswax were able to 

successfully induce the gelation of linseed oil, and the resultant oleogel was introduced in the meat patties 

and pate elaboration processes, without additional unitary stages that could eventually compromise an 

already well−established process. It was possible to tailor the fatty acid profile of the tested meat−based 

products, configuring very promising outcomes for a tailor−made product in the near future. The linseed 

oil, added in the form of an oleogel, was responsible for the increase in polyunsaturated fatty acids 

(PUFA’s) that were consequently responsible for an increase of more than 90% in regard to the n6:n3 

ratio . As a result of this, the omega−3 intake potential of such food products, oleogel incorporated, will 

be certainly increased. This serves as a very important source of functionality for the consumers, as the 

omega−3 fatty acid composition of linseed oil is indeed extremely interesting, therefore adding value to 

products that are not perceived as a source of health benefits. Regarding the consumer acceptance and 

preference there was a clear preference towards the control hamburger samples. Nevertheless, the 

hamburgers samples with less amount of oleogel (H−25) were placed in a very favourable classification 
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among the sensorial panel in both the acceptance and preference tests. The introduction of sterol−based 

oleogels as replacing agents of common fats in hamburgers is a strong possibility because the panellists 

hardly distinguished overall quality in H−25, giving good indication in regard to regular consumers 

evaluation. These results demonstrated the feasibility of introducing oleogels as successful fat replacers 

in the manufacturing process of hamburgers. 

 

Pate mechanical characteristics were accessed and despite differences in some of the parameters (e.g. 

hardness and cohesiveness), these are not enough to limit the utilization of such technology in the meat 

industry of enriched oleogels. Nevertheless, the tailoring properties that are associated to oleogel 

production must be further explored in order to close the gap, in terms of consumer preference, between 

the control and the oleogel−based pate samples.  

The capability of enlarging the portfolio of meat industries, with a versatile approach towards functionality 

in common “of the shelf” food products, makes this approach an interesting approach to reach the most 

recent consumer habits towards a healthier diet. However, also the cost of this incorporation should be 

considered. In a more cost−related perspective, while the many benefits of the oleogel product are 

encouraging, whether they justify the costs involved in production is certainly essential. The costs that 

are associated with producing a meat patty with oleogel(s) are mainly determined by three of the 

ingredients that are used in the process; lean meat (beef in this case), type of oleogel and animal fat. 

Using the USDA definition affirming that ground beef contains a maximum content of 30 % of fat (USDA, 

2011), being the water and additives 8 and 2.15 % of the total patty mass, we stipulate that the price per 

gram for lean meat, oleogels and fat being respectively 0.012 $, 0.036 $ (beeswax−based), 0.072 $ 

(sterol−based) and 0.0044 $. Using 1 pound, or 453 g, as reference for the weight of the lean meat (with 

30 % fat content) in one patty, the cost per pound of an approximate 25 % level of substitution with oleogel 

is equal to the current market price. This would be encouraging to point out to potential customers that 

incorporating oleogels, has little to no extra costs, for production and implementation. In the future, it is 

important to understand which are the levels of n−3 fatty acids that can withstand higher temperatures 

as a result of different cooking methods. Thus, being available for consumers as a result of increased 

n−3 availability through food consumption.  
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Chapter X – General conclusions 

 

 

This chapter contains the major conclusions of this thesis and presents recommendations/suggestions 

for further research in this topic. 
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In this thesis, it was possible to infer about the multiscale development and characterization of oleogels 

produced by direct dispersion of a single component gelator (beeswax) and a multicomponent one (ɣ-

oryzanol +	β-sitosterol). The characterization techniques contributed to the understanding of the gelling 

mechanisms associated to the tested oleogels. Overall, for both types of oleogel, modifications in terms 

of visual, textural or rheological parameters were directly associated to molecular/nano- and micro-scale 

modifications prompted by gelator concentration, gelators’s ratio (in the multicomponent example), oil 

medium, cooling ramps, and bioactive incorporation, that would affect the final characteristics of the 

oleogels. Also, an approach aiming at increasing the possible applications for such technology was 

implemented through the development of hybrid gels, using beeswax. These gels could be used to 

incorporate not only lipophilic compounds but also aqueous substances, while providing texture and act 

as possible substitutes of unhealthy fats. The main conclusions regarding the oleogels’ structure were: 

 

• Beeswax-based oleogels showed a more shear-dependent structure, consequence of lower 

viscoelastic and hardness properties; the platelet-like crystals found there, evidenced a lamellar 

morphology associated to crystal polymorphism that confers greater stability. 

• Sterol-based oleogels revealed a shear-induced structuring and increased hardness associated 

to the strong crystalline network that is formed by the molecular stacking of both ɣ-oryzanol and	

β-sitosterol. The β polymorphic form that characterizes sterol-based oleogels relates also to a 

highly packing density, yielding a strong crystalline arrangement that was proved to contain a 

nanometric tubular-like shape that is responsible for oil entrapment. Promising features such as 

high mechanical strength, low opacity and low oil migration (related to gel strength) were 

observed for specific formulations.  

 

Positive results were obtained regarding oleogels cytotoxic behaviour: 

 

• Oleogels with increasing gelators’ concentration as well as those with the incorporation of β-

carotene (with distinct concentrations) showed no sight of toxicity towards Caco-2 cells. 

	

β-carotene served as a model compound to evaluate the digestibility of the oleogels using an in vitro 

digestive procedure: 
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• The in vitro digestion tests demonstrated that both types of oleogels disintegrated during the 

tests, with beeswax-based oleogels showing a less resilient structure (at least until the digestive 

step) than sterol-based oleogels.  

• Food disintegration mechanics, like chewing, or stomach movement could play a determinant 

role in the release of carotenoids during the gastric and intestinal processing of foods.  

• No significance was registered between the bioaccessibility of β-carotene for both types of 

oleogel. The values registered were quite low (ranging from 2.4 to 4.0 %) suggesting that different 

strategies or formulations (still using the same materials and structural arrangements) must be 

targeted to improve the overall micellization of β-carotene.  

• The treatments performed in order to avoid cell damage, during bioactive permeation tests, must 

be adjusted so that their impact in the content of bioactive compound in the aqueous phase is 

minimal, as well as the influence in the outcome of the bioavailability tests. 

 

The incorporation of oleogels in meat-based products in a semi-industrial environment was achieved with 

success. Two types of products which usually are manufactured with a high fraction of saturated fat were 

reformulated with linseed oil-based oleogels. The incorporation of oleogels with such rich oil phase in 

polyunsaturated fatty acids was done in pates (using beeswax-based oleogels) and in hamburgers (using 

sterol based oleogels): 

 

• The fatty acid profiles of both meat patties and pates were successfully modified. An increase in 

polyunsaturated fatty acids (PUFAs) was responsible for an increase of more than 90% in the 

n6:n3 ratio, resulting in an increased intake potential of the omega−3. 

• Overall the results showed the feasibility of introducing oleogels as a fat replacer in the 

manufacturing process of pork patties, with similar textural and consumer sensorial evaluations 

for the control batch and the batch with 25 % of fat substitution.  

• For pate elaboration, although the sensorial and physic-chemical results were not so satisfactory, 

some modifications could be done in order to improve textural and sensorial attributes. 

 

Regardless of the successful achievement of the main goals of this thesis, some work still must be done 

in order to better understand how the use of oleogels could become mainstream for industries worldwide: 
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• Some underlying features of oil structuring could be explored further, namely the stability of 

gelator networks when subjected to increased periods of storage after incorporation in food 

matrices. 

• How textural and sensorial characteristics of certain food products can be improved by 

manipulating oleogel formulations. 

• Research on the possibilities to overcome the digestibility limitations of beeswax- and sterol-based 

oleogels with the incorporation of additional surface-active components. This could contemplate 

the introduction of indirect oil structuring methods. 

 

The structuring of selected oil media and the development of oleogels using food grade gelators configures 

a promising approach for food industry. They can be used to replace saturated fats and improve the 

nutritional profile of food products but also in the establishment of a healthy functional gut-brain axis. It 

is known that omega-3 polyunsaturated fatty acids are constituents of the membranes of cells and exert 

essential tasks for normal brain function. Such recognition about dietary lipids affecting the brain through 

cardiovascular physiology, expands the potential influence of the oleogels studied in this thesis towards 

a healthier lifestyle. 
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