Microcrystalline cellulose effects on the rheology of mixed oleogels structured with candelilla wax and saturated fat
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ABSTRACT
The structuration processes of mixed oleogels produced with candelilla wax (CW, 0 or 3%), fully hydrogenated soybean oil (FH, 5-15%), and microcrystalline cellulose (MC, 0-9%) were studied to define their rheological effects. During the cooling CW crystals performed as nucleation sites for FH. The elastic modulus (G') of oleogels with FH and 3% CW were more than two orders of magnitude higher than those produced with 0% CW. Adding MC to the oleogels increased slightly the G'. Independently of the amount of MC, oleogels structured with increasing amounts of FH and 0% CW showed the elastic properties scaling of colloidal gels. This behavior was lost by adding 3% CW, implying that in mixed FH-CW oleogels, the CW crystal network dominated the oleogel rheology. The flow point and the mechanical reversibility of oleogels and commercial butter (CB) was also determined. CB showed flow points at 44 and 59% strain and mechanical reversibility values of 29 and 35% of G' measured in a pre-shear step. Adding MC to oleogels structured with FH and 0% CW increased their flow point (37.2%) near those of CB. This effect was not produced in mixed FH-3% CW oleogels. The mechanical recovery of oleogels produced with FH, MC, and 0% CW tend to decrease as the FH content increased. CW and MC did not show a simple concentration–effect relationship for the mechanical recovery. Nonetheless, oleogels structured with 3% CW and 10% FH and 6-9% MC showed mechanical recovery (~60%) close to that of CB. 
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INTRODUCTION
Negative effects of long-term consumption of trans fats on human health has led health agencies of various countries to ban the marketing of this type of fats  (Ghebreyesus & Frieden, 2018). On this matter, the World Health Organization (WHO) has launched the REPLACE initiative to eliminate from our diet industrially produced trans fats, reduce the amount of saturated fat, and increase the unsaturated fat content in foods by 2023 (World Health Organization, June 2019). One of the most promising alternatives to reach the objectives of the REPLACE initiative is the development of edible oleogels mimicking the rheological properties of plastic fats commonly used in industrialized food products. Most edible gelators of vegetable oil are natural waxes, fatty acids, monoglycerols, sterols, and polysaccharides (Toro-Vazquez & Pérez-Martínez, 2018). Among these, candelilla wax (CW) stands out because of its elevated capacity to physically immobilize vegetable oil. Oleogels structured with 2-3% CW show stability, thermo-reversibility, and high structural recovery at low deformations levels (Chopin-Doroteo et al., 2011; Toro-Vazquez et al., 2007) However, CW oleogels are brittle, softer than plastic fats used in food production, and break irreversibly upon shearing (Ramírez-Gómez et al., 2016; Rodríguez-Hernández et al., 2021)  These defects have been partially overcome by mixed oleogels of CW and saturated TAGS. Mixed oleogels of 1-15% saturated TAGs and 1-3% CW have shown higher elastic modulus (G'), yield strain (𝛾*) and mechanical recovery after shear than CW oleogels (Chopin-Doroteo et al., 2011; Ramírez-Gómez et al., 2016).
Plastic fats and CW oleogels are structured by a microcrystals network that form microcavities where the liquid oil is immobilized by capillary forces. Microcrystals are structured by nanoplatelets that can be considered as the primary particles of a colloidal gel with fractal structure (Sánchez-Becerril et al., 2018; Pérez-Martínez et al., 2019). Thus, the elastic properties scaling of plastic fats and CW oleogels has been fitted to the fractal model for colloidal gels to obtain the crystal network fractal dimension (D) (Marangoni & Rousseau, 1999; Pérez-Martínez et al., 2019). The scaling theory of the fractal model proposed by Shih et al., (1990) considers two structural regimes for fractal networks, the strong-link regime and the weak-link regime. In the strong-link regime, flocs are very large, the linearity limit is inversely proportional to the solid phase content (SPC), interactions between flocs are stronger than intra-floc interactions, meaning that the system elasticity is determined by the links among flocs. Meanwhile the weak regime predominates high particle concentrations, the flocs are small in size, the linearity limit increases with the particle concentration and G' is determined by the intraflocs interactions, which are greater than inter-floc interactions. Both, plastic fats and oleogels have fitted to the fractal model in the weak-link regime (Marangoni & Rousseau, 1999; Pérez-Martínez et al., 2019). D can be determined from the relationship between G' and the solid fat fraction (φ), according to the equation 1. 
[bookmark: _Hlk63706193]                                                                       (1)
Where   is a parameter dependent of the Hamaker constant, the floc size, the number of particles per floc, the size of the primary particles and the distance between them (Narine & Marangoni, 1999).
[bookmark: _Hlk85197288]Besides G', rheological features as malleability and mechanical recovery after shear have a significant effect on the functionality of shortenings and oleogels (Macias-Rodriguez et al., 2018). To evaluate these features is necessary to determine their rheological properties at deformations levels out the linear viscoelastic region or shearing them at processing conditions. Although a few lipid oleogels (i.e. shortenings, margarines, oleogels) have been evaluated in these features, it has been shown that the roll-in fats (malleable) dissipate a greater amount of viscous energy than the all-purpose fats (brittle) (Macias-Rodriguez et al., 2018), and that oleogels structured with 2-3% CW have little mechanical recovery after shear, producing a drop of more than 90% of G'. This G' drop was reduced up to 40% in mixed olegels structured with 3% CW and 10% totally hydrogenated fat (Ramírez-Gómez et al., 2016). Additionally, it has been documented that fumed silica, a non-lipidic solid (NLS) can produce thixotropic oleogels to concentration  10% (Patel et al., 2015). Within this context, in this research we evaluated the effect of microcrystalline cellulose (MC), a NSL widely accepted in food production, as a modifier of the rheology of the crystal network of mixed oleogels structured with CW and saturated triacylglycerols to mimic in better way the rheology of plastic fats. 
MATERIALS AND METHODS 
Materials
High oleic safflower oil (HOSFO) was provided by Coral international S.A. de C.V (San Luis Potosí, Mexico), refined CW and fully hydrogenated soybean oil (FH) were obtained from Multiceras S.A de C.V. (Monterrey, Mexico) and Aceites Naturales y Químicos Floga S.A. de C.V. (Estado de Mexico, Mexico), respectively. MC (Sigma Aldrich, USA) was sieved for 20 min in a Ro Tap RX-29 sieve shaker (Tyler, USA) equipped with meshes number 20, 40, 60, 80 and 100. The powder passing through mesh 100 was collected and sieved 10 min in the same sieve shaker equipped with meshes number 100, 150 and 250. The MC powder passing through mesh number 250 (particle size < 58 μm) was used for producing the oleogels.  
Oleogel preparation
Oleogels (10 g) were prepared with 0 or 3% (w/w) CW, 5, 10 or 15% (w/w) FH and 6 or 9% (w/w) MC. Mixtures were prepared by mixing the corresponding amount of material in HOSFO and heating to 90 °C for 15 min under constant stirring. Thereafter, mixtures were processed according to the corresponding analysis. 
Differential scanning calorimetry
Samples were analyzed using a differential scanning calorimeter Q2000 (TA, instruments, USA) equipped with a refrigerated cooling unit (RCS90, TA Instruments, USA). Samples (8-10 mg) were weighted and hermetically sealed in aluminum pans (Tzero, TA Instruments, USA), heated to 90 °C for 20 min, cooled to 0 °C at 10 °C/min, held at that temperature for 1 min, and heated to 90 °C at 10 °C/ min. The maximum temperature (Tm) and melting enthalpy (ΔHm) and crystallization temperature (Tc) were determined using the TA Universal Analysis 2000 software (TA instruments-Waters LLC). At least three replicates of each mixture were analyzed. 
Rheological measurements
The viscoelastic parameters of oleogels were determined in a rheometer MCR 302 Anton Paar (Germany, GmbH) fitted to a 50 mm parallel plate provided with the TruGapTm function (PP50/TG, Anton Paar). The temperature was controlled by a Peltier system at the base (P-PTD 200, Anton Paar) and a Peltier hood (H-PTD200, Anton Paar) in the upper position. The sample (90 °C) was placed on lower plate, and the probe was taken to the measuring position (1 mm of gap) using the software equipment (RheoPlus, Anton Paar, Germany). Sample temperature was kept at 90 °C for 15 min, cooled to 5 °C at 10 °C/min and kept isothermal for 30 min, heated to 25 °C at 10 °C/min and kept isothermal for 30 min. Subsequently, a strain sweep from 0.004 to 100% was carried out at deformation frequency of 1 Hz. The elastic modulus (G'S), viscous modulus (G''S), and phase angle (δ) were measured within the linear viscoelastic region. Then, the oleogel was sheared (10 s-1) for 1 min and let recover under quiescent conditions for 30 min. The elastic modulus (G'R) was measured in the same conditions as G'S. The structural recovery was calculated as: Recovery (%) = (G'R / G'S) * 100%. Reported values are the average of at least two individual replicates. 
Solid phase content
 The solid phase content was determined by pulsed nuclear magnetic resonance (pNMR) using a Bruker Minispes (Bruker, Biospin Corporation, Billerica, MA, USA) set at a resonance frequency of 20 MHz. Samples (90°C) were placed is pNMR tubes and kept at 90 °C for 15 min, cooled down to 5 °C for 30 min and heated up to 25 °C for 30 min. Then, the SPC was determined. Subsequently, samples were stirred inside the tubes for 60 s with a mixing propeller specially designed to fit inside the pNMR tubes. Thereafter, the tubes were placed at 25 °C for 30 min and the SPC was determined again to evaluate if the shearing affected this parameter. The solid fraction () was calculated as: SPC/100%. The average of three individual replicates were analyzed for each sample.
Polarized light microscopy 
Oleogels microphotographs were obtained using a polarized light microscope (Nikon ECLIPSE LV100N POL (Nikon, Japan) equipped with a digital video camera (Micropublisher 3.3 RTV) and a temperature-controlled platina (Lynkam Scientific instruments LTS420, UK) connected to a liquid nitrogen pump (Lynkam Scientific instruments LNP95, UK). The sample temperature was controlled with the software Linksys 32 2.3.0 (Lynkam Scientific Instruments LTD, UK). The molten samples at 90 °C were placed between a slide and cover slide. Then, they were heated at 90 °C for 15 min, cooled down (10 °C/min) to 5 °C for 30 min, and heated (10 °C/min) to 25 °C for 30 min. The micrographs were obtained using the software NIS-Elements AR 4.51 (Nikon, Japan). 
Statistical analysis
The concentration levels of CW, FH and MC were set in a full factorial experimental design, and the resulting treatments were tested in a fully randomized sequence. Data analyses were performed by ANOVA and contrast of means using the software Statistica V 7.1 (StatSoft Inc. Tulsa, Ok). 
RESULTS AND DISCUSSION
Crystallization and melting behavior
The 3% CW oleogel showed a Tc = 39.03 °C and Tm = 39.60 °C, similar to those reported for oleogels with the same CW concentration (Ramírez-Gómez et al., 2016; Toro-Vazquez et al., 2007). The cooling thermograms 5%, 10%, or 15% FH showed only one exotherm with TC at 27.9 °C, 35.6 °C y 36.8 °C, respectively. The corresponding heating thermograms showed two thermal events independently of the FH concentration, an exotherm associated with the    polymorphic transformation of FH crystals, and the endotherm associated with the  crystals melting, according to Ramírez-Gómez et al. (2016). Tm of  crystals were 53.6 °C, 58 °C y 59.1 °C for 5%, 10% and 15% FH, respectively. The MC in HOSFO did not induce any thermal transition within the range of temperature studied (0-90 °C). 
The cooling thermograms of CW, FH, and MC mixtures in HOSFO showed two exothermal peaks (Fig. 1A), a main peak corresponding the FH crystallization process, and a secondary peak associated with the CW crystallization. The MC did not significantly modify the TC of FH or CW. In contrast, the addition of 3% CW slightly increased the TC of FH (P < 0.05). This effect was greater in oleogels with lower FH content, because in oleogels with 10-15% FH the crystallization of FH had started before the complete crystallization of CW. This indicated that during the cooling process CW crystals acted as nucleation sites for FH, promoting the development of FH crystals at temperatures higher than those required without the addition of CW. This secondary nucleation induced by CW crystals is consistent with reports of Toro-Vazquez et al., (2009) and Ramírez-Gómez et al (2016). During heating, independently of the CW and MC content, all oleogels showed the two transitions associated with the FH melting (Fig. 1B). An exothermic peak at 25-40 °C, related with the  recrystallization, and an endothermic peak at 23-59 °C, corresponding to the melting of crystals in form . Thus, Tm of all oleogels was defined by the FH content (Table 1). The addition of CW and MC generated very small changes of Tm (< 1.0 °C) in all the oleogels. This revealed that MC acted as inert surface for the crystallization of both FH and CW. Meanwhile the CW crystals developed during cooling process acted as nucleation sites for the saturated triglycerides of FH.  
Solid phase content
The oleogels solid phase content (SPC) at 25 °C increased proportionally to the content of CW, FH, and MC (Table 1). The addition of 3% CW contributed with 1.9% of solids, independently of the FH and MC content (P < 0.05). In the same way, FH increased proportionally the SPC in oleogels independently of the CW and MC content (P < 0.05). This behavior showed that CW exclusively acted as nucleation site for FH, and even though the crystallization of CW and FH occurred concomitantly during cooling, CW and FH crystallized independently. On the other hand, MC generated an average increase of 4 and 6% in SPC values, with the addition of 6 and 9% MC, respectively. The difference between the SPC value obtained by the pNMR and the actual MC added to the system was related to the fact that the experimental measurement conditions are standardized for oleogels based on TAGs, and the MC solids do not comply the specifications needed for the test. That is, it was not assumed that any fraction of MC was solubilized in oil. Additionally, it was determined that the shearing applied to the crystalized samples at 25 °C did not modify the SPC of the oleogels (P > 0.05).
Microstructure
The micrographs of FH in HOSFO with or without CW are shown in Figure 2. The oleogels with 0% CW showed that FH developed highly birefringent spherulitic crystals with 100 µm diameter. The number and size of crystals increased with the increase of FH from 5 to 15%. The system with 3% CW in HOSFO developed crystals aggregates with a granular morphology (data not shown), in agreement with  Sánchez-Becerril et al., (2018). Oleogels produced with FH and 3% CW in HOSFO showed a single type of crystal with the morphological characteristics of FH but smaller than those observed in oleogels without CW and same FH concentration. This effect confirmed the secondary nucleation of FH on the CW crystals detected by DSC. The high birefringence of MC solids did not allow to obtain images from FH or CW crystals in oleogels containing MC (Fig. S1). Nonetheless, it was assumed that MC did not affect the FH or CW microstructure as neither the dynamic crystallization nor the amount of SPC produced by FH and CW. 
Small deformation rheology 
The  values showed that all mixtures developed olegels well above the gelation threshold ( << 45°). Mixtures with 3% CW had a greater elasticity (i.e., lower values of ; P < 0.05) than those produced exclusively with FH (Fig. 3A). In oleogels with 3% CW, both FH and MC, caused slight decreases in elasticity. On the other hand, the FH concentration did not modify the elasticity of the oleogels produced without CW (P < 0.05). Similarly, MC only caused a slight loss in elasticity in the 5% FH mixture with the addition of 9% MC. 
The G'S of oleogels increased significantly with the addition of 3% CW, observing a superior effect at low FH concentration (Fig. 3B). This behavior was associated with the FH heterogeneous nucleation occurring on CW crystals, which was more intense at lower FH concentrations. The FH content had a minimal or not-significant effect on the G'S values of oleogels structured with 3% CW. A similar behavior was also observed by Ramírez-Gómez et al. (2016) in oleogels structured with saturated fat and CW. MC produced only a slight increase of G'S independently from the CW and FH content. This indicated that in oleogels with 3% CW the crystal lattice of CW crystals dominated the oleogel rheology and that FH and MC crystals acted as fillers introducing inhomogeneities, and therefore contributing marginally to increase the G' of the oleogels while causing a slight loss of the elasticity (Pérez-Martínez et al., 2019). In oleogels structured without CW, where the TAGs crystal network (TCN) dominated the rheology, the MC particles acted as filling particles, generating discontinuities on the TCN and causing a decrease in elasticity. Within this context, the scaling of the elastic properties was tested exclusively as a function of the lipid solid content. 

Elastic properties scaling
Independently of the MC concentration, the scaling of the elastic properties of the structured oleogels without CW displayed an exponential increment of G'S with the fraction of solids in the system ( = SPC/100) (Fig. 4). To obtain a value of D,  values were estimated from SPC measured by pNMR. To exclusively correlate the effect of the lipid particles with the G' values of the oleogels the SPC associated to the MC content was subtracted in the corresponding sample; that was 4% for the oleogels with 6% MC and 6% for the oleogels with 9% MC (see Solid phase content section). Assuming that oleogels were in the weak regime of the colloidal gels, the values obtained from D were 2.76, 2.75, and 2.71 for the oleogels with 0%, 6% and 9% MC, respectively. These D values are close to those reported for CW oleogels at 25°C with  = 0.01-0.08 (Pérez-Martínez et al., 2019). Although, Log  values from the structured oleogels with FH here tested were more than 2 magnitude orders lower than that of the CW oleogels reported by Pérez-Martínez et al. (2019). The oleogels structured with 3% CW and FH did not show an exponential relation between G'S and  at any MC concentration. This confirmed that the rheology of mixed CW-FH oleogels was dominated by the CW network and that FH crystals were not able to develop the continuous crystalline network. In previous research, it was established that a primary crystal network of CW crystals can block the growing of a secondary crystalline crystal network (i.e., MG) and weaken its contribution to the global elasticity of the system (Pérez-Martínez et al., 2019).
Large deformation rheology
The behavior of G' and G'' at strain levels higher than the yield point can provide information related to the malleability and microstructure of the oleogels. 3% CW oleogels with 5, 10 or 15% FH showed a slight overshoot of G'' before declining with the increase of the deformation (Fig. 5A), a characteristic behavior of gels structured by colloidal particles (Hyun et al., 2002). In contrast, the G'' overshoot before the G' and G'' declining was almost imperceptible for oleogels structured uniquely with FH (inset in Fig. 5A). This breaking behavior, named type III or “weak strain overshoot” by Hyun et al. (2002), is generated by the energy dissipation from the network elements breakup. The intensity of the overshoot increases with the number of interactions and by reducing the bonding distance between particles (Koumakis & Petekidis, 2011). Most likely, the increase in the intensity of the overshoot in the oleogels with 3% CW would have resulted by the increase in the interactions associated to the increase in the TAGs crystals number, resulting from the heterogeneous nucleation process induced by CW crystals. 
[bookmark: _Hlk84666717]The solid-like to fluid-like transition (G' = G'') known as flowing point () is relevant to assess the malleability of oleogels. Oleogels structured with 0% CW and 5-15% FH showed that adding MC increased  from < 10% to 37.2%, reaching a similar value than those presented by a commercial butter (i.e., 35%; Fig. 5A-B). This effect was associated with an increased freedom of movement and reorientation capacity of TAGS crystals produced by the MC (Koumakis & Petekidis, 2011). Nevertheless, this plasticizer effect of the MC on the lipidic crystalline network was not observed in oleogels structured with 3% CW and 5-15% FH (Table 2) This behavior was attributed to a strong anchorage of MC to the lipidic crystal network, enabled by the CW crystals that are much smaller than those of TAGS. For practical purposes, the increase of 𝛾𝑓, caused by the MC addition, could mean a new strategy for the plasticization of plastic fats.    
Mechanical recovery after shear
The oleogels’ mechanical recovery after shear of most oleogels was < 35%. Olegels underwent the loss of a great number of crystal-crystal interactions during shearing. For oleogels with 0% CW, the highest recovery was displayed by oleogels with 5% FH and 0% MC (~35%; Table 2), and in those constituted with 3% CW and 10% FH showed the highest recovery (~60%). This agrees with the data reported by Ramírez-Gómez et al., (2016). Increased recovery has been associated to secondary nucleation and the development of granular crystal microstructure, which increase the number of reversible crystal-crystal junctions in the crystal network (Ramírez-Gómez et al., 2016). Independently of the CW and MC addition, oleogels with 15% FH showed the lowest recovery. Most significant effects of MC on the Recovery was generated in oleogels produced with 5% FH. A positive effect was detected 3% CW-5% FH olegels, and a negative effect for olegels produced sith 0%CW-5% FH. The fact that systems with the lower FH/MC ratio observed the most changes in Recovery suggested that higher MC contents might produce larger rheological effects.
CONCLUSIONS
Rheological properties within the linear viscoelastic region of mixed oleogels can mimic those of commercial butters but, this was not the case of rheological behavior under large deformations. Adding the MC did not affect the crystallization of FH neither the colloidal fat crystal network structuration. Nonetheless, MC introduced inhomogeneities in the crystalline network that increased the plasticity (i.e., f) of olegels purely structured with FH. Adding 3% CW to oleogels structured with 5-15% FH did not show the elastic properties scaling of colloidal gels, as the CW crystal network dominated the rheology of the system. The mechanical recovery after shear for mixed CW-FH oleogels showed values higher than those structured uniquely with candelilla wax but, this was not affected by the MC particles dispersed in the fat crystal network. Though a CW-FH proportion reach a mechanical recovery within the range showed by commercial butters. We should explore deeper on the rheological behavior under large deformations to develop oleogels matching the functionality of plastic fats.
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CAPTIONS
Figure 1. Crystallization (A) and melting (B) thermograms for mixtures of candelilla wax (CW), fully hydrogenated soybean oil (FH), and 6% microcrystalline cellulose (MC) in high oleic safflower oil. The inset is an enlargement of the cooling thermogram, showing the exotherm for the CW dispersion. The percentages of CW, FH and MC in the oleogels are indicated in the legends.
Figure 2. Polarized light micrographs of oleogels of candelilla wax (CW) and fully hydrogenated soybean oil (FH) in high oleic safflower oil at 25 °C. Micrographs of oleogels produced without CW and 5% (A), 10% (B), or 15% (C), and 3% CW with 5% (D), 10% (E), or 15% (F) are shown.

Figure 3. Phase angle (A) and storage modulus (B) for oleogels of candelilla wax (CW), fully hydrogenated soybean oil (FH), and microcrystalline cellulose (MC) in high oleic safflower oil. The percentages of CW, FH and MC are indicated in the legends.
Figure 4. Elastic modulus (G’) scaling as a function of the solid phase fraction () for mixed oleogels of candelilla wax (CW), fully hydrogenated soybean oil (FH), and microcrystalline cellulose (MC) in high oleic safflower.
Figure 5. Strain sweep of butter and mixed oleogels of candelilla wax (CW), fully hydrogenated soybean oil (FH), and microcrystalline cellulose (MC) in high oleic safflower. The percentages of CW, FH and MC in the oleogels are indicated in the legends.
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