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Abstract 
Oleogelation offers the possibility to reduce the saturated fatty acid (SAFA) content while maintaining the desired organoleptic properties. Hereby, SAFA are replaced by other structurants which can create a three-dimensional network that immobilizes the liquid oil. Depending on the type of structurants, different structuring routes are identified. The use of monoglycerides (MAGs) as structurants is a promising approach thanks to their great self-assembling properties. However, implementation into the food industry is still hampered due to insufficient characterization. This research includes a multiscale analysis of two dynamically produced MAG-based oleogels as a function of the storage time (up to 8 weeks). Slight differences in the production process resulted in differences in techno-functional properties between the MAG-based oleogels MO1 and MO2. MO1 consisted of larger crystals, which resulted in a lower rigidity, lower stability and lower oil binding capacity compared to the other oleogel (MO2). On the nanoscale, it was found that the crystal nanoplatelets (CNPs) of MO1 contained a higher number of lamellae compared to the MO2. Additionally, the results obtained with ultra-small angle X-ray scattering indicated a larger equivalent diameter for the CNPs of MO1. As a function of the storage time, both oleogels did not show major structural changes up to 8 weeks of storage.
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Introduction
Saturated fatty acids (SAFA) are omnipresent in (semi-)solid fats. They provide structure by forming a fat crystal network. Therefore, SAFA largely contribute to the functional and organoleptic properties (mouthfeel, taste, aroma release, …) of many fat-rich products (Scharfe & Flöter, 2020). However, it has been widely recognized that SAFA contribute to a higher prevalence of cardiovascular diseases (Marangoni et al., 2020). Based on these health concerns, the intake of SAFA should be restricted to less than 10% of the total energy intake (WHO, 2020). The reformulation of fat-rich products towards a reduced SAFA content while maintaining the desired organoleptic properties is an intensively studied topic (Scharfe & Flöter, 2020). One of the most promising approaches to structure liquid oil is called oleogelation. With this approach, the liquid oil is entrapped in a 3D network formed by an oleogelator. Based on the oleogelator type, different structuring routes have been described, including direct oil structuring using (non-) lipidic oleogelators, indirect oil structuring via colloid templates or solvent exchange and structured biphasic systems (Marangoni et al., 2020).
Direct oil structuring with monoglycerides (MAGs) seems a promising approach thanks to its application potential at the industrial level, acceptability, availability and cost (Marangoni et al., 2020). MAGs have better self-assembling properties compared to triglycerides due to the presence of two unesterified hydroxyl groups of the glycerol molecule (Pehlivanoğlu et al., 2018). On the nanoscale, MAGs will form a metastable inverse lamellar phase when dissolved in liquid oil after cooling below their gelling temperature. Within this phase, the glycerol molecules will arrange themselves in a hexagonal packing. Transformation into a metastable orthorhombic packing (sub-polymorph) occurs when the mixture is cooled below its crystallization temperature. Finally, both the lamellar phase and the sub- phase tend to transform to the most stable -polymorph (Heymans et al., 2018; Li et al., 2021). On the mesoscale, the crystal nuclei will grow in a 3D manner and form crystal nanoplatelets (CNPs). Further aggregation on the microscale results in the formation of a 3D fat crystal network that entraps the liquid oil. Studies reported stable gels with a MAG content of only 4% (Giacomozzi et al., 2018). Nevertheless, the final structure and stability are largely influenced by the composition and the processing conditions (shear rate, cooling rate) (Giacomozzi et al., 2018). Therefore, a multiscale characterization is essential to understand their aggregation behavior, structuring properties and stability. 
Commonly used techniques to characterize fat crystal networks include small- and wide-angle X-ray scattering (SAXS and WAXS), differential scanning calorimetry (DSC), rheology, oil binding capacity (OBC) test and polarized light microscopy (PLM). These techniques mainly focus on the nano- and macroscale, while information on mesoscale is often lacking. Recently, new innovative methodologies have been developed to further characterize the nano- and mesoscale structure of fat crystal networks. den Adel et al. (2018) applied a Fourier transformation-based methodology, developed by Bertaut, Warren and Averbach (BWA method), to create a distribution of the CNP-thickness in a fat crystal network starting from the SAXS-spectrum. Compared to the average value obtained with the Scherrer equation, the advantage of the crystalline thickness distribution (CTD) is the ability to include the heterogeneity of the CNP-thickness (den Adel et al., 2018). Another innovative technique is ultra-small-angle X-ray scattering (USAXS) which can be used to characterize the size and morphology of CNPs and their aggregates (Marangoni et al., 2020; Peyronel & Pink, 2018). However, to the best of our knowledge, these two techniques have not been used to characterize MAG-based fat mixtures. This research focuses on the multiscale characterization and evaluation upon storage of two dynamically produced MAG-based oleogels.
Materials and methods
Materials
Two dynamically crystallized oleogels containing 6% MAG-based hardstock in rapeseed oil were kindly provided by Vandemoortele (Belgium, Izegem). The composition of the two oleogels was identical, while their production process was slightly different. The MAG-based hardstock contained 97.3% MAGs and originated from fully hydrogenated rapeseed oil which resulted in a fatty acid composition of mainly C18:0 (90.5%) and C16:0 (5.6%). Both oleogels were dynamically produced on a margarine pilot plant consisting of three cooling units (scraped surface heat exchangers) operating at 1000 rpm with a pump speed of 100 kg/h with recirculation. The mixtures were both heated at 75°C. After production, the oleogels were stored at 20°C. The resulting MAG-based oleogels will be further referred to as MO1 and MO2. Mixtures of MO1 and MO2 (90-10, 75-25, 50-50, 25-75 and 10-90) were made by gently mixing the correct weights of both oleogels to verify the applicability of the BWA method.
Additionally, a statically crystallized oleogel with the same MAG-based hardstock was used to investigate the crystallization behavior of the hardstock. Hereby, 6% of MAG was added to rapeseed oil (weight basis). The mixture was then heated and stirred to obtain a homogeneous solution. After heating to approximately 80°C, the homogeneous solution was poured out and left to crystallize at room temperature. The statically crystallized oleogel was stored at room temperature.
Methods 
Crystal morphology
Visualization of the fat crystals was done by PLM (DM2500 – Leica, Belgium). A small amount of sample was placed between the microscope slide and the cover glass and placed on the stage holder. The temperature of the stage holder was kept constant at the storage temperature (20°C) with a Linkam cooling/heating system. The samples were examined with polarized light and a 20x magnification (type HC PL Fluotar Ph2, dry). The Leica Application Suite (LAS) software was used to obtain the pictures. 
Crystal polymorphism and nanostructure
X-ray scattering (XRS) analysis was performed to identify the fat polymorphs and to characterize the morphology and the thickness of CNPs and larger aggregates by using the Xeuss 3.0 XRS system (Xenocs, France) and the Eiger2R 1M detector (Dectris, Switzerland). The X-ray beam was generated by a Cu-source (Genix 3D – Xenocs, France) with a wavelength of 1.54 Å at 50 kV and 0.60 mA. A small amount of sample was spooned between two layers of Kapton tape in a gel holder. The measurements were done at room temperature with three replicates. For WAXS and SAXS, the intensity was corrected for the background scattering and the signal from the Kapton tapes was subtracted (XSACT software – Xenocs, France). 
Wide-angle X-ray scattering. For WAXS, the sample-to-detector distance was 55 mm with 10° < 2θ < 40° and a measurement time of 60 seconds. The WAXS spectrum was used to identify the sub-cell packing. 
Small-angle X-ray scattering. For SAXS, the sample-to-detector distance was 360 mm with 1° < 2θ < 2.6° and a measurement time of 600 seconds. Based on the first-order peak (001) of the SAXS-spectrum, the thickness of one MAG layer (lamella) and the number of lamellae in the CNPs were obtained. The thickness of one layer (d001) can be calculated with the scattering vector q at the first-order peak maximum (qmax) using Equation ( 1 ).
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The Scherrer equation, given by Equation ( 2 ), allows to calculate the thickness of the nanoplatelet (L) by using the full width at half maximum of the first order peak (, the wavelength of the X-rays (), the Bragg angle () and the shape factor (K=0.9). The average number of lamellae is then estimated by dividing the CNP-thickness (L) by the thickness of one lamella (d001).
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To include the heterogeneity of the CNP-thickness, the CTD was calculated based on the first-order peak of the SAXS-spectrum using the BWA method. Recalculations of the x-axis (2towards dimensionless s*, varying from ‑1/2 to 1/2, with s* = 0 at the peak center) and a correction for the baseline were performed. After this, the intensities were normalized towards their sum (s*) and the Fourier coefficients H(n) were calculated with n the number of lamellae (Equation ( 3 )) (Drits et al., 1998).
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The volume-weighted distribution f(M) was obtained by calculating the first and second derivatives of the Fourier coefficient (Equation ( 4 )). The second derivative in each point must be multiplied by the corresponding number of lamellae. Lastly, this series was normalized to its sum (Drits et al., 1998).
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Hereby, the average number of lamellae was obtained by taking the summation of f(M) multiplied with the corresponding number of lamellae M (den Adel et al., 2018). Multiplying the average number of lamellae with d001 results in the average crystallite thickness (ACT).
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In addition, the mixtures of the industrially produced oleogels MO1 and MO2 were analyzed with SAXS. These mixtures were used to verify if multimodal distributions of the CNP-thickness could be produced. One replicate was used.
Ultra-small-angle X-ray scattering. The larger aggregates were analyzed by USAXS, for which an optimized add-in Bonse-Hart system with two monochromator crystals and one analyzer crystal (Si-111 and channel-cut) from Xenocs (Grenoble, France) was used. This offers an approximate extension towards a scattering vector q of 0.0002 Å-1 or a scatterer size of about 3 µm. A built-in scan of 2 hours with 80 intervals of 20 seconds for 0.0002 Å-1 < q < 0.003 Å-1, 40 intervals of 40 seconds for 0.003 Å-1 < q < 0.01 Å-1 and 30 intervals of 60 seconds for 0.01 Å-1 < q < 0.1 Å-1 was used. The points within each interval were selected by using the exponential setting at 1.2. The data processing of USAXS is based on the Unified Fit Model (Equation ( 6 )) (Macias-Rodriguez et al., 2018). 
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In this model, the Guinier region is described by the first term and the Porod power law by the second term. The parameter P is the Porod exponent and represents the slope of the linear regions of the curve. This parameter corresponds with the crystal morphology. Next to the slopes, the bends in the curve are characterized with the parameter Rg (radius of gyration), which is related to the crystal size. The other parameters, G and B contain information about the volume and the specific surface area respectively, but these are not as relevant as P and Rg (Macias-Rodriguez et al., 2018). Furthermore, if the assumption can be made that the crystals and their aggregates have a spherical shape, the equivalent diameter () can be calculated using Equation ( 7 ) (Ramel et al., 2016). Note that this is only an estimation since it is known that the scatterers are not spherical (Peyronel & Pink, 2018).
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The generated datasets contained two different structural levels. Level 1 presents information over the smallest structures (CNPs), level 2 shows the aggregation of level 1 (Peyronel & Pink, 2018). To obtain a good fit, first the Kapton signal was subtracted and a desmearing procedure was performed with USAXSGUI v1.5.01 (Xenocs, France) to correct for the long-slit effect. The relaxation was set at 0.2 and 7 iterations were used. Afterwards, the Unified Fit was conducted via Irena Package v2.16 (written by dr. Jan Ilavsky) in Igor Pro 8 software (Ilavsky & Jemian, 2009). Based on Iq²(q) and Iq4(q) plots, the Guinier and Porod regions were selected (Chavez et al., 2012). For each level, another fit was made (starting from level 1) and afterwards, the fit was applied over all the selected levels.
Physicochemical properties
Crystallization and melting behavior. The crystallization and melting behavior were measured with DSC (Q1000 – TA instruments, United States). An amount of 5-15 mg of sample was added into alumina DSC pans. The statically crystallized sample was melted at 80°C for 10 minutes to erase crystal memory, followed by a cooling step at 20°C/min to -20°C. Two replicates were used. The peak temperature (°C) and the onset temperature of crystallization (°C) were calculated with the TA Instruments TRIOS software. The dynamically produced oleogels were kept isothermal at 20°C for 10 minutes, followed by a heating step to 80°C at 20°C/min. Three replicates were analyzed. Data processing was performed with the software TA Universal Analysis to obtain the melting enthalpy (J/g), peak temperatures (°C) and melting temperatures (°C). The former two are obtained with a peak integration (built-in analysis), while the melting temperature is calculated with an interpolation of the peak area percent at 99%.
Amplitude sweep. Strain sweeps were performed using a MCR 302 rheometer (Anton Paar, Germany) with a sandblasted plate-plate geometry (φ 25 mm) and a Peltier temperature control system. The measurement was preceded by an equilibration time of 5 minutes at 20°C. A strain sweep with a logarithmic ramp (γ = 0.0001 ‑ 2, ω = 1 s-1) was performed while the temperature was kept constant. The measurements were performed in triplicate. The linear viscoelastic region (LVR) was calculated by taking the average value of the elastic modulus (G’) for the first five datapoints and a deviation of 10% was used to indicate the end. The mean complex modulus (|G*|) and phase shift angle ( were calculated within the LVR, while the yield stress (y) was interpolated at the end of the LVR. The software, Anton Paar RheoCompass, automatically calculates the crossover point of the storage/elastic modulus (G’) and the loss/viscous modulus (G”) to obtain the flow stress (F) (Nguyen et al., 2020). 
Thixotropy. The structure recovery capacity after applying a high shear rate was investigated with a 3‑interval thixotropy test (3-ITT). For this, a rheometer (AR2000 – TA instruments, United States) with a cross-hatched plate-plate geometry (φ 40 mm) and a Peltier system was used. After 1 minute of sample equilibration, a shear rate of 0.1 s‑1 was applied for 5 minutes, followed by a high shear rate of 100 s-1 for 1 minute, to end with 0.1 s-1 for 5 minutes. This procedure was repeated four times, starting from a fresh sample. The recovery capacity can be calculated by dividing the viscosity at the end of the third interval by the viscosity at the end of the first cycle (Okuro et al., 2018). 
Flow curves. The flow behavior was investigated with a rheometer (AR2000 – TA instruments, United States) by using conical concentric cylinders (inner radius stator of 15 mm, outer radius rotor of 14 mm) and a Peltier system to control the temperature. The sample (± 20 g) was placed in the cup and the bob was moved down to a gap of 5920 µm. After a recovery time of 2.5 min (20°C), the shear rate was increased (stepwise logarithmic with 10 points/decade) from 0.1 to 150 s‑1. The analysis was done in triplicate. The flow curves were characterized with the Herschel-Bulkley model (if appropriate). In Equation ( 8 ), 0 represents the yield stress; K is the consistency index (indication of viscosity); and n is the flow behavior index (Bjorn et al., 2012). 
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Additionally, if the Herschel-Bulkley model was not applicable, the stress overshoot was determined. First, a fit was performed on the linear part of the curve (50-150 s-1) which was then subtracted from the maximum shear stress to obtain the overshoot (Gravelle et al., 2017). This method is illustrated in Fig. 1.
< Insert Fig. 1 here >
Oil binding capacity. In the oil binding capacity test, 4 g of sample was spooned in a 15 mL falcon and centrifuged (ROTINA 380R – Hettich, The Netherlands) for 30 min at 4500 rpm at a constant temperature of 20°C. After this, the falcons were placed upside down at 20°C to remove the unbound oil. After one hour, the amount of oil that was released was calculated based on the mass difference (m1 – m2) shown in Equation ( 9 ) (Yang et al., 2020). The measurement was done in triplicate.
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Statistics and data processing
Statistical analysis was done with SPSS statistics 26 software. The Levene test was used to identify the homogeneity of the variances. ANOVA was used for comparing the mean values. For the post hoc test, the Tukey test was used in case of equal variances, otherwise the DunnettT3 test was used (significance level of 0.05). The statistical relation between parameters was obtained with the Pearson Correlation Coefficient. For the data processing, Matlab (R2020b) was used to analyze the flow curves (fitting Herschel-Bulkley model and calculations of the overshoot) and the XRS results and to create the graphs.
Results and discussion
Crystal morphology 
PLM images are shown in Fig. 2 and clearly indicate the differences in microstructure of the MAG-based oleogel crystal networks. The microstructure of MO1 consists of large crystals, while MO2 showed a dense crystal network with small crystals. No further crystal growth or aggregation was observed during storage. In the following parts, the results of the multiscale analysis will be presented. Firstly, the nano- and mesoscale of both oleogels will be investigated, which is followed by the physicochemical properties.
< Insert Fig. 2 here >
Nano- and mesoscale structure 
Crystal polymorphism of the oleogels was investigated with WAXS which resulted in a spectrum only containing one peak around 4.6 Å for each time point (week 1 - 4 - 8) (data not shown), which indicates the presence of the -polymorph. This is in line with the results of Nicholson et al. (2021) in which the crystals of a monopalmitin-monostearin mixture occurred in the -polymorph after storage of 1 week at 20°C (Nicholson et al., 2021).
< Insert Table 1 here >
The normalized SAXS-spectra of the MAG-based oleogels are shown in Fig. 3 A, and the derived crystal properties obtained from the SAXS-spectra are summarized in Table 1. The average thickness of one lamella (d001), derived from the first-order peak, was around 50 Å, indicating a 2L stacking (den Adel et al., 2018; Vereecken et al., 2009). This was similar for both samples (Table 1). The lamellae formed by the 2L stacking of MAGs will interact with each other resulting in CNPs. The average number of lamellae, lying on top of each other within one CNP, was calculated with two different approaches, being the Scherrer equation and the BWA method (den Adel et al., 2018). Table 1 shows the average number of lamellae for MO1 (Scherrer 12-15, BWA 11-14) and MO2 (Scherrer 10-11, BWA 9-10). Based on the results of both methods, it can be concluded that the CNPs of MO1 on average contain more lamellae compared to MO2. Furthermore, the number of lamellae remains constant during storage for 8 weeks. When comparing the two methods, it can be concluded that the calculations by the Scherrer equation approach resulted in a higher average number of lamellae. This was also observed by den Adel et al. (2018) with pure tripalmitin using synchrotron data (den Adel et al., 2018). 
< Insert Fig. 3 here >
Based on the BWA method, the differences in the thickness of the CNPs can also be visualized by a volume-weighted distribution, as shown in Fig. 3 C (den Adel et al., 2018). The strength of this method is that not only an average value is calculated, but that smaller and larger crystals can be identified. The center of the CTD of MO1 was shifted towards a higher number of lamellae (10-15) compared to the distribution of MO2 (5-10). This result is in line with the average number of lamellae which was higher for MO1 when calculated with the Scherrer equation or the BWA method (Table 1). The possibility to produce multimodal distributions of the CNP thickness was verified by mixing both samples in different ratios. The normalized SAXS-spectrum and the resulting distribution of the different mixtures are given in Fig. 3 B-D. Since the two oleogels have the same FA composition, the SAXS-spectrum of the different mixtures contained only one peak. Therefore, the BWA method could be used to analyze the CTD. In the distributions of the mixtures, both the distributions of MO1 and MO2 are clearly visible. This illustrates the strength of this approach. Starting from the distribution of MO1 at the right, the distributions shift towards lower number of lamellae with increasing concentrations of MO2. Additionally, the average number of lamellae is displayed in Table 2. This clearly confirms the gradual decrease in lamellae with an increasing MO2-concentration.
< Insert Table 2 here >
To the best of our knowledge, information on the CNP-thickness and CTD is lacking for MAGs. However, for triglyceride-based fats, some research has been conducted. Marangoni et al. (2012) visualized the CNPs formed by tristearin in fully hydrogenated canola oil with cryo-TEM. Based on these images, they found that the CNPs contained approximately 7-10 lamellae (Marangoni et al., 2012). Furthermore, den Adel et al. (2018) analyzed the CTD of different commercial low-fat spreads. They found that the center of the distribution was located around 30 nm. For pure tripalmitin, the thickness of one lamella was 4.5 nm so that 30 nm corresponds to approximately 7 layers (den Adel et al., 2018). 
The size and morphology of the CNPs and their aggregates can be investigated with USAXS. This technique can be seen as an extension of SAXS and WAXS towards lower q-values and thus, larger structures, however, the shape of the USAXS-curve is different. The curve consists of alternating zones with a linear part (described by slope P) and a bend (described by radius of gyration Rg) (Peyronel & Pink, 2018). In the case of fats, the USAXS-region mostly contains information about three different structural levels. However, this depends on the fat and the q-region that is analyzed. These three structural levels are (1) CNPs, (2) aggregation of CNPs and (3) further aggregation of these secondary structures. The largest structures (level 3) can be found at the lowest values for the scattering vector q (Marangoni et al., 2020; Peyronel et al., 2013). It needs to be mentioned that the equipment that is used in this research (Xenocs Xeuss 3.0 SAXS system) has some limitations compared to synchrotron USAXS described in current literature. In our setup, incomplete information was obtained for level 3. Therefore, no bend (or ‘knee’) could be observed for the third level (Peyronel et al., 2013; Peyronel & Pink, 2018)(Peyronel et al., 2018). 
The equivalent diameter () obtained with USAXS is shown in Table 1. This parameter gives information about the average size (diameter) of the scatterer when it is assumed to be spherical (Ramel et al., 2016). For level 1, the equivalent diameter of the CNPs of MO1 is 2391 Å for week 4 and 3853 Å for week 8. These values are larger compared to the CNPs of MO2, which are respectively 1463 Å and 2036 Å. These results show the same trend as the SAXS results in which the CNP of MO1 contained more lamellae. The CNP-aggregates of MO1 might be too large to analyze with USAXS. Peyronel et al. (2018) showed that USAXS can be used to characterize structures with a size around 400 nm to 6 µm (Peyronel & Pink, 2018), while the PLM images of MO1 showed that the size of the aggregates is generally larger than 6 µm (Fig. 2). However, for MO2, the equivalent diameter of level 2 was found to be 7051 Å for week 4 and 8119 Å for week 8. Until now, within the research area of edible fats, only USAXS-results of triglyceride-based fats have been published. The results of Peyronel et al. (2013) for fat blends containing tristearin in triolein (5 and 10 wt%) showed similar results for level 1 (between 1423 Å and 4286 Å), while the results for level 2 are larger (between 9386 Å and 32236 Å) (Peyronel et al., 2013). Therefore, aggregation of the monoglyceride-CNPs might be different compared to triglyceride-CNPs.
Table 1 also includes a comparison between the equivalent diameter () and the average crystallite thickness (ACT). The ACT was obtained by multiplying the average number of lamellae (BWA method) with the average thickness of one lamella. It can be observed that  was always larger compared to the ACT. This was illustrated before with cryo-TEM images of CNPs by Marangoni et al. These images indicate that the thickness is the smallest dimension of CNPs (Marangoni et al., 2020). 
Physicochemical characterization
The significant differences in microstructure can be linked to the differences in physicochemical properties. Table 3 gives an overview of the different physicochemical properties of MO1 and MO2 during storage.
< Insert Table 3 here >
Crystallization and melting behavior
The onset of crystallization for the statically crystallized oleogel (6% MAG) was 51°C with a peak temperature of 49.1°C (Fig. S1). The melting behavior of the two dynamically crystallized oleogels was characterized with a single peak around 70°C (Table 3). This peak temperature was similar for MO1 and MO2 for the different storage times. Similarly, the melting temperature was around 76°C (Table 3). Given that the two oleogels have the same composition and the same polymorph (), these results were expected. However, the peak and melting temperature were slightly higher compared to literature (Ferro et al., 2019; Li et al., 2021). Although the peak and melting temperature was similar for MO1 and MO2, differences were observed in the melting enthalpy of the oleogels. This parameter represents the amount of energy that is absorbed during melting and depends on the crystalline network (e.g., molecular interactions) and the amount of crystalline material (Giacomozzi et al., 2019). MO1 and MO2 both contain 6% of the MAG hardstock which is present in the -polymorph. However, the melting enthalpy of MO2 (11 J/g) was higher compared to MO1 (8 J/g) (Table 3). These results suggest that MO2 contained a higher amount of crystalline material or a higher structural order (Giacomozzi et al., 2019). 
Amplitude sweep
Fig. 4 presents the elastic (G’) and the viscous (G”) modulus of the MAG-based oleogels. Both oleogels showed a gel-like behavior since G’ was larger than G” at low shear strain. The rigidity of the MAG-based oleogels was described by the complex modulus (|G*|) (Table 3). The |G*| of MO1 was between 65 Pa and 108 Pa, while this was between 4073 Pa and 4327 Pa for MO2. MO2 and certainly MO1 had a lower rigidity compared to other research (G’ < 104 Pa while G’ > 104 Pa in literature with 6% MAGs) (Bin Sintang et al., 2017; Giacomozzi et al., 2020). No significant differences in |G*| were found upon storage. Additionally, the overall visco-elasticity was represented by means of the phase shift angle . An ideal elastic or solid material will show an instant deformation (=0°) while the response of an ideal viscous or liquid material is shifted (=90°). MO1 and MO2 showed a similar elastic behavior with  around 12°. 
< Insert Fig. 4 here >
Next to |G*| and , the yield stress y and flow stress F were derived from the dynamic oscillation amplitude sweep experiment. These parameters are related to the sensitivity to shear. The yield stress represents the stress after which the structure will lose its elastic behavior and will start to deform (Gonzalez-Gutierrez & Scanlon, 2018). The flow stress is always higher than the yield stress because at this point, the deformation is too large to retain the elastic behavior so that the sample starts to flow (Anton Paar GmbH, 2021). Table 3 clearly indicates a higher stability for MO2 compared to MO1. The yield and flow stress of MO2 were respectively around 1 Pa and 17 Pa. For MO1, these values were a tenfold lower, more precisely 0.1 Pa (y) and 1 Pa (F). Upon storage, a significant decrease (p=0.015) in flow stress could be observed for both oleogels. Further, the yield and flow stress were strongly correlated to the complex modulus with correlation coefficients of 0.998 (p<0.001) and 0.993 (p<0.001), respectively. More rigid oleogels will therefore have a higher resistance towards shear. Additionally, a negative correlation (r= - 0.874, p=0.023) was found with the average number of lamellae (BWA). Therefore, it might be possible that the size of the CNPs (or CNP aggregates) directly impacts the final rigidity and stability of the oleogel. 
Thixotropy
The capacity of the structure to recover after applying a high shear was investigated with a 3-interval thixotropy test. In this 3-interval thixotropy test (3-ITT), the viscosity at the end of the first period (low shear) can be seen as the starting point viscosity ƞ1. Subsequently, during the second interval, a high shear is applied to induce structure breakdown. This breakdown is visible in the sudden drop in viscosity. After the exposure to the high shear, the recovery of the structure can be analyzed in the third interval (end point viscosity ƞ2) (Fig. S2). Preferably, the structure is able to recover so that the viscosity at the end reaches the initial viscosity (ƞ2 = ƞ1) (Okuro et al., 2018; Tavernier et al., 2018). The results of the recovery capacity of MO1 and MO2 are shown in Table 1. A recovery of 100% was found for MO1, however, these results should be interpreted carefully. The initial viscosity of MO1 was quite low (10 Pa.s), so that the change in viscosity may not be an ideal indicator to characterize the recovery capacity of this system. For MO2, a recovery between 49% and 61% was found. These results are similar compared to the recovery capacity of oleogels prepared with hydrogenated palm oil MAG (71%) and wax-based oleogels (44-81%) (Bin Sintang et al., 2017; Patel et al., 2015). Research of Patel et al. (2015) found that the recovery capacity of carnauba wax was the lowest (15.84%), while it had the highest viscosity. The authors suggest that differences in recovery capacity are linked to the type of bonding. Low recovery capacities might be the result of random agglomeration and localized crowding. Increasing the shear rate might break the local aggregates which are not able to recover. Contrarily, a high recovery capacity might be the result of oleogels with a more uniform type of bonding (Patel et al., 2015). 
Flow behavior
The large deformation flow behavior of MO1 and MO2 is displayed in Fig. 5. The flow curve of MO1 showed shear-thinning behavior and was fitted with the Herschel-Bulkley model. This behavior was characterized by a flow behavior index below 1 (0.679-0.787), a yield stress between 1 Pa and 2 Pa and a consistency index between 0.39 Pa.s and 0.73 Pa.s. When comparing storage after week 1 with week 4, a significant decrease in yield stress and consistency index was found. The flow behavior of MO2 was largely different. These flow curves indicate the presence of a yield stress after which the sample started to flow. Due to their irregular shapes, the Herschel-Bulkley could not be used. In order to compare the flow behavior of MO2 at different time points, the stress overshoot was calculated. After one week of storage, the overshoot was 9.9 Pa after which it decreased. The oleogels were compared in terms of their viscosity at a shear rate of 100 s-1 given its industrial relevance. This shear rate is similar to the deformation that the oleogels undergo when pumped through the pipelines during production. For MO1, the viscosity at 100 s-1 was 0.2 Pa.s while it was 0.5 Pa.s for MO2 (p<0.001). 
< Insert Fig. 5 here >
Oil binding capacity
One of the key factors for a functional oleogel is a high oil binding capacity (OBC). The OBC is inversely proportional to the oil release, which is displayed in Table 3. The oil release of MO1 was higher than 20%, which is unwanted as the oleogel then loses its functionality. Contrarily, the oil release of MO2 was only 1-2%. For both oleogels, no significant increase in oil release upon storage was observed. The oil releases reported in other research vary between 1 and 30% with exceptions up to 50%, based on the composition and production procedure (Da Pieve et al., 2010; Giacomozzi et al., 2018; Li et al., 2021; Palla et al., 2017). The differences in OBC can be linked to their microstructure. MO1 showed large crystals while MO2 had a dense crystal network with small crystals (Fig. 3). Small crystals have a larger specific surface area to bind and capture the oil, resulting in less oil release (Blake et al., 2014). Additionally, oil release was significantly correlated to the rigidity of the oleogels (r = ‑0.995, p<0.001). This correlation was also found in other research (Da Pieve et al., 2010; Giacomozzi et al., 2020; Park & Maleky, 2020). Da Pieve et al. (2010) found that the statically crystallized monoglyceride oleogels (5% Myverol in cod liver oil) showed a strong gel network (G’ 3427.5 ± 147.0 Pa) with a high OBC (oil release 20%). This could be because of the formation of junction zones between the crystals. Increasing the shear rate to 2000 s-1 during production (laminar shear crystallizer) resulted in a decreased G’ (200.4 ± 10.2 Pa) and an increased oil release (50%) (Da Pieve et al., 2010). Increasing both the rigidity and OBC can also be achieved by increasing the concentration of the MAG-based hardstock (Palla et al., 2017). 
Conclusions
Two dynamically produced MAG-based oleogels (6% MAGs in rapeseed oil) were analyzed from nano- to macroscale during storage of 8 weeks at 20°C. Especially, focus was put on the characterization of the mesoscale (BWA method, USAXS) which, to the best of our knowledge, was still lacking in literature. Hereby, stacking of lamellae into CNPs and further aggregation thereof was investigated. The resulting microstructure, visualized with PLM, clearly indicated major differences between MO1 and MO2. The crystals of MO1 were larger compared to the crystals of MO2. The same trend was observed on the mesoscale. The CNPs of MO1 counted more lamellae compared to MO2. The number of lamellae was calculated via the Scherrer equation and via the BWA method. Additionally, the center of the CTD clearly shifted towards a higher number of lamellae for MO1. Further aggregation of the CNPs of MO1 resulted in aggregates which were, most likely, too large to characterize with the USAXS equipment that was used. The large crystals of MO1 resulted in a decreased rigidity, stability and oil binding capacity compared to MO2. However, both oleogels remained relatively stable upon storage. This research indicates that a multiscale approach can be very useful to gain more insight in the fat crystal network of monoglycerides oleogels. The described multiscale methodologies can be applied for further studying the impact of varying process conditions (e.g., cooling and shear rate) on crystal properties of oleogels and improve their functional and structural properties.
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Tables
Table 1 Monoglyceride crystal properties on nano- and mesoscale: the average number of lamellae, the thickness of one lamella (d001), the average crystallite thickness (ACT) and the equivalent diameter () of level 1 (CNPs) and 2 (CNP aggregates). Superscripts a-c indicating significant differences (p<0.05) upon storage for each oleogel, while superscripts A-B indicate significant differences between the two oleogels for each time point. Superscript * is the average value of only 2 repetitions, ‘/’ indicates that it was not present and ‘-’ that the data is missing.
	
	
	SAXS
	
	USAXS

	
	
	Number of lamellae
	d001 (Å)
	ACT (Å)
	
	Level 1
	
	Level 2

	
	
	Scherrer
	BWA
	
	
	
	 (Å)
	
	 (Å)

	MO1
	w1
	15.3 ± 1.2 a,A
	13.8 ± 0.6 a,A
	49.8 ± 0.1 a,A
	687
	
	-
	
	-

	
	w4
	15.1 ± 2.0 a,A
	13.6 ± 1.4 a,A
	49.7 ± 0.2 a,A
	676
	
	2391
	
	/

	
	w8
	11.6 ± 2.3 a,A
	11.0 ± 1.6 a,A
	49.6 ± 0.3 a,A
	546
	
	3853
	
	/

	MO2
	w2
	9.9 ± 0.3 a,B
	8.8 ± 0.2 a,B
	50.0 ± 0.2 a,A
	440
	
	-
	
	-

	
	w4
	9.6 ± 1.4 a,B
	8.5 ± 0.8 a,B
	50.4 ± 0.2 b,B
	428
	
	1463
	
	7051

	
	w8
	11.2*
	10.2*
	51.2*
	522
	
	2036
	
	8119



Table 2 The average number of lamellae calculated with the Scherrer equation and the BWA method for the MO1-MO2 mixtures.
	Sample
	Number of lamellae

	MO1-MO2
	Scherrer
	BWA

	100-0
	14.5
	13.3

	90-10
	13.8
	12.6

	75-25
	13.4
	12.1

	50-50
	13.0
	11.6

	25-75
	11.5
	10.2

	10-90
	10.8
	9.8

	0-100
	10.2
	9.1
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Table 3 Physicochemical properties of MAG-based oleogels MO1 and MO2. Superscripts a-c indicate significant differences (p<0.05) upon storage for each oleogel, while superscripts A-B indicate significant differences between the two oleogels for each time point. Superscript * is a single measurement, ‘n/a’ indicates that the fit was not applicable and ‘-‘ indicates that the results are missing
	
	MO1
	MO2

	Storage 
	w1
	
	w4
	
	w8
	
	w1
	
	w4
	
	w8
	

	Melting behavior
	
	
	
	
	
	
	
	
	
	
	
	

	Enthalpy (J/g)
	-
	
	7.6 ± 0.3
	a,A
	8.7 ± 0.6
	a
	11.2 ± 0.3
	
	10.9*
	B
	-
	

	Peak temperature (°C)
	69.0 ± 0.6
	a,b,A
	68.1 ± 0.9
	a,A
	69.9 ± 0.4
	b
	67.7 ± 0.5
	a,B
	68.7 ± 0.3
	b,A
	-
	

	Melting temperature (°C)
	-
	
	75.9 ± 1.4
	a,A
	77.6 ± 0.2
	a
	76.2 ± 0.3
	
	76.4*
	B
	-
	

	Amplitude sweep
	
	
	
	
	
	
	
	
	
	
	
	

	Complex modulus (Pa)
	108 ± 5
	a,A
	68 ± 13
	a,A
	65 ± 26
	a,A
	4261 ± 400
	a,B
	4327 ± 151
	a,B
	4073 ± 172
	a,B

	Phase shift angle (°)
	10.1 ± 0.4
	a,A
	12.4 ± 0.6
	b,A
	13.4 ± 2.3
	a,b,A
	12.6 ± 0.2
	a,B
	12.3 ± 0.8
	a,A
	12.9 ± 0.7
	a,A

	Yield stress (Pa)
	0.058 ± 0.001
	a,A
	0.078 ± 0.028
	a,A
	0.067 ± 0.025
	a,A
	0.88 ± 0.08
	a,B
	0.94 ± 0.06
	a,B
	0.92 ± 0.18
	a,B

	Flow stress (Pa)
	1.60 ± 0.14
	a,A
	0.97 ± 0.05
	b,A
	0.81 ± 0.08
	b,A
	19.6 ± 0.9
	a,B
	18.3 ± 0.6
	a,b,B
	15.4 ± 1.5
	b,B

	Thixotropy
	
	
	
	
	
	
	
	
	
	
	
	

	Recovery (%)
	89 ± 15
	a,A
	102 ± 9
	a,A
	100 ± 13
	a,A
	49 ± 1
	a,B
	56 ± 1
	b,B
	61 ± 1
	c,B

	Flow curves
	
	
	
	
	
	
	
	
	
	
	
	

	R2 – fit HB or overshoot 
	0.9992
	
	0.9997
	
	0.9997
	
	0.9994
	
	0.9991
	
	0.9993
	

	Yield stress (Pa)
	1.8 ± 0.1
	a
	1.2 ± 0.1
	b
	1.6 ± 0.1
	a
	n/a
	
	n/a
	
	n/a
	

	Consistency index (Pa.s)
	0.73 ± 0.05
	a
	0.39 ± 0.02
	b
	0.39 ± 0.01
	b
	n/a
	
	n/a
	
	n/a
	

	Flow behavior index (-)
	0.679 ± 0.008
	a
	0.779 ± 0.004
	b
	0.787 ± 0.002
	b
	n/a
	
	n/a
	
	n/a
	

	Overshoot (Pa)
	n/a
	
	n/a
	
	n/a
	
	9.9 ± 1.0
	a
	6.4 ± 0.1
	b
	4.7 ± 0.9
	b

	Viscosity at 100 s-1 (Pa.s)
	0.183 ± 0.004
	a,A
	0.152 ± 0.004
	b,A
	0.161 ± 0.001
	b,A
	0.536 ± 0.003
	a,B
	0.522 ± 0.012
	a,B
	0.522 ± 0.005
	a,B

	Oil binding capacity
	
	
	
	
	
	
	
	
	
	
	
	

	Oil release (%)
	22.2 ± 1.4
	a,b,A
	25.3 ± 0.3
	a,A
	22.8 ± 0.4
	b,A
	1.31 ± 0.04
	a,B
	-
	
	1.5 ± 0.1
	a,B




Figure legends
Fig. 1 Flow curve of MO2 stored for 1 week at 20°C to illustrate the calculation of the stress overshoot
Fig. 2 Polarized light microscopy images of MAG-based oleogels as function of the storage time. The scale bar is 20 µm
Fig. 3 Normalized SAXS-spectrum of the MAG-based oleogels in function of the storage time (A) and the monoglyceride oleogel mixtures (B) together with their crystallite thickness distribution obtained with the BWA method from SAXS-spectrum (C: oleogels in function of storage time, D: oleogel mixtures)
Fig. 4 Elastic (G’, filled symbols) and viscous (G”, open symbols) modulus as function of shear strain obtained from strain sweep experiments on MAG-based oleogels (MO1 in red, MO2 in black) upon storage of w1 (□), w4 (o) and w8 ()
[bookmark: _GoBack]Fig. 5 Flow curves of the MAG-based oleogels (MO1 in red, MO2 in black) upon storage of 1 week (□), 4 weeks () and 8 weeks ()
Supplementary data
Fig. S1 Crystallization curve (20°C/min) of the 6% MAG hardstock (mainly stearic acid) in rapeseed oil. The oleogel was statically crystallized
Fig. S2 Recovery capacity of MAG-based oleogels (MO1 and MO2) as function of storage time (w1, w4 and w8) evaluated with a 3-interval test (dotted line: 300 s – 0.1 s-1, 60 s – 100 s-1, 300 s - 0.1 s-1) at 20°C. The recovery capacity was calculated by dividing 2 by 1
