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Oleosomes are lipid-containing organelles that store oils and fats in the tissues of seeds such as almonds and hazelnuts. A comprehensive and detailed understanding and measurement of their size and distribution is necessary to capture the physical properties of almond- or hazelnut-containing foods and to improve their quality. During processing, almonds and hazelnuts are blanched or roasted and crushed, leading to structural changes in their tissues. In addition, nut butter contains quasi-free oil. Pulsed-field gradient nuclear magnetic resonance (PFG-NMR) is applied to determine the size distribution of the oleosomes and to monitor the structural changes along the process chain. A model established for droplet size determination in emulsions was applied and extended to the present case.
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1 INTRODUCTION
Oil bodies, also known as oleosomes, are micrometer-sized (0.3–20 µm [1–3]) natural lipid-storage structures typically found in plants and microorganisms. These structures are present in almonds [4], hazelnuts [5], peanuts [6], and various seeds [7, 8]. In the majority of plant oleosomes, triacylglycerols (TAGs) are stored in small subcellular spherical structures surrounded by a layer of phospholipids and structural proteins [9]. Oleosomes are physically and chemically stable, either intracellularly or in an extracted, isolated form, due to their solid surface membrane [10]. As they have a hydrophilic character toward their outer environment, natural oil-in-water emulsions can be obtained by aqueous extraction from seeds or oil-containing fruits [1]. Due to their use as natural emulsions of unrefined oil, oleosomes have attracted attention in the food industry. For example, the integration of oleosomes in the production of various milk-like drinks, soy milk, and chocolate has resulted in products with significantly increased stability against separation [4, 10–12]. There is also great interest in the conversion of liquid oil emulsions into soft, solid oleogel structures by physical entrapment with water-soluble biopolymers [1]. Oleosomes from hazelnuts, for example, have been used as the main ingredient in the formulation of liquid margarine [13].
The stability of oleosomes is a key factor for their commercialization in terms of product shelf life, as unstable oleosomes lead to a decrease in their functionality. Therefore, it is necessary to investigate the factors that influence the stability and additional protective mechanisms of oleosomes [14]. It is important to assess the structural and morphologic characteristics with a robust and rapid technique.
In situ measurements offer promising applications for the structural characterization of natural materials such as oleosomes. Their importance and impact are evident in two main aspects. First, the state and structure of oleosomes in plant bodies can be monitored in real time and non-destructively, which is beneficial for ensuring the consistency of oleosome products between different batches. Second, it is beneficial to more accurately reflect the structural changes in oleosomes during processing [14].
To study the morphological and dynamic properties of oleosomes, nuclear magnetic resonance (NMR) is a suitable method. Pulsed-field gradient NMR (PFG-NMR) is a well-known technique to study free or restricted diffusion of molecules [15–17]. PFG-NMR has been applied to TAG fractions to characterize the morphology of oleosomes in seeds [9, 18–20]. A complete methodological approach was reported, showing that it is possible to estimate both the average size of the oleosomes and their size distribution in lettuce and tomato using PFG-NMR experiments [9]. Two models were compared for describing the size distribution of oil bodies. In particular, the influence of the gradient duration δ of the PFG-NMR experiment on the determined size of the oil bodies was analyzed. An increasing discrepancy between the simulation curves and the experimental data was observed with increasing δ. For oil bodies in lettuce seeds, the limit value is δ ≈ 3 ms. If the gradient pulse was longer than this limit, the analysis led to a slight underestimation of the size of the oil bodies. The influence of the diffusion time Δ of the PFG-NMR experiment was not analyzed.
An other approach [21–23] is commonly applied for droplet size distribution (DSD) analysis in emulsions [24–26]. It is used here to measure the structure of oleosomes in almonds and hazelnuts. Since almonds and hazelnuts are chemically and structurally multi-component systems with significant natural variability and the structures they contain are very complex, it cannot be assumed a priori that only spherical compartments will be found, as in emulsions. The application of the DSD approach is consequently discussed and modified accordingly. In order to decide whether the model describes the experimental data in a physically meaningful way, PFG-NMR measurements with a variation of Δ were carried out. In addition, the question of what happens to the structures or oleosomes under thermal and mechanical stress was addressed. For example, do oleosomes remain intact when a nut is roasted or crushed?
2 MATERIALS AND METHODS
2.1 Materials
Fresh almonds and hazelnuts with a diameter of 11–13 mm were obtained from Infopoint - Kakao und mehr (Reutlingen, Germany).
2.1.1 Processing of hazelnuts
Hazelnuts were roasted in a pre-heated oven at 180°C with static upper and lower heat for 25 min to investigate the effect of heat on the structure of oleosomes.
Both raw and roasted hazelnuts were crushed using a Thermomix T6 (Vorwerk, Wuppertal, Germany) for 4 min, followed by sieving into three size categories: <0.8 mm, 0.8–1.25 mm, and >1.25 mm.
2.1.2 Characterization of almonds and hazelnuts
2.1.2.1 Total fat content
The total fat content of hazelnuts and almonds was measured using Soxhlet extraction. Approximately 10 g of the finely ground sample was placed in a pre-dried filter paper thimble and extracted with n-hexane in a Soxhlet apparatus (BÜCHI Labortechnik AG, Flawil, Switzerland) for 6 h. After extraction, the solvent was evaporated, and the extracted oil was dried in an oven at 105°C for 1 h to remove residual moisture. The extracted and dried oil was weighed, and the total fat content was calculated as a percentage of the dry weight of the sample. The total fat content was 64% ± 0.2% for unroasted hazelnuts and 62% ± 1.4% for roasted hazelnuts. The total fat content of raw almonds was 57% ± 1.0%. The observed fat contents are in accordance with literature values [27, 28].
2.1.2.2 Fatty acid composition
The fatty acid composition of the extracted oil from almonds and hazelnuts reflects the amount of saturated and unsaturated fatty acids. It was determined by gas chromatography (GC) using a flame ionization detector (FID). A GC System 7890 A (Agilent Technologies, Böblingen, Germany) with a nitroterephthalic acid-modified polyethylene glycol (ZB-FFAP) capillary column (Phenomenex, Aschaffenburg, Germany, dimensions 30 m × 0.32 mm × 0.25 μm) was used. The injector temperature was set to 523 K, with an injection volume of 1 μL and a split ratio of 1:20. The carrier gas (hydrogen) and oven temperatures were maintained at 433 K for 1.5 min, followed by a ramp to 523 K at a rate of 25 K min⁻1, where it was subsequently held for 3 min. The FID detector temperature was kept at 533 K, and the hydrogen flow rate was 11.29 mL min⁻1. Data acquisition was performed using OpenLAB C.01.02 and MAESTRO 1.1 (GERSTEL GmbH & Co. KG, Mülheim an der Ruhr, Germany). Fatty acids were quantified based on peak areas and identified using retention times. Monounsaturated oleic acid (C18:1) was the main fatty acid in both oils, followed by polyunsaturated linoleic acid (C18:2) (Table 1). In total, the amount of saturated fatty acids was approximately 8.7% for almond oil and approximately 8.1% for hazelnut oil.
TABLE 1 | Relative amounts of fatty acids based on the total fatty acid content of the oils.
[image: Table 1]2.2 PFG-NMR: stimulated echo sequence and data processing
All measurements were performed on a 400-MHz WB magnet, equipped with AVANCE NEO electronics. The radiofrequency probe was a DiffBB probe for measurements with pulsed-field gradients up to 15 Tm−1 along z, the direction of the main magnetic field B0. A stimulated echo (STE) sequence (Figure 1) was applied to measure the signal attenuation for a wide range of diffusion times [29–31].
[image: Figure 1]FIGURE 1 | PFG-STE sequence: the encoding of magnetization is achieved through a first gradient pulse with duration δ and amplitude g, applied after the first radiofrequency π/2 pulse. Magnetization is stored along z after the second radiofrequency pulse, and the spoiler gradient gs removes leftover unwanted coherencies. The third radiofrequency pulse reads out the magnetization, and after decoding during the second gradient pulse, the stimulated echo is acquired after the diffusion time Δ. The stimulated echo has its maximum at τ after the third π/2 pulse.
The parameters in the PFG-STE sequence were adjusted for the present case (Table 2).
TABLE 2 | Acquisition parameters of the 1H-PFG-STE experiments.
[image: Table 2]Nuts and almonds are more or less solid, and the NMR spectra (Figure 2A) are broad due to short T2* values, making detailed chemical structure determination impossible. Therefore, the spectra were integrated over the chemical shift range [image: image] [0, 12] ppm to reveal the attenuation of the total signal S due to diffusion in a PFG-STE experiment. Integration over the entire range is justified because segment-by-segment integration provides identical signal decays. Integrating over the entire range has the advantage of a better signal-to-noise ratio while preserving the same information.
[image: Figure 2]FIGURE 2 | (A) Typical signal decay of a PFG-STE experiment on a hazelnut: the signal decays as a function of the gradient amplitude g due to diffusion. The chemical shift dispersion is hampered by the hazelnut microstructure, but the signatures in the spectra show similar diffusion behavior such that the spectra were integrated over the complete range of chemical shifts. (B) Logarithmic, normalized integral signal amplitude SS0−1 of a hazelnut ([image: FX 1]) as a function of q2 = (γδg)2 shows a pronounced deviation from a “straight line” which is typical of self-diffusion, as observed for hazelnut oil ([image: FX 2]).
The signal decay shows a strong deviation from a straight line with a slope proportional to the diffusion coefficient D when plotting the logarithm of SS0−1 as a function of q2 = (γδg)2. S0 is the signal amplitude at a gradient g = 0.07 Tm−1. γ is the gyromagnetic ratio, which is specific to the nuclear isotope under investigation (Figure 2B). The curvature indicates restricted or hindered diffusion, which is typical for the diffusion of molecules in droplets or, more generally, in dispersed systems. We specifically refer to the geometric restriction in spherical geometries. Due to the confinement with respect to the outer phase, the molecules of the disperse phase are restricted in their translational diffusion, which relates the mean free path of these molecules to the length scale of the confining geometry and enables the characterization of geometric structures by PFG-NMR. A commonly applied model describes the signal attenuation of molecules diffusing under a spherical geometric restriction (Equation 1) [21, 22].
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where r is the radius, d = 2∙r is the diameter of a droplet or oleosome—the quantity searched for, while D is the diffusion coefficient of the almond oil (ALO) or hazelnut oil (HNO). These values were obtained on extracted oils (DALO = 1.01·10−11 m2s−1 and DHNO = 9.28·10−12 m2s−1 at 21°C). [image: image] represent the roots of the following equation involving Bessel functions (Equation 2):
[image: image]
The size of the droplets is usually assumed to follow a logarithmic normal distribution function [23], which is characterized by the mean volume-related droplet, or, in this case, the oleosome size diameter d33,eff and distribution width [image: image]:
[image: image]
These monomodal log-normally distributed sizes can be extended to multimodal distributions and other forms of distribution functions. The normalized integral of [image: image] over r then describes the measured signal of the dispersed phase, leading to the size distribution in the form of density distribution q3 and cumulative distribution Q3 [23]. The dependence of d33,eff on Δ is a measure of how well the model describes the data and, in the present context, the size distribution of the oleosomes in almonds or hazelnuts. It provides information about the geometric restriction of the oil by the phospholipid-protein matrix. If d33,eff is independent of Δ, the model accurately describes the restriction in closed spherical structures; in the opposite case, these µm-sized pores are connected (open pores), other compartments are present, or the geometry differs significantly from the geometric assumption.
In natural and engineering processes and products, quantities and characterizing parameters are often distributed rather than single-valued. In hazelnuts, for example, the data shown later cannot be satisfactorily modeled by the above-described approach. Additional open structures may exist in which diffusion is hindered, alongside closed pores (oleosomes) with restricted diffusion. An approach considering the contribution of oil diffusion in hindering structures uses the gamma distribution function and models the signal attenuation accordingly [32]:
[image: image]
where [image: image] is the mean diffusion coefficient and [image: image] is the width of the gamma distribution. In the present publication, [image: image] and [image: image] are presented as bars in the figures. The data provided in this article are modeled by either the droplet/oleosome approach (monomodal or bimodal distributions (Equations 1–3, known as the DSD approach)) or the sum of both, the monomodal droplet/oleosome approach (Equations 1–3, known as the DSD approach) and the hindered diffusion (Equation 4, gamma distribution) with contributions in form of amplitudes A1 and A2.
3 RESULTS AND DISCUSSION
3.1 Oleosomes in almonds
PFG-STE signal decays were measured on a cylindrical piece of an almond (diameter of 4 mm) in a 5-mm NMR tube, with care taken not to disturb its microstructure. The signal decays were measured as a function of diffusion time Δ, which allowed us to determine whether the model, which assumes that almond oil is captured in the spherical geometry of oleosomes, was appropriate (Figure 3A). The DSD approach (Equations 1–3) was used to describe the signal decays. d33,eff and σ were determined as a function of Δ (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) PFG-STE signal decays of an almond as a function of Δ ∈ [0.02, 0.8] s, while the lines represent the DSD model (Equations 1–3). The decays are normalized to the signal amplitude of S0,20 ms at Δ = 0.02 s and g = 0.07 Tm−1. (B) d33,eff and σ (shown as bars) deduced from the data in (A) do not depend on the diffusion time within the experimental error; the parameters are, therefore, indicative of the size of oleosomes in almonds.
d33,eff and σ are constant as a function of Δ in almonds. The model described the data well with R2 > 0.99. This means that the oil in almonds is enclosed in oleosomes with d33,eff = 1.16 µm and σ = 0.18 µm.
3.2 Oleosomes in hazelnuts
3.2.1 Influence of thermal treatment
In the case of hazelnuts, cylindrical pieces of unroasted and roasted hazelnuts (diameter of 4 mm) were investigated to analyze the influence of thermal treatment on structural changes via diffusion. The signal decays of the hazelnuts and hazelnut oil were compared (Figure 4).
[image: Figure 4]FIGURE 4 | PFG-STE signal decays of hazelnut oil ([image: FX 3]), 4-mm pieces of an unroasted hazelnut ([image: FX 4]) and a roasted hazelnut ([image: FX 5]) with Δ = 0.04 s, normalized to the individual signal amplitudes at g = 0.07 Tm−1. The decay of the hazelnut’s signal shows a strong deviation from a straight line, indicating restriction and hindrance of diffusion. Diffusion in roasted hazelnuts is faster than that in unroasted hazelnuts.
Although the signal of hazelnut oil followed an almost straight line in the semi-logarithmic plot, the decays of hazelnut’s signal showed a curvature, as expected. The curvature was found to be larger for unroasted nuts than for roasted nuts. This suggests that the thermal treatment leads to structural changes in the hazelnuts, and the oil is less hindered or restricted in its diffusion. The DSD approach was used to describe the signal decays of the nuts in order to determine the diameter distribution of the oleosomes as a function of Δ in analogy to almonds (Figure 5).
[image: Figure 5]FIGURE 5 | q3 distribution densities and Q3 cumulative distributions of the oleosome diameter in (A) an unroasted and (B) a roasted hazelnut, modeled with the DSD approach (Equations 1–3) for Δ ∈ [0.02, 0.8] s. (C) d33,eff and σ (bars) as a function of Δ for an unroasted ([image: FX 6]) and a roasted ([image: FX 7]) hazelnut. d33,eff and σ are larger and increase more significantly as a function of Δ for the roasted hazelnut compared to the unroasted hazelnut.
Density distributions q3 and cumulative distributions Q3 of the unroasted (Figure 5A) and roasted hazelnut (Figure 5B) showed that the diameters from the DSD approach are smaller and the distributions are narrower for the unroasted hazelnut than for the roasted hazelnut. d33,eff and σ as a function of Δ (Figure 5C) also confirmed this statement. However, d33,eff increased with Δ, especially for the roasted hazelnut, which is unphysical. Compared to almonds (Figure 3B), the oleosome size in hazelnuts can, therefore, hardly be deduced from Figure 5C, although the numerical description of the signal decay was found to be good (R2 > 0.99). A more dedicated description is, therefore, particularly needed for roasted hazelnuts. The increase of d33,eff with Δ indicated that it cannot be assumed in hazelnuts, compared to almonds, that there is only one storage structure in which the oil is stored. Another attempt was made to model the data using a bimodal DSD approach (Figure 6).
[image: Figure 6]FIGURE 6 | (A) d33,eff,i and σ as a function of Δ for the unroasted ([image: FX 8]; [image: FX 9]) and roasted hazelnut ([image: FX 10]; [image: FX 11]), modeled with a bimodal DSD approach (Equations 1–3), which results in two fractions (open and closed symbols). The fraction of larger compartments exceeds the fraction of smaller compartments in the roasted hazelnut. d33,eff,i increase with Δ for both hazelnuts. (B) Proportions of the two fractions A1 and A2 as a function of Δ. In an unroasted hazelnut, the two fractions have similar geometric values.
The description of the data with the bimodal DSD approach showed two values of d33,eff,i (Figure 6A). d33,eff,i was found to have similar values in the unroasted hazelnut. The bimodal DSD approach did not provide a better interpretation of these data than the monomodal approach. For the roasted hazelnut, the fraction of compartments with larger d33,eff,1 was found to be significantly larger than that with smaller d33,eff,2 (Figure 6B). d33,eff,1 of the smaller fraction with 10% was found to be comparable to that in the unroasted hazelnut. The increase of d33,eff,i as a function of Δ was much less pronounced but still present. Thus, the bimodal DSD approach also did not describe the data physically correctly.
The changes in the signal decay (Figure 4) indicate a change in the intrinsic structure of hazelnuts during roasting. Roasting led to increased microporosity and rupture of cell walls, among others, as a result of water loss during heat exposure [33–35]. In addition, roasting destroyed the endoplasmic reticulum and the oleosomes it contains. This in turn led to larger intercellular spaces. The protein bodies may swell or deform depending on the roasting parameters, and the cells may be enlarged and irregularly shaped [36]. These facts highlight the need for an extended concept: oil not only diffuses in the oleosomes or larger compartments of hazelnuts but also in the cell and extracellularly (Figure 7). Therefore, diffusion is hindered by other components such as starch granules and proteins or cell walls. Cells in hazelnuts have a typical diameter of 40 µm with protein bodies of 5 µm [37].
[image: Figure 7]FIGURE 7 | Scheme of a hazelnut for modeling the diffusion data: inside the oleosomes, there is geometrically restricted diffusion in a spherical geometry for the oil. Outside the oleosomes, inside or outside the cell, diffusion is hindered.
The hindrance of the oil diffusion outside the oleosomes in a hazelnut suggested a combined model: the DSD approach combined with a gamma distribution of diffusion coefficients (Figure 8), according to the weighted sum of Equations 1 and 4.
[image: Figure 8]FIGURE 8 | (A) d33,eff and σ and (B) <DG> and σG as a function of Δ for the unroasted ([image: FX 12]) and roasted ([image: FX 13]) hazelnuts, modeled with the combined DSD approach (Equations 1–3) and a gamma distribution (Equation 4). The d33,eff shows no dependence on Δ. <DG> decreases with increasing Δ, which is typical for hindered diffusion. The values are larger for roasted than for unroasted hazelnuts. The fraction of geometrically restricted oil is approximately 89% for both hazelnuts.
Within the combined model, d33,eff and σ are constant as a function of Δ in almonds for unroasted and roasted hazelnuts (Figure 8A). With d33,eff = 2 μm, the diameters of the oleosomes in unroasted hazelnuts were observed to be smaller than the compartments in roasted hazelnuts (d33,eff = 7.5 µm). The dependence of <DG> on Δ showed that a hazelnut contains more oil than just that in the oleosomes and that this oil is hindered in its diffusion. Diffusion was found to be slower by a factor of 2 in unroasted hazelnuts than in roasted hazelnuts. The fraction of oil that was not geometrically restricted but hindered for both types of hazelnuts was found to be approximately 11%. Roasting also increases the compartments in which geometrically restricted oil can diffuse, and the structure in which diffusion is hindered becomes less dense and more open. The <DG> of hazelnuts was found to be approximately 10 times smaller than that of extracted hazelnut oil (DHNO = 9.28∙10−12). This was due to the presence of various other structures in the hazelnut, such as starch, proteins, organelles and cell walls, or fibers.
3.2.2 Influence of mechanical treatment
In addition to the effects of thermal treatment, the influence of mechanical treatment was also investigated. Unroasted and roasted hazelnuts were crushed in three crushing stages and compared with the 4 mm pieces. The signal decays were modeled with the combined model of the DSD approach and gamma distribution to determine the oleosome size distributions (Figures 9A, B) and the gamma distributions of the diffusion coefficients in hindered environments (Figures 9C, D).
[image: Figure 9]FIGURE 9 | Combined model consisting of the DSD approach (Equations 1–3) and the gamma distribution (Equation 4): d33,eff and σ as a function of Δ for (A) unroasted hazelnut ([image: FX 14]) ([image: FX 15]) ([image: FX 16]) ([image: FX 17]) and (B) roasted hazelnut ([image: FX 18]) ([image: FX 19]) ([image: FX 20]) ([image: FX 21]), each with the 4-mm pieces and three crushing stages (increasing crushing from dark to light colors). The crushing stage has a clear influence on d33,eff for the unroasted hazelnut, but not for the roasted hazelnut. <DG> and σG as a function of Δ for (C) unroasted hazelnut and (D) roasted hazelnut. <DG> is significantly larger for the roasted hazelnut.
The crushing stage had a clear influence on d33,eff in the unroasted hazelnut (Figure 9A). Stronger crushing led to larger d33,eff. In contrast, there was no clear relation between mechanical treatment and diffusion behavior for the roasted hazelnut (Figure 9B). For all crushing stages, d33,eff of roasted hazelnuts was similarly large. <DG> of the unroasted hazelnut was smaller by a factor of 1.5 than in the roasted hazelnut (Figures 9C, D). Roasting led to an enlargement of the restricting geometries [36]. The crushing of roasted nuts, therefore, had no further major effect on oil diffusion at the microscopic level. This is different for the unroasted hazelnuts: the natural structure before the mechanical treatment was intact, and the change in the structure was only a function of the crushing stages. By crushing, oleosomes were partially destroyed, forming larger oil compartments that may potentially coalesce. The diffusion of the oil appeared to be, nevertheless, geometrically restricted. For unroasted hazelnuts, the proportion of the fraction with restricted diffusion was found to be 11%, independent of the crushing stage. The diffusion mechanisms in roasted hazelnuts did not change with size reduction during crushing, but the proportions of the two contributions changed. The proportion of hindered oil, which is described by a gamma distribution, increased from 11% to 16% as a result of crushing. This was obvious for the last crushing stage, which led to nut butter. The extended model allowed all investigated cases in the hazelnut to be modeled in a physically meaningful way and the states of the hazelnuts to be compared directly with each other so that the effects of thermal and mechanical treatment become directly visible. The data showed the potential of the non-destructive measurement of nuts by PFG-STE, which revealed the microscopic structure of the hazelnuts before and after thermal and mechanical treatment. The method could also be used for in situ monitoring during industrial nut processing. The oil content and its distribution in oleosomes or hindering structures become accessible via these measurements, and the quality of nuts can be monitored prospectively with respect to their oil content.
4 CONCLUSION
In this study, pulsed-field gradient nuclear magnetic resonance was used to investigate the structure of almonds and hazelnuts on the microscale. Oil is usually stored in spherical oleosomes in almonds and hazelnuts. Analysis of diffusion of the oil provided the basis for determining the size of these lipid-containing organelles. The approach commonly used for droplet size analysis in emulsions was directly transferable to almonds. A mean volume-related oleosome size diameter of 1.16 µm with a distribution width of 0.18 µm was measured. In contrast, the model needed an extension with a second contribution described by a gamma distribution to consistently describe the situation in hazelnuts. It is concluded that oil in hazelnuts is present both in the form of oleosomes and of open structures. Therefore, diffusion is hindered by other components of the hazelnut such as cell walls and organelles. Roasting and crushing led to an even more openporous structure in hazelnuts. Mean volume-related oleosome size diameters were measured to be up to four times larger than those of an untreated hazelnut with oleosomes of approximately 2 µm.
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