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Introduction 

A nutrient that enters the body in the form of a food item with some physical structure is not 

immediately absorbed by the body. Before it can be taken up by intestinal cells and enter the 

bloodstream, the nutrient must first exit the food matrix where it is contained1. The proportion of 

the nutrient that can be released from the food matrix, which is defined as its bioaccessibilty2, 

limits the total amount of nutrient that can be further digested and potentially absorbed by the 

body. The mechanisms of regulating the bioaccessibilty of nutrients from food are not fully 

understood2,3. In this project, fractured almond seeds in the digestive environment were used as a 

model system. Lipids are the dominant nutrient in almonds by total caloric contribution2, and 

thus the bioaccessibilty of lipid is an important factor in determining the metabolizable energy of 

almonds. 

 

The ability to predict the bioaccessibilty of nutrients from almonds based on their physical 

properties is critical to enabling design of functional foods containing almonds4, such as products 

to maximize satiety. In addition, some consumers have specific needs for foods which lead to a 

predictable state of postprandial lipemia, due to conditions such as cardiovascular disease5–7 or 

diabetic-linked hyperlipidemia8. Furthermore, almonds are an agricultural product of interest in 

California, with production of 1.81 billion pounds in 2015, total economic footprint of $21.5 

billion, and  contribution of 104,000 jobs to the state’s economy9. 
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Literature Review 

The almond seed, also called the kernel, is the edible part of the almond fruit. The almond seed is 

composed of an embryo, which is surrounded by a skin, called the testa. The pericarp, which 

encloses the kernel, contains a green fleshy hull and a hard, pitted shell2. The almond cotyledon 

is a white, lipid bearing tissue, which is made up of approximately spherical cells, called 

parenchymal cells, each with a relatively thin, yet chemically resistant cell wall with thickness of 

approximately 0.1 μm to 0.3 μm10. These cellular structures were investigated by Grassby, et. al3 

using microscopy. Some of their results are shown in Figure 1. 

 

 

Figure 1: Left: Light microscopy image of parenchyma cells in almond tissue. Lipid bodies are clear, while 

intracellular components and cell walls are stained blue. Right: Transmission electron microscopy image of single 

almond parenchyma cell. Lipid bodies are white, and protein inclusions are dark. Images are from Grassby, et. al. 

2014, “Modelling of nutrient bioaccessibilty in almond seeds based on the fracture properties of their cell walls.” 

Food and Function. 5. 3096-3106. 

The amount of lipid contained in whole natural almonds ranges from 44 to 61 grams per 100g of 

almond11, depending on the harvest and variety12. Almond seeds can be eaten in various forms, 

and varying shapes and sizes of almond particles can be obtained through processing the whole 

natural, blanched, and roasted seeds. 

  

For the purposes of this project, it is important to distinguish between almond particles and 

almond cells. Almond particles are fragments of whole almonds, and are comprised of numerous 

cells. Almond particles vary widely in size depending on how the almond seed is processed, with 

a with a general range from < 250 μm (finely ground almond flour) to 2000 μm (masticated 

almonds)2. Almond cells are the individual cells of the almond parenchyma, which are roughly 

spherical, 36μm in diameter, and protected by a cell wall3. Several studies have reported that 

lipid released from almonds during digestion is higher from almond foods made up of smaller 

particles13–16. It is hypothesized that this increased lipid bioaccessibilty is due to increased 

fractured or exposed surface cells relative to the total number of cells in the meal2.  
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After consumption, almond fragments are processed by the stomach. This is called the gastric 

phase of digestion. During gastric digestion, almond particles are subjected to immersion in an 

enzyme rich, acidic solution that has pH of roughly 1.5 to 3.017,18.  This is visualized in Figure 2. 

 

 

Figure 2: Gastric digestion of almond particles occurs in the stomach 

Lipid release in the stomach and the remainder of the gastrointestinal tract from cells contained 

within the particles with intact cell walls is minimal. This is hypothesized to be due to 

encapsulation of the lipid contents by an intact cell wall, which prevents penetration of enzymes 

such as lipases, thus hindering the rate and extent of nutrient release 10,15,19,20. However, lipid can 

be released from cells which are ruptured during mastication, or that have a cell wall which 

becomes breached during the course of digestion13,15,16,19,20. 

 

Therefore, when a certain amount of almond is reduced into smaller particles (e.g. almond slices, 

cubes, or powder), more cells on the surface of particles become exposed relative to the total 

number of cells in the sample. These cells on the outer surface are likely ruptured during size 

reduction and lipid within them can be rapidly released and become bioaccessible3. It has been 

demonstrated by previous researchers that overall lipid release from an almond meal is 

dominated by contributions from cells ruptured during a fracture or mastication event19,21. 

However, microscopy experiments on both in vivo and in vitro digested almonds have 

demonstrated that lipid is released from several layers of the almond, starting with the exterior 

layer and progressing to as many as five layers depth over the course of a 12-hour digestion 

(Figure 3)20,21. Also, experimental results show that models which only consider the initial 

surface area of particles as able to contribute lipid tend to under-predict the overall lipid release 

from the almond meal10. 

 

An initial hypothesis for this phenomenon was that lipase diffusion through cell wall pores 

allowed for the breakup of internal lipid bodies, and subsequent release of free fatty acids 

through the same pores in the cell wall10. The radius of gyration of gastric and pancreatic lipases 

(50kDa) are roughly 1.7 and 1.9 nm, respectively22,23. This is below the pore size of cell walls10. 
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However, in vitro digestion experiments on almonds in the presence of fluorescent labelled 

lipases showed no evidence of diffusion through intact cell walls, casting doubt on the 

hypothesized mechanism10. An alternative hypothesis is proposed in this project, which is that 

lipid release from cells on interior layers is due to the breaching or weakening of their cell walls 

due to diffusion of acid into the particle. Following this disruption of the cell walls, the lipid 

contained within the cells becomes accessible to enzymatic action and capable of releasing from 

the almond matrix.    

 

 
Figure 3. The intact cells with intracellular nutrients were stained with toluidine blue. Light microscopy section 

after 12 h in vivo digestion (C) showed some breached and intact cells, at and beneath the surface of a 2-mm 

natural almond cube, had lost the stained materials, indicating the release of nutrient underneath the surface (about 

3 to 5 layers) of the almond cube and transmission electron microscopy after 12 h in vivo digestion (D) confirmed 

the losses of intracellular contents from intact cells underneath the surface (adapted from Mandalari et al., 2008) 

 

Acids are present in gastric digestion and are capable of hydrolyzing biological molecules such 

as cellulose and other structural carbohydrates20,24 that are known components of the almond cell 

wall12. Under this hypothesis, the rate of release of lipid from almonds is still expected to 

increase as initial surface area of particles increases. However, the surface area that is available 

for lipid release from a given almond particle is expected to increase as digestion elapses, due to 

the penetration of acid into the particle. As the acid front meets progressively more layers of 

cells, the lipids contained in the damaged cells are expected to become bioavailable. This is 

visualized in figure 4. 
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Figure 4: Lipid release from successive layers during gastric digestion in a 3D cubic model of an almond particle 

 

The overall goal of the model is to predict lipid release based on the properties of the almond 

meal, such as particle size distribution. This is because lipid release is of interest to the medical 

and nutritional communities for optimizing foods for consumer health. Particle size of almond 

foods is the main independent variable. This is because lipid release from almonds has been 

shown to be dependent on particle size, and the theory of cell wall encapsulation of lipid bodies 

provides a framework in accordance with clinical results. This framework can be used to create a 

geometrical model, as shown in this project. Such a model could then be tested though actual 

experiments. To this end, using particle size as the main predictive variable provides another 

benefit, which is that it can be measured in a laboratory, and when coupled with in vitro 

digestive experiments, does not require invasive measurements of gastric conditions or expensive 

clinical collection of gastric contents or feces.  

 

Existing models are available for predicting the lipid release from almond particles based only on 

particle size (assuming that particles are monodisperse, have constant size, have cubical 

geometry, and that almond cells are identical spheres of constant diameter)3. One such model 

will be derived in a future section. However, no previous work has considered a model for acid 

penetration into almond particles. To construct a model for lipid release from almond particles 

that accounts for interior layers of cells hydrolyzed by acids, some engineering assumptions must 

be developed. 
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Engineering Assumptions: 

 

1. Lumped Nutrient: An initial assumption in this model is that all the lipid in an almond 

can be considered as a single nutrient. In reality, almonds contain oleic, linoleic, palmitic, 

stearic, and palmitoleic acid, but oleic and linoleic acids account for roughly 90% of the 

total lipid12. It is expected that these lipids will behave the same way, at least for the 

purposes of the model. That is, they are expected to exit parenchymal cells when the cell 

wall has been breached, and otherwise remain inside the cell. 

 

2. Constant almond cell diameter: Almond cells are identical spheres of diameter 36 μm. 

This assumption is based on microscopy experiments on almond parenchyma tissue, 

which were used by previous researchers to determine that almond cells had a consistent 

size and geometry3,20. A sub-assumption is that these spherical cells do not change in size 

or geometry during digestion.   

 

3. Cubical almond particles: In order to develop a framework consistent with previous 

theoretical models3 and experimental data20, it is assumed that almond particles are 

cubical. These almond particles are the result of chewing, grinding, or otherwise 

fracturing of whole natural almonds.  

 

4. Homogeneous and isotropic cell wall: For the purposes of this model, it is also assumed 

that almond cell walls are comprised of homogeneous and isotropic material.  

 

5. Cell wall thickness is constant for all cells in the almond. This enables the modeling of 

acid diffusion into the cell using in one dimension.  

 

6. Constant bulk solution: Also, it is assumed that the pH in the bulk solution is constant 

and equal to 1.8 (acid concentration of constant 10-1.8 M). 

 

7. No lipid can be released from intact cells. However, the lipid contents of breached cells 

are released instantaneously. In physical terms, this means that the diffusion of lipid 

through the cell itself is negligible, and degradation of the almond cell wall is the rate 

limiting step in overall lipid release. 

 

8. Lone particles: It is assumed that particles in digestion are not affected by other 

particles. Thus, no treatment effect of agglomeration, grinding, shielding, or buffering 

capacity is considered. 

 

9. Convection of acid is not rate limiting: It is assumed that the concentration of acid at 

the surface of a particle is equal to the concentration of acid in the bulk solution. This 

means that the convection of acid around the particles is much greater than the diffusivity 

of acid into the particles. 
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10. Diffusion follows Fick’s Law of Diffusion. Although in a future work, the almond cell 

wall may be considered as a porous medium, this study will assume that the almond cell 

walls are non-porous solids. 

 

11. Diffusion can be modelled in one dimension across a single cube face. In physical 

terms, it is assumed that diffusion through edges and corners of cubes is no faster than 

diffusion through a face of the cube. Consequently, cells are exposed layer-by-layer, with 

each cell in a given layer being breached by acid simultaneously. 

 

12. Diffusion through cell wall is rate limiting: It is assumed that the time required for acid 

to diffuse through the interior of cells is negligible compared to the time required for acid 

to diffuse through the cell wall. 

 

13. Cell wall rupture occurs at a H+ concentration of 10-3 M (pH 3): Once the entire cell 

wall thickness on one side of the intact cell has come to a pH of 3, the cell is assumed to 

rupture.  

 

14. Almonds naturally have a pH of 7. 
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Modeling acid diffusion into almond matrix 

 

A model of lipid bioaccessibilty from an almond meal must consider not only the lipid 

contribution from cells which are initially on the surface of almond particles, but also the 

contribution from cells which are “revealed” as acid diffuses into the interior of the particles, 

breaching the cell walls of outer layers of cells and enabling their lipids to be released. 

Consideration of this effect requires a physical model for diffusion of acid into the almond 

particle. This rate of diffusion can be represented in one dimension by the simple time-dependent 

diffusion equation (Fick’s Second Law).  

 

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
 

 

Where C represents the concentration of acid, t represents time, and x represents the distance 

through cell walls which the acid travels. 

 

This is a well-known equation; however, the x-term should be explained. The x-term represents 

the amount of cell wall material that the acid must penetrate. 

 

 

Figure 5: Demonstration of the need to monitor acid diffusion based on the distance the acid travels through cell 

wall material. In system A, the equivalent amount of cell wall material that must be diffused through is represented 

as Aequiv. System B is displayed likewise. Although the cell size is assumed to be uniform and unchanging in this 

study, consideration of only cell wall material eliminates the need to monitor cell size throughout the digestion. 
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In the image above, acid will take longer to diffuse through path A than it will to diffuse through 

path B. In order to correct for this, x will not represent the length in space, and will instead 

represent the thickness of cell wall material that the acid must penetrate. 

 

This can be thought of as a local coordinate system, where the 1-D side length of the cube in 

physical space is mapped to the x dimension. As the middle of the cube, x is zero. The edge of 

the cube is s/2 millimeters away from the center in physical space, therefore x(s/2) will represent 

the edge of the cube in “cell wall space”. 

 

The boundary conditions for this partial differential equation will be as follows: 

 

𝜕𝐶

𝜕𝑥
= 0 𝑎𝑡 𝑥 = 0 

 

to represent the symmetry across a cube, and: 

 

𝐶 (𝑥 (
𝑠

2
) , 𝑡) = 𝐶𝐵𝑢𝑙𝑘 = 10

−1.8 

 

to represent the concentration on the cube surface being equal to the bulk concentration of the 

stomach (diffusion is rate-limiting). Finally, the initial condition is 

 

𝐶(𝑥, 0) = 10−7 

 

representing an initial concentration of H+ equal to that of pH 7. 

 

Solving this equation would give a concentration profile in time and space. To couple this 

equation to lipid release, a threshold concentration must be established above which the cell wall 

will be considered hydrolyzed. 

 

This threshold could likely be found with experimentation; however, in this model it will be 

approximated as occurring at a pH of 3. Therefore, the distance at which the pH of the cell wall 

material has reached 3 can be mapped over time. Once the “front” of pH 3 is identified, there are 

two ways to couple the diffusion with the lysing of cells. The simpler way is to determine the 

amount of time necessary to reach pH 3 at x = θ, where θ represents the thickness of one cell 

wall. The total digestion time can be divided by this time value to obtain the number of cell walls 

lysed by the acid: 

 

𝑞(𝑡) =  ⌊
𝑡

𝑡𝜃
⌋ 

 

where q represents the number of layers which have been ruptured, and tθ represents the time 

required to breach a single cell wall. Due to the floor brackets shown above, q will always be a 
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whole number, and the plot of q over time will appear stepwise. This is because it is assumed 

that that the layers of cells on the outside of an almond particle break down sequentially, layer-

by-layer. 

 

The value of D, the diffusivity of acid in the almond matrix, is not known explicitly. However, 

Mandalari et al. showed in 2008 that lipid is released from 3-5 layers of almond cells in 12 

hours6. Assuming the first cell is ruptured by the initial size-reduction process, this constitutes 8 

cell walls breached by acid for 5 layers of penetration (4 additional layers underneath the outer 

layer, which is assumed to be ruptured at the start of digestion). The PDEPE function in 

MATLAB can be used to determine the value of D from that information by using the function 

inside of a DO or FOR loop starting with a small D value, and incrementally increasing the D 

value until the value is such that a pH of 3 is reached at a location equivalent to 5 layers into the 

almond matrix within 12 hours. In this analysis, a pH of 3 can be targeted at a location equivalent 

to one cell wall thickness equivalent within 12/8 hours (1.5 hours). 

 

The above analysis relies heavily on the assumption that once the cell wall is breached by acid, 

the pH in the newly exposed cell quickly equilibrates with the bulk pH. This assumption can be 

relaxed; however, this would require a modification of the initial differential equation. The value 

of diffusivity of acid in cell wall material can be made to be dependent on the concentration of 

acid: 

 

𝐷 = 𝑓(𝐶) 
 

such that diffusivity increases with concentration of acid. This is because cell wall material 

which has been degraded by acid is predicted to allow faster penetration of acid. The following 

relationship is proposed: 

 

𝐷 =  
−𝐴

𝑙𝑜𝑔(𝐶)
 

 

Where D is diffusivity, C is concentration of acid in molarity, and A is a parameter. This 

equation can be thought of as a linear approximation with respect to pH. 

 

If this method were to be used, the original equation will be modified as such: 

 

𝜕𝐶

𝜕𝑡
=

−𝐴

𝑙𝑜𝑔(𝐶)

𝜕2𝐶

𝜕𝑥2
 

 

Where again, C represents concentration, A is a diffusivity parameter, t represents time, and x 

represents the distance through cell walls which the acid travels. 
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Just like in the simpler analysis considering only the time required to breach one cell wall, the 

concentration-dependent diffusion analysis can also utilize the literature result from Mandalari et 

al.6 since only the A parameter needs to be determined. For this optimization, a DO or FOR loop 

can be used once again with the target of 8 cell wall thickness equivalents in 12 hours of 

exposure to acid to determine the proper value of A. This method was chosen to explore further 

in the model proposed in this report. 

 

In summary, modeling acid diffusion into the almond particle allows for the calculation of the 

number of cell layers in an almond particle that will be exposed at some point during gastric 

digestion, and thus will be able to release lipid contents. This number will always be greater than 

the number of cells initially on the outermost layer of the cubical particle, as additional cells are 

revealed by acid hydrolysis of the cell walls of cells on the outer layers, progressively revealing 

cells on interior layers. 

 

The parameter q can also represent the number of layers that release lipid in the more complex 

diffusion model. 

 

𝑞(𝑡) =  ⌊
𝑥(𝑡|𝐶=10−3)

2𝜃
⌋ 

 

Where q(t) represents the number of breached layers of cells at time t, t represents the elapsed 

time the particle is in the gastric environment, θ represents the thickness of one cell wall, and 

x(t|C=10
-3) denotes the total distance where concentration is equal to 10-3 over time. The 

denominator is 2θ because two cell walls need to be ruptured in order to release the contents of 

one layer. 

 

This model represents acid diffusion, however it does not allow for calculation of an overall 

amount of lipid release without further modeling. Since the original goal of the model was to 

predict overall lipid release from almond particles, a model must be found that can accomplish 

this, in accordance with the assumptions of cubical particles, complete lipid release from 

breached cells, and zero lipid release from interior cells with intact cell walls.  

 

A suitable model framework was found in the work conducted by Grassby, et. al (2014), who 

derived an expression for the number of cells on the surface of a cubical particle. This was then 

expressed as a percentage of the total number of cells in the cubical particle, which is the same as 

the percentage of lipid released during digestion, given the assumptions of complete release from 

surface cells and zero release from interior cells, along with a uniform lipid concentration and 

cell size. However, the original model did not consider the effect of acid diffusion into the 

particle, which is predicted to reveal additional layers of cells as time progresses. This is the 

contribution of the current project, and in a future section it will be shown how this can be 

integrated into the original Grassby model. However, before this step can be shown, a few early 

steps in the development of the original model must be shown. For the derivation of the original 

model without the improvements developed in the current project, please see Appendix A. 
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Integration with Grassby model 

In this section, the derivation will be conducted for a model developed by Grassby et al3 to 

predict the lipid release from an almond particle as a function of particle size. Then, the 

consideration of acid diffusion will be made by integrating the work from the previous section 

into the Grassby model. 

 

As in the above section, Grassby, et. al. considered the masticated almond to consist of identical, 

cubical particles, and assumed that all lipid from a cell on the boundary of the cube is released 

during digestion, and no lipid from cells in the interior of the cube is released. This assumption 

was the same as was made in the “model assumptions” section above. It is visualized in Figure 6. 

 

 

Figure 6: Cross section of a cube of almond comprised of spherical cells.  Patterned cells are on the boundary and 

are assumed to release all of their lipid contents. White cells are part of the interior and are assumed to release 

none of their lipid contents. 

The cubical geometry was assumed not for the purposes of accurate approximation of the true 

distribution of almond particle shapes after mastication, but for ease of developing a formula for 

the number of cells on the outer surface. An example almond particle is shown in Figure 7. 

 

 

Figure 7: Representation of a cubical almond particle comprised of spherical cells. In this view, all the illustrated 

cells reside on an exposed surface and are therefore assumed to completely release their lipid contents. 

Next, the average number of cells in an almond cube was expressed as the ratio of the volume of 

an almond cube to the volume of an idealized spherical almond cell, multiplied by the packing  
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density of spherical cells into the cube. 

〈𝑁𝑡𝑜𝑡𝑎𝑙〉 =  
𝑉𝑐𝑢𝑏𝑒
𝑉𝑐𝑒𝑙𝑙

∗ 𝑃  

 

〈𝑁𝑡𝑜𝑡𝑎𝑙〉 =
𝑠3

4
3𝜋 (

𝑑
2)

3 𝑃 

Where: 

〈𝑁𝑡𝑜𝑡𝑎𝑙〉 = average number of cells in the cube 

s3 = side length of a cube (μm3) 

d = diameter of an almond cell (μm) 

P = packing density of almond cells into the cube  

 

A packing density P=1 would mean that all space in the cube is occupied by one cell. This is the 

same as assuming that there is no intracellular space. However, it is important to point that no 

numerical value was assumed for the packing density P, as it was cancelled out of the equations 

in a later step (when the number of surface cells was expressed as a ratio of the total number of 

cells in the cube).  

 

With the previous equations developed, the total number of exposed cells on a cube of almond 

tissue was expressed as the sum of the number of exposed cells on each individual face of the 

cube 

 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 =  𝑛1 + 𝑛2 + 𝑛3 + 𝑛4 + 𝑛5 + 𝑛6 

Where: 

〈Nexposed〉 =  number of exposed cells on an entire cube of almond tissue 

n1…n6 = number of exposed cells on each surface of the cube 1-6 

 

Next, the number of exposed cells on a face of the cube was expressed as an area fraction: the 

area of the face of the cube divided by the area of an idealized spherical cell, but expressed in 

2D: 

 

𝑛1 = ⋯ = 𝑛6 =
𝑠2

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙
∗ 𝑃  

 

Where: 

n1…n6 = number of exposed cells on each surface of the cube 1-6 

s2 = area of a face of the cube (μm2) 

Areacell = area of a cell with 2D profile diameter d’ 

P = packing density of almond cells into the cube  

 

Grassby, et. al. used the profile diameter of a cell (𝑑′) instead of its real diameter (d), as cell 

diameters were measured using light microscopy, which was a two-dimensional approximation. 
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This is because light microscopy is used to measure the area of planar slices of cells, which are 

actually three-dimensional spheres. The profile diameter was converted to the real diameter 

using the following expression: 

 

𝑑 =  
4

𝜋
𝑑′ 

Where: 

d = real diameter of a cell 

𝑑′ = two-dimensional measured diameter (profile diameter) of the cell 

  

The linear conversion between profile diameter and real cell diameter was developed by Weibel. 

The area of a cell with two-dimensional profile diameter 𝑑′ was thus: 

 

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙 = 
𝜋

4
𝑑′2 

Where: 

𝑑′ = profile diameter of cell (as measured by light microscopy) = 
𝜋

4
𝑑 

 

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙 = 
𝜋

4
(
𝜋

4
𝑑)

2

  

 

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙 = 
𝜋

4
(
𝜋2𝑑2

16
)  

 

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙 = 
𝜋3𝑑2

64
  

 

Returning to the equation for the number of exposed cells on a given face of the cube: 

 

𝑛1 = ⋯ = 𝑛6 =
𝑠2

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙
∗ 𝑃  

 

𝑛1 = ⋯ = 𝑛6 =
𝑠2

𝜋3𝑑2

64
 
∗ 𝑃  

 

𝑛1 = ⋯ = 𝑛6 =
64𝑠2

𝜋3𝑑2
∗ 𝑃  

 

This expression for the number of exposed cells on a given face of the cube does not account for 

additional cells exposed as outer cells are breached by acid that diffuses into the particle. This is 

considered by integrating the results from the section “Modeling acid diffusion,” where an 

expression was developed for the number of layers that have been breached, as a function of 

time. 
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𝑞(𝑡) =  ⌊
𝑥(𝑡)

2𝜃
⌋ 

Where: 

q(t) = number of breached layers of cells at time t 

t = elapsed time the particle is in gastric environment 

x(t) = total distance of acid penetration through cell wall material at time t 

θ = thickness of one cell wall 

 

Each layer of cells has depth equal to the diameter of a single cell. Thus, the number of exposed 

cells on a given face (accounting for additional cells revealed by acid diffusion) is: 

 

𝐶𝑒𝑙𝑙𝑠𝑓𝑎𝑐𝑒 = 𝐶𝑒𝑙𝑙𝑠𝑜𝑢𝑡𝑒𝑟 + 𝐶𝑒𝑙𝑙𝑠𝑙𝑎𝑦𝑒𝑟1 + 𝐶𝑒𝑙𝑙𝑠𝑙𝑎𝑦𝑒𝑟2 +⋯+ 𝐶𝑒𝑙𝑙𝑠𝑙𝑎𝑦𝑒𝑟𝑁 

Where: 

N = number of layers breached during gastric digestion 

Cellsface = Total cells revealed on a given cube face 

 

As an example, the total number of cells revealed on a single face of a cube of size s, for 

breakage of three layers, is shown: 

 

𝐶𝑒𝑙𝑙𝑠𝑓𝑎𝑐𝑒 = 
64𝑠2

𝜋3𝑑2
∗ 𝑃 + 

64𝑠′2

𝜋3𝑑2
∗ 𝑃 +

64𝑠′′
2

𝜋3𝑑2
∗ 𝑃 

Where: 

s = original cube size (side length) 

𝑠′ = size of first layer 

𝑠′′ = size of second layer 

d = cell diameter 

 

In this expression, the sizes refer to the side length of each exposed layer. This can also be 

formulated in terms of the size of the original face, s, and the diameter of the cells, d: 

 

𝐶𝑒𝑙𝑙𝑠𝑓𝑎𝑐𝑒 = 
64𝑠2

𝜋3𝑑2
∗ 𝑃 + 

64(𝑠 − 2𝑑)2

𝜋3𝑑2
∗ 𝑃 +

64(𝑠 − 4𝑑)2

𝜋3𝑑2
∗ 𝑃 

 

This can be generalized to any number of breached layers using the following expression: 

 

𝐶𝑒𝑙𝑙𝑠𝑓𝑎𝑐𝑒 = 
64∑ (𝑠 − 2𝑞𝑑)2𝑄

𝑞=0

𝜋3𝑑2
∗ 𝑃 

Where: 

q = number of breached layers 

 

In the above statement, the number of breached layers, q, is zero if the outer surface is the only 

surface from which cells can release lipid. If the outer layer has been breached, then q is equal to 

one, and a total of two layers of cells can contribute to lipid release. At time zero, the only 
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exposed cells are those initially on the outer surface. Thus q(0) is zero, and the expression 

reduces to the same result that was derived by Grassby: 𝑛1 = ⋯ = 𝑛6 =
64𝑠2

𝜋3𝑑2
∗ 𝑃 

 

Next, the total number of cells belonging to a given cubical particle that are exposed over the 

entire course of digestion expressed as the sum of the number of cells that become exposed on all 

six faces. Assuming that all faces experience acid diffusion and allow for lipid release from 

breached layers in the same way, the total number of lipid-contributing cells from the cube is six 

times the number on a single face: 

 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 =  6 ∗  
64∑ (𝑠 − 2𝑞𝑑)2𝑄

𝑞=0

𝜋3𝑑2
∗ 𝑃 

 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 =  
384∑ (𝑠 − 2𝑞𝑑)2

𝑄
𝑞=0

𝜋3𝑑2
∗ 𝑃 

 

 

Since it was assumed that only the exposed cells released lipid during digestion, the overall 

percentage of lipid released can be expressed as the ratio of the number of exposed cells to the 

total number of cells in the cube. 

 

𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉

〈𝑁𝑡𝑜𝑡𝑎𝑙〉
∗ 100% 

 

Where: 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 = number of exposed cells on a cube 

〈𝑁𝑡𝑜𝑡𝑎𝑙〉 = total number of cells in the cube, defined previously 

 

𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  

(
384∑ (𝑠 − 2𝑞𝑑)2𝑄

𝑞=0

𝜋3𝑑2
∗ 𝑃)

(
𝑠3

4
3𝜋 (

𝑑
2)

3 ∗ 𝑃)

∗ 100% 

 

𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
64𝑑

𝜋2𝑠3
∑(𝑠 − 2𝑞𝑑)2
𝑄

𝑞=0

∗ 100% 

 

Finally, the ratio is divided by two, due to the fact that cells fractured in a breakage event 

(resulting in the formation of the idealized cubes) should not be counted twice.  

Thus, the final equation is stated: 
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𝑆𝑇𝑀: 𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =
32𝑑

𝜋2𝑠3
∑(𝑠 − 2𝑞𝑑)2
𝑄

𝑞=0

∗ 100% 

 

Dividing by two introduces another assumption, which is that all cells on the surface of an 

almond particle are fractured. This is considered a reasonable assumption for the case where 

almonds are consumed with the skin intact, as almond skin is recalcitrant to degradation by 

enzymes and acids in the human digestive system 13. This assumption is best understood with an 

illustration of the idealized fracture event that resulted in two cubes, which is shown in Figure 8. 

 

Figure 8: Almond fracture event that results in two cubes.  

In this case, it is assumed that only the ruptured cells on a fractured surface are able to release 

lipid (shaded). The final statement of the STM includes a divisor of two to prevent counting the 

lipid contribution of the cells on the fracture plane as members of both of the children particles. 

 

This results in a model for the percentage of lipid release from a single almond cube of size s, 

comprised of identical cells of diameter d. An interesting consequence of expressing the lipid 

release from the cube in terms of the percentage of total lipid in the cube instead of in absolute 

terms is that the packing density of the spherical cells in the cube cancels out. Also, if it is 

assumed that the masticated almond fractures into an ensemble of identical cubes, the percentage 

of lipid release from one cube is the same as the percentage of lipid released from all of the 

cubes.  

 

However, an assumption of the above model was that the total number of exposed cells on the 

cube was equal to six times the number of exposed cells on a single face. There is a problem with 

this assumption, which is that there are some cells which are shared by more than one face. Cells 

on the edges of the cube (shared by two adjacent faces) are counted twice. Cells on the corners 

(where three faces intersect) are counted three times. This means that the above model will 

always overestimate the lipid release, by counting some exposed cells more than once. This 

simple model was named the Simple Theoretical Model (STM) by Grassby, et. al, although in 

the original formulation there was no consideration of a contribution from cells on layers beneath 

the outer surface due to acid diffusion. That was an original contribution of this project. 
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However, Grassby, et. al. (2014) did offer an improvement to the STM by deriving a model 

based on the same assumptions, but that prevented cells from being counted more than once. 

This was done by defining the number of exposed cells on two opposite faces of the cube (called 

faces 1 and 2). Since these faces are assumed to share no cells with each other, the number of 

exposed cells on them is expressed in the same way as it was in the development of the STM: 

 

𝑛1 = 𝑛2 =
64∑ (𝑠−2𝑞𝑑)2

𝑄
𝑞=0

𝜋3𝑑2
∗ 𝑃  

 

Next, the number of exposed cells on two more faces are defined. These faces share cells on two 

sides with the previously defined faces, n1 and n2. Thus, they have slightly less cells, as shown in 

the following formula: 

 

𝑛3 = 𝑛4 = (𝑛1 − 2 ∗ 𝑃 [
∑ (𝑠 − 2𝑞𝑑)2𝑄
𝑞=0

𝜋
4 𝑑

]) 

 

Finally, the number of cells on the final faces, n5 and n6, were defined. These faces share cells on 

all four sides with previously defined faces, n1-4. 

 

𝑛5 = 𝑛6 = (𝑛1 − 4 ∗ 𝑃 [
∑ (𝑠 − 2𝑞𝑑)2𝑄
𝑞=0

𝜋
4 𝑑

− 1]) 

 

Finally, the total number of exposed cells (without overcounting those on edges or vertices) is 

defined as: 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 = 2 ∗ 𝑛1 + 2 ∗ 𝑛3 + 2 ∗ 𝑛5 

After making the substitutions for 𝑛1 − 𝑛6 and dividing by two, this can be written as: 

 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 = [
64∑ (𝑠 − 2𝑞𝑑)2𝑄

𝑞=0

𝜋3𝑑2
∗ 𝑃] + [

64∑ (𝑠 − 2𝑞𝑑)2𝑄
𝑞=0

𝜋3𝑑2
∗ 𝑃 − 2

∑ (𝑠 − 2𝑞𝑑)𝑄
𝑞=0

𝜋
4 𝑑

∗ 𝑃]

+ [
64∑ (𝑠 − 2𝑞𝑑)2𝑄

𝑞=0

𝜋3𝑑2
∗ 𝑃 − 4 ∗ 𝑃(

∑ (𝑠 − 2𝑞𝑑)𝑄
𝑞=0

𝜋
4 𝑑

− 1)] 

 

Where:  

d = cell diameter (μm) 

s = side length of identical, idealized cubes (μm) 

q = total number of beached layers of cells in the cubical almond particle 
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Once again, since it is assumed that only exposed cells release their lipid contents, the percentage 

of lipid released from the idealized cube can be expressed as the ratio of exposed cells to the total 

number of cells.  

 

𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) = 𝐿 =  
〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉

〈𝑁𝑡𝑜𝑡𝑎𝑙〉
∗ 100% 

 

Where: 

L = lipid release = percentage of lipid release from the almond particle during digestion 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 = total number of cells that become exposed to sufficient acid to breach their cell 

walls over the entire course of digestion 

〈𝑁𝑡𝑜𝑡𝑎𝑙〉 = total number of cells in a cube of size s, defined previously 

 

Grassby, et. al. refer to this model as the Extended Theoretical Model. Once again, the packing 

density of the spherical cells into the almond cubes cancels out. As in the derivation of the STM, 

Grassby, et. al. did not consider the contribution from cells beneath the initial surface layer. 

 

Since the STM does not account for the existence of spheres which are shared by multiple facets 

of the cube, any spheres on the boundary between facets are counted twice, and those on vertices 

are counted three times, resulting in the STM always predicting a higher number of exposed lipid 

containing cells for a given cube and cell size, in comparison to the ETM. Thus, the STM always 

predicts higher lipid release than the ETM for a given cube and cell size. However, the relative 

significance of this difference between the two models decreases as the size of the cube 

increases. At a cube size of 1000μm, cell size of 36μm, and only cells on the initial surface (one 

layer) contributing to lipid release, the predictions of the ETM and STM differ by only 4.4%. 

This is because the number of cells on the bulk, central part of the facets becomes much larger 

than the number of cells located on the edges and vertices of the cube. This is visualized in the 

following figure: 
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It can be seen from the visualization that the STM always predicts higher lipid release than the 

ETM, for a given cell diameter and number of layers breached. This is because it over-counts the 

cells on edges and vertices of the almond cube. However, the magnitude of the difference 

between them decreases as particle size increases, due to the declining relative contribution of 

lipid from these cells, with respect to cells on the faces of the cube. Also, it can be seen that the 

lipid release is higher when more layers are breached. This is also intuitive, as these cells are 

assumed to contribute zero lipid under the original models constructed by Grassby, et. al, but in 

the new, proposed model are allowed to contribute lipid if the acid has diffused far enough into 

the particle. 

 

It is important to note a few general points that apply to both the STM and ETM models. First, 

the release of lipid is dependent only upon the size of cubes, s, the diameter of cells, d, and the 

number of additional exposed layers, q. Second, the model is not yet set up to contend with a 

distribution of almond particles, which is the realistic outcome of most processing operations of 

almonds, as well as mastication of whole almonds25–27. This is an opportunity for extending and 

improving the model.  
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Model Expansion- Consideration of a Distribution of Particle Sizes 

 

Because mastication of a brittle food results in a distribution of particles, relaxing the assumption 

in the Grassby model that all particles were of the same size and shape was considered an 

opportunity for improving the model. This was done by allowing the equation for lipid release to 

operate on an ensemble of particles of varying sizes, drawn from an arbitrarily defined discrete 

distribution. In practice, the real distribution of almond particle sizes could be characterized 

using sizing techniques such as sieving or quantitative imaging. These avenues have been 

explored by previous researchers to characterize the distribution of particle sizes from fractured 

almonds13,18,28. The use of a distribution of particle sizes was explored for two cases.  

 

First, a discrete case was examined in which a known number (population) of particles was 

drawn from a distribution, used as an input to the function for lipid release (STM or ETM) and 

the overall lipid release calculated empirically. In the second case, an analytical probability mass 

function (PMF) describing a continuous distribution of particles was used as an input into the 

lipid release function, and the overall lipid release from the ensemble of particles drawn from the 

given distribution was derived analytically. First, the discrete case is examined. 

Discrete case 

For this case, a sample of particles was populated by random sampling from a Gaussian 

distribution with a desired mean and standard deviation, using the following code: 

 

 𝑓 =  𝜎 ∗ 𝑟𝑎𝑛𝑑𝑛(𝑁) +  𝜇 

Where:  

σ = standard deviation of the particle size distribution 

randn(N) = random number generator drawing N samples from a standard normal distribution 

(μ=0, σ=1) 

μ = mean of the particle size distribution 

 

An example distribution is shown below, for parameters σ = 100 μm, and μ =1000μm. 
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Next, the percentage of lipid released from this ensemble of particles was calculated. This was 

done by separately calculating the percentage of lipid released from each bin of particles on the 

histogram, and then evaluating a mass-average of all lipid release percentages to determine the 

overall lipid release from the ensemble. First, the percentage of lipid released from each bin was 

calculated. This discretization introduced the approximation that all particles with size ranging 

from the lower bound of a bin to the upper bound of the same bin were treated as having size 

equal to that of the center of the bin. This was repeated for each bin on the histogram. An 

example calculation for bin 1 is shown: 

 

𝐸𝑇𝑀: 𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =
1

2
[
64

𝜋2
(
𝑑

𝑠
) − 8 (

𝑑

𝑠
)
2

+
4

3
𝜋 (
𝑑

𝑠
)
3

] ∗ 100% 

 

The ETM with only one layer of particles released is shown here for simplicity.  Next, a 

weighting factor was calculated as the mass fraction of particles in each bin divided by the total 

mass of all particles. An example expression for bin 1 is shown: 

 

𝑊𝑒𝑖𝑔ℎ𝑡(𝑠 = 𝑠1) =  
𝑀𝑎𝑠𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑏𝑖𝑛 𝑠1
𝑀𝑎𝑠𝑠 𝑡𝑜𝑡𝑎𝑙 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

 

 

𝑊𝑒𝑖𝑔ℎ𝑡(𝑠 = 𝑠1) =  
〈𝑁1〉 ∗ 𝑉1 ∗ 𝜌

∑ 〈𝑁𝑖〉 ∗ 𝑉𝑖 ∗ 𝜌
𝑖=𝑛𝑏𝑖𝑛𝑠
𝑖=1

 

 

Where: 

〈𝑁1〉 = number of particles in bin 1 

V1 = volume of a single particle in bin 1 = s1
3 

𝜌 = particle density 

i = bin number, from 1 to number of bins on the histogram 
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〈𝑁𝑖〉 = Number particles in bin i 

𝑉𝑖 = Volume of a particle in bin i = si
3 

 

It was assumed that particle density was constant regardless of particle size, allowing it to be 

cancelled out. Thus, the mass fraction reduced to a volume fraction exemplified by the following 

expression for bin 1: 

 

𝑊𝑒𝑖𝑔ℎ𝑡(𝑠 = 𝑠1) =  
〈𝑁1〉 ∗ 𝑠1

3

∑ (〈𝑁𝑖〉 ∗ 𝑠𝑖
3)𝑖=𝑛𝑏𝑖𝑛𝑠

𝑖=1

 

 

Finally, the lipid release percentage calculated for each bin was multiplied by its corresponding 

weighting factor. It was shown above that under the assumption of constant particle density this 

weighting factor reduces from a mass fraction to a volume fraction. The weighting factor for any 

particular bin of particles is the same as the ratio of the volume occupied by particles in that bin 

to the total volume of particles in the population. This final calculation for overall lipid release is 

shown below: 

 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐿𝑖𝑝𝑖𝑑 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  ∑ 𝐿(𝑠𝑖, 𝑑 = 𝑑𝑜)  ∗
𝑉𝑖

𝑉𝑡𝑜𝑡𝑎𝑙

𝑖=𝑛𝑏𝑖𝑛𝑠

𝑖=1

 

 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐿𝑖𝑝𝑖𝑑 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  ∑ 𝐿(𝑠𝑖, 𝑑 = 𝑑𝑜)  ∗
〈𝑁𝑖〉 ∗ 𝑠𝑖

3

∑ (〈𝑁𝑖〉 ∗ 𝑠𝑖
3)𝑖=𝑛𝑏𝑖𝑛𝑠

𝑖=1

𝑖=𝑛𝑏𝑖𝑛𝑠

𝑖=1

 

Where: 

𝐿(𝑠𝑖, 𝑑 = 𝑑𝑜) = Lipid release for particle size s, assuming constant cell diameter, do 

〈𝑁𝑖〉 = number of particles in bin i 

i = bin number, from 1 to number of bins on the histogram 

si = size of particles in bin i, assuming all particles in a bin (of arbitrary width) have the same 

size 

 

For each particle size, the ETM can be used to predict a certain endpoint lipid release (expressed 

as a percentage), given a constant cell diameter and a known number of layers that are breached 

during digestion. Below, the results are shown for cell diameter, d, of 36μm, and only the outer 

layer of cells being breached. 
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If all particles in the ensemble are the same size, the total lipid release percentage for the 

ensemble is equal to the percent lipid release for a single particle.  However, in the case that 

particles in the ensemble have a distribution of sizes, the overall lipid release percentage can still 

be calculated using the ETM. In this case, the model is used to evaluate the percent lipid release 

from every particle individually, and then they are weighted using a mass fraction as described 

above. A few example calculations of overall lipid release for a distribution of particles are 

shown below: 

 

 

Left: Overall lipid release for distribution with σ=100 μm, and μ=1000μm is 10.98%. 

Middle: Overall lipid release for distribution with σ=10 μm, and μ=1000μm is 11.16%. 

Right: Overall lipid release for distribution with σ=10 μm, and μ=700μm 15.64%. 

It is noted that the result of 11.16% overall lipid release for the very narrow distribution with 

mean 1000 μm is in good agreement with the value reported by Grassby, et. al. for the 

monodisperse sample of particles with the same size (L = 11.2%), as well as for the case when 

particle size was 700μm (L=15.7%)3. 

 

The overall lipid release for the distribution with mean particle size of 700μm was higher than 

that of the distribution with the same variance but mean of 1000μm (15.64% vs 11.16%). This is 



26 

 

intuitive because the ratio of the number of surface cells to the number of total cells is higher for 

smaller particles. This ratio is the same as the scaled surface area to volume ratio. When 

comparing two samples from Gaussian distributions of equal variance, the sample drawn from 

the distribution with smaller mean particle size will have a higher release of lipid.  In the next 

section, a continuous distribution of particle sizes will be used as an input to the equation for 

lipid release.  

 

Continuous case 

To generate a continuous distribution for describing particle sizes, a closed form expression for a 

Gaussian distribution centered on a desired mean and with a desired standard deviation was used: 

 

𝑃(𝑠) =  
1

√2𝜋𝜎2
∗ 𝑒

(−
(𝑠−𝜇)2

2𝜎2
)
 

Where:  

𝑃(𝑠) = probability of particle with size s 

σ = standard deviation of particle size (μm) 

μ = mean particle size (μm) 

s = particle size, continuous variable defined on [0, ∞) 

 

Next, the mass average lipid release was evaluated for the continuous distribution of particle 

sizes represented by P(s): 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑙𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
∫ (𝐿(𝑠, |𝑑) ∗ 𝑃(𝑠) ∗ 𝑠3)𝑑𝑠
∞

𝑠=0

∫ (𝑃(𝑠) ∗ 𝑠3)
∞

𝑠=0
𝑑𝑠

 

Where: 

𝐿(𝑠|𝑑) = Lipid release for particle size s, given constant cell diameter, d 

𝑃(𝑠) = probability of particle size s 

s = particle size, continuous variable defined on [0, ∞) 

d = constant cell diameter, μm 

 

This is anticipated to result in the same mass average lipid release (for a given distribution of 

particles) as was calculated using the discrete implementation, provided that the population of 

particles in the discrete case is large enough for the underlying distribution to be reflected by the 

sample, without any significant influence of stochastic effects. The discrete formula for overall 

lipid release is restated below: 

 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑙𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  ∑ 𝐿(𝑠 = 𝑠𝑖) ∗
〈𝑁𝑖〉 ∗ 𝑠𝑖

3

∑ (〈𝑁𝑖〉 ∗ 𝑠𝑖
3)𝑖=𝑛𝑏𝑖𝑛𝑠

𝑖=1

𝑖=𝑛𝑏𝑖𝑛𝑠

𝑖=1

 

 

In the discrete case, the overall lipid release is calculated using the lipid release for a certain 

particle size multiplied by number of particles in a given range centered on that size, multiplied 

by their volume, and divided by the total volume of all particles.  
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In the continuous case, overall lipid release is calculated using the integral of lipid release (as a 

function of s) multiplied by the probability of a particle at size s, multiplied by the volume of the 

particle at size s, divided by the integral of all particle probabilities multiplied by their 

corresponding volumes. 

 

A few example calculations of overall lipid release for a distribution of particles are shown 

below. This is a re-visitation of the calculations of overall lipid release that were conducted for 

discrete samples of particles that were generated using the same parameters. 

 

  

Left: Overall lipid release for distribution with σ=100 μm, and μ=1000μm is 10.95%. 

Middle: Overall lipid release for distribution with σ=10 μm, and μ=1000μm is 11.16%. 

Right: Overall lipid release for distribution with σ=10 μm, and μ=700μm 15.64%. 

These results are in good agreement with those calculated for samples of particles drawn 

randomly from distributions with the same parameters. They are compared in the following 

table: 

Table 1: Comparison of discrete and continuous consideration of a distribution of almond 

particles with respect to percent lipid release 

Underlying distribution 

properties 

Overall percent lipid release Percent 

difference 

 Discrete sample Continuous distribution  

μ=1000, σ=100 10.98% 10.95% 0.27% 

μ=1000, σ=10 11.16% 11.16% 0.00% 

μ=700, σ=10 15.64% 15.64% 0.00% 

 

In summary, it seems that the discrete distribution and continuous distribution implementations 

are in good agreement for overall lipid release from arbitrarily defined Gaussian distributions of 

particle sizes. This leads to another opportunity for model improvement, as it is desirable to 

quantify the relative change in overall lipid release for changes in the parameters of the particle 

size distribution such as mean and standard deviation. 
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Results and Discussion: Solution to the Proposed Model 

 

To solve the diffusion PDE introduced above, the PDEPE function in MATLAB r2017a was 

utilized. The following parameters were used in the script: 

 

Governing Equation 

𝜕𝐶

𝜕𝑡
=

−𝐴

𝑙𝑜𝑔(𝐶)

𝜕2𝐶

𝜕𝑥2
 

 

BCs: 

𝐶 (𝑥 (
𝑠

2
) , 𝑡) = 10−1.8 

𝜕𝐶

𝜕𝑥
= 0 𝑎𝑡 𝑥 = 0 

 

IC: 

𝐶(𝑥, 0) = 10−7 

 

Variables 

 

C = 1 

f = -A/log10(u) * DuDr 

s = 0 

u0 = 1e-7 

p1 = u1 – 10^(-1.8) 

q1 = 0 

pL = 0 

qL = 1 

 

The function c is the multiplier of the derivative on the left-hand side of the equation, which in 

this case is equal to one. The function f is the forcing function, which in this case is equal to the 

diffusivity multiplied by the derivative of concentration with respect to distance into cell wall 

material.  The source function is zero, as acid hydrolysis of cell wall material is predicted to be 

catalyzed by acid, and thus consume a negligible amount. These are shown as part of 

pdeAlmondpe: 

function [c, f, s] = pdeAlmondpe(r, t, u, DuDr) %definition 

    global A 

    c = 1; %muliplier of time deriv (on LHS) 

    f = A/-log10(u) * DuDr; 

    s = 0; 

end 
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Next, the initial conditions were provided using a separate function called pdeAlmondIC.This 

function defines the initial value of the acid concentration inside the almond as the value 

corresponding to neutral pH. 

function u0 = pdeAlmondIC(r) %Initial conditions 

     u0 = 1e-7; %initial almond pH 

end 

 

Finally, the boundary conditions are provided using a separate function called pdeAlmondBC. 

This function sets the concentration of acid at the boundary of the almond particle to be equal to 

the concentration of acid in the bulk solution. The interior of the almond particle is set to have a 

gradient equal to zero due to symmetry.  

function [p1, q1, p2, q2] = pdeAlmondBC(r1, u1, rl, ul, t)%BC xone uone xL uL 

    p1 = u1 - 10^(-1.8); %C at boundary = Cbulk 

    q1 = 0; %no dudx term in this BC 

     

    p2 = 0; 

    q2 = 1; 

end 

 

Using this implementation, the model could be solved for concentration of acid in the almond 

particle at any linear distance from the surface of the particle and at any time on the desired 

interval of 12 hours. However, the diffusivity which was modeled as dependent on the 

concentration, still has an unknown coefficient, A. In order to determine an appropriate value for 

this term, the experimental results of Mandalari, et. al (2008) were used, in which the authors 

determined that an almond digested in gastric conditions using an in vitro system experienced 

about 5 layers of ablation from its surface in the experimental time interval of 12 hours.  

In accordance with the model shown in Figure 5, lipid release from the first 5 layers of almond 

cells would require hydrolysis of 8 cell walls. This is due to the fact that going from any layer to 

the next layer requires hydrolysis of two cell walls: the “back facing” cell wall of the already 

breached layer, and the “outer facing” cell wall of the preceding layer. Furthermore, the 

outermost layer was assumed to only present one cell wall to break, instead of two, as it is 

assumed to be ruptured at the onset of digestion due to mastication or other size reduction of the 

almond particles, in accordance with the original model assumptions. Thus, a method for 

calculating an appropriate value of A was implemented in MATLAB. Using this approach, a 

wrapper function for the entire pdepe function was created which included the member functions 

pdeAlmondpe, pdeAlmondBC, and pdeAlmondIC. This function was allowed to accept an input 

value of A to serve as a guess, and reported the number of cell walls that were breached at the 

final time point of 12 hours. The function was called on a vector of guesses for A, increasing 

from very small to larger values with the knowledge that increasing the diffusivity of acid would 

increase the number of cell wall layers breached in a given time. The process was stopped when 

a value of A was used that resulted in the breaching of 8 layers. This was executed using a “for” 

loop, which is shown below. 
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Avalues = linspace(1e-12, 1e-3, 100); 

for i=1:1:100 

    [~, ~, u, uLast, test_walls] = pdeAlmond(Avalues(i)); 

    test_walls(i) = test_walls; 

    if test_walls >= 8 

        winning_Dval = Avalues(i); 

        break 

    else 

    end 

end 

 

The value of A that resulted in 8 cell walls being breached (with the threshold being that the pH 

gradient reached a value of 3) was found to be 1.01*10-5. Next, the model was solved, this time 

using this calculated value of A.   
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The surface plot and concentration profiles above represent the solution to the partial differential 

equation. Both plots demonstrate that over time, the pH in the almond approaches the pH in the 

bulk media. Additionally, the concentration profile becomes less steep over time. 

 

Due to the relationship between H+ concentration and diffusivity, the figures above show a 

concentration profile weighted towards lower pH values. This is due to the inverse relationship 

between pH and diffusivity. See the figure below for a visual depiction of this relationship. 

 

 
 

In the figure below, the solution from above is reproduced and compared to the model solutions 

assuming smaller and higher D values. The smaller constant D value was calculated assuming 

the D value was equal to the D value at pH 7 in the proposed model, and the larger constant D 

value was represented by the D value in the proposed model at pH 1.8. 
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A  

B  C  

Plot A is the reproduced pH vs. distance plot considering a D value changing as a function of 

concentration. Plot B assumes a constant D value of 1.44x10-6, and Plot C assumes a constant D 

value of 5.61x10-6 

 

Compared with the concentration profiles assuming a high D value (Plot C), the generated 

solution to the proposed model (Plot A) does not show significant pH decrease at the edge of the 

plot, representing a location of 2.5 μm into the almond particle. However, the pH at locations 

closer to the surface is decreased relative to the profile assuming a small D value (Plot B). Thus, 

the diffusivity is weighted towards lower pH values in this model. 

 

Following the analysis of the A parameter, the effect of progressive hydrolysis of layers of cells 

from the almond particle was considered using the geometrical model proposed by Grassby, et. 

al. From solving the diffusion model, the concentration of acid at each distance into the almond 

particle as a function of time was developed. By setting a threshold of pH = 3 for cell wall 

breakage, the location of the front where pH is 3 was related to a discrete number of layers that 

have been breached. This is shown in the following figure. 
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The distance was divided by the thickness of two cell wall equivalents, 0.4 μm, and then rounded 

down to the nearest whole number. The red line on the plot above denotes the result of this 

manipulation, which is defined as q(t) in the proposed model. This line represents the number of 

layers beneath the surface layer that have been ruptured at a given time. 

 

The typical residence time for solid foods in the stomach is approximately 4 hours in a healthy 

individual29. However, longer gastric retention times can be achieved by changing the properties 

of the food matrix being digested. It has been shown that increasing viscosity and caloric content 

decreases gastric emptying of solid food30, thus extending the retention time of the food in the 

stomach. Additionally, particle size has been shown to be directly related to gastric retention 

time—smaller particles exit the stomach faster than larger particles31.  If, in this case, if the 

almond particles are held in the gastric environment for over 6 hours, the model predicts that a 

second inner layer would rupture and therefore release lipid into the lumen. 

 

To provide more insight into the lipid release itself, this result was incorporated into the 

geometric model for lipid release. In a previous figure the results were shown for one layer of 

lipid release as well as three layers, but here, the time dependency of additional layers was 

considered. The diffusion model allows for the calculation of the number of additional layers 

which are breached as a function of time, and the modified Grassby model allows consideration 

of extra layers from the cubic almond particle. 
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When the cube size approaches the size of the almond cell, the contribution of lipid from 

exposed cells (the numerator of the model) can become artificially large, as the packing density 

cancelling is no longer relevant. This was noticed by the previous authors Grassby, et. al (2014) 

and results in a predicted value of lipid release greater than 100% when particle size is small. To 

deal with this issue the lipid release was constrained to 100%. 

 

As shown in the above figure, the consideration of additional layers occurs as a step function. 

This is because the lipid contribution from a given layer was either fully assessed if it has been 

breached, or not assessed at all if it has not been breached. As stated previously, the condition for 

a layer being breached is that the pH reaches a value of 3 at that depth inside the particle. Since 

the number of layers that were breached was assessed as a step function, the resulting time 

dependent lipid release took on the same appearance.  

 

The model demonstrates that as time increases, the lipid release from a given sized particle is 

predicted to increase. This is because the particle has additional layers worn away. It can also be 

seen that for a given digestion time, for instance 12 hours, higher lipid release is achieved from 

smaller particles. It is important to note, however, that this graph does not consider a true 

distribution of particle sizes. 

 

The following table provides the lipid release for some selected particle size distributions. The 

solutions represented in the table are those of the STM, and the release was calculated for a 

discrete distribution of almond particle sizes. 
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Table 2: Effect of particle size distribution parameters on lipid release 

Mean (μm) 
Standard 

Deviation (μm) 

Lipid Release 

from Outer 

Surface (Percent) 

Lipid Release 

Including One 

Inner Layer 

(Percent) 

Lipid Release 

Including Two 

Inner Layers 

(Percent) 

1000 100 11.5 21.4 29.8 

1000 200 10.8 20.2 28.2 

1000 100 11.5 21.4 29.8 

2000 100 5.82 11.2 16.2 

2000 100 5.82 11.2 16.2 

2000 200 5.73 11.1 16.0 

  0 - 1.7 hours 1.7 - 5.8 hours 5.8 - 13.3 hours 

 

As shown in the table above, a broader particle size distribution results in a lowered amount of 

lipid release. This is due to the fact that larger particles have more mass, and therefore the 

percent lipid release, which is related to the original mass of lipid in the sample, decreases. 

However, the table also shows that the lipid release for a normally distributed set of particles is 

influenced to a greater extent by the mean of the distribution than by the variance.  

 

The degree to which the lipid release changes as a function of mean particle size can be 

expressed for single particle sizes and for a distribution of particle sizes by the modified STM 

and ETM models presented in this report. However, there is opportunity for additional study of 

the system by quantifying the rate of change of lipid release with the mean of any distribution. 

This is discussed in greater detail in a later section. 
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Potential Expansion to the Proposed Model: Rate of Change of Lipid Release as a Function 

of Mean Particle Size 

 

This can be expressed as the partial derivatives of the continuous form equation for overall lipid 

release with respect to μ and σ, as shown below: 

 

𝜕𝐿𝑜𝑣𝑒𝑟𝑎𝑙𝑙
𝜕𝜇

=  
𝜕

𝜕𝜇
{
∫ (𝐿(𝑠|𝑑) ∗ 𝑃(𝑠) ∗ 𝑠3)𝑑𝑠
∞

𝑠=0

∫ (𝑃(𝑠) ∗ 𝑠3)
∞

𝑠=0
𝑑𝑠

} 

Where: 

𝐿(𝑠|𝑑)= 
1

2
∗ (

64

𝜋2
∗
𝑑

𝑠
) ∗ 100%= Lipid release as predicted by STM, given a known, constant cell 

diameter and only one layer of cells being breached. 

d = constant cell diameter, μm 

𝑃(𝑠) =  
1

√2𝜋𝜎2
∗ 𝑒

(−
(𝑠−𝜇)2

2𝜎2
)
 = probability of particle size s 

σ = standard deviation of particle size (μm) 

μ = mean particle size (μm) 

s = particle size, continuous variable defined on [0, ∞) 

 

In this case, the STM was used for simplicity.  

 

𝜕𝐿𝑜𝑣𝑒𝑟𝑎𝑙𝑙
𝜕𝜇

=  
𝜕

𝜕𝜇

{
 
 

 
 ∫ (

1
2 ∗ (

64
𝜋2
∗
𝑑
𝑠1
) ∗ 100%) (

1

√2𝜋𝜎2
∗ 𝑒

(−
(𝑠−𝜇)2

2𝜎2
)
 ) 𝑠3𝑑𝑠

∞

𝑠=0

∫ (
1

√2𝜋𝜎2
∗ 𝑒

(−
(𝑠−𝜇)2

2𝜎2
)
∗ 𝑠3)

∞

𝑠=0
𝑑𝑠

}
 
 

 
 

 

 

This can be algebraically simplified to: 

𝜕𝐿𝑜𝑣𝑒𝑟𝑎𝑙𝑙
𝜕𝜇

=  (
3200𝑑

𝜋2
)
𝜕

𝜕𝜇

{
 
 

 
 ∫ (𝑠2𝑒

(−
(𝑠−𝜇)2

2𝜎2
)
 ) 𝑑𝑠

∞

𝑠=0

∫ (𝑠3𝑒
(−
(𝑠−𝜇)2

2𝜎2
)
 ) 𝑑𝑠

∞

𝑠=0 }
 
 

 
 

 

 

This derivative was solved as a symbolic expression using MATLAB, but it should be pursued in 

a more understandable analytical form as part of the future work. It is hypothesized that the 

derivative of overall lipid release with respect to the mean of the distribution of particles used as 

an input will be negative, as the geometrical model that was implemented allows for higher 

percent lipid release from smaller particles due to their higher surface area to volume ratios than 

large particles. This means that as the mean size of the particles in the distribution increases, the 

percentage of lipid released should go down. This is supported by the results from the example 

calculations. 
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Another interesting facet of this would be to see if the rate of change of overall lipid release with 

respect to the mean size of a particle in the input distribution is the same regardless of the 

specific input distribution. For instance, masticated particles often have a bimodal distribution26, 

whereas particles from a grinding operation are roughly normally distributed. Using the previous 

steps, it could be determined whether or not the rate of change of lipid release with respect to 

mean particle size would be the same for foods whose distribution of particles is described by 

different models (Gaussian, bimodal, heavy-tailed models, ect). This work could help guide food 

processing operations and inform decisions for functional foods. For instance, if it was desired to 

conduct a size reduction operation on almonds for the purpose of creating a food with rapid and 

total release of lipid during digestion, this work could help optimize the processing operation by 

revealing the size threshold at which all of the lipid would be released and thus prevent 

overgrinding, an important consideration for manufacturers due to costs associated with 

operating size reduction equipment. Alternatively, this model might be used to help guide 

selection of specific equipment to create distributions of particle sizes with desired 

characteristics. 

 

Another modeling step that should be pursued is the consideration of the derivative of lipid 

release with respect to the shape or spread parameters of the distribution of particles. For the 

normal distribution, this would be done by evaluating the derivative of lipid release with respect 

to the variance of the distribution.  

 

Since real world size reduction operations such as milling, grinding, and mastication result in a 

distribution of particle sizes, this knowledge could be useful for enabling prediction of the effect 

of changing the spread of the distribution of particles on the rate of lipid release from them when 

they enter human digestion. Processing equipment can be used to predictably change the spread 

of the distribution of particles. For instance, a mixture of particles can be sieved, and the 

retentate recycled back into the size reduction step to further decrease size. Alternatively, the 

permeate can be discarded to remove particles with size beneath a desired threshold. With the 

ability to predict lipid release as function of particle distribution parameters, perhaps these two 

size fractions could even be used for two different food products with different targeted release 

rates of lipid. 
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Model Validation and Limitations 

 

The results of lipid release from an almond cube with various particle sizes obtained from the 

model were compared to the experimental results of processed almonds with similar particle 

sizes and same digestion times, as shown in table below. It should be noted that for the 2 and 3 

hour digestion times referenced below, the proposed model predicts the release of lipid from one 

inner layer, in addition to the surface layer. The results suggest that upon the same gastric 

digestion time (2 h), the lipid release (%) from almond cubes increases significantly when the 

particle size of almond cubes decreases: for an average size of 2000 μm as demonstrated earlier, 

the model predicted that 2 layers of lipid cells breach after 2h of gastric acid diffusion into the 

almond matrix, and 11.01% of lipid is released. When the average size is reduced to 200 μm, the 

number of layers breached by the acid diffusion predicted by the model was still 2, but the lipid 

release increased to 61.69%. This is reasonable as the surface area of the processed almonds gets 

larger when the individual almond cube gets smaller. Therefore, although the same number of 

lipid cell layers were breached, the total number of lipid cells that have been breached was 

greater in almond cubes with smaller size than in cubes with large size.  

 

Another interesting result to notice is that when the particle size of almond cubes is constant (e.g. 

2000 μm), same result of lipid release (11.01%) was predicted by the model for the GD time of 

2h and 3h respectively. This is due to the fact that the number of breached layers was still 2 after 

3 h of acid diffusion, thus the number of total lipid cells been breached was the same to that of 

2h of acid diffusion. This corresponds well to the experimental results reported by Mandalari et 

al (2008) and Grassby et al (2014):  the lipid release from almond cubes with an average size of 

2000 μm after 2h of in vitro gastric digestion was 9.7 ± 0.38%, which is very close to the lipid 

release of the same sized almond cubes after 3h of in vitro digestion (9.9 ± 0.71%). These two 

experimental results are also close to the predicted results by the model (11.01%). 

 

Table 3. Comparison of modeled lipid release with experimental results from previous studies 

Processed type 

Particle 

size* 

(μm) 

In vitro 

GD** 

time (h) 

Model predictions 
Experimental 

results Literature 

source Number of 

breached 

layers 

Lipid release 

(%) 

Lipid release 

(%) 

Natural almond 

(cut cubes) 
~2000 2 2 11.01 7.6 ± 0.18 

Mandalari 

et al 

(2008) 

Blanched almond 

(cut cubes) 
~2000 2 2 11.01 9.7 ± 0.38 

Finely ground 

almonds 
~200 2 2 61.69 31.1 ± 0.25 

Natural almond 

(cut cubes) 
~2000 3 2 11.01 9.9 ± 0.71 

Grassby et 

al (2014) Finely-ground 

flour 
~250 3 2 57.42 39.3 ± 0.18 

*: the approximated values for particle sizes, either as the average or the mean.  

**: GD refers to gastric digestion. 
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However, it is also noticed that for almond particles with small sizes, the predicted lipid release 

results do not match well with the experimental results obtained from previous studies. For 

instance, for finely ground almonds with an average particle size of 200 μm, the predicted lipid 

release after 2h of acid diffusion was 61.69%, which is much higher than the lipid release of 31.1 

± 0.25% reported by Mandalari et al (2008) through in vitro experiments. In addition, for finely 

ground flour with an average particle size of 250 μm, the predicted lipid release after 3h of acid 

diffusion by the model was 57.42%, which is much higher than the lipid release of 39.3 ± 0.18% 

reported by Grassby et al (2014) through in vitro experiments.  

 

These inconsistent results indicate that the model has limitations on predicting lipid release from 

almonds with smaller particle sizes, possibly because the particle size distribution of processed 

almonds was not able to be considered in the model due to the limited amount of information 

provided in the literature references above. Generally speaking, for almonds with smaller 

average particle size e.g. finely ground powder and almond butter, the particle size distribution 

can vary significantly, which can affect the model predictions to a great extent if considered. To 

resolve this issue, a further improvement would be to obtain the detailed particle size distribution 

by experiments and implement it into the model. 

 

Another limitation of the model is the assumption that all the lipid within a cell would be 

released simultaneously when the cell wall has been breached by the acid. In real cases, the lipid 

may be released very slowly and not all the lipid within one cell needs to be released, even if the 

cell wall has been weakened or breached by acid diffusion. Therefore, this ideal assumption 

would lead to a higher prediction of lipid release than the actual results from experiments, as 

discussed above. To solve for this limitation, better knowledge of how lipid is released after the 

cell wall has been breached would help to refine the model.   
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Conclusions 

 

Lipid release from almond particles is relevant in multiple ways to health-conscious individuals. 

In this report, acid diffusion into almond particles during gastric digestion was modeled and 

coupled with an existing model of lipid release from almond cells as a function of the position of 

the cells on the almond particle. The pre-existing model considered lipid release from only 

surface cells, while the expanded model presented in this report considers the potential for 

increased lipid release from internal cells. It was determined that over the course of a 4 to 6 hour 

digestion, one to two additional layers of cells in a given almond particle release lipid into the 

lumen, increasing metabolizable energy intake and post-prandial lipemia. The predicted results 

from the proposed model were compared with results found in the literature and it was shown 

that some predicted results agree well with literature values, while some results point out 

limitations of the model. Future expansions to the proposed model include performing time-

dependent in vitro and in vivo digestions to validate the model against robust experimental data 

as well as attempting to visualize the lipid release from the almond matrix over time to better 

understand the mechanism driving the process.  
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Appendix A: Derivation of original Grassby Model-Simple Theoretical Model 

In the next section, the derivation will be provided for the original model developed by Grassby 

et al3 to predict the lipid release from an almond particle as a function of particle size. This 

original model differs from the expanded version presented in this project as it does not consider 

the additional surface area contributed to particles from cells beneath those initially on the 

outermost layer of the particles. This contribution was accounted for in the model development 

of this project by considering acid diffusion into the particle. 

 

Grassby, et. al. considered the masticated almond to consist of identical, cubical particles.  

Another assumption made by Grassby, et. al. was that all lipid from a cell on the boundary of the 

cube is released during digestion, and no lipid from cells in the interior of the cube is released.  

 

The next step in the development of the model was expressing the mass of lipid in an almond 

sample as function of the mass of the almond sample in grams and the percentage by weight of 

lipid in almond cotyledon cells (edible almond kernel tissue).  The almond sample in this case 

would consist of a certain mass of almond consumed as part of a meal. 

 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑 𝑖𝑛 𝑎𝑙𝑚𝑜𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑚 𝐿𝑤 

Where: 

m = mass of almond sample (g) 

Lw= percentage of lipid in almond cells, by weight 

 

Next, the number of idealized cubes in an almond sample was expressed as the mass ratio of the 

entire sample divided by the mass of a single cube: 

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑏𝑒𝑠 𝑖𝑛 𝑎𝑙𝑚𝑜𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝑚

𝑠3𝜌
  

Where: 

m = mass of almond sample (g) 

s3 = volume of a cube (μm3) 

ρ = density of almond tissue (g/cm3) 

 

Then, the mass of lipid in a single idealized cube of almond tissue was expressed as the product 

of the percentage of lipid in almond tissue by weight, the size of a cube, and the density of 

almond tissue. 

 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑 𝑖𝑛 𝑐𝑢𝑏𝑒 = 𝐿𝑤𝑠
3𝜌 

Where: 

Lw= percentage of lipid in almond cells, by weight 

s3 = volume of a cube (μm3) 

ρ = density of almond tissue (g/cm3) 
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Finally, the average number of cells in an almond cube was expressed by a volume ratio: the 

ratio of an almond cube to the volume of an idealized spherical almond cell, times a packing 

density of spherical cells into the cubical particle. 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑎 𝑐𝑢𝑏𝑒 = 〈𝑁𝑡𝑜𝑡𝑎𝑙〉 =  
𝑠3

4
3𝜋 (

𝑑
2)

3 𝑃 

Where: 

s3 = side length of a cube (μm3) 

d = diameter of an almond cell (μm) 

P = packing density of almond cells into the cube  

 

The total number of exposed cells on a certain cube of almond tissue was expressed as the sum 

of the number of exposed cells on each individual face of the cube 

 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 =  𝑛1 + 𝑛2 + 𝑛3 + 𝑛4 + 𝑛5 + 𝑛6 

Where: 

〈Nexposed〉 =  number of exposed cells on an entire cube of almond tissue 

n1…n6 = number of exposed cells on each surface of the cube 1-6 

 

Next, the number of exposed cells on a face of the cube was expressed as an area fraction: the 

area of the face of the cube divided by the area of a idealized spherical cell, but expressed in 2D: 

 

𝑛1 = ⋯ = 𝑛6 =
𝑠2

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙
∗ 𝑃  

 

Where: 

n1…n6 = number of exposed cells on each surface of the cube 1-6 

s2 = area of a face of the cube (μm2) 

Area_cell = area of a cell with 2D profile diameter d’ 

P = packing density of almond cells into the cube  

 

The profile diameter of a cell (d’) was used instead of its real diameter (d), as the cell diameters 

were measured using light microscopy, which was a two-dimensional approximation. This is 

because using light microscopy the researchers were able to measure the area of planar slices of 

cells, which were actually three-dimensional spheres. The profile diameter was converted to the 

real diameter using the following expression: 

 

𝑑 =  
4

𝜋
𝑑′ 
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Where: 

d = real diameter of a cell 

d’ = two-dimensional measured diameter (profile diameter) of the cell 

  

The linear conversion between profile diameter and real cell diameter was developed by Weibel. 

The area of a cell with two-dimensional profile diameter d’ was thus: 

 

𝐴𝑟𝑒𝑎_𝑐𝑒𝑙𝑙 =  
𝜋

4
𝑑′2 

Where: 

d’ = measured profile diameter of cell = 
𝜋

4
𝑑 

 

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙 = 
𝜋

4
(
𝜋

4
𝑑)

2

  

 

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙 = 
𝜋

4
(
𝜋2𝑑2

16
)  

 

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙 = 
𝜋3𝑑2

64
  

 

Returning to the equation for the number of exposed cells on a given face of the cube: 

 

𝑛1 = ⋯ = 𝑛6 =
𝑠2

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙
∗ 𝑃  

 

𝑛1 = ⋯ = 𝑛6 =
𝑠2

𝜋3𝑑2

64
 
∗ 𝑃  

 

𝑛1 = ⋯ = 𝑛6 =
64𝑠2

𝜋3𝑑2
∗ 𝑃  

 

 

Finally, the total number of exposed cells on a cube was six times the number of the exposed 

cells on a single face: 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 =  
6 ∗ 64𝑠2

𝜋3𝑑2
∗ 𝑃 

 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 =  
384𝑠2

𝜋3𝑑2
∗ 𝑃 

 

Since it was assumed that only the exposed cells released lipid during digestion, the percentage 

of lipid released could be expressed as the ratio of the number of exposed cells to the total 

number of cells in the cube. 
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𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉

〈𝑁𝑡𝑜𝑡𝑎𝑙〉
∗ 100% 

 

Where: 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 = number of exposed cells on a cube, defined previously 

〈𝑁𝑡𝑜𝑡𝑎𝑙〉 = total number of cells in the cube, defined previously 

 

𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
(
384𝑠2

𝜋3𝑑2
∗ 𝑃)

(
𝑠3

4
3𝜋 (

𝑑
2)

3 ∗ 𝑃)

∗ 100% 

 

𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
64

𝜋2
∗
𝑑

𝑠
∗ 100% 

 

Finally, the ratio is divided by two, due to the fact that cells fractured in a breakage event 

(resulting in the formation of the idealized cubes) should not be counted twice.  

Thus, the final equation is stated: 

 

𝑆𝑇𝑀: 𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =
1

2
∗ (
64

𝜋2
∗
𝑑

𝑠
) ∗ 100% 

 

This results in a model for the percentage of lipid release from a single almond cube of size s, 

comprised of identical cells of diameter d. An interesting consequence of expressing the lipid 

release from the cube in terms of the percentage of total lipid in the cube instead of in absolute 

terms is that the packing density of the spherical cells in the cube cancels out. Since it was 

assumed that the masticated almond fractures into an ensemble of identical particles (all are 

idealized as cubes of side length s), the percentage of lipid release from one cube is the same as 

the percentage of lipid released from all of the cubes.  

 

However, an assumption of the above model was that the total number of exposed cells on the 

cube was equal to six times the number of exposed cells on a single face. There is a problem with 

this assumption, which is that there are some cells which are shared by more than one face. Cells 

on the edges of the cube (shared by two adjacent faces) are counted twice. Cells on the corners 

(where three faces intersect) are counted three times. This means that the above model for lipid 

release will always overestimate the lipid release, by counting some cells as exposed more than 

once. This simple model was named the Simple Theoretical Model (STM) by Grassby, et. al. 
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Appendix B: Derivation of original Grassby model-Extended Theoretical Model 

The same authors offered an improvement to the STM by preventing cells from being counted 

more than one time. This was done by defining the number of exposed cells on two opposite 

faces of the cube (called faces 1 and 2). Since these faces are assumed to share no cells with each 

other, the number of exposed cells on them is expressed in the same way as it was in the 

development of the STM: 

 

𝑛1 = 𝑛2 = (
64𝑠2

𝜋3𝑑2
∗ 𝑃)  

 

Next, the number of exposed cells on two more faces are defined. These faces share cells on two 

sides with the previously defined faces, n1 and n2. Thus, they have slightly less cells. 

 

𝑛3 = 𝑛4 = (𝑛1 − 2 [
𝑠
𝜋
4 𝑑

∗ 𝑃]) 

 

Finally, the number of cells on the final faces, n5 and n6, were defined. These faces share cells 

on all four sides with previously defined faces, n1-4. 

 

𝑛5 = 𝑛6 = (𝑛1 − 4𝑃 [
𝑠
𝜋
4
𝑑
− 1]) 

 

Finally, the total number of exposed cells (without overcounting) is defined as: 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 = 2 ∗ 𝑛1 + 2 ∗ 𝑛3 + 2 ∗ 𝑛5 

 

Which can be algebraically simplified to: 

 

〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉 =  
384𝑃

𝜋3
∗ (
𝑑

𝑠
)
2

−
48𝑃

𝜋
∗ (
𝑑

𝑠
) + 8𝑃 

 

Once again, since it is assumed that only exposed cells release their lipid contents, the percentage 

of lipid released from the idealized cube can be expressed as the ratio of exposed cells to the total 

number of cells.  

 

𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
〈𝑁𝑒𝑥𝑝𝑜𝑠𝑒𝑑〉

〈𝑁𝑡𝑜𝑡𝑎𝑙〉
∗ 100% 
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𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
(
384𝑃
𝜋3

∗ (
𝑠
𝑑
)
2

−
48𝑃
𝜋 ∗ (

𝑠
𝑑
) + 8𝑃)

(
𝑠3

4
3𝜋 (

𝑑
2)

3 ∗ 𝑃)

∗ 100% 

 

𝐸𝑇𝑀: 𝐿𝑖𝑝𝑖𝑑 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =
1

2
[
64

𝜋2
(
𝑑

𝑠
) − 8 (

𝑑

𝑠
)
2

+
4

3
𝜋 (
𝑑

𝑠
)
3

] ∗ 100% 

Where:  

Lipid release % = Percentage of lipid release from ensemble of almond particles after a “unit” 

digestion 

d = cell diameter (um) 

s = side length of identical, idealized cubes (μm) 

 

Grassby, et. al. refer to this model as the Extended Theoretical Model. Once again, the packing 

density of the spherical cells into the almond cubes cancels out, and the expression is multiplied 

by a factor of ½ in order to avoid counting fractured cells twice. 


