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Abstract  11 

Pepsin diffusion in food particles during gastric digestion is one of the main factors limiting 12 

proteolysis kinetics. Diffusion coefficients of pepsin are needed as input parameters for in silico 13 

models of digestion, but no values are currently available in real foods. The challenge of this study 14 

was to apply the Fluorescent Recovery After Photobleaching (FRAP) technique to determine 15 

diffusion coefficients of fluorescently labelled (FITC)-pepsin in four realistic food matrices with 16 

complex and heterogeneous structures (Custard, Pudding, Sponge cake and Biscuit), but an 17 

identical composition on a dry matter basis. The effective diffusion coefficients determined for 18 

FITC-pepsin at 37°C ranged from 48±14 to 2±1 µm²/s for Custard and Biscuit, respectively. A 19 

modelling approach based on the stretched exponential equation generated a very good fit of the 20 

experimental dataset as a function of dry matter content of the matrix. 21 
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1. Introduction 23 

It is now widely recognized that various aspects (i.e. physical, enzymatic and chemical) of the 24 

human food digestion process are influenced by the physical characteristics of the ingested foods 25 

(Somaratne et al., 2020a; Hiolle et al., 2020; Norton et al., 2014). In the case of so-called solid 26 

foods, the stomach has been shown to be the main compartment for food disintegration. The 27 

breakdown of chewed solid foods into particles of smaller sizes is the consequence of both 28 

mechanical contraction of the stomach and biochemical reactions (Kong & Singh, 2010). Density, 29 

texture and microstructure of foods can be critical for particle fragmentation and hydrolysis of 30 

macronutrients (Dekkers et al., 2016). In such solid and complex foods made of macronutrients 31 

which are intrinsically associated into complex architectures at molecular to macro length scales, 32 

the rate-limiting step for macronutrient hydrolysis has been clearly shown to be the accessibility 33 

of the digestive fluids and enzymes to immobilized substrates (Capuano & Janssen, 2021; Marze, 34 

2013). Therefore, beyond the particle surface area, which depends on food particle size, the 35 

capability of the digestive fluids and enzymes to penetrate within the porous particles is also a key 36 

parameter to consider in the understanding of food digestion kinetics (Le Feunteun et al, 2021). 37 

An existing consensus within the scientific community claims that gastric disintegration of protein-38 

based food particles could be modified by changing their structure (Floury et al., 2018; Hiolle et 39 

al., 2020; Norton et al, 2014; Somaratne et al., 2020a; Thévenot, et al., 2017). The underlying 40 

assumption is that pepsin diffusion into food matrices and subsequent rate of protein pepsinolysis 41 

might be strongly correlated with the food matrix structure (Somaratne et al., 2020a; Somaratne et 42 

al., 2020c; Thévenot et al., 2017). However this hypothesis still remains unproved, because of the 43 

lack of available techniques to visualize the disintegration of dense food structures during gastric 44 
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digestion by pepsin. A quantitative investigation of pepsin diffusion in such food structures may 45 

therefore contribute to a deeper understanding of food breakdown and digestion kinetics. 46 

Beyond this need of better understanding the digestion mechanisms of real complex foods, using 47 

both in vitro measurements and in vivo studies on humans or animals, mathematical modelling 48 

classically used in food engineering offer an alternative approach that can provide information that 49 

is time-intensive and sometimes impossible to obtain experimentally. Sicard et al. (2018) built a 50 

reaction-diffusion model for gastric meat digestion that accounts for simultaneous pepsin diffusion 51 

in bolus particles, pH-dependence of pepsin activity, proton diffusion and meat buffering capacity, 52 

as well as gastric fluid velocity. Mass transfers of pepsin and of protons were described by Fickian 53 

diffusions inside spherical meat particles of constant diameter greater than half a millimetre as a 54 

first assumption. Moreover, due to lack of available data, the value of the pepsin diffusion 55 

coefficient was assumed equal to its estimated value in water thanks to the Stokes-Einstein 56 

equation. Therefore, the improvement of such modelling approach requires a better 57 

characterisation of major input physical parameters such as effective pepsin diffusion coefficients 58 

in the real food media. 59 

For a short time, quantitative characterization of food structure and digestive enzyme diffusion 60 

within a given food matrix became feasible thanks to the recent advances in quantitative 61 

microscopic techniques based on confocal laser scanning microscopy (CLSM). Fluorescence 62 

Recovery After Photobleaching (FRAP) technique has allowed to determine the diffusion 63 

coefficients of pepsin in simple model food systems such as pure protein gels of casein or egg 64 

white (Thévenot et al, 2017, Somaratne et al., 2020b). The hindered diffusion behaviour of pepsin 65 

is affected by the microstructure of the network at constant protein concentration (Somaratne et al, 66 

2020b). Moreover, the evolution of the effective diffusion coefficient of pepsin as a function of 67 
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the protein volume fraction of the matrices could be remarkably well predicted by theoretical 68 

diffusion models from polymer science (Thévenot et al., 2017).  69 

However, no values for the diffusion coefficients of pepsin in real foods are currently available in 70 

the literature. Indeed, FRAP is still an under applied method in food science (Loren et al 2015). 71 

Successfully applying the FRAP technique in real food matrices is indeed a challenging task 72 

because they are often multiphase materials consisting of gels, emulsions, foams, solutions, crystal 73 

networks, amorphous and crystalline areas, etc. and heterogeneous at different length scales. 74 

However, its ability to determine local diffusion properties in heterogeneous foods with high 75 

precision makes it a versatile tool for understanding the mechanisms controlling diffusion in foods 76 

(Loren et al 2015). For instance, CLSM combined with FRAP was exploited to study the diffusion 77 

of a range of fluorescent-labeled dextrans as a function of their molecular weights within β-78 

lactoglobulin solutions and gels (Nicolai et al., 2012). Lorén et al. (2009) and Silva et al. (2013) 79 

also used FRAP to measure the effective diffusion coefficients of fluorescent macromolecules 80 

(RITC, or FITC-dextran from 4 kDa to 2 MDa, respectively) in model cheeses based on ultra- and 81 

micro-filtered milk. Later, the FRAP technique was applied to real soft-cheese by Chapeau et al. 82 

(2016), in order to investigate the relationships between molecular diffusion and food 83 

microstructure.  84 

 85 

The present study aims to determine how pepsin diffusion within real food products is affected by 86 

the features of the matrix. In order to specifically address the issue of the food structure impact on 87 

food digestion, model foods of same composition but different structures were needed. The 88 

strategy was therefore to design four real complex foods, of identical composition on a dry matter 89 

basis (including proteins, lipids and carbohydrates), but different dry matter content and structures 90 
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(liquid, gel, foam and solid types). Moreover, in order to obtain measurements as realistic as 91 

possible, the four different food products have been designed so as to be representative of 92 

commercial products: Custard, Pudding, Sponge cake and Biscuit. Effective diffusion coefficients 93 

of fluorescently-labeled pepsin were determined using the FRAP technique in confocal 94 

microscopy.  95 

  96 

2. Material and methods 97 

2.1 Materials  98 

Food samples were prepared using wheat flour (Francine T45, Grands Moulins de Paris, Ivry Sur 99 

Seine, France), extruded dehulled pea flour (Sativa 32/100, Sotexpro, Bermericourt, France), 100 

powdered sugar (Saint-Louis Sucre, Paris, France), sunflower oil (Lesieur, Asnières-sur-Seine, 101 

France), standard pasteurized egg yolk and granulated pasteurized egg white powders (Liot, 102 

Pleumartin, France) and sterilized water. Fast Green, Nile Red, pepsin from porcine gastric mucosa 103 

and FITC were purchased from Sigma-Aldrich (St. Louis, MO, USA). All reagents, unless 104 

specified in the text, were provided by Sigma and were of analytical grade. 105 

 106 

2.2 Preparation of food matrices 107 

Four different food matrices with identical composition on a dry matter basis were designed and 108 

characterized in a previous study. The complete description of the manufacturing process for these 109 

matrices is detailed in Hiolle et al. (2020). Briefly, the manufacturing process consisted of the 110 

following steps: 1) whisking (only for Sponge cake), 2) mixing, 3) cooking (180 °C-18 min for 111 

Biscuit, 30 min for Sponge cake and 20 min for Pudding, 110 °C-20 min for Custard), 4) cooling 112 

and 5) storage. A kitchen robot Thermomix® TM5 (Vorwerk, Wuppertal, Germany) was used for 113 
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preparation of Custard, whereas the other three matrices were cooked using a semi-professional 114 

convection oven (De Dietrich, Niederbronn-Les-Bains, France). The dry basis protein, 115 

carbohydrate, lipid and ash contents of all food samples were 17%, 52%, 30%, and 1%, 116 

respectively. Custard was prepared just before experiments. The other three foods were frozen and 117 

stored at - 20 °C until use. Before freezing, the products were previously cooled to room 118 

temperature and then vacuum-packed in polypropylene bags in order to avoid any water transfer. 119 

At the day of use, the products were thawed at room temperature, before removing the packaging. 120 

Water content was gravimetrically measured for each matrix after cooking according to the method 121 

NF-V-04-282 AFNOR (1985). 122 

 123 

2.3. Confocal Laser Scanning Microscopy imaging 124 

CLSM observations were carried out using a ZEISS LSM 880 inverted confocal microscope (Carl 125 

Zeiss AG, Oberkochen, Germany) set at the magnification 40× (EC Plan-Neofluar objective, Oil, 126 

NA=1.30). Solid food matrices (Biscuit, Sponge cake and Pudding) were cut to squares of 5 to 6 127 

mm sides and 1 mm height and then transferred onto glass slides. The dimensions were measured 128 

using a digital caliper with accuracy of 1 μm.  129 

Fast Green (1% w/v aqueous solution) and Nile Red (0.1% w/v 1,2-propanediol solution) were 130 

used to respectively stain protein and fat components. At first, the two fluorescent dye solutions 131 

were mixed at equal volumes. Then a small volume (6 µL) of the mixed solution was either placed 132 

on solid food slices, or directly added to the Custard sample (600 µL). Then, the samples were 133 

stored at 20 °C for a minimum duration of 30 min to let the dyes well diffuse into the solid matrices. 134 

For Custard, a drop of the labelled sample was deposited on a glass slide. Subsequently, the 135 

specimens were covered by cover slips sealed with several adhesive frames (Geneframe, ABgene 136 
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House, UK). Imaging was performed at excitation wavelengths of 488 nm and 633 nm in 137 

sequential beam fluorescent mode, for fat and protein detection respectively. Pixel dwell scanning 138 

rate was 1.5 µs and pinhole was set to 1 airy unit. A GaasP detector and a PMT detector were 139 

respectively used for detection of Red Nile (at a wavelength range of 500-585 nm) and Fast Green 140 

(at a wavelength range of 635- 735 nm).  141 

Micrographs had a resolution of 0.076 µm/pixel and were recorded in the samples at a constant 142 

depth of 10 to 15 µm from the glass slide. Images shown in this study correspond to 143 

superimpositions of images of the same area observed separately with the two detectors, with 144 

proteins coded in green and fat in red. Aqueous phase and gas bubbles in the slices may appear as 145 

black holes in the micrographs. 146 

 147 

2.4. Pepsin labeling and FRAP analysis 148 

For FRAP analysis, pepsin was fluorescently-labeled with FITC according to the manufacturer’s 149 

instructions as previously described by Thévenot et al. (2017). FITC-pepsin has a hydrodynamic 150 

radius of 3.6 nm and an average molecular weight of 32.4 kDa (Thevenot et al., 2017).  The pepsin 151 

inactivation by the labelling reaction was checked by measuring the FITC-pepsin activity using 152 

hemoglobin (Hb) as the substrate, according to the method described in Minekus et al. (2014). A 153 

50 mg/mL stock solution of FITC-pepsin was prepared before FRAP experiments using deionized 154 

water, and stored at -20 °C. Food matrices were prepared on individual glass slides as reported 155 

before (section 2.3). Three µL of the FITC-pepsin solution and 3 µL of the 1% (w/v) Fast Green 156 

aqueous solution were both added to the surface of the sample.  To ensure fluorescent molecules 157 

migration from the surface of sample toward its bottom, samples were kept at room temperature 158 
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(20 °C) for approximately 30 min before measurements. For each matrix, three different samples 159 

were prepared separately to ensure the reproducibility of sample preparation. 160 

Effective diffusion coefficients (Deff) of FITC-pepsin were measured at a temperature of 37 °C 161 

using the FRAP protocol described in Somaratne et al. (2020b) and Thévenot et al. (2017). Briefly, 162 

experiments were performed on the Zeiss LSM880 equipped with a microscope cage incubator 163 

using the 40× objective lens (oil immersion: NA = 1.30). FITC-pepsin was excited at a wavelength 164 

of 488 nm using an argon laser system, and detected at a wavelength range of 495–580 nm. The 165 

laser was set at 1% for imaging and 100% for bleaching step. Samples were observed at a constant 166 

depth of 15 μm from the sample surface. The region of interest (ROI) was a 5 µm-radius circular 167 

region whereas a rectangular region was selected as the background. The protein network was 168 

preferred both as ROI and background, avoiding areas which contained lipid droplets and air 169 

bubbles. These protein network areas were localized on each microscopic views before starting 170 

FRAP experiments, using the Fast Green fluorescence at the 633 nm excitation wavelength. During 171 

FRAP experiments, 20 pre-bleach images were first collected, and then the ROI was bleached 172 

using 150 iterations, followed by a post-bleaching phase for which 480 images at 0.1 ms intervals 173 

were captured until full fluorescent recovery in the ROI. This FRAP procedure has been repeated 174 

ten times on different locations in each food sample. This set of experiments was also conducted 175 

three times on each type of matrix, resulting in an average effective diffusion coefficient value for 176 

pepsin calculated from 30 replicate data per product (n=30). Control FRAP experiments were 177 

carried out in the same conditions to determine the diffusion coefficient of FITC-pepsin in water 178 

using a 0.5 mg/mL FITC-pepsin solution.  179 

Data were analyzed using FIJI software, according to the method described in Thévenot et al. 180 

(2017). Briefly, both a pure isotropic diffusion in a homogeneous medium, and a two-dimensional 181 
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and Fickian diffusion process were assumed for the FRAP data modeling. Data fitting via nonlinear 182 

least squares was conducted using RStudio software, allowing the estimation of the effective 183 

diffusion coefficient of pepsin (Deff). The reduced diffusion coefficient (Dr) was calculated as the 184 

ratio of effective diffusion coefficient in matrices divided by the diffusion coefficient in water 185 

(D0). 186 

 187 

 188 

2.5. Statistical analysis and modelling of diffusion data 189 

The dataset of effective diffusion coefficients of FITC-pepsin determined in the four different food 190 

matrices and the water control sample, was analyzed thanks to RStudio software using a one-way 191 

analysis of variance (ANOVA) and a Tukey’s paired comparison test, at a 95% confidence level.  192 

Then the reduced diffusion coefficients were fitted using the empirical stretched exponential 193 

equation, based on a scaling low and considered as a “universal” equation by Phillies (2016) as:  194 

Dr = Deff/D0 = exp (-α.cν)    [Eq.1] 195 

where α and ν represent the scaling parameters which should depend on the size of the diffusing 196 

solute, and c represents the number concentration of obstacle (the polymer).  197 

Data fitting was performed using Excel 2016 and its evolutionary solving method by minimizing 198 

the sum of the squared distances between values of the model predictions [Eq. 1] and the 199 

experimental reduced diffusion coefficient Dr. The variable parameter c was arbitrarily set as the 200 

DM content, and the constant parameter ν was set to 1, as recommended for a small diffusing 201 

solutes (Phillies, 1986). Finally, the only unknown parameter was the constant α. 202 

 203 

 204 
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3. Results and discussion 205 

3.1. Structural characteristics of the four matrices  206 

Table 1 shows the main characteristics of the four different matrices in terms of processing 207 

conditions, water content and structural properties. These products have been empirically designed 208 

so as to be as close as possible to commercial products, and with significantly different structures, 209 

from a single composition except water content. Thus, these four products should enable us to 210 

investigate the water content and structure effect only. The Biscuit, which had the lowest water 211 

content (5.56 % ± 1.59) and underwent a high cooking temperature (180 °C) had a porous brittle 212 

structure. The Sponge cake and the Pudding have been cooked at the same temperature (180 °C) 213 

but for longer durations (30 min and 20 min, respectively, vs 18 min for the Biscuit) because of 214 

the higher height of the products. Moreover, these matrices had higher water contents, and the 215 

Sponge cake process includes a whisking step. The result of this is that the Sponge cake was a dry, 216 

aerated and porous gel, whereas the Pudding was a wet and dense gel. Custard was the only liquid 217 

food with the highest water content; it was also submitted to the lowest heat treatment (110 °C for 218 

20 min) and could be regarded as a thick liquid. 219 

These four complex foods contained three different sources of proteins: egg white, wheat and pea 220 

proteins. In Biscuit and Sponge cake, a gluten network was likely formed during mixing, with 221 

plausible disulfide bonds between cysteine residues that were reinforced during cooking and 222 

resulted in a dry solid matrix (Belton, 1999). Indeed, it is known that high temperature and low 223 

water content in matrix containing wheat flour result in forming disulfide bonds resulting in a 224 

compact network (Fischer, 2004; Shewry & Tatham, 1997). The brown color of Biscuit and 225 

Sponge cake crust was a consequence of non-enzymatic reactions, specifically the Maillard and 226 

caramelisation reactions, which are almost absent in the two other matrices. However, the 227 
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solidification of Pudding might be attributed to heat-gelation of egg proteins rather than to the 228 

formation of a gluten network. Indeed, the Pudding was in a liquid form before cooking, unlike 229 

Biscuit and Sponge cake which were doughy, and heat-gelation of yolk and egg white proteins is 230 

known to occur at quite low temperatures: around 60 °C for egg white proteins (Yamashita et al., 231 

1998) and 75 °C for yolk proteins (Woodward & Cotterill, 1987). In Custard, although egg proteins 232 

were surely denatured and partially aggregated due to cooking temperature (110 °C), the high 233 

water content combined with the constant mixing prevented the formation of a continuous gel and 234 

it stayed as a thick liquid product.  235 

Typical confocal imaging of the four model foods are also illustrated in Table 1. The protein 236 

network, represented in green, was much more continuous in the microstructure of Biscuit, 237 

followed by those of Sponge cake and Pudding compared to the microstructure of Custard. This is 238 

consistent with the varying water content of the food matrices, and indicates that water played an 239 

expected and remarkable role in the microstructural organization. Likewise, egg white proteins 240 

were gelled in the Sponge cake and the Pudding, forming a quite homogeneous protein network at 241 

the microscopic scale. In Custard, only small and unconnected protein aggregates suspended in the 242 

aqueous medium are visible, without any gel-like network. In all matrices, lipid phase which 243 

consisted of sunflower oil and egg yolk lipids is observed as globular red droplets.  244 

 245 

3.2. Validation of the FRAP method to measure pepsin diffusion at 37 °C 246 

Control FRAP tests were performed to find out pepsin diffusion coefficients through food matrices 247 

at 37 °C, which is the physiologically relevant temperature for human digestion. To validate the 248 

accuracy of the FRAP protocol performed at 37 °C for the first time, the experimental diffusion 249 

coefficient of pepsin measured in water was first compared to its corresponding theoretical value. 250 
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Indeed, assuming that pepsin molecules in water have a dynamic behaviour similar to the random 251 

movement of particles in solution, the diffusion process is controlled by the size of the solute 252 

molecule as described by the Stokes-Einstein equation:  253 

�� =
���

��	 ��
          [Eq.2] 254 

where D0 is the diffusion coefficient in water (m².s-1), kB the Boltzmann constant (1.38 10-23 J.mol-255 

1.K-1), T the absolute temperature (K), η the viscosity of the medium (Pa.s), and Rh the 256 

hydrodynamic radius of the diffusing molecule (m). Given that water viscosity is 0.6915 mPa.s at 257 

37 °C (310 K), and 1 mPa.s at 20 °C (293 K) (Braga et al., 2004), the diffusion coefficient of 258 

pepsin in water should be theoretically 1.44 higher at 37 °C than at 20 °C. Somaratne et al. (2020b) 259 

used the same FRAP protocol and data analysis as described in the present study. They measured 260 

a diffusion coefficient for FITC-pepsin in water equal to 104.5±10.7 µm²/s at a temperature of 20 261 

°C. In the present study, we measured an experimental diffusion coefficient of pepsin in water 262 

equal to 138±11 µm²/s at 37 °C, which is 1.3 times higher than the value previously obtained at 20 263 

°C. Experimental and theoretical ratios of D0(37 °C)/D0(20 °C) were of the same order of 264 

magnitude, with a difference of 8.5% only. The FRAP protocol was therefore considered to be 265 

suited to measure the diffusion coefficient of pepsin at 37 °C.  266 

 267 

3.3. Effective and reduced diffusion coefficients of pepsin in the four food matrices 268 

Typical fluorescence recovery curves with FITC-labeled pepsin in the food matrices are presented 269 

in Fig. 1, with selected FRAP images before, during, and after photo-bleaching as inserts. Protein 270 

areas (in white) were preferentially selected as ROI for the three solid matrices, since FITC-pepsin 271 

is hydrophilic and could not diffuse inside lipid droplets. Nearly complete fluorescence recovery 272 

was observed for all the food matrices (normalized intensity close to 1 at the end of the post-273 
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bleaching period), suggesting isotropic diffusion of fluorescent pepsin molecules. However, 274 

distinct profiles were obtained for the different matrices, resulting in different effective diffusion 275 

coefficients determined from the modelling of the experimental data, and summarized in Table 2. 276 

 277 

First, it should be noted that the chemical labelling of pepsin with the fluorescent probe at a 278 

reaction pH8 leads to a complete inactivation of the enzyme (data not shown), due to the 279 

irreversible denaturation of the protein tertiary structure and thus of the active site (Kamatari et al., 280 

2003). In the present work, both enzyme diffusion and pepsinolysis reaction phenomena are 281 

therefore totally decoupled. The FRAP technique allowed the quantification of the Brownian 282 

motion of FITC-pepsin in the ROI, whereas classical confocal observations of the products 283 

allowed the characterization of the so-called "native" matrices at the micro-scale (Table 1), and 284 

the values of FITC-pepsin diffusion coefficient reported in Table 2 actually represent the diffusion 285 

behaviour of the inactivated enzyme within these four different “native” matrices. 286 

Second, it is noteworthy that despite both the precautions during FRAP experiments to positioned 287 

as much as possible the ROI in sample areas rich in proteins, which were localized using a specific 288 

fluorescent labeling (Fast-Green), and a large number of replicate data (n = 30), the kinetics of 289 

fluorescence recovery during FRAP experiments were quite variable. The resulting standard 290 

deviations (SD) values obtained for Deff of FITC-pepsin in the four food products were much 291 

higher, ranging between 30%-40% and up to 60% for the Pudding, compared to previous studies 292 

in which the same FRAP protocol was applied to quantify FITC-pepsin diffusion coefficient in 293 

pure protein matrices such as casein and egg white gels (Somaratne al., 2020b; Thévenot et al., 294 

2017). In such homogeneous and isotropic protein networks, SD values for average pepsin 295 

effective diffusion coefficients were around 10 to 15% maximum. A larger variability in the mean 296 
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values of effective diffusion coefficients of FITC-Dextran of different sizes obtained using the 297 

FRAP technique had also been obtained in real cheese matrices (Chapeau et al., 2016) compared 298 

to the diffusion values of the same solutes in casein gels (Silva et al., 2013). As reported in Lorén 299 

et al. (2015), structural heterogeneity of the sample greatly influences FRAP data. Therefore, the 300 

high variability of the diffusion coefficient values of FITC-pepsin probably results from the high 301 

local heterogeneity of the food matrices, related to their complex composition (multi-constituents) 302 

and structure (multiphasic) as shown in Table 1.  303 

Despite this quite high variability of FRAP data, Table 2 allows to highlight a significant increase 304 

in the effective diffusion coefficient of FITC-pepsin coupled with the increasing water content of 305 

the food matrices, regardless of the processing conditions and the food structures resulting 306 

therefrom (Table 1). In particular, it is notable that no statistical significant difference (p>0.05) 307 

was observed between FITC-pepsin Deff in Pudding, which can be described as a dense and 308 

continuous protein gel, and Sponge cake that is an expanded and alveolar product. Since both 309 

products have quite similar dry matter content (less than 10% difference), but different structures, 310 

this result reinforces the dry matter content as a key parameter for the FITC-pepsin diffusion.  311 

 312 

The corresponding reduced diffusion coefficients of FITC-pepsin was calculated in the different 313 

matrices (Table2). These values allow to bring out a 10-time reduction of pepsin diffusion in 314 

Pudding and Sponge cake as compared to water, while for Biscuit it is almost a 100-time reduction. 315 

This suggests that protein hydrolysis by pepsin might be further much hindered by slow mass 316 

transfer in Biscuit as compared to the other more humid food matrices. In Custard, the reduced 317 

pepsin diffusion coefficient is only one third of the value measured in water, suggesting a 318 
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facilitated access of the gastric enzyme to the protein substrates in this liquid version of the food 319 

matrices as compared to the solid ones.  320 

 321 

3.4. Toward a predicting model of pepsin diffusion in real foods?  322 

Diffusion in polymer systems like foods is a complicated process, because it depends on numerous 323 

parameters, such as the diffusing solute properties, the polymer network microstructure, and the 324 

solvent (Masaro & Zhu, 1999; Silva et al., 2013). Many physical models approaches describing 325 

the diffusion of rigid and spherical nanoparticles in hydrogels as a function of structural 326 

parameters, such as nanoparticle radius, polymer volume fraction and polymer strand radius have 327 

been developed and reviewed in the literature (Amsden, 1998; de Kort et al., 2015; Masaro & Zhu, 328 

1999). Those models are based on three main physical concepts, such as the obstruction effects, 329 

the hydrodynamic interactions and the free volume theory.  330 

In the literature more specifically dedicated to food digestion, more and more recent studies 331 

highlighted that the physical properties of foods, especially their composition and microstructural 332 

characteristics, are also key parameters for the mass transfer behaviour of digestive fluids and 333 

enzymes within the food matrix (Grundy et al., 2016, Luo et al., 2017; Thevenot et al., 2017; 334 

Somaratne et al., 2020a; Somaratne et al., 2020b). Thévenot et al. (2017) and Luo et al. (2019) 335 

quantified the impact of an increasing protein concentration on the diffusion coefficients of FITC-336 

pepsin in casein gels using the FRAP, and on the diffusion coefficient of enhanced green 337 

fluorescent protein (eGFP) in whey protein gels using the FCS technique, respectively. In both 338 

studies, their experimental data were the most successfully fitted using the Amsden’s obstruction-339 

scaling model (Amsden, 1998) and the Cukier’s hydrodynamic theory (Cukier, 1984). In the 340 

obstruction theory, the polymer chain network obstructs specific sites that were otherwise available 341 
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for the solute, and therefore reduces the available paths for diffusion (Amsden, 1998). The chains 342 

themselves are considered immobile and impenetrable for the solute. In the hydrodynamic theory, 343 

the friction of the solute with the medium is considered as the main cause of reduced diffusion rate 344 

compared to diffusion of the solute in water (Cukier, 1984). These models would therefore allow 345 

the reliable prediction of pepsin diffusion coefficients, provided the knowledge of several physical 346 

parameters such as the hydrodynamic radius of pepsin solute, the polymer volume fraction and the 347 

average particle size of the gel network.  348 

In the present study, the large difference between the effective diffusion coefficients of pepsin in 349 

Custard and the other three matrices can be mainly attributed to the difference in their water 350 

content, but probably also to their different physical states : liquid versus gelled and foamed, to 351 

solid products. However, due to both the high complexity and heterogeneity of the different 352 

products, the parameters describing the polymer network properties requested in either Amsden or 353 

Cukier’s models of diffusion are unknown.  354 

Based on numerous experimental diffusion data available from the literature, Phillies (1986)  355 

proposed a more phenomenological approach based on the stretched exponential equation (Eq. 1) 356 

to describe the diffusion behaviour of solutes like polymer and protein in hydrogels over a wide 357 

range of concentrations. This flexible equation has been also largely employed to describe other 358 

physical transport phenomena such as sedimentation, electrophoretic mobility and viscosity, and 359 

can therefore be considered as a “universal” equation (Phillies, 2016). Figure 2 shows that, except 360 

for the Biscuit, this modelling approach generated a very good fit of our experimental diffusion 361 

data by simply replacing the variable parameter c, which theoretically represents the number 362 

concentration of obstacle in the polymer network, by the value of the DM content of the matrix 363 

(%). The constant parameter ν was set to 1, considering the pepsin as a small diffusing solute. The 364 
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only unknown parameter was therefore the constant α, which depends on the size of the diffusing 365 

solute: the molecular weight for macromolecules or hydrodynamic radius (Rh) for smaller 366 

molecules (Phillies, 1986).  367 

As shown in Figure 2, the best curve fit was obtained with a value of this scaling parameter α 368 

equal to 3.5. Quite strikingly, it is noteworthy that this value is here almost equal to the 369 

hydrodynamic radius of FITC-pepsin, as previously measured by Thévenot et al (2017) (Rh = 3.6 370 

nm). It means that this model approach based on the “universal” stretched exponential equation 371 

would therefore allow the very reliable prediction of pepsin diffusion coefficients in real food 372 

media, by simply knowing the most basic composition data such as the Dry Mater content. As 373 

mentioned before, the ROI chosen for the FRAP experiments were as much as possible positioned 374 

in sample areas containing mostly proteins. Consequently, our results can probably also be 375 

interpreted as an estimation of the protein network density in the different food matrices, which is 376 

in agreement with Thévenot et al. (2017) who reported that pepsin diffusion is hindered by 377 

increasing casein concentration in dairy gels as a consequence of aggregation of proteins.  378 

As observed on the plot of the natural logarithm of reduced diffusion data (Fig 2), the linearized 379 

form of the equation allows highlighting that the model is not able to accurately predict the 380 

effective diffusion coefficient of FITC-pepsin in the Biscuit because a much lower experimental 381 

mobility (Dr = 0.013) is obtained, as compared to the predicted value by the model (Dr = 0.035). 382 

In this product, the very low water content allowed to assume that the physical state of the polymer 383 

network made of starch and protein had probably turned from a “rubbery” state to a “glassy” state 384 

(Chevallier et al., 2000). This glass transition is known to affect both molecular mobility and 385 

kinetic energy in the product (BeMiller, 2018). 386 

 387 
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3.5. Is the hindered diffusion of pepsin really responsible for different food digestion 388 

kinetics?  389 

Protein denaturation extent (Jin et al., 2016), and food processing practices (Morell et al., 2017) 390 

can significantly influence the rates of food (proteins) digestion and absorption kinetics. In this 391 

context, tailoring the food structure might enable to take control over the rate/extent of protein 392 

digestion (Barbé et al., 2013; Nyemb et al., 2016; Rinaldi et al., 2014). Studying in vitro digestion 393 

of four different types of egg white gels (EWG), Nyemb et al. (2016) attributed the observed 394 

discrepancy between gel digestibilities to differences in pepsin activity stemmed from the different 395 

steric hindrance within the protein gels. The dissimilar pepsin activity was hypothesized to be a 396 

consequence of gel structure which caused different extents of pepsin diffusion into the gels. Later, 397 

Somaratne et al. (2020b) partially confirmed this hypothesis by quantifying significant different 398 

effective diffusion coefficients of FITC-pepsin in differently structured EWG, using the FRAP 399 

technique. It is noteworthy that these different gel structures were obtained by heat gelation of EW 400 

proteins previously adjusted to different pH (5 to 9). Therefore, Somaratne et al. (2020c) 401 

underlined that the local pH in the micro-environment of the gastric enzyme might have also been 402 

of paramount importance on the enzyme activity during the digestion process, and therefore on the 403 

corresponding EW proteolysis kinetics. Using an identical in vitro digestion approach, the kinetics 404 

of peptide release from the four different foods studied in the present work were determined (Hiolle 405 

et al., 2020). Quite surprisingly, very comparable kinetics of proteolysis and peptide release were 406 

observed despite the strong different structures generated by food processing. This result agreed 407 

with Lorieau et al. (2018), who reported similar in vitro proteolysis rates for different heat-induced 408 

whey protein gels, which had dissimilar structures but identical composition. To explain these 409 

contradictory results, Hiolle et al. (2020) hypothesized that the diffusion of digestive proteases was 410 
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probably not significantly impacted by the structural properties of the different food matrices (from 411 

liquid to hard solid). However, in the present study, we have demonstrated that the diffusion rates 412 

of pepsin inside the foods are significantly impacted by their physical properties, with effective 413 

diffusion coefficient varying exponentially according to their dry matter content (Figure 2). This 414 

results clearly prove that the sole hypothesis mentioned in Hiolle et al. (2020) cannot be invoked 415 

to explain the absence of structural effects on nutrients’ release during gastric digestion. We can 416 

however emphasize that in vitro digestion models are probably not sufficiently discriminating 417 

methodology to highlight the structural effect of food on the mode of action of gastric enzymes.  418 

 419 

4. Conclusion 420 

This study is the first report on pepsin diffusion using the FRAP technique inside complex food 421 

matrices of same composition on a dry matter basis but with different structures: one liquid food 422 

(Custard), and three more or less dense and dry solid foods (Biscuit, Pudding, Sponge cake). The 423 

results show that pepsin diffusivity within the solid particles is mainly conditioned by the dry 424 

matter content of the product, following the stretched exponential equation with a very good fit. 425 

This is likely because the dry matter content controls the density of the protein network and 426 

therefore the amount of solvent phase, trapped in the structure and available for the diffusion of 427 

hydrophilic compounds such as pepsin. 428 

Thus, our results contribute to a better understanding of the digestion process and particularly the 429 

gastric phase, using an engineering approach. Such knowledge could therefore assist to understand 430 

the effect of complex food structure on digestion kinetics for desired nutritional and/or health 431 

outcome. Moreover, the knowledge of the diffusion properties of pepsin in complex food particles 432 

is of major importance as physical input parameter for mathematical reaction-diffusion models of 433 
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digestion that are currently developed in the food digestion research community (Le Feunteun et 434 

al., 2021). 435 

However, the present work investigated the diffusion behaviour of inactivated pepsin, due to the 436 

labelling reaction with the fluorescent dye. In physiological conditions, pepsin diffusion through 437 

the matrix might be accompanied by the disintegration of the food particles due to its enzymatic 438 

activity, making the understanding of both phenomena even more difficult. Future research should 439 

therefore focus on the effect of pepsin activity on its diffusion behaviour within protein based-food 440 

particles during digestion. 441 
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Table 1.   

Food matrix Biscuit Sponge cake Pudding Custard 

Main process steps 
Kneading-Cooking 

Whisking-Mixing-

Cooking 
Mixing-Cooking Mixing-Cooking 

Cooking 

temperature and 

duration 

180°C - 18 min 180°C - 30 min 180°C - 20 min 110°C - 20 min 

Water content after 

cooking (g/100g) 

Mean value ± SD 

5.56 ± 1.59 38.29 ± 3.48 48.26 ± 1.70 68.44 ± 0.05 

Macroscopic aspect 

(Photography) 

  

 

 

Microstructure 

(CSLM observations, 

magnification x40, 

fat appears in red, 

proteins in green) 
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Table 2.  

Sample (Dry Matter %) 
Effective diffusion 

coefficient Deff (µm2/s) 

Reduced diffusion 

coefficient Dr 

Water (0%) 138 ± 11a 1.00 ±0.08 

Custard (31.6%) 48 ± 14b 0.35 ±0.10 

Pudding (51.7%) 19 ± 11c 0.14 ±0.08 

Sponge cake (61.7%) 17 ± 8c 0.13 ±0.05 

Biscuit (94.4%) 2 ± 1d 0.013 ±0.006 
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Figure 1.  
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Table captions 

Table 1. Overview of the designed matrices.  

Table 2. Effective diffusion coefficient (Deff) and reduced diffusion coefficient (Dr) of FITC-

pepsin in the four food matrices and in water at 37°C. Values are means ± SD (n=30). Different 

letters represent statistically significant differences (p<0.05). 

 

Figure captions 

Figure 1. Representative FRAP profiles and images before bleaching and after 0 and 2.73 s for 

diffusion of FITC-pepsin in Custard (a), Pudding (b), Sponge cake (c), and Biscuit (d). Solid lines 

(in black) denote the best data curve fit to the experimental data (in blue). Arrows indicate the area 

where the Region of Interest (ROI) was localized for bleaching experiments. 

 

Figure 2. Reduced diffusion coefficient of FITC-pepsin in food matrices with different dry matter 

content (DM). The dotted line represents the “universal” stretched exponential equation applied to 

the experimental data (circle).  

 




