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Abstract

It is important to establish the impact of food matrix effects on the bioaccessibility of co-

ingested substances, such as nutraceuticals, engineered nanomaterials, pharmaceuticals, and 

pesticides.  Recently, a standardized food model (SFM) representing a typical US diet has been 

developed to facilitate these investigations.  This model consists of caseinate-stabilized fat 

droplets, free casein, pectin, starch, sucrose, and sodium chloride. The SFM was stable to 

creaming for 2 days, contained small particles (d  180 nm), and had a narrow particle size 

distribution. The SFM was mixed with pureed tomato that had been deliberately contaminated 

with chlorpyrifos (a hydrophobic pesticide).  The resulting mixture was then exposed to an in 

vitro digestion model. The structural and physicochemical characteristics of the samples 

(microstructure, particle diameter, and surface potential) were determined after each GIT stage.  

Also, the bioaccessibility of both chlorpyrifos and lycopene (a hydrophobic nutraceutical) from 

the pesticide-contaminated tomatoes was determined after the final digestion process.  For 

lycopene, the bioaccessibility was much lower for tomato alone (0.75%) than for tomato plus 

SFM (19.0%) (p < 0.05).  For chlorpyrifos, the bioaccessibility was also appreciably lower for 

tomato alone (40.4%) than for tomato plus SFM (58.7%), but the effect was less dramatic (p < 

0.05). Our results indicate that a standardized food matrix impacts the bioaccessibility of 

hydrophobic bioactives in fresh produce by an amount that depends on the nature of the 

bioactive agent. The SFM developed here may therefore be useful for screening the potential 

impact of food matrix effects on the bioaccessibility of ingested bioactives and other substances.

Keywords: food matrix effects; bioaccessibility; digestion; lycopene; chlorpyrifos
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Introduction

An increasing number of researchers are focusing on the impact of foods on the uptake of 

bioactive substances ingested at the same time as them, such as drugs, nutraceuticals, pesticides, 

and nanoparticles. 1-5  The nature of the food matrix impacts the bioavailability of these 

bioactive substances by modifying their bioaccessibility, absorption, or transformation within the 

human gastrointestinal tract (GIT). 6-8  Scientists are therefore trying to understand and control 

these effects so they can improve the efficacy of drugs and nutraceuticals or reduce the potential 

toxicity of pesticides and nanomaterials. 9-11  In general, food matrix effects depend on the 

chemical constituents within the foodstuff, such as fats, proteins, carbohydrates, minerals and 

various other components, as well as the way these constituents are structurally organized. 12, 13  

In turn, the characteristics of the food matrix influence the structure and composition of the 

gastrointestinal fluids surrounding the co-ingested bioactive substances, thereby influencing their 

solubility, metabolism, and uptake. 14-16  An understanding of food matrix effects is therefore 

essential for predicting the gastrointestinal behavior of both beneficial and harmful bioactive 

substances in our diet.  

For this reason, there is an impetus to include food matrix effects in studies of the factors 

influencing the bioavailability of bioactive substances.  Various approaches can be utilized to 

achieve this goal.  Researchers can study the impact of real foods, such as milk, meat, or bread, 

on the bioavailability of specific bioactive substances.  This approach is useful when the 

bioactive substance is known to regularly occur within a particular type of food, such as titanium 
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dioxide in chewing gum or vitamin D in milk. 17, 18  There are, however, some limitations to this 

approach.  Some bioactives are ingested as part of complex diets containing many kinds of 

foods and their gastrointestinal fate is determined by the precise features of the food matrix 

employed. 19  Moreover, there are often substantial variations in the composition and structure 

of specific foods from batch-to-batch, making reproducibility more difficult. 20  These 

limitations probably account for many of the conflicting results reported in the literature about 

the impact of food matrix effects on the bioaccessibility or bioavailability of bioactive substances 

when different whole foods are used. 5, 12, 21 

An alternative approach is to develop a standardized food model (SFM) to serve as a 

representative of a broad category of different foods.  In general, foods are structurally complex 

multicomponent materials containing various types and levels of carbohydrates, fats, proteins, 

minerals, water, and other components. 22, 23  It would, therefore, be beneficial to have an SFM 

with a harmonized composition and structure that could be used by researchers in different 

laboratories to test food matrix effects.  This model would allow researchers to obtain 

reproducible results under standardized conditions, thereby leading to an improved systematic 

understanding of the influence of the food matrix on oral bioavailability of different bioactive 

agents.  It may then be possible to establish general trends between bioactive type and the 

magnitude of food matrix effects.  

The purpose of the current study was to test a newly developed standardized food model 

(SFM) for including food matrix effects in in vitro bioaccessibility studies 24.  This SFM was 
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designed to mimic the nutrient composition of a representative US diet and includes appropriate 

levels of representative fats, digestible carbohydrates, dietary fibers, proteins, and minerals.  We 

studied the impact of the SFM on the bioaccessibility of two bioactive substances, one beneficial 

(carotenoids) and one detrimental (pesticides) to health.  Produce, such as vegetables and fruits, 

are often consumed with other foods.  For instance, raw or cooked tomatoes may be eaten with a 

salad dressing or a cooking sauce.  To our knowledge, this is the first study on the influence of 

food matrix effects on the bioaccessibility of both nutraceuticals and pesticides from the same 

fresh produce.  We investigated the impact of the SFM on the bioaccessibility of a hydrophobic 

nutraceutical (lycopene) and hydrophobic pesticide (choripyrifos) in raw tomatoes using a static 

simulated gastrointestinal tract (GIT) that mimics the human mouth, stomach, and small 

intestine.  

The utilization of this standardized food model should help to elucidate those bioactive 

substances that are most susceptible to food matrix effects, i.e., whose bioaccessibility may be 

strongly influenced by the major components in foods.  Once identified, further studies could be 

carried out to identify which food components are most important in influencing their 

bioaccessibility.  

Materials and Methods

Materials

Corn oil and fresh tomatoes were obtained from a supermarket. Sodium chloride and sucrose 

were obtained from the Fisher Chemical Company (Pittsburgh, PA).  Modified food starch was 
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obtained from the Grain Processing Corporation (Muscatine, IA). Pectin was obtained from TIC 

GUMs (White Marsh, MD). Sodium caseinate was obtained from the American Casein Company 

(MP Biomedicals LLC). Scintiverse cocktail was obtained from PerkinElmer (PerkinElmer, Inc., 

Walthanm, MA). Radioactive-labeled [14C] chlorpyrifos was obtained from Dow AgroSciences 

LLC (Indianapolis, IN) and the manufacturer reports that it has specific activity around 26.8 

mCi/mmol. The following chemicals were obtained from the Sigma-Aldrich Chemical Company 

(St Louis, MO): pepsin from porcine gastric mucosa (250 units per mg); pancreatin (100–400 

units per mg protein); mucin from porcine stomach; lycopene standard; porcine bile extract; 

unlabeled chlorpyrifos and Nile red. All solutions were prepared using double distilled water. 

Standardized food model preparation

The initial development of the SFM used in the current study was described in detail in our 

recent publication.24  The proportion of nutrients in a typical US diet was obtained from the 

“What We Eat in America” database (NHANES 2013-2014) maintained by the Harvard School 

of Public Health (www.ars.usda.gov).  The nutrients contained in the SFM are summarized in 

Table 1.  A summary of the protocol used to produce 100 g of SFM is described below: 

(I) Emulsion preparation: Sodium caseinate (1%, w/w) was dissolved in phosphate 

buffer solution (10 mM, pH 7) by continual stirring for 2 hours at ambient 

temperature. The resulting caseinate solution was then filtered to remove any 

residual insoluble matter. After adding corn oil (7.64%, w/w), the mixture was 

blended for 2 minutes using a high shear mixer (M133/1281-0, Biospec Products, 

Inc., ESGC, Switzerland). This emulsion was then passed through a microfluidizer 
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(M110Y, Microfluidics, Newton, MA) three-times at a pressure of 82.7 MPa to 

create an emulsion containing small lipid droplets.

(II) Protein addition: Powdered sodium caseinate was gradually poured into this 

emulsion to reach a final concentration of 7.68% w/w protein. The mixture solution 

was continuously stirred around 30 min to ensure the total dissolution.

(III) Pectin addition: An aqueous pectin (1.56% w/v) solution was obtained by dispersing 

pectin powder into distilled water and then mixing at 50 °C for 60 min. The mixture 

was then reduced to room temperature and stirred continuously to fully dissolve the 

pectin. Then 44.8g of the prepared pectin solution was mixed with 44.8 g of 

emulsion (1:1, w/w). 

(IV) Starch addition: 5.15 g of corn starch was slowly poured into the previous mixture 

with continuous stirring until it was fully dissolved (around 30 min).

(V) Sucrose addition: 4.57 g of sucrose was slowly poured into the previous mixture 

with continuous stirring until it was fully dissolved (around 10 min).

(VI) Salt addition: 0.534g of sodium chloride was slowly poured into the previous 

mixture with continuous stirring until it was fully dissolved (around 30 min). The 

speed of stirring should be high enough to induce uniform stirring and it may be 

increased when the viscosity increased caused by chemicals addition.  

(VII) SFM powder preparation: To facilitate storage, spray drying was used to convert the 

SFM solution from a fluid to a powder.  The fluid SFM sample was spray dried at a 

feed rate of 0.45 L/h at 170 °C inlet temperature using a spray-drier (Mini spray-

dryer B-290, Büchi, Switzerland) with a 0.7 mm nozzle atomizer. The resulting 

powders were stored in hermetically sealed vessels at 4 °C. It should be noted that 

the fluid form of the SFM was used for all the experiments except specific in current 

study.
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(VIII) SFM reconstitution:  The powdered SFM was changed back to a fluid form utilizing 

the following procedure.  To prepare 100g of fluid SFM, powdered SFM (17.8 g) 

was gradually poured into double distilled water (82.2g) with continuous stirring 

using a magnetic stirring device.  Stirring was carried out at ambient temperature for 

at least 30 min to ensure full dissolution of the powder.

In this model, the pectin, starch, and sucrose were used to represent the carbohydrates, 

sodium caseinate the proteins, corn oil the fat, and sodium chloride the minerals.  

Chlorpyrifos standard solution preparation

A standard pesticide solution of known concentration was prepared by dissolving either 

unlabeled or radio-labeled [14C] chlorpyrifos in acetonitrile to reach a final concentration of 50 

ppm. 

Preparation of pesticide-contaminated tomatoes 

Fresh tomatoes were sliced into small cubes and then blended by using a high-shear blender 

for 1 min to disrupt the tomato tissue. The resulting tomato puree (10 g) were mixed with [14C] 

chlorpyrifos or unlabeled chlorpyrifos standard solution (100 L) to obtain a final pesticide level 

of 0.5 ppm, which is the permitted maximum residue (MRL) level for chlorpyrifos. 25  

Similar amounts of pesticide-contaminated tomato sample were then mixed with either fluid 

SFM (sample) or phosphate buffer (control). 26 

GIT model

Mixtures of SFM and chlorpyrifos-treated tomatoes were subjected to a simulated GIT that 

mimics the mouth, stomach, and small intestine.  This model was adopted from the one 
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described in our recent study with some modifications. 5, 26  A brief summary of the model is 

given below.

Initial system: 20 g of SFM was poured into a glass beaker and then swirled using a 

temperature-controlled shaking device (37 °C) set at 100 rpm for 15 min to warm up the samples 

(Innova Incubator Shaker, Model 4080, New Brunswick Scientific, Edison, NJ). 

Mouth stage: A simulated saliva fluid (SSF) was prepared that contained mucin (0.003 

g/mL) and amylase (150 units/mL), which was pre-heated to 37 ºC after adjusting the pH to 6.8. 

27-29  Then, a portion of the sample from the initial system (20.0 g) was mixed with an equal 

amount of SSF (20 g) with continual stirring. The system was re-adjusted to pH 6.8 followed by 

swirling in the temperature-controlled shaking device (37 °C) for 2 min to mimic agitation in the 

mouth.

Gastric stage: A simulated gastric fluid (SGF) that contained pepsin (0.0032 g/mL) was 

prepared and then heated to 37 ºC.  Then, a portion of the sample from the mouth stage (20.0 g) 

was mixed with SGF solution (20.0g) and then the resulting mixture was adjusted to pH 2.5. The 

mixture was then placed in the temperature-controlled shaking device (37 ºC) for 2 h to mimic 

the stomach phase.  

Small intestine stage: A portion of the sample from the gastric stage (30.0 g) was poured 

into a glass beaker that had been incubated at 37 °C in a water bath. The obtained samples were 

adjusted to pH 7.00 with continuous stirring (600 rpm). An aliquot (1.5 mL) of simulated 

intestinal fluid (mixture of NaCl and CaCl2) and then an aliquot (3.5 mL) of bile salt solution 
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were then added to the glass beaker with continuous stirring.  After the mixture in the reaction 

vessel had been adjusted back to pH 7.00, pancreatin solution (2.5 mL) was added to the mixture. 

The amounts of CaCl2, NaCl, pancreatin and bile salts in the final system were 10.0 mM, 150 

mM, 2.4 mg/mL and 5.0 mg/mL, respectively.  The pH of the final system was monitored and 

adjusted using an automatic titration system (Metrohm, USA Inc.).  The volume of alkaline 

solution (NaOH) titrated into the samples to neutralize the free fatty acids (FFAs) generated by 

lipid digestion was measured, and then the extent of lipid digestion was determined from the 

titration curves as described previously. 30  

It should be noted that the model used in our study is closely related to the standardized 

INFOGEST model that has recently been adopted by many laboratories. 31, 32  However, our 

model includes a mouth phase and is optimized for the study of emulsion-based foods.  The 

main differences between our model and the INFOGEST one are the precise levels of enzymes, 

minerals, and other gastrointestinal components included. It should be noted that gastric lipase 

was not included in our study due to the difficulties in obtaining an affordable and reliable 

source, but this may be important for future studies since it is known that lipid digestion is 

initiated in the stomach 33.

The physicochemical properties of the samples were determined after each digestion stage 

based on the methods described in the following sections. The bioaccessibility of lycopene and 

chlorpyrifos were determined after the end of intestinal digestion stage.
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Determination of particle characteristics 

The properties of the colloidal particles present within the tomato-SFM systems were 

determined after they being exposed to the different stages of the GIT model.  Particle size 

distributions were determined using laser diffraction (Mastersizer 2000, Malvern Instruments 

Ltd., Malvern, Worcestershire, UK).  Surface potentials (ζ-potential) were measured using 

particle electrophoresis (Zetasizer Nano ZA series, Malvern Instruments Ltd. Worcestershire, 

UK).  The refractive indices of the dispersed and continuous phases used in the mathematical 

models were 1.47 and 1.33 for the calculation of particle size and surface potential. 

To minimize errors caused by multiple scattering, the initial, mouth, and small intestine 

samples were diluted using phosphate buffer (5 mM, pH 7.0) and the stomach samples was 

diluted using acidified water (pH 2.5).  It should be noted that the mathematical model 

employed for interpretation of the light scattering data is based on the assumption that the 

scattering entities are spherical particles with uniform refractive indices.  Obviously, this will 

not be the case for tomato tissues or highly flocculated droplets and so the data should be treated 

with caution and only used to provide a rough indication. 

The microstructure of SFM was studied by using a confocal laser scanning microscopy 

(Nikon D-Eclipse C1 80i, Nikon, Melville, NY, U.S.) with a 40 × objective lens. The oil phase 

was dyed using Nile red solution (1mg/mL ethanol) to facilitate the observation. The 

wavelengths used to excite and detect the hydrophobic dye (Nile Red) within the samples were 
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543 nm and 605 nm, respectively.  Images of all samples were acquired and stored using image 

analysis software (NIS-Elements, Nikon, Melville, NY). 26 

Bioaccessibility measurements

The bioaccessibilities of lycopene and chlorpyrifos were determined after each sample had 

gone through the entire GIT model as described previously. 34, 35  At the completion of the small 

intestine stage, the “digest” obtained was subjected to centrifugation at 18,000 rpm (4 ºC for 50 

min).  The bioaccessibility was determined from the lycopene or chlorpyrifos concentrations 

measured in the mixed micelle fraction and in the overall digest:  

𝐵𝑖𝑜𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (%) = 100 ×
𝐶𝑀𝑖𝑐𝑒𝑙𝑙𝑒

𝐶𝐷𝑖𝑔𝑒𝑠𝑡

Here, Cmicelle and CDigest are the concentrations of the bioactive substance in the mixed micelle 

phase and in the overall digest, respectively. The same procedure was utilized for both the 

pesticide and lycopene determination.

Chlorpyrifos and lycopene determination

The magnitude of the 14C-radioactive signal in the samples were measured by a liquid 

scintillation counting method (Bechman LS6500) to indicate the concentration of chlorpyrifos.  

The lycopene concentration was determined by HPLC.  The analytical methods used have been 

described in detail elsewhere and therefore are not listed here. 26, 36

Statistical analyses

Three or more newly prepared samples were used for each measurement and the results 

were analyzed using specialized statistical software (SPSS) and Excel (Microsoft, Redmond, 
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VA, USA). The difference between means was calculated by a Duncan’s multiple range tests 

with a confidence level of 95%. 

Results and Discussion

Standardized food model preparation and characterization

In the current study, our intention was to examine the impact of a recently developed 

standardized food model (SFM) 24 on the gastrointestinal fate of two co-ingested bioactive 

substances – a nutraceutical and a pesticide.  These two bioactive substances were present 

within the same fresh product (pureed tomato).  

Initially, we characterized the properties of the fluid SFM used in this study.  Visual 

observations indicated that the SFM samples were opaque white fluids with a uniform 

appearance that showed no evidence of phase separation during two days storage at ambient 

temperature.  Light scattering measurements showed that the SFM contained a single population 

of relatively small particles with diameters centered around 180 nm (Figure 1b), which were 

attributed to the fat droplets.  Collectively, our results suggest the fat droplets in the SFM were 

fairly small and had good stability against irreversible aggregation and creaming.  

The high stability of the SFM may have been because that the protein-coated fat droplets (-

24.6 mV, Figure 2), non-adsorbed proteins, and pectin molecules 37 were all highly anionic at 

neutral pH, leading to an intense electrostatic repulsion amongst them. 38
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Particle characterization during gastrointestinal passage

In this series of experiments, alterations in the particle characteristics within the three types 

of sample were detected after they passing through the simulated GIT: (i) crushed tomatoes; (ii) 

SFM; (iii) crushed tomatoes + SFM.

Charge properties

Initial Samples: The ζ-potentials of all the initial samples were negative: -26.8, -24.8 and -

12.5 mV for crushed tomatoes, SFM, and crushed tomatoes + SFM samples, respectively 

(Figure 2).  The negative charge of the SFM samples should be due to the presence of anionic 

polymers and particles, such as casein-coated oil droplets and pectin molecules, as discussed 

earlier.  The anionic nature on the crushed tomato may be attributed to negatively charged 

biopolymers (e.g., pectin) associated with the tomato fragments. 39  Surprisingly, the magnitude 

of the negative surface potential on the particles within the mixed systems was much less than 

within the individual systems (p < 0.05).  One possible explanation is that some of the 

constituents released from the tomato fragments, like organic acids, mineral ions, or charged 

biopolymers, accumulated around or bound to protein-coated fat droplet surfaces within the 

SFM.  As a result, the -potential of the fat droplets was changed, due to an alteration in either 

their surface charge density or the ionic composition of the surrounding solution. This result 

agrees with our earlier study, which also found the magnitude of the negative charge on WPI-

coated fat droplets became smaller after they were incubated with tomato tissue. 39  
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Mouth phase: After exposure to simulated oral conditions, we observed a small reduction in 

the magnitude of the negative charge for both the crushed tomato and SFM samples.  This 

change might be a result of ion binding and/or electrostatic screening associated with the mineral 

ions and mucin molecules in the artificial saliva. 40  Conversely, the magnitude of the negative 

particle charge in the mixed systems increased substantially (p < 0.05) after they had been 

exposed to the simulated oral conditions, so that it became much more similar to that in the 

tomato only and SFM only samples (Figure 2).  The cause of this effect is not known at present.  

One possibility is that the mucin molecules bound to some of the ions or polymers released from 

the tomato fragments, thereby reducing their tendency to interact with the fat droplets. Further 

studies, however, are required to establish the cause of this phenomenon.

Stomach phase: There was an appreciable reduction (p < 0.05) in the magnitude of the 

negative particle charge for all three samples after incubation in the simulated stomach (Figure 

2).  This observed change in electrical characteristics is probably due to the highly acid nature of 

the gastric fluids.  Pectin loses most of its anionic character in acidic environments because of 

protonation of its carboxyl groups (pKa = 3.5). 41  For the crushed tomatoes, the low pH of the 

gastric fluids would also have led to the protonation of any anionic biopolymers naturally present 

within the plant tissue, such as pectin.  For the SFM samples, the casein-coated fat droplets are 

expected to be highly cationic under the strongly acidic gastric conditions because this protein 

has an isoelectric point around pH 4.6.  In practice, they were slightly anionic, which suggests 

that negatively charged mucin, pectin, or chloride ions absorbed to their surfaces.  Moreover, 
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the magnitude of the surface potential should decrease because of electrostatic screening linked 

to the mineral ions within the gastric fluids.  Presumably, similar effects occurred in the mixed 

systems.  

Small intestine phase:  The particles in the samples were all strongly negatively charged by 

completion of the small intestine stage (Figure 2).  As reported previously, this effect is because 

the digested samples contain various anionic species that contribute to the measured signal, 

including bile acids, free fatty acids, phospholipids, non-digested proteins, peptides, pectin, and 

mucin. 42  These anionic species may have been part of colloidal particles or polymers 

sufficiently large to scatter light waves and so contribute to the electrophoretic signal used for 

the calculation of the -potential. 

Particle size and microstructure 

The particle size distribution (PSD) and microstructure of the samples were measured using 

laser diffraction (Figure 1) and confocal microscopy (Figure 3), respectively.  Only the samples 

containing fats were analyzed by confocal microscopy because a fluorescence dye (Nile red) was 

employed to visualize them.  In a recent study using optical microscopy, we found that the 

tomato fragments remained intact throughout the GIT 43.  

Crushed tomatoes: For the crushed tomatoes, the overall shape of the PSD stayed fairly 

similar after passing through different stage in GIT (Figure 1a).  These samples contained a 

population of relatively large particles (100–1000 μm) that appeared to be resistant to disruption 
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or aggregation under GIT conditions.  Presumably, these particles were fragments of tomato 

tissue that contained dietary fibers resistant to acid hydrolysis, enzymatic digestion, and physical 

disruption.

SFM samples: The PSDs showed the SFM samples initially contained a population of fairly 

small particles (Figure 1b), presumably casein-coated fat droplets.  Interestingly, microscopy 

analysis showed there was a substantial amount of flocculation in these initial samples (Figure 

3), even though particle size analysis by laser diffraction showed that the individual fat droplets 

were still fairly small.  This suggests that the fat droplets in the initial samples had gathered into 

flocs kept together by weak attractive interactions.  These flocs were broken down when the 

samples were diluted and stirred for the laser diffraction analysis.  Previous studies have 

suggested that this effect was due to depletion flocculation induced because of the high level of 

non-adsorbed biopolymers in the continuous phase of the SFM. 37, 44  There was not a major 

change in the measured PSD after the SFM samples had been exposed to the mouth stage, which 

suggested that the fat droplets remained fairly stable to strong aggregation.  Moreover, the 

microscopy analysis indicated that the fat droplets were no longer flocculated after being 

exposed to the mouth phase.  This may have been because the initial samples had been diluted, 

which reduced the level of non-adsorbed polymers in the continuous phase, and therefore 

reduced the magnitude of the depletion attraction between the fat droplets. 45 

After being exposed to the simulated stomach, a large rise in the size of the particles in the 

SFM samples was observed in both the light scattering (Figure 1b) and microscopy (Figure 3) 
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results.  This result suggests that the lipid droplets had become strongly associated with each 

other.  The most likely reasons for this phenomenon are bridging flocculation induced by the 

cationic protein-coated fat droplets with anionic mucin and pectin molecules.  In addition, there 

will have been a decrease in the electrostatic repulsion amongst the particles because of the 

reduction in their surface potential and the rise in ionic strength of the gastric fluids. 

Microscopy analysis showed there was an appreciable decrease in the size of the lipid-rich 

aggregates in the SFM samples after incubation within the small intestine (Figure 3), while the 

light scattering measurements suggested that some large particles still remained (Figure 1b).  

These results suggest that most of the fat droplets were hydrolyzed by lipase in the small 

intestine, leading to the formation of a range of differently-sized lipid-rich particles, such as 

vesicles, calcium soaps, and partially digested fat droplets.

Mixed systems: The mixed systems, which contained both crushed tomato and SMF, 

exhibited some characteristics similar to those exhibited by the two individual components 

(Figures 1c and 3).  The light scattering measurements showed that the mixed systems 

contained a population of large particles, presumably tomato fragments, which remained 

relatively intact throughout the simulated GIT (Figure 1c).  Furthermore, there was some 

evidence of a population of smaller particles, which were probably the fat droplets.  The 

microscopy analysis showed that the fat droplets in the SFM and mixed systems behaved very 

similarly (Figure 3).  They were highly flocculated initially, became evenly dispersed in the 

mouth, aggregated in the stomach, and were finally hydrolyzed in the small intestine.  These 
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results suggest that the presence of the tomato fragments does not have a major impact on the 

gastrointestinal fate of the fat droplets.      

Lipid digestion

Lipids are one of the main constituents (3.42%) of the SFM and their digestion is known to 

have an important impact on the bioaccessibility of hydrophobic bioactive substances. 15  It is 

therefore important to measure the lipid digestion profiles of the SFM to facilitate the 

interpretation of the bioaccessibility data.  This was carried out using an automatic titrator that 

monitors lipid hydrolysis throughout the duration of the small intestine stage.  The volume of 

NaOH solution needed to neutralize the generated free fatty acids (FFAs) after lipase was added 

to the samples was measured, and then transformed into the fraction of lipids digestion as 

described earlier (Figure 4). 

For the crushed tomato, only a small rise in the volume of consumed alkaline solution 

occurred during the 2 h digestion period.  This may have been a result of the digestion of some 

of the components within the gastrointestinal fluids (such as lipase or bile salts) or due to organic 

acids released from the tomato tissues during digestion. 39  For the SFM, there was a sharp rise 

in generated FFAs during the first 10 min of digestion, followed by a slower rise at longer 

incubation times.  Surprisingly, the calculated amount of FFAs released at the end of digestion 

(120%) was appreciably higher than the expected value (100%).  This may have been because 

there were other non-fat components in the SFM that were also digested by the simulated 

pancreatic juices, such as proteins and starches. 46, 47   For the mixed system, which consisted of 
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crushed tomatoes and SFM, the overall shape of the digestion profile was fairly similar to that of 

the SFM system.  However, the final level of FFAs released was appreciably lower (96%) by 

the completion of the small intestine stage.  This result indicates that the presence of the tomato 

tissue inhibited the digestion of some of the components in the SFM samples.  For instance, 

proteins, starches, or lipid droplets may have been trapped in the tomato tissues because of 

capillary forces associated with the tiny pores within the plant tissues or because of binding to 

the plant tissues. 39  As a result, the ability of the digestive enzymes to access these components 

was reduced, slowing down digestion.  Alternatively, the presence of the tomato tissues may 

have altered the viscosity of the GIT fluids, thereby slowing down the movement of the enzymes 

and substrates, as has been suggested in previous studies 48.  Clearly, further studies are required 

in the future to identity the precise physicochemical phenomena involved.

Bioaccessibility of chlorpyrifos and lycopene

In this series of experiments, the impact of food matrix effects on lycopene and chlorpyrifos 

bioaccessibility in pesticide-contaminated tomatoes was investigated in the absence (control) and 

presence of SFM.  The bioaccessibility was assumed to be the percentage of the bioactive 

substances in the total digest that ended up inside the mixed micelles at the completion of the 

small intestine stage. 26  

The bioaccessibility of lycopene in the control samples was extremely low (0.75%) (Figure 

5), which was probably because of the lack of digestible fat in this sample.  As a result, there 

were no mixed micelles generated that able to solubilize the lycopene molecules released from 
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the tomato fragments during digestion. 49  Instead, the lycopene molecules would tend to form 

crystals in the aqueous phase that precipitated to the bottom of the digest.  Conversely, the 

bioaccessibility of lycopene in the tomato samples mixed with SFM was much higher (19.0%) (p 

< 0.05).  This phenomenon is likely a result of solubilization of the lycopene in the mixed 

micelles generated when the fat in the SFM was digested by lipase.  This result clearly 

demonstrates that there is a very strong food matrix effect for lycopene. 50

In contrast, the bioaccessibility of chlorpyrifos in the presence of SFM (58.7%) was only 

slightly higher than in its absence (40.4%) (p < 0.05).  This is probably because chlorpyrifos is a 

much smaller molecule (Mw = 351 g/mol) with a lower affinity for oil (LogP = 4.8) and a higher 

water solubility (1.1 mg/L) than lycopene.  In the current research, some of this pesticide may 

have been solubilized directly within the aqueous phase at the low levels of chlorpyrifos (0.05 

mg/L) present in the small intestinal fluids. Furthermore, the simple micelles could be formed 

from bile salts in the simulated small intestine fluids, which may also have solubilized a fraction 

of the small chlorpyrifos molecules.  This was not the case with lycopene because the 

hydrophobic interiors of the simple micelles were too small to accommodate the large non-polar 

carotenoid molecules. 36 

Conclusion

In this study, we have shown that a recently developed standardized food model can be 

utilized to investigated the influence of food matrix effects on the bioaccessibility of 

hydrophobic bioactive substances.  The SFM was mixed with chlorpyrifos-contaminated tomato 
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puree to investigate the influence of food matrix effects on the bioaccessibility of both a 

pesticide (chlorpyrifos) and a nutraceutical (lycopene) in the same system.  The simulated 

gastrointestinal studies showed that most of the lipids in the SFM had been digested by the 

completion of the small intestine stage.  The mixing of the SFM with chlorpyrifos-contaminated 

tomatoes increased the bioaccessibility of chlorpyrifos somewhat (from 40.4% to 58.7%, i.e., 

1.5-fold) but greatly increased the bioaccessibility of lycopene (from 0.75% to 19.0%, i.e., 25-

fold).  This result highlights that there are major differences between the impact of food matrix 

effects on different bioactive substances, which may be due to differences in their liberation from 

the plant tissues and incorporation into the mixed micelles.  

Overall, we believe that this standardized food model is useful for providing information 

about the potential impact of food matrix effects on the bioaccessibility of different bioactive 

substances.  In particular, the availability of an SFM could lead to more reproducible 

measurements and ease the critical evaluation of results from different laboratories.  Even so, it 

should be stressed that this is a highly simplistic food model that cannot account for the diverse 

compositions, structures, and physicochemical properties of real foods.  Despite these 

limitations, the SFM does provide a useful screening tool to highlight the susceptibility of 

different bioactive substances to food matrix effects.  Once the importance of food matrix 

effects has been identified for a particular bioactive agent, researchers could carry out more 

detailed studies to determine their precise origin.
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Figure 1. Particle size distributions of (a) raw tomato and (b) standardized food 

model (c) crushed tomato and (d) surface-weighted mean particle diameter (d32) of all 

samples after exposure to successive GIT stage.
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Figure 2. Electrical properties of the different samples measured after exposure to 

different GIT stages (T: crushed tomato; SFM: standardized food model; T-SM: 

crushed tomato with standardized food model). Samples designated with different 

capital letters (A, B, C, D) were significantly different (Duncan, p < 0.05) when 

compared between different GIT regions (same sample). Samples designated with 

different upper case letters (a, b, c) were significantly different (Duncan, p < 0.05) 

when compared between different samples (same GIT region). 
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Figure 3. Microstructures of different samples after exposing to different regions of 

the simulated GIT (Scale bar is 50 μm). (SFM: standardized food model; T-SFM: 

crushed tomato with standardized food model) 
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Page 32 of 34Food & Function



B

A

0%

5%

10%

15%

20%

25%

Buffer Blank Standard Meal

Bi
oa

cc
es

sib
ili

ty
(%

)

(a) Bioaccessibility of Lycopene from
Tomato

B

A

0%

15%

30%

45%

60%

75%

Buffer Blank Standard Meal

Bi
oa

cc
es

sib
ili

ty
(%

)

(b) Bioaccessibility of choripyrifos in
Tomato

Figure 5. Bioaccessibility of (a) lycopene and (b) choripyrifos in different delivery 

systems measured after exposure to simulated small intestine conditions (The 

lycopene concentration was determined by HPLC and the chlorpyrifos concentration 

in the samples was determined by measuring the intensity of the 14C-radioactive 

signal using liquid scintillation counting). Samples designated with different capital 

letters (A, B) were significantly different (T. Test, p < 0.05) when compared between 

different treatments. 
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Table 1: The formulation of standardized food model based on the survey of the 

typical US diet (www.ars.usda.gov/nea/bhnrc/fsrg).

Component Level (g/100g)

Protein (Sodium caseinate) 3.44

Sugar (Sucrose) 4.57

Dietary Fiber (Pectin) 0.70

Starch (Corn starch) 5.15

Fat (Corn oil) 3.42

Minerals (Sodium chloride) 0.534
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