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1. INTRODUCTION 

Foods consumable for humans contain three main nutrient groups, i) macronutrients: proteins, 

lipids, and carbohydrates, ii) various micronutrients and iii) minerals, but also antinutrients and 

toxic compounds could be present. The purpose of the human digestion process is to efficiently 

break down foods, to extract and absorb required nutrients and to eliminate waste. In order to 

understand how the foods that we eat affect the metabolomic processes of human beings, besides 

the mechanisms of digestive processes i.e., breakdown of foods into molecules able to be absorbed, 

it is necessary to know the steps of nutrition as well. 

The digestion process includes multiple organs, enzymes and chemical fluids (salt solutions, bile 

and hormones) each with its distinct function to achieve proper nutrition for humans. Digestion 

starts in the mouth, with the help of the teeth and tongue the bite taken from a food is broken down 

to get smaller morsels, and mixed with the saliva and amylolytic enzymes. The bolus than is 

swallowed and through the oesophagus it is transferred into the stomach where the main process 

is the protein digestion acted out by pepsin. Next to protein digestion, in the stomach lipolysis is 

started by the action of gastric lipase, acting on triacylglycerols. When the swallowed bolus is 

degraded enough that the particle size of the chyme in the stomach reaches under 3 mm, it could 

exit through the pylorus into the small intestine. The first part is the duodenum, this is where the 

chyme enters from the stomach. Here the acidic gastric secretion is mixed with the alkaline media 

of the intestine, and a mixture of digestive enzymes secretes into the duodenum by the pancreas. 

The molecules accessible to be absorbed, go through the intestinal wall (by active or passive 

transport) into the blood circulation. The unabsorbed material reaches the large intestine, where 

water and the beneficial molecules – that are created by microbial fermentation – are absorbed, 

and unnecessary materials are eliminated. 

Depending on the level of nutrition three main definition could be introduced: bioaccessibility, 

bioavailability and bioactivity. Bioaccessibility gives the amount of molecules in the small 

intestine that are able to pass through the intestinal wall and could be subjected to passive and 

active transport processes. The part of the bioaccessible molecules that went through the small 

intestinal wall represent the bioavailable fraction. Those molecules that are in the blood system 

and hereafter serve a distinct purpose the body became the bioactive molecules. 

In light of the complexity of the digestive processes and the levels of nutrition of the human body 

it is evident that nutrient content and composition of foods consumed are not equal of nutrient 

content and composition bioaccessible, bioavailable and bioactive in the gut. 



Researchers have been trying to learn and understand the underlying mechanisms for more than 

100 years. Rapid advancement in this field have been seen in the last two decades which could be 

stemmed back to the development and widespread of the in vitro digestion simulation models. One 

of the most popular standardized digestion simulation methods recently is the static in vitro 

Infogest protocol. 

In order to more deeply understand the mechanisms guiding lipid and protein digestion part of my 

PhD work focused on implementing analytical methods for determination of bioaccessible lipid 

and protein content harmonized with the Infogest digestion simulation method. Moreover, 

modification of lipolytic enzyme activity with several foods containing bioactive substances as 

well as interplay between lipid and protein digestibility was assessed. 

  



2. AIMS 

1) Implementing an integrated platform where the effect of bioactive molecules on 

bioaccessibility of macronutrients could be simultaneously evaluated. The holistic 

platform is based on an in vitro digestion simulation model matched with specific 

analytical methods for measurement of each macronutrient bioaccessibility. 

2) Creating systematic and easy-to-use routine procedures to serve industrial projects and 

functional product development by: 

a. Determination of nutritional values and scores (e.g., PDCAAS and DIAAS) 

b. Evaluating effects of known bioactive molecules 

c. Standardization of protocols that are used to describe nutritional value of foods 

3) Expanding the knowledge on food science and nutrition, from the point of view of food 

digestibility. 

a. Lipid and protein digestibility of foods are determined 

b. Contribution of gastric lipase during digestion is evaluated 

c. Effect of certain foods with bioactive compounds on gastric-, and pancreatic lipase 

activity is tested 

d. Macronutrient interactions are exposed in co-digestion experiments 

  



3. MATERIALS AND METHODS 

3.1. Food samples 

Samples were specifically chosen for i) testing the analytical methods designed for evaluating lipid 

and protein digestibility, ii) evaluating macronutrient interactions during digestion of high fat and 

protein foods, iii) examine inhibition efficacy of bioactive substances on lipid digestibility of the 

tested foods. Carp from Akasztó (a PDO food), ground beef (20% fat content; Húsfarm fresh 

ground beef), cream (30% fat content; TOLLE UHT cream), sour cream (20% fat content; Milfina 

sour cream; ingredients: cream, bacterial culture), sour cream analogue (20% fat content; Hazai 

és Finom “Finomföl”; ingredients: skim milk, milk protein concentrate, palm oil, bacterial 

culture), and durum wheat pasta (Gyermelyi Vita Pasta) was chosen as test matrices. Carp fillets 

from Akasztó were provided by Fishmarket Ltd. (Budapest, Hungary). Other food products were 

purchased commercially in local shops. Carp and ground beef were baked before digestion 

experiments for 20 mins in a 200 °C oven , after cooling baked carp (BC) and baked beef (BB) 

were homogenized in a meat grinder (Moulinex HV4), three times. Durum wheat pasta was cooked 

according to the packaging instructions. The 500 g dried pasta was placed in 5 L water boiling 

water with 1 g/L salt for 8 mins, after cooling cooked pasta (CP) was homogenized in a meat 

grinder (Moulinex HV4) three times. Baked and cooked samples were stored at -80 °C and thawed 

before experiments. Cream (C), sour cream (SC), and sour cream analogue (SCA) were used after 

thorough mixing. Dairy products were always purchased fresh and used right after opening. One 

of the co-digestion studies on mapping the interplay between lipid and protein digestibility were 

done with eleven types of edible oils. These oils: sunflower oil (SFO), MCT oil (MCT), 

pumpkinseed oil (PSO), walnut oil (WO), hemp oil (HO), olive oil (OO), linseed oil (LO), coconut 

oil (CO), sesame oil (SO), grape seed oil (GSO), rapeseed oil (RO) were bought in local 

supermarkets. Bioactive rich foods with in vitro assay-proven inhibitory effect on pancreatic lipase 

were chosen to test their ability in a more complex simulation of digestion i.e., Infogest digestion 

simulation. Experiments were carried out with either direct addition of bioactive containing food 

(rosemary, grape seed powder) or after extraction of bioactive compounds with food safe methods 

(tea, brewed). Effect of rosemary was tested on baked carp lipids. Whole rosemary spice was 

bought in a local shop and was added as a whole spice. Carp fillets were covered with rosemary 

(5 w/w%) before baking (200 °C for 20 mins). Effect of grape seed powder (GSP) was tested on 

cream and baked beef. Grape seed powder was provided by Bock Vineyard Ltd. (Villány, 

Hungary). Grape seed powder was added to test matrices before digestion experiments, separately. 

Black tea (Himalayan Spring FF 2022 No.601) with high tannin content were bought 

commercially. Effect of tea was evaluated as brewed tea (aqueous extract). For the extraction of 



bioactive compounds from tea 0.2 g of tea leaves were measured into 50-mL round bottom flasks 

and 50 mL distilled water was added (4 mg/mL). Sample was heated on sand for 1 hour (with 

water cooler system attached to prevent evaporation). After cooling extracts were sieved on paper 

sieve and collected filtrate was completed to 50 mL. Black tea brew (BTB) was stored in -80°C 

until use. Thawed BTB was added separately to fat sources before digestion experiments. 

Moisture-, fat-, fatty acid-, and protein content of food samples were determined as follows in 

Table 1. 

Table 1. Methods used for determination of moisture-, fat-, fatty acid-, and protein content of food 

samples. 

Parameter Food sample Method of determination 

Moisture 

content 

Baked carp, baked beef ISO 1442:2000 

Cream, sour cream, 

sour cream analogue 
Gravimetry by drying at 103±1°C 

Fat content 

Baked carp, baked beef ISO 1444:2000 

Cream, sour cream, 

sour cream analogue 
ISO 2450:2008 

Fatty acid 

content 

Baked carp, baked beef, cream, sour 

cream, sour cream analogue 

ISO 12966-2:2017 

“Rapid” method 

Protein 

content 

Baked carp, baked beef, cream, sour 

cream, sour cream analogue, cooked 

pasta 

Kjeldahl method 

Correction factor: meat products: 6,25; 

dairy products: 6,38; cooked pasta: 5,83 

 

Additionally, fat content and fatty acid composition were also determined after fat extraction with 

the Bligh and Dyer method using Folch extraction. 

3.3. Digestion simulation and analytical assessment of digestibility 

Digestion simulations were made according to the Infogest protocol v1.0 (“PL”; using amylase, 

pepsin and pancreatin; (Minekus et al. 2014) and Infogest v2.0 (“GL+PL”; using amylase, rabbit 

gastric lipase (RGE) and pancreatin; (Brodkorb et al. 2019). All digestion experiments were 

conducted in triplicates. Blank digestions were also made for each triplicate using 5 g (±0.001 g) 

of distilled water (lipid digestibility experiments) or 5 g (±0.001 g) of protein free biscuits (protein 

digestibility experiments) as sample. 

3.3.1. Single food digestions 



First, digestion experiments were carried out to test and validate the method for assessment of 

bioaccessible fatty acid content. Then, lipid and/or protein digestibility of these foods were defined 

i) to determine lipid and/or protein digestibility of test foods, ii) to use as control in lipase 

inhibitory experiments with bioactive rich foods, iii) to use as control in co-digestion experiments 

with other foods with high fat and/or protein content. Single product digestions of BC were carried 

out with 5, 4, 1, 0.5 g (±0.001 g) samples. From BB 0.9 g (±0.001 g), from C 0.5 g (±0.001 g), 

from SC and SCA 1 g (±0.001 g), and CP 4 g (±0.001 g) sample were digested. All samples below 

5 g were diluted with distilled water to reach proper sample size according to consensus (5 g). 

3.3.2 Co-digestions – Lipase inhibitory studies with bioactive rich foods 

These types of experiments focused on revealing the effects of simultaneous consumption of high 

fat foods and foods with proven lipase inhibitory effects on lipid digestibility of said high fat food. 

Effect of rosemary was tested on baked carp lipids. Rosemary spiced baked carp (1±0.001 g) was 

digested alone. Effect of grape seed powder and black tea brew was tested on cream, and baked 

beef. First, dose-dependency tests were done where GSP was added to 0.5 g (±0.001 g) cream at 

three levels, 5, 10, and 15 w/w% and BTB was added to 0.5 g (±0.001 g) cream at three levels, at 

1:1, 1:2 and 1:3 (cream: BTB) weight ratios. Levels were chosen based on recommended intake. 

GSP was added around the typical concentrations as suggested for this food supplement to mix 

with foods and BTB was added to cream in ratios that would be during consumption of English 

tea. Further experiments, with different substrate, were adjusted to fat content of cream (150 mg) 

thus to 0.9 g (±0.001 g) of baked beef the lowest effective level of GSP (5 w/w%) and BTB (1:2) 

were added. 

3.3.3. Co-digestion of foods – interplay between lipid and protein digestion 

Two sets of co-digestion experiments were conducted on revealing the interplay between fat and 

protein digestion, with the addition of different sources of fat to protein containing meals. To reveal 

how co-consumption changes the lipid digestibility of the high fat toppings (sour cream and sour 

cream analogue) “sour cream pasta” experiment was designed. Co-digestions were made using 4 g 

(±0.001 g) CP and either 1 g (±0.001 g) of SC or 1 g (±0.001 g) of SCA for this purpose. Since in 

these experiments the addition of different type of fats seemed to impact protein digestibility next 

experiment was designed to see the how some edible oils affect protein digestibility of cooked 

pasta. Eleven types of oils were chosen, namely, sunflower oil, MCT oil, pumpkinseed oil, walnut 

oil, hemp oil, olive oil, linseed oil, coconut oil, sesame oil, grape seed oil, rapeseed oil and were 

added to 4 g (±0.001 g) of CP at 5 w/w% in co-digestion simulations. 

3.3.4. Assessment of digestibility 



Development of the in vitro lipid digestibility method is part of the results. In vitro protein 

digestibility was determined from the small intestinal digesta after methanolic isolation, from the 

supernatant containing the digested protein fraction (tri-, dipeptides and amino acids) with three 

methods: i) based on free amino group content with the OPA (ortho-phtalaldehyde) method, ii) 

after acidic hydrolysis based on free amino group content with the OPA method; iii) based on 

amino acid composition after acidic hydrolysis with HPLC-UV method. Additionally protein 

quality indicators such as proxy–PDCAAS and in vitro DIAAS were calculated. Structural 

analysis was done in order to evaluate changes during gastric phase that could modify digestibility. 

Products and samples taken after chemical digestion were dyed with Coomassie blue (protein) and 

Nile red (lipid) and microscopic images were taken using an Olympus BX41 (40x lens). 

  



4. RESULTS 

4.1. Harmonized protocol to evaluate bioaccessibility of foods 

My goal was to create a systematic and routine way to determine both the quantity and the quality 

of the bioaccessible lipid fraction at the same time. In addition, the developed method contains 

built in quality control points which serves simultaneous verification of the results. During method 

development there were a few key questions that are needed to be addressed to establish the final 

protocol. These questions were directed at the i) appropriate fat extraction method; ii) 

determination of fatty acid release; iii) normalisation of derivatization methods using internal 

standardization. In order to clarify these aspects i) fat content and fatty acid composition – of the 

foods and their digesta – gathered after ISO standard extraction methods and the chosen Bligh and 

Dyer method were compared and accepted; ii) two standard derivatisation method were chosen to 

assess total fatty acid content (TFA) and esterified fatty acid content (EFA) from which free fatty 

acid content could be derived; iii) recovery experiment was designed and carried out to test 

applicability of the chosen glyceryl trinonadecanoate (C19:0 TAG) internal standard as an way to 

normalise between the two derivatisation methods used. 

In the proposed routine workflow, fat content of the tested food could/should be determined after 

fat extraction with the Bligh & Dyer method – if ISO stated standard method is not routinely used 

or unavailable. After in vitro digestion simulation – according to the Infogest protocol – is carried 

out, all lipid content is extracted from the small intestinal digesta with the Bligh & Dyer method. 

During extraction, polar components are separated from the non-polar components, which are 

transferred into the chloroform phase already spiked with internal standard (C19:0 TAG). From 

the total volume of chloroform (12.5 mL), two times 5 mL aliquots (containing 100 µg 

C19:0 TAG) are taken for derivatization, one with the total fatty acid method and the other with 

the esterified fatty acid method (ISO 12966-2:2017). For separation of fatty acid methyl esters 

(FAMEs) gas chromatography is used. Qualitative and quantitative analysis is based on a four-

level calibration (0, 10, 20, 40 µg/mL approximate concentration) with a FAME mixture composed 

of 37 FAMEs spiked at 100 µg/mL at each level with methyl nonadecanoate (C19:0 ME). Fatty 

acid content and composition from TFA method derivatized aliquot should be compared with 

B&D extracted fatty acid content and composition of the food sample as a built-in quality control 

step. Bioaccessible fatty acid content and individual release ratio of fatty acids are gotten after 

subtracting EFA results from TFA results. 



 

Figure 1. Protocol outline for the harmonized sample preparation of in vitro digesta for the 

assessment of free fatty acid release in food samples along with the protocol for fat content 

determination of the same food sample (Original image). 

4.2. Application of the lipid digestibility method 

The method was used to determine the lipid digestibility of baked carp, baked beef, cream, sour 

cream and sour cream analogue. Based on the results role of gastric lipase and food matrix were 

highlighted. In addition, co-digestion experiments were conducted with i) foods containing lipase 

inhibitory bioactive substances, and ii) foods with substantial amount of protein content. 

 

4.2.1. Single food digestions and conclusions 

Lipid digestibility of the chosen test foods; baked carp, baked beef, cream, sour cream, sour cream 

analogue were determined using the established protocol after in vitro digestion simulation 

according to the Infogest protocol (Table 2). 

FOOD PRODUCT

Fat extraction
Bligh & Dyer, 1959

12.5 mL 
chloroform phase 

Total fat content of
non-digested food 

product/meal

Drying at 103±1 °C 
Analysis of FAMEs GC-FID method

(Calibration ISTD C19:0 FAME)

Released fatty acid content and composition of 
food product/meal

Esterified fatty acid 
content and composition 
of small intestinal digesta 

of food product/meal

Total fatty acid content 
and composition of 

small intestinal digests 
of food product/meal

TFA method EFA method

In vitro digestion
Minekus et al., 2014

Aliquot of digesta
Fat extraction

Bligh & Dyer, 1959
ISTD C19:0 TAG 

Aliqouts of chloroform phase
Solvent evaporation

Methylation of aliquots



Table 2. In vitro lipid digestibility of the chosen test foods using two versions of the Infogest 

digestion simulation protocol. 

Test food Lipid digestibility (%) using GL+PL* Lipid digestibility (%) using PL* 

Baked carp 72.3 ± 0.9 62.8 ± 1.5 

Baked beef 67.2 ± 1.6 67.7 ± 2.5 

Cream 77.1 ± 5.0 69.2 ± 6.1 

Sour cream 61.1 ± 3.9 52.6 ± 3.7 

Sour cream analogue 66.2 ± 2.5 58.5 ± 4.5 

*GL: gastric lipase; PL: pancreatic lipase. Results are given in average±deviation format, n=6. 

Using the two versions of the Infogest protocol i.e., addition of both gastric lipase and pancreatic 

lipase (GL+PL) or only pancreatic lipase (PL), the role and effect of gastric lipase can be 

highlighted and linked to the fatty acid composition of the digested food. My results showed that 

during digestion of foods with more diverse fatty acid composition, such as cream and sour cream 

containing milk fat, having both short-, medium-, and long chain fatty acids, addition of gastric 

lipase results in a higher extent of lipolysis, mainly caused by the more efficient release of short-, 

and medium chain fatty acids by the action of gastric lipase. Simultaneously, it was shown that in 

lipid sources without significant amounts of short-, and medium chain fatty acids e.g., baked beef, 

the inclusion of gastric lipase does not result an additional increase in lipid digestibility compared 

PL-only digestions. These results also highlight the inefficiency of pancreatic lipase of cleaving 

short-, and medium chain fatty acids from asymmetric triacylglycerides without the pre-digestion 

of gastric lipase. 

Moreover, based on the lipid digestibility of the test foods role of the food matrix could be 

highlighted. On the example of sour cream and sour cream analogue, it was shown that during 

lipid digestion of food with similar matrix but different fatty acid composition the drive of lipid 

digestion is modified by the structural properties. Sour cream containing milk fat in its native form 

(covered with milk fat globule membrane) is prone to flocculation and aggregation during gastric 

digestion which consequently lowers lipid digestibility caused by the decrease in enzyme-available 

surface area. However, this effect is relevant for sour cream analogue since this imitate product 

contains palm oil droplets without protective layer therefore these droplets do not tend to aggregate 

under gastric conditions. In addition, in the case of sour cream analogue the palm oil based 

emulsion is more stable due to coverage by milk proteins. 

4.2.2. Co-digestion with foods containing bioactive substances 



Fat-free foods containing bioactive substances were selected that have previously been shown to 

exhibit lipase inhibitory effect with in vitro enzyme activity studies. Chosen materials were 

rosemary (Slanc et al. 2009), grape seed powder (Moreno et al. 2003) and black tea brew (Sellami 

et al. 2017; Jamous et al. 2018). In addition, applicability of method for evaluating enzyme 

inhibition were tested with Orlistat as a positive control. 

Rosemary was tested as a whole spice using baked carp as a lipid source however results gathered 

from in vitro digestion simulations showed that in this setting rosemary spice have no influence 

on overall lipolysis of baked carp meal (t test p= 0.557). Moreover FA-specific evaluation revealed 

no effect on release of individual FAs (t test p>0.05). Therefore it can be stated that the results of 

the in vitro enzyme assays may not be relevant in a more realistic model, i.e., the Infogest model, 

and that the investigation of organic extracts may not necessarily reflect the effect during 

conventional consumption (seasoning), but their use may optimise the effect in order to make food 

supplements. 

Grape seed powder (GSP) and black tea brew (BTB) were co-digested first with cream in a dose-

dependency test at three levels, 5, 10 and 15 w/w% for GSP and 1:1; 1:2 and 1:3 weight ratios for 

BTB. Results showed that both bioactive containing foods could lower lipid digestibility of cream, 

GSP was able to lower extent of lipolysis at the 5 w/w% addition by 12% meanwhile BTB at the 

1:2 ratio by 22%. The results also showed that further addition did not increase the expressed 

effect. The fatty acid-specific results also highlighted that the effect of both bioactive containing 

foods are more pronounced on pancreatic lipase. This effect is showed by the systematic decrease 

of the release ratio of the short-, and medium chain fatty acids compared to the long chain fatty 

acids. The effect of GSP and BTB were also tested on baked beef substrate therefore the two fat-

free foods were added to baked beef at the effective levels (5 w/w% for GSP and 1:2 ratio for 

BTB). On baked beef, neither GSP nor BTB showed inhibitory effect on lipolysis. The reason for 

this could be explained by differences in the characteristics of fat sources. In baked beef, relative 

abundancy of short-, and medium chain fatty acids are negligible and consequently, asymmetric 

triacylglycerols in which these fatty acids are present are also negligible. Thus, the dispreference 

shown by PL towards such substrates as well as the reduced contribution of GL to pre-digest these 

substrates as a consequence of the inhibition does not result in the apparent decrease in overall 

digestibility of beef fat. 

4.2.3. Interplay between lipids and proteins – sour cream pasta study 

Since consumption of food products – especially the type of high fat toppings such as sour 

cream – usually happens as part of a meal, additional ingredients could modify digestibility 



behaviour of the products. Therefore, revealing and understanding the effect of co-consumption 

on the lipid digestibility, the two tested high fat toppings, SC and SCA were studied during 

co-digestion with cooked pasta (CP). Cooked pasta was chosen as a low fat test product (<1% fat 

content) and an important element of western and Mediterranean diet (Simonato et al. 2015), 

usually consumed with simple toppings or sauces. Lipid digestibility of the two products was 

studied in co-consumption experiments, therefore both products were co-digested with cooked 

pasta to simulate a real meal. 

It was observed that lipid digestibility of SC in the pasta dish increased compared to the single 

food digestion by 9% (GL+PL: p= 0.021; 61.1 ± 3.9% to 66.8 ± 3.2%), however, this increase was 

only observed when both lipolytic enzymes were present. In the simulation with only PL, the 

addition of cooked pasta did not significantly ameliorate lipid digestibility (PL: p= 0.565; 

52.6 ± 2.7% to 54.0 ± 4.8%). Moreover, this was not the case for SCA where the extent of lipolysis 

did not change in either versions (GL+PL: p= 0.454; PL: p= 0.599). To reveal the reasons behind 

these differences fatty acid-specific evaluation and structural analysis were done. Based on these 

results, it can be concluded that the ameliorating effect during SC+CP co-digestion caused by the 

presence of pasta has happened in the gastric phase is twofold: i) pasta proteins inhibit structural 

disintegration of MFGs during gastric conditions that would result in coalescence and increased 

lipid droplet size. Thus, the reserved smaller globule size provides more efficient lipolysis for 

gastric lipase, and ii) the increased efficiency of gastric lipase (compared to single food digestion) 

manifested in the increased release of GL-preferred FAs (SCFAs and MCFAs). 

4.3. In vitro assessment of protein digestibility 

During my PhD studies, I had the opportunity to take part in an international ring trial on 

standardization of a protein digestibility assessment method based on the Infogest digestion 

simulation method, called “In vitro digestion protocol for the analysis of protein digestibility and 

in vitro DIAAS in dairy products”. Since I have already been working on a protein digestibility 

assessment method my work focused on bringing the two alternative methods together and to 

expand the use of the method for non-dairy products. This combined method was used to determine 

protein digestibility of baked carp, baked beef and cooked pasta, as well as to reveal the effect of 

edible oils on protein digestibility of cooked pasta in co-digestion experiments. 

4.3.1. Modification of the protein digestibility method 

In addition of the assessment of the lipid digestibility of foods the harmonized protocol could be 

used to determine protein digestibility of foods from the same small intestinal digesta. The 

modification of the chosen protein digestibility method (Sousa et al., 2023) in order to be 



applicable to simultaneous determination of lipid and protein digestibility evaluation by sampling 

was tested and validated using a reference material. The results showed that the sampling method 

instead of the one-step precipitation approach included in the original method is a good alternative, 

since the results gathered with the two preparation methods are not differ from each other. The 

amino acid based protein digestibility results are also sufficient to calculate approved protein 

quality indicators, such as proxy-PDCAAS and in vitro DIAAS. 

4.3.2. Protein digestibility of selected test foods 

Some test foods with higher protein content (baked carp, baked beef) and cooked pasta were 

chosen for the purpose of protein digestibility determination. Protein content of the test foods were 

determined with Kjeldahl method (relevant conversion factor was used). After in vitro digestion 

simulation bioaccessible protein content of these foods were isolated with methanolic 

precipitation. According to Sousa et al., the supernatant obtained by this method contains the 

bioaccessible protein content, which could be absorbed in the small intestine (Sousa et al. 2023). 

The extract will contain smaller proteins with different degree of polymerization, i.e., amino acids, 

di- and tripeptides will be present. Determination of protein content in the supernatant was carried 

out in three ways: i) unhydrolysed supernatant based on free amino group with the OPA method, 

ii) hydrolysed supernatant based on free amino group with the OPA method, and iii) hydrolysed 

supernatant based on amino acids with AQC derivatization and HPLC-UV analysis. Measurement 

of the unhydrolysed supernatant will give information on the degree of digestion, additionally to 

the overall protein digestibility (IVPD%) obtained from the other two methods. Protein content 

(%) of test foods determined with Kjeldahl method and in vitro protein digestibility (%) measured 

with different methods described above and calculated protein quality scores are shown in Table 3. 

  



Table 3. Protein content (%) of test foods: baked carp, baked beef and cooked pasta, determined 

with Kjeldahl method and in vitro protein digestibility (%) measured with different methods: 

unhydrolysed OPA, hydrolysed OPA and hydrolysed AA. Protein quality scores: proxy-PDCAAS 

and in vitro DIAAS, calculated from amino acid-based evaluation of in vitro protein digestibility 

after simulated digestion. 

  Test food 

 Mode of determination Baked carp Baked beef Cooked pasta 

Protein content [%]  Kjeldahl method 22.3±0.3 29.9±0.6 4.9±0.2 

in vitro Protein 

digestibility [%] 

Unhydrolysed OPA 36.8 33.1 21.7 

Hydrolysed OPA n.a. n.a. 54.2 

Hydrolysed AA 76.3 89.8 100.0 

n.a. - not applicable 

  

Test food 

proxy-PDCAAS* 

Preschool child 

(2-5 year) 

Schoolchild 

(10-12 year) 
Adult 

Baked carp 69 (Leu) 87 (Ile) 100 (SAA) 

Baked beef 55 (Trp) 68 (Trp) 100 (Trp) 

Cooked pasta 30 (Lys) 39 (Lys) 100 (Lys) 

    

Test food 

in vitro DIAAS* 

Infant  

(0-6 month) 

Child  

(6-36 month) 

Older child,  

adolescent, adult 

Baked carp 50 (AAA) 90 (AAA) 103 (Leu) 

Baked beef 40 (Trp) 80 (Trp) 103 (Trp) 

Cooked pasta 17 (Trp) 27 (Lys) 32 (Lys) 

*Calculated based on hydrolysed AA results. PDCAAS values above 100 were truncated. 

 

4.3.2. Co-digestion of cooked pasta with edible oils 

Addition of cooked pasta seemed to impact the lipid digestibility of high fat toppings containing 

milk fat and palm oil. Therefore, the question arises that if cooked pasta could affect the release of 

fatty acids form different fat sources, could different fat sources (i.e., edible oils) modify protein 

digestibility of cooked pasta? To test this theory, experiment was designed to see the how edible 

oils affect protein digestibility of cooked pasta. Eleven types of oils were chosen, namely, 

sunflower oil (SFO), MCT oil (MCT), pumpkinseed oil (PSO), walnut oil (WO), hemp oil (HO), 

olive oil (OO), linseed oil (LO), coconut oil (CO), sesame oil (SO), grape seed oil (GSO), rape oil 

(RO), and were co-digested with CP at 5 w/w% addition. Bioaccessible protein content of small 

intestinal digesta was isolated with methanolic precipitation and supernatant was used to determine 

in vitro protein digestibility (IVPD%) before and after acidic hydrolysis (AOAC 2018.06) as 

shown before, and amino acid-based results were gathered from the supernatant after microwave 



assisted hydrolysis. Moreover, fatty acid composition of oils was determined after derivatization 

with GC-FID, and lipid composition indicators were created to assess the effect of fatty acid 

composition on protein digestibility. In vitro protein digestibility results were correlated with lipid 

composition indicators, however strong correlation (r=0.89) was only detected with IVPD% 

results gathered with the OPA analysis but not with results calculated based on amino acid 

composition (r=~0.00). Based on these results it is hypothesized that oleic acid could form 

complexes with proteins and enhanced during thermal denaturation. Thermal denaturation 

increases chance of protein-oleic acid interactions due to unfolding and opening of interaction 

sites. In the bioaccessible fraction, a part of the protein content is present as peptides, therefore 

interaction sites are already available to bind to oleic acid, which reaction might be amplified by 

the heat treatment during the hydrolysis process. Thus peptide-oleic acid complexes might form, 

which could hinder peptide hydrolysis towards amino acids. 

  



5. NEW SCIENTIFIC RESULTS 

1) I established and validated a new harmonised sampling and analytical protocol 

suitable for simultaneous determination of lipid and protein digestibility from the 

same Infogest in vitro, static digestion simulation. 

• It was proven that total lipid content of a digesta, containing a mixture of hydrolysed 

and intact lipid species (TAG, DAG, MAG, FFA) cannot be determined after solvent 

evaporation and weight determination, since some of the lipid species formed during 

digestion are lost during evaporation. 

• It was concluded that a sample size containing not more than 150 mg lipids is to be 

used in the developed protocol. 

• I proved that the developed sampling method is a more effective substitute of the 

currently accepted standardized method, which sacrifices the entire sample for studying 

only one nutrient. 

 

2) Fatty acid-specific lipid digestibility results of cream, sour cream, and sour cream 

analogue as well as the prepared, ready-to-eat meal forms of baked carp (PDO from 

Akasztó) and baked beef were presented for the first time using the Infogest digestion 

simulation method and it was shown that TAGs containing short and medium chain 

fatty acids are non-preferred substrates for pancreatic lipase (PL) however this 

specificity is not characteristic for gastric lipase (GL). 

• It was shown for the first time on the example of cream and sour cream that GL plays 

a key role in ameliorating the digestibility of short and medium chain fatty acids from 

milk fat. 

• It has been shown, on baked beef as an example, that for lipid sources without 

significant amounts of short- and medium-chain fatty acids, the inclusion of GL does 

not result in an additional increase in lipid digestibility compared to PL-only digestions. 

 

3) Using fatty acid-specific lipid digestibility assessment with the Infogest in vitro 

digestion simulation and microscopic structural analysis, I proved that divergent 

droplet size formed during gastric digestion is a key determinant of the difference in 

the extent of lipolysis of sour cream and sour cream analogue (containing palm oil). 

• It was shown that on the contrary to sour cream, where milk fat globules are naturally 

covered by milk fat globule membrane, palm oil droplets of sour cream analogue 



(without membrane) are not prone to flocculation and aggregation under the conditions 

typical during gastric digestion, thus the original lipid droplet size is not increasing 

during gastric digestion. 

 

4) In vitro digestion simulation of baked carp meal with rosemary spice (5 g dried 

commercially available rosemary/100 g baked carp) showed no effect on the 

digestibility of baked carp lipids. 

 

5) Using fatty acid-specific lipid digestibility assessment with the Infogest in vitro 

digestion simulation, I proved that co-consumption of grape seed powder and black 

tea brew can inhibit lipid digestibility in some, but not any types of food. 

• Direct addition of GSP (Bock Hungary) in 5 w/w% concentration and black tea brew 

(Himalayan Spring FF 2022 No.601) to cream in 1 (cream):2 (tea) ratio is sufficient to 

significantly decrease extent of lipid digestion of cream, whereas it did not affected 

digestibility of baked beef lipids. 

• I have shown that GSP and BTB primarily affect the lipolysis of short- and medium-

chain fatty acids, and thus may reduce the lipid digestibility of foods with 

triacylglycerols containing significant amounts of these fatty acids. 

 

6) I proved that both GSP and BTB have similar in vitro lipase inhibitory effects when 

consumed together with cream. Namely, GSP and BTB selectively decrease the 

release of short- and medium chain fatty acids, which indicates an inefficient 

pancreatic lipase function. 

 

7) Using fatty acid-specific lipid digestibility assessment with the Infogest in vitro 

digestion simulation, I proved that co-consumption sour cream and sour cream 

analogue with cooked pasta, increased the extent of lipid digestion of sour cream but 

not sour cream analogue. 

• It was shown that presence of pasta protein inhibits structural disintegration of milk fat 

globules during gastric conditions that would result in coalescence and increased lipid 

droplet size. Thus, the reserved smaller globule size provides more efficient lipolysis 

for gastric lipase, which manifested in the increased release of gastric lipase-preferred 

short- and medium chain fatty acids. 

 



8) Using amino acid-specific assessment of protein digestibility with the Infogest in vitro 

digestion simulation, I proved on the example of eleven different edible oil types that 

co-consumption of edible oils with cooked pasta generally reduces protein 

digestibility of pasta proteins. 

• Correlation of fatty acid composition with the in vitro protein digestibility results 

proved that observed proteolysis-reducing effect of edible oils could not be directly 

stemmed back to their fatty acid composition. 

 

In the above text, “Infogest in vitro digestion simulation method” means the currently accepted 

standardized method published in Brodkorb, A., Egger, L., Alminger, M. et al. INFOGEST static 

in vitro simulation of gastrointestinal food digestion. Nat Protoc 14, 991–1014 (2019). 

https://doi.org/10.1038/s41596-018-0119-1 (2023.03.16) 
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- Anas Al Halabi, Food Engineering MSc, nappali tagozatos hallgató társtémavezetése 
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Total points for PhD procedure 

1. Publications and their response Required Reached 

1.1. Publication in an IF journal min. 20 50 

1.2 In a conference publication  46 

1.3 Book, note - - 

1.4 References (MTMT) - 10 

2. Specific scientific works - - 

3. External research sources - 17 

4. Education of young scientists - 4,5 

5. Other scientific activities - - 

1-5. Total min. 40 127,5 

 


