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Introduction 

Maillard reaction is one inevitable reaction that takes place during food processing and confers specific flavor 

and color to food. Some Maillard reaction products (MRPs), such as acrylamide, hydroxymethylfurfural 

(HMF), -dicarbonyl compounds and Advanced Glycation-End products (AGEs), represent a potential threat 

for human health when ingested with diet1–4. The formation of these compounds can occur greatly in animal-

derived foods that are high in fat, protein, and sugar, such as meat or milk. These foods are prone to MRPs 

formation as they can be subjected to cooking or thermal treatments that allow their consumption and 

ensure an extended shelf life5,6. Numerous studies have been already undertaken over the years to assess 

the safety of animal-derived foods in terms of their content of MRPs7. On the contrary, very little is known 

about the formation of MRPs in plant-based foods during their production and cooking procedures.  

Therefore, the overall goal of this project was to investigate the possible presence of harmful MRPs in food 

of plant origin, focusing on meat and dairy alternatives. In the first case, the characterization of the MRPs 

aimed at evaluating how different cooking styles can affect the MRPs content of meat alternatives products. 

For dairy alternatives, the identification and quantification of MRPs were instead focused on understanding 
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whether thermal processing techniques that occur during the production and packaging of these plant-based 

drinks can in turn modify their MRPs profile. In the context of nutritional intervention for the prevention of 

chronic diseases, the novelty of this research approach is to highlight aspects of food that are still little 

considered. 

 

Experimental design 

Two different brands (Brand A and Brand B) of plant-based burgers patties, chicken filets, sausages and 

schnitzel and their animal-based counterparts were purchased from a local danish supermarket. These 

products were subjected to different thermal processing: frying, baking and grilling for burgers, chicken filets 

and sausages and only frying and baking for schnitzels, for a total of 36 samples. All products were finely 

chopped in a food processor and stored at -80°C until further analysis. Regarding dairy products, two UHT 

milk and 10 plant-based drinks (six oat, one soy, one rice, one almond and 1 mix (composed of soy, rice, 

almond and oat) drinks) were used for the study. These drinks were freeze-dried for 96h so the following 

experiments were performed on milk powder. Both meat and dairy samples were analyzed in terms of dry 

matter and protein content.  

After these initial steps, the 36 meat samples and the 12 dairy products were hydrolyzed with a microwave-

assisted hydrolysis protocol, previously established by the hosting lab8. This method provides a comparable 

hydrolysis efficiency to conventional acid hydrolysis as well as faster sample preparation. After the hydrolysis, 

these samples have been analyzed in terms of their total amino acid and AGEs content.  The total amino acid 

composition analysis was carried out on an ultrahigh-performance liquid chromatography–fluorescence 

detection (UHPLC-FLD) system. For AGEs analysis, the sample content of furosine, carboxyethyl-lysine (CEL), 

methylglyoxal and glyoxal derived hydroimidazolone isomers (MG-Hs and GO-Hs), methylglyoxal lysine dimer 

(MOLD), glyoxal lysine dimer (GOLD), lysinoalanine (LAL) and lanthionine (LAN) were analyzed using a method 

previously validated by the hosting lab8. For the analysis of carboxymethyl-lysine (CML), a specific kind of 

AGEs, samples have been firstly reduced and afterward hydrolyzed and detected in the same conditions as 

described above.  

For further analyses, fresh food extracts have been prepared and used for the analyses of i) -dicarbonyl 

compounds by derivatization with o-phenylenediamine and subsequent separation and detection of the 

corresponding quinoxalines with LC-MS/MS, ii) HMF and furfural with HPLC with diode-array detection 

(HPLC-DAD), iii) acrylamide with LC-MS/MS, and finally, iv) sugars with HPLC-RID. 

 

Results 

All these data were collected in quadruplicates or at least in triplicates. Below, you can find the preliminary 

results and the consequent conclusions.  

 

mailto:muriel.bertomoro@sifweb.org
mailto:adele.tangolo@sifweb.org


                                                                

Da inviare a: Società Italiana di Farmacologia – e-mail: muriel.bertomoro@sifweb.org; 
adele.tangolo@sifweb.org;   

 

Plant-based Milk alternatives 

Total AA analysis 

From total AA analysis, as expected UHT milks showed the highest concentration of total essential AA than 

plant-based drinks. Only Soy and Mix drinks showed to have the closest total essential AA level to the UHT 

milks whereas rice is very poor. 

AGEs analysis 

AGEs are a group of compounds formed by the reaction of -dicarbonyl compound and nucleophilic AA 

residues. Among them, furosine is an acid derivative of Amadori compounds and a marker of early stages of 

the Maillard reaction. From our results, higher concentrations of furosine were detected in UHT milks but 

also in Oat 1,9% and Mix drinks. CML and CEL are formed by the reaction between lysine and glyoxal or 

methylglyoxal, respectively. CML content was found to be higher in Oat 1,8%, Oat 3,5% and Almond drinks 

whereas CEL was higher in Almond drink and was not detected in Rice. MGO- and GO-Lys dimers (MOLD and 

GOLD), which are cross-links formed between two Lys residues, were under the limit of detection. These 

results are in line with previous studies that showed that MOLD and GOLD have only been detected in food 

at minor levels. Arg-derived AGEs include MGO- and GO-derived hydroimidazolones (MGO- and GO-Hs). They 

both exist as three different isomers (H1-H2-H3) but we quantified them as MGO and GO-H3 equivalents 

which correspond to the sum of MGO- or GO-H1+H2+H3. Regarding, GO-Hs, we found high concentrations 

in Oat, Almond and Mix drinks while MGO-Hs were found to be highest in Almond drink. Finally, LAN and LAL 

are cross-linked amino acid products, formed by the reaction of lysine and cysteine with dehydroalanine 

during heat treatment. LAN content was found higher in all tested drinks in comparison to UHT milks except 

for Rice and Almond. LAL concentration was detected in higher concentrations in Soy, Oat 1,8%, Oat 3%, Oat 

3,5% and Mix drinks than UHT milks. 

−dicarbonyl analysis 

-dicarbonyl compounds can be formed from the degradation of Amadori products. Glyoxal (GO), 

methylglyoxal (MGO) and diacetyl were found in high concentrations mostly in Oat 1,8% and Oat 3,5%.  3-

deoxyglucosone and glucosone were detected in high concentrations mainly in Oat 1,9% drink. A high content 

of glucosone was detected in Mix and Rice drinks and not detected in UHT milks. Finally, 1-deoxypentosone 

was detected in all Oat and Rice drinks. 

HMF, furfural and acrylamide analyses 

-dicarbonyl compounds can degrade to form different compounds such as furfural and HMF. Furfural was 

detected only in Almond drinks whereas HMF, which is widely used as a marker for Maillard or heat-induced 

reactions in food, was detected in high concentrations in Oat 1,9% and in Almond drinks. From ACR analysis, 
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we didn’t expect to see much ACR in our samples because the formation of this compound occurs mainly in 

intensely heated and dry conditions; however, ACR was detected mainly in Oat 1,9% and Almond drinks. As 

a possible explanation, the formation of ACR in our samples can occur if we hypothesize that oat and almond 

are heated as a preliminary step before the production of milk. This is surely what happened in the case of 

Almond drink as, according to the label, it was made from roasted almonds. 

Sugar analysis 

The reason why the concentration of some MRPs was found to be higher in some plant-based drinks can be 

due to two factors, i) their chemical composition and ii) the process conditions that are used for the 

production of these food products. In order to better understand the effect of chemical composition, we also 

performed sugars analysis. Data analysis is still ongoing, but we were able to observe in all plant-based drinks 

a high amount of oligosaccharides.  

As preliminary conclusions, we can state that AGEs content was found to be higher mainly in Oat and Almond 

drinks.  -dicarbonyl analysis showed a high content of  -dicarbonyl compounds in Oat drinks. Finally, HMF, 

Furfural and Acrylamide were found increased in both Oat and Almond drinks.  

Plant-based Meat alternatives 

For plant-based meat alternatives, data analyses of acrylamide and sugars are still ongoing.  

Chicken Filets 

The total AA content of chicken samples was higher in traditional samples than Brand A and Brand B samples. 

These results are in line with the protein content of traditional, Brand A and Brand B samples. Baked Brand 

A chicken samples seem to have higher concentrations in terms of CEL, GO-Hs, MGO-Hs, LAN and LAL than 

the corresponding traditional chicken samples. Baked Brand A chicken samples also have shown to have 

higher concentrations of GO, MGO and diacetyl and of furfural and HMF than the traditional chicken 

counterparts. 

Burgers 

Also for burger samples, the total AA content was found to be higher in traditional samples than Brand A and 

Brand B samples. Regarding AGEs analysis, both Brand A and Brand B had higher concentrations than 

traditional samples in terms of CML, GO-Hs, MGO-Hs and LAN content. No significant differences were 

observed between these samples regarding cooking styles. Brand A and Brand B burgers in all cooking styles 

showed also higher concentrations of 3-deoxyglucosone, glucosone and GO than traditional ones. HMF was 

detected in all burger samples except for traditional ones whereas furfural was detected only in baked and 

grilled Brand B samples.  
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Sausages 

In sausages, the total AA content was higher in Brand B samples than Brand A and traditional samples. This 

can be easily explained by the fact that the protein content of Brand B is also higher than the one of Brand A 

and traditional samples. Fried and grilled Brand A samples showed a higher amount of CML, MG-Hs and LAN  

in comparison to traditional sample counterparts.  For Brand B, baked samples showed instead an higher 

amount of Furosine, GO-Hs, MGO-Hs, LAN and LAL in comparison to traditional ones. Regarding dicarbonyl 

analysis, MGO content was found to be higher in all Brand B samples than traditional ones and both Brand A 

and Brand B have higher concentrations of GO than traditional sausages samples. Finally, fried-Brand A 

sausage had the highest amount of HMF whereas furfural was not detected in any sausage samples.  

Schnitzel 

The total AA content of schnitzel samples was higher in traditional samples than Brand A and Brand B 

samples. In fried Brand B schnitzel a higher content of CML, CEL, MGO-s, LAN and LAL was detected in 

comparison to both Brand A and Traditional correspondent samples. Fried Brand A and fried Brand B samples 

have a higher amount of 3-deoxyglucosone, 1-deoxypentosone, glucosone, MGO, and GO in comparison to 

traditional pan-fired schnitzel samples. Finally, baked Brand A and fried Brand B showed the highest amount 

of HMF whereas furfural was detected only in baked Brand B schnitzel.  

From some preliminary observations, we can say that baking and frying may represent the cooking styles 

that mostly affect the concentration of MRPs in plant-based meat alternatives. However, further 

considerations that include the chemical composition of these food products should be considered during 

the data analysis. In this regard, many data analyses are already scheduled, including some PCA analyses that 

will allow us to increase the interpretability of the results and enable the visualization of multidimensional 

data. Surely the outcomes of the project will help to fill the gap of knowledge regarding the safety of plant-

based foods and shed light on how MRPs formation occurs during processing, storage, and cooking in plant-

based foods. 
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