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Abstract 

Toxic compounds in cooking fumes could cause respiratory problems. In the present study the 

formation of isocyanic acid (ICA), methyl isocyanate (MIC) and hydrogen cyanide (HCN) 

was studied during the heating of proteins or frying of protein rich foods. Heating was 

performed in an experimental setup using a tube oven set at 200-500 °C and in a kitchen when 

foods with different protein content were fried at a temperature around 300 °C. ICA, MIC and 

HCN were all generated when protein or meat were heated. Individual amino acids were also 

heated and there was a significant positive correlation between their respective nitrogen 

content and the formation of the measured compounds. Gas from heated protein or meat also 

caused carbamylation in albumin. ICA, MIC and HCN were also present in fumes generated 

when meat, egg and halloumi were fried in a kitchen pan. The levels of ICA were here twice 

that of the Swedish occupational exposure limit. If ICA, MIC and HCN in fumes from heated 

protein rich foods could contribute to the risk of airway dysfunction among those exposed is 

not clear, but it is important to avoid inhaling frying and grilling fumes and to equip kitchens 

with good exhaust ventilation. 
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Practical implications 

Cooking fumes could contain toxic compounds and the air in kitchens with poor ventilation 

might therefore constitute a risk. 

It is here shown that heating of proteins or meat at temperatures between 200 and 500 °C 

results in the formation of isocyanic acid (ICA), methyl isocyanate (MIC) and hydrogen 

cyanide (HCN) and this formation does also correlate well with the nitrogen content in 

individual amino acids that were tested. The generated gas does also cause carbamylation of 

proteins ex vivo. 

ICA, MIC and HCN are also found in fumes generated during the frying of protein-rich foods 

in a kitchen. 

Fumes from fried or grilled protein rich foods contain ICA and other toxic constituents and to 

avoid exposure, kitchens should therefore be well ventilated. 

 

 

 

 

 

1. Introduction 

Cooking fumes may contain respiratory irritants and the air in kitchens with poor ventilation 

could therefore constitute a health risk. It has been reported that kitchen staff has a higher 

prevalence of respiratory symptoms1 and short-term exposure to cooking fumes in an 
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experimental setup has also been associated with an increase in short term spirometric 

effects.2 Compared to controls, subjects exposed to cooking fumes have also shown 

significantly more respiratory symptoms as well as an acute reversible decrease in lung 

functional capacity.3 Emissions from high-temperature frying have also been evaluated by the 

International Agency for Research on Cancer and rated as probably carcinogenic to humans.4 

 

The air quality in kitchens and levels of toxic constituents in cooking fumes varies 

considerably depending on the type of cooking, materials used for cooking, type of food and 

heating system and the conditions of the kitchen itself (work load, size, ventilation, etc.). The 

pollutants could consist of fine particulate matter, polycyclic aromatic hydrocarbons (PAHs), 

carbon monoxide, nitric oxides, aldehydes or other toxic compounds from the fuel of the 

heating system but they could also be generated from the food itself or from the used cooking 

oil. The presence of PAHs, heterocyclic amines or other potentially mutagenic constituents 

has been studied extensively and such compounds could be generated during frying, grilling 

and barbequing and then emitted mainly as fine particles.5 Some could also be adsorbed on 

the food and then be ingested. One group of pollutants whose concentrations differ depending 

on cooking type is volatile organic compounds (VOCs).6 VOCs are ubiquitous in our 

environment and are emitted or generated from many different sources. It is possible that 

VOCs formed during cooking could affect respiratory health not only in kitchen workers but 

also in people living in areas with a high density of restaurants or catering businesses.7 

Monoisocyanates such as isocyanic acid (ICA) and methyl isocyanate (MIC) are one type of 

VOCs that could be generated during heat degradation or combustion of nitrogen containing 

products.8 They are highly reactive electrophilic compounds that in the body will cause post-

translational modifications which will lead to the damage and dysfunction of proteins.9-11 ICA 

does then react with, and irreversibly bind to, lysine or cysteinyl side chains in proteins or 

other biomolecules, resulting in a change in their structure and function. Ultimately such 

changes could lead to an increased risk of diseases such as chronic kidney disease, 
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atherosclerosis and hypoxia.11 Inhalation could thus cause serious toxic effects and one 

example of this is the MIC-mediated lung damage that resulted in the deaths of thousands of 

citizens after the industrial accident in Bhupal.12 ICA is a strong organic acid that, together 

with other pollutants, has been found in fire smoke,13, 14 diesel emissions,15, 16 and in 

emissions from heated products that contain urea-formaldehyde resins as binders.17, 18 

 

The aim in this study was to use an experimental setup to study the formation of ICA, MIC 

and HCN when protein (albumin) or meat is heated in temperatures between 200 and 500 °C. 

The lower temperatures in this range are similar to those that normally are used during the 

frying or grilling of meat or other protein rich foods. The generated gases were also studied 

with respect of their ability to cause protein carbamylation – a type of modification that could 

lead to protein dysfunction in vivo. Samplings were also performed in a domestic kitchen 

during the frying of protein rich foods. 

 

2 Materials and Methods 

2.1 Sample preparation and heating of samples 

Albumin (bovine serum albumin), amino acids (with nitrogen contents that varied between 

8.5 % and 32.2 %), urea, dimethyl urea and dried meat were used in the laboratory model. To 

obtain a dried meat material that easily could be weighted and used in the tube oven, the meat 

(lean filet of pork) was first finely cut with scissors and then dried in 60 °C for 24 h. The 

dried sample was then grinded in an agate mortar to obtain grains with a size between 0.2 and 

3 mm and this material was then stored in a glass bottle. Before each test, individual samples 

were weighed directly into aluminium weighing boats with the approximate length, width and 

height of 3x1x1 cm. A tube oven was used to heat the samples to temperatures between 200 

and 500 °C (ENTECH ETF 30-6, Energiteknik AB, Ängelholm, Sweden). Foods were also 

heated in a cast iron pan on an electric stove in a kitchen. An infrared-thermometer (Fluke 62 

MAX, IR Thermometer) was used to monitor the temperature of the surface in the pan that 
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during frying varied between 290 and 310 °C. Potatoes (freshly harvested, peeled and cut), 

meat (lean filet of pork), eggs and halloumi (a semi-hard brined cheese) were all bought in a 

local grocery store. Figures that show the experimental setup during experiments with the 

tube oven and in the kitchen and of the foods that were used can be seen in the Supporting 

information (Figures S1A, S1B and Figures S2A-C, respectively). 

 

2.2 Air sampling  

Samples were prepared as described above and weighed into aluminium weighing boats. A 

long forceps was used to insert the samples 150 mm into a 25 x 600 mm glass tube. The two 

impinger flasks for sampling of ICA, MIC and HCN, respectively, were then connected to the 

tube via a T-tubing connector and the tube was finally inserted into the oven so that the 

sampling could begin. The flow through each sampler was 1.0 l/minute and the normal 

sampling time was 20 minutes. The sampler for ICA and MIC was filled with 10 ml 10 

mmol/L dibutylamine in toluene and the sampler for HCN with 10 ml of 12.5 mmol/L borax 

buffer (pH 9.5). Each impinger flask was connected with a SureSeal black polypropylene 

filter cassette (SKC, 225-3-23) with a 25 mm glass fibre filter (Munktell MG 160). After the 

sampling this filter was transferred to and mixed with the solution in the impinger flask. The 

air pumps that were used for sampling were from Casella CEL (Apex Pro Personal Air 

Sampler). During sampling with albumin-impregnated glass fibre filters (see below), an 

Adjustable Low Flow Tube Holder (SKC, Cat.no. 224-26-01) in combination with a Low 

Flow Constant Pressure Controller (SKC, Cat.no. 224-26-CPC) was used to reduce the flow 

to 0.2 l/minute. 

 

To study protein carbamylation, fumes were drawn through albumin-impregnated glass fibre 

filters and the carbamylation of the fibre-bound albumin was then analysed with ELISA-

technique (as described in the Supporting information). Glass fibre filters (∅12 mm disks) 

were first punched from Munktell MG 160 glass fibre filter sheets. The filters were then 
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placed on a glass plate and 40 µl of a solution of 10 mg/ml albumin in 0.9 % NaCl was added 

to each filter. The filters were then dried in room temperature overnight and then finally 

mounted in 12 mm Swinnex filter cassettes (Millipore, Cat. No. SX0001300). During 

sampling, air was drawn through the filters with a flow rate of 0.2 l/minute for 10 minutes 

(gas from the tube oven) or 2.5 – 3 minutes (fumes in the kitchen). Air sampling was also 

performed in an ordinary kitchen. Impinger samplers and Swinnex filters with albumin-

impregnated glass fibre filters were mounted in parallel and placed approximately 40 cm over 

the frying pan so that the generated fumes could be trapped (see Figure S2A in the Supporting 

information). 

 

2.3 Analysis  

A list of the used chemicals and detailed information about the analysis of ICA, MIC, HCN 

and protein carbamylation are found in the Supporting information. 

 

ICA and MIC were analysed with LC-MS/MS methodology according to a previously 

presented method.19 HCN was analysed with a modification of a previously described 

method.20 Here, 40 µl of samples from impinger flasks were mixed with 20 µl of 2 mM 

naphthalene-2,3-dicarboxaldehyde in the wells of a white 384-well plate. After four minutes, 

20 µl of 50 mM taurine was added and after an additional four-minute period the fluorescence 

was read in a plate reader. Analysis of protein carbamylation was performed with ELISA 

technique. After sampling, protein was eluted from the filters into 0.9 % NaCl and then 

diluted further in a carbonate buffer to a final concentration of 100 µg/ml. Of this solution, 40 

µl was added to the wells of a white 384-well plate. The plate was sealed and incubated 

overnight in a refrigerator so that the protein could bind to the surface of the wells.  After 

blocking and incubations with goat anti-Carbamyl-Lysine antibodies, followed with HRP-

conjugated rabbit anti-goat antibodies and finally chemiluminescence substrate solution, the 

chemiluminescence signal was read on a plate reader. The results are presented as ratios of 
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samples vs. background (signal in samples divided with signals in backgrounds). The 

background was albumin-impregnated filters through which air had been drawn for 10 

minutes when the tube oven was heated between 200 and 500 °C without albumin or dried 

meat, or the frying pan was heated without foods.  

 

2.4 Statistics 

Differences between the groups were calculated using the Student’s t-test and a P value 

of <0.05 was considered statistically significant. Correlation coefficients were calculated with 

the Pearson’s test. One-way ANOVA and Tukey-Kramer Multiple Comparisons Test were 

used to calculate how the formation of ICA, MIC or HCN changed with temperature. The 

software used was Graph Pad Prism 4 (GraphPad Software, CA, USA). 

 

3 Results  

3.1 Formation of ICA, MIC and HCN from heated protein or meat 

Figure 1 shows the formation of ICA, MIC and HCN after 1.4 – 25.0 mg albumin had been 

heated at 500 °C for 20 minutes. The levels of ICA were roughly 200 and 20 times higher 

than those of MIC and HCN, respectively. There was a significant correlation between the 

weighed mass of albumin and formation of all three measured compounds and the r-value 

varied between 0.96 and 0.98.  The origin of the measured compounds could probably be 

nitrogen in the amino acids that build up the proteins and therefore samples of seven different 

amino acids with nitrogen contents between 8.5 and 32.2 % were prepared and heated. The 

formation of ICA, MIC and HCN that was generated when single amino acids were heated at 

500 °C are shown in Figure 2. After normalization to equimolar amounts there was a 

significant correlation between the nitrogen content of the amino acids and the formation of 

all three of the measured compounds. The strongest correlation was seen between nitrogen 

content and ICA (r=0.92, p<0.003). Phenylalanine with 8.5 % nitrogen resulted in the 

formation of 5.5 µg ICA/ 50 µmol of amino acid whereas arginine with the highest nitrogen 
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content (32.2 %) resulted in the formation of 131 µg ICA/ 50 µmol of amino acid. Urea and 

N,N’-dimethylurea were here used as positive controls as they are known to decompose into  

ICA or MIC, respectively. When urea (3.6 mg) was heated in the same way as the amino 

acids the formation of ICA, MIC and HCN was 384, 0.01 and 0.6 µg/50 µmol of urea, 

respectively. Similarly, when dimethylurea (6.2 mg) was heated the generated ICA, MIC and 

HCN were 66, 79 and 0.4 µg/50 µmol of dimethylurea, respectively. 

 

The formation of ICA, MIC and HCN when albumin or samples of dried meat were heated in 

temperatures between 200 °C and 500 °C are shown in Table 1. Low levels of ICA, MIC and 

HCN could be found from both albumin and meat already at a temperature of 200 °C. For 

albumin the levels of ICA, MIC and HCN increased 16, 3 and 8 times when the temperature 

increased from 200 to 300 °C. The levels that were generated at 400 °C and 500 °C were then 

just modestly higher than those at 300 °C. For meat the change between 200 and 300 °C 

resulted in a 4, 5 and 10 times increase in ICA, MIC and HCN, respectively. The formation 

did then continue to rise with temperature and the change between 300 °C and 500 °C was 

here 14, 6 and 6 times for ICA, MIC and HCN, respectively. 

 

3.2 Carbamylation of proteins 

In a model to study protein modifications, gases were drawn through albumin-impregnated 

glass fibre filters. Table 2 shows the formation of carbamylated lysine residues generated by 

gases from albumin or dried meat heated at temperatures between 200 and 500 °C. Compared 

to the background there was a significantly increased carbamylation with a p-value less than 

0.001 for all samples except for samples with albumin heated at 200 °C. For albumin and 

meat, the carbamylation was 5.3 times and 3.7 higher at 300 °C than at 200 °C, but for either 

product this did not increase further at higher temperatures. Samples of urea were used as 

positive controls and the carbamylation (signal in sample/signal in background) from fumes 
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generated when three urea samples (5.1, 5.1 and 5.3 mg) were heated to 300 °C was 21.5 

±1.0. 

 

3.1 Formation of ICA, MIC and HCN during frying of protein rich foods  

Samplings were also performed in a domestic kitchen when foods with different protein 

content were heated in a frying pan at temperatures between 290 and 310 °C (Table 3). 

Potatoes, meat and halloumi were cut into slices in an attempt to create a similar surface area 

that could be exposed to the heated pan. Fumes from fried potatoes with less than 2 % protein 

contained lower levels of ICA, MIC and HCN than fumes from meat, egg and halloumi that 

contained 20 %, 13 % and 22 % respectively. ICA was the predominant compound and the 

level in fumes generated during the frying of meat, eggs and halloumi were around two times 

higher than the levels of HCN. Samples were also taken to see if the frying fumes could cause 

carbamylation of albumin, but could not be confirmed under the present conditions. 

 

4 Discussion 

Proteins are condensation polymers of nitrogen containing amino acids and albumin contains 

16.3 % nitrogen, which is close to the average of other proteins.21 Even if only albumin was 

used in this study it seems reasonable to believe that a similar formation of isocyanates or 

hydrogen cyanide would have been generated also if other proteins had been heated. The 

major proteins in meat (muscle tissue) are actin and myosin and samples of these were not 

tested. However, in the kitchen, similar amounts of ICA, MIC and HCN were found in fumes 

from fried meat with actin and myosin, egg with albumins, mucoproteins and globulins, and 

halloumi with protein from goat and sheep milk. So, in view of the fact that proteins are built 

up by the same amino acids, an assumption here is that the results with regard to the thermal 

degradation and formation of ICA, MIC and HCN would have been similar also if actin, 

myosin or any other protein had been used instead of albumin, in the tube oven. It is likely 

that it is the nitrogen in amino acids that is the origin of the generated ICA, MIC and HCN as 
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it, after normalisation to nitrogen content, was a very good correlation between the generation 

of each of them and the nitrogen content of the heated amino acids (Figure 2). 

 

Heating of both albumin and dried meat samples resulted in the formation of ICA, MIC and 

HCN already at 200 °C. ICA was the predominant compound and was found in around 200 

and 20 times higher levels than MIC and HCN, respectively (Table 1). Formation increased 

with temperatures and for albumin there were 16 and 22 times more ICA at 300 and 500 °C 

than at 200 °C. For meat, whose proteins predominantly consist of actin and myosin, ICA 

increased four times and 50 times when the temperature increased from 200 °C to 300 and 

500 °C, respectively (Table 1). The reason as to why 500 °C was chosen as the highest 

temperature was that this was used in a recent study of ICA generated when an animal 

technician was working in a barn with hot iron cauterisation (dehorning) .22 The lowest 

temperature, 200 °C, could easily be reached during cooking and temperatures during frying 

and grilling could be in the range of 250 °C to well over 300 °C.4, 23 The temperature here 

varies due to types of burner or fuel (gas, electric, coal, other) and technique or type of 

cooking. It is a limitation that temperatures down to 150 °C were not also studied here. But an 

assumption is that only very little ICA would have been generated from protein in the tube 

oven heated to 150 °C or if protein-rich foods had will be prepared in a pan heated to that 

temperature. It is also likely that no degradation of amino acids, and following formation of 

HCN and ICA, will occur at temperatures around 100 °C when this temperature is not high 

enough to degrade amino acids. It is important to understand that a number of other 

compounds, including ammonia and nitrogen dioxide, might have been generated during 

heating under the present conditions. The amounts and composition of these could have 

differed in the cases where albumin and meat were heated and the presence of such other 

compounds could then also have affected how much ICA, MIC and HCN that were generated 

at different temperatures. In the present study it was not possible to study all that was 

generated during the heating and that is a limitation.  
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The gas formed when albumin or meat was heated caused carbamylation of proteins and for 

meat a significant increase was seen already at a temperature of 200 °C (Table 2). It is likely 

that this protein modification is caused by ICA and the highest carbamylation was found 

when protein samples were exposed to the positive control that was gas from degradation of 

urea which is known to contain ICA. Even if a somewhat simple ex vivo model was used here, 

it is possible that a similar protein modification could take place in vivo in the lung and then 

subsequently could result in an impaired lung function. An increased carbamylation of 

proteins in vivo has been seen in patients with chronic kidney disease, characterised by 

elevated levels of urea and cyanate in the circulation and a possible increased risk of 

atherosclerosis.9, 24, 25 It has also recently been shown that eosinophil peroxidase-mediated 

carbamylation of proteins can alter immune responses and give rise to a triggering of 

inflammatory signals in a similar way as could be seen in asthma.26 Furthermore, cyanates 

could react with, and covalently bind to, glutathione which is a major lung antioxidant that 

plays an important role for reducing oxidative stress and airway inflammation. This will result 

in dysfunction and disrupt glutathione homeostasis via protein carbamylation and a cyanate-

induced inhibition of glutathione reductase activity.27 Studies in a mice model of allergic 

asthma have also shown that depletion of glutation will result in an exacerbated allergic 

asthma.28 It has recently also been found that carbamylation exacerbates vascular calcification 

by inactivation of an enzyme that plays a key role for the inhibition of this and that it thereby 

could play a role in vascular pathology.29 The reason as to why albumin was used as a model 

protein to study carbamylation was because it was easily available and that it, although to a 

small extent, also could be found in the lung where it could act as an antioxidant.30 Others 

have also shown that albumin, and also high and low-density lipoproteins, can be 

carbamylated and that this could impair their normal function. It has also then been argued 

that these forms of post-translational modifications could convert native proteins to toxins that 

could play a role in chronic diseases.31 
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ICA, MIC and HCN were found also in fumes when potatoes, meat, egg and halloumi were 

fried in a pan (Table 3). Compared to gases that were generated in the tube oven, frying fumes 

are different as they contain a mixture of particulate matter, aerosol oil droplets, organic 

gaseous pollutants and steam from the water in the food that is being prepared. The frying 

fumes from the protein rich foods (meat, egg and halloumi) contained 7-13 times more ICA, 

MIC and HCN than those from potatoes with less than 2 % protein. In the present study the 

pan was also greased with oil that contained 0.5 % protein and that could also to some extent 

have contributed to the formation of the isocyanates and HCN. In each test approximately 50 

g (or 1 egg) was fried during 2.5 to 3 minutes. During that time it was the outer surface of the 

foods, that is a fraction of the total mass, that were exposed to the pan surface and a 

temperature high enough to enable a disintegration of the amino acids. It is hard to estimate 

the total amount or ICA, MIC and HCN that was generated but the levels of ICA, after 

sampling over the pan when the protein rich foods were prepared, were twice that of the 

Swedish 8-hour occupational exposure limit. The levels of MIC were highest in fumes from 

fried meat with fourth times under the occupational exposure limit, whereas levels of HCN 

were low in all samples (less than 50 times that level). It is worth mentioning that an 

occupational exposure limit is relevant to unique exposures to a specific compound. Cooking 

fumes are complex mixtures of steam, oil droplets and various gaseous and particulate 

constituents. After formation, these could react with or bind to each other and the precise 

composition of such a mixture could change. The combined toxic effect of the fumes at a 

specific moment is therefore hard to estimate.  

 

In this study the pan was heated to a temperature between 290 °C and 310 °C. The food 

temperature was then lower but sufficient enough to degrade proteins in the outmost layer. A 

parallel could here be drawn to the formation of heterocyclic amines that are nitrogen 

containing carcinogens that are generated when meat is heated at high temperatures. Studies 

have here shown that even if the inside of the food will not get hotter than 70 °C the pan 
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temperature has a profound effect on the amount of carcinogens formed as they could increase 

ten times if the pan temperature increases from 160 °C to 250 °C.32 HCN, ICA and MIC are 

volatile and have boiling points of 25.6 °C, 23.5 °C and 38.3 °C, respectively. So, as soon as 

they are generated they will be a part of the gas phase and the fumes that leave the heated 

foods. It is different with compounds such as mutagenic polycyclic aromatic hydrocarbons 

(PAH) or heterocyclic amines that also could be generated during high temperature frying and 

grilling. A PAH like benzo(a)pyrene has a boiling point of 495 °C and PhIP, a heterocyclic 

amine present in fried protein rich foods, has a boiling point of 469 °C. These are therefore 

not volatile and could when heated either volatilize and disappear in the frying fumes or 

condense and form particles that to a larger extent are adsorbed on the surface of the food. 

They could therefore be both air pollutants and toxins that are ingested.4,5 On the other hand, 

ICA (and also MIC and HCN) are mainly present in the gas phase and cooking fumes and the 

major concern will therefore be if they could be inhaled or not. 

 

To our knowledge, it has not previously been shown that ICA and MIC can be generated from 

proteins heated at temperatures similar to those that are used during frying or grilling. 

However, ICA (and HCN) has been shown to be generated during high-temperature pyrolysis 

of proteins in experiments with different biofuels when whey proteins, soya beans, yellow 

peas and shea nut meal were heated at temperatures between 700 and 1000 °C.33 The heating 

here took place in a nitrogen atmosphere and the ICA concentration did increase 

proportionally with the nitrogen content of the fuel that varied between 2.9 and 15.5 %. No 

ICA was found when bark with only 0.4 % nitrogen was heated under the same conditions. 

The chemistry behind the formation of ICA under these conditions is complex. It is however 

likely that the heating or combustion of nitrogen containing products first give rise to HCN, 

(together with ammonia or possibly other nitrogen containing gases) and that this HCN then 

via the intermediate hydrogen isocyanide, is oxidized to ICA.34, 35, 36 
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5 Conclusion 

ICA is due to its instability not used commercially,37 and its health effects are therefore not as 

well studied as the widely used diisosocyanates.38, 39 However, ICA is a reactive molecule that 

causes protein carbamylation and protein dysfunction. It could be generated in kitchens when 

nitrogen containing foods are heated and consequently therefore there are also many 

individuals that could be exposed. It is not clear if ICA, MIC and HCN from heated protein 

rich foods could constitute a health risk but this does deserve to be studied further. Due to the 

possible presence of toxic constituents it is however important to avoid breathing fumes that 

are generated during high temperature frying or grilling of protein rich foods. To reduce 

exposure it is also important to equip domestic and restaurant kitchens with efficient exhaust 

ventilation systems. 

 

Supporting information 

The SI includes the following: (1) Figures that show the experimental setup when albumin, 

amino acids or dried meat were heated in the tube oven, (2) the experimental setup when 

different foods were fried in a kitchen, (3) samples of potatoes, meat, egg and halloumi before 

and after frying, (4) used chemicals and (5) protocol for analysis of ICA, MIC, HCN and 

carbamylated lysine residues in albumin.  
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Table 1. Formation of isocyanic acid (ICA), methyl isocyanate (MIC) and hydrogen cyanide 
(HCN) in fumes from albumin or dried meat heated in a tube oven at temperatures between 
200 and 500 °C during 20 minutes.  
 
Heated 
sample† 

Measured 
compound 

Formation of ICA, MIC and HCN at different temperatures 
(µg/mg albumin or meat ‡) 

  200 °C 300 °C 400 °C 500 °C 
      
Albumin ICA 0.26 ±0.02 4.1 ±0.59 4.9 ±0.28 5.6 ±0.17*** 
 MIC 0.004 ±0.003 0.01  ±0.002 0.02 ±0.002 0.03 <0.001*** 
 HCN 0.03 ±0.003 0.24 ±0.011 0.26 ±0.11 0.20 ±0.035** 
      
Meat ICA 0.54 ±0.06 2.0 ±0.99 5.2 ±1.06 28.2 ±15.9** 
 MIC 0.01 ±0.01 0.07 ±0.03 0.14 ±0.008 0.41 ±0.08*** 
 HCN 0.02 ±0.04 0.25 ±0.11 0.68 ±0.15 1.5 ±0.31*** 
† The mass of the albumin and meat samples were 14.1 ±1.4 mg and 16.5 ±2.2 mg (n=12 for both).  
‡ Mean ± standard deviation of three experiments. 
** P <0.01 and *** p <0.001 for trend with increasing temperature. 
 

 

 
Table 2. Formation of carbamylated lysine in albumin exposed to fumes generated when 
albumin or dried meat were heated in a tube oven set at temperatures between 200 °C and 500 
°C.  
 
Heated 
sample† 

Carbamylation of lysine residues in albumin  
(signal in sample/signal in background‡φ) 

 200 °C 300 °C 400 °C 500 °C 
Albumin  1.4 ± 0.3 7.5 ± 1.2 6.9 ± 1.3 7.9 ± 1.4 
Meat 2.3 ± 0.1 8.4 ± 0.3 6.8 ± 0.5 6.9 ± 1.8 
Urea nd.§ 21.5 ± 1.0 nd.§ nd.§ 
 
† The mean mass of the heated albumin, meat and urea samples was 8.9 ±0.6 mg (n=12), 10.9 ±1.0 (n=12) and 
5.2 ±0.15 (n=3). 
‡ The numbers are ratios of the signal in sample/signal in background. The background was albumin-
impregnated filters through which air was drawn during 10 minutes when the oven was heated without albumin 
or meat.  
§ Not determined. 
φMean ± standard deviation of three experiments. 
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Table 3. Formation of ICA, MIC and HCN in fumes generated during frying of foods with 
different protein content.  
 
Measured 
compound 

Concentration of ICA, MIC and HCN in frying fumes (µg/m3)‡  
 

 Potatoes† Meat† Egg† Halloumi† 

 
ICA  11.7 ±3.2 37.3 ±16.3 36.7 ±15.0* 37.6 ±5.5** 
MIC  0.20 ±0.1   6.5 ±4.1   2.8 ±1.4*   1.0 ±0.1*** 
HCN  12.0 ±1.7 17.7 ±5.0 20.0 ±4.0* 18.7 ±9.8 
 
*, **, ***; p-value less than 0.05, 0.01 or 0.001 versus potatoes. 
† Fifty grams of cut potatoes, lean meat or halloumi or eggs was fried in a cast iron pan on an electric stove. The 
inlets of the samplers were mounted approximately 40 cm over the pan and 15 cm under the kitchen fan.  
Protein content in potatoes, meat, eggs and halloumi are 1.7 %, 20 %, 12.6 % and 22 % respectively. 
‡Mean ± standard deviation of three experiments. More information and photos that show the conditions and 
foods used in the experiment are found in the Supporting information. 
 

 

Figure 1. Formation of ICA (A), MIC (B) and HCN (C) when different amounts of albumin 
were heated at 500 °C for 20 minutes. 
 

 

 

Figure 2. Formation of ICA (A), MIC (B) and HCN (C) in relation to the nitrogen content in 
individual amino acids after normalization to 50 µmol of amino acid (AA). Each amino acid 
(7.1 - 10.8 mg) was heated at 500 °C in the tube oven and samplings were performed for 20 
minutes. 
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Figure S1A. The experimental setup when albumin, amino acids or dried meat were heated in 
the tube oven. Impinger flasks for sampling of isocyanates (front) and HCN (back). 
 
 

 
 

Figure S1B. The experimental setup when albumin or dried meat was heated in the tube oven 
to study protein carbamylation. A filter holder with an albumin-impregnated glass fiber filter 
is mounted on the tube connector.  



 
Figure S2A.  
The experimental setup when different 
foods were fried in a kitchen. The 
kitchen fan was an Electrolux model 
EFT 641 and during sampling it was 
run on full effect (400 m3/h). 
The pan was initially greased with 
approximately 2-3 ml frying oil 
(containing 0.5 % protein) and the 
temperature of the pan surface varied 
between 290 °C and 310 °C. Potatoes, 
meat, halloumi or egg was put to the 
pan and the samplings were performed 
during 3 minutes (2.5 minutes for eggs) 
and during this time the food was 
turned with an egg slice. 

 
 
 
 

Figure S2B.  
Samples of potatoes, meat, egg and 
halloumi before frying. 
Protein content in potatoes and eggs are 
1.7 % and 12.6 %, respectively 

(National Food Agency, 
https://www.livsmedelsverket.se/global
assets/livsmedel-
innehall/naringsamnen/livsmedelsdatab
as/aminosyrorper-100g.pdf) and protein 
content in lean pork meat and halloumi 
are 20 % and 22 %, respectively 
(according to the label on the package). 

 
 
 
 

Figure S2C.  
Potatoes, meat, egg and halloumi after 
frying. 
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https://www.livsmedelsverket.se/globalassets/livsmedel-innehall/naringsamnen/livsmedelsdatabas/aminosyrorper-100g.pdf


Chemicals 
Bovine serum albumin (BSA, A-2153), amino acids (alanine, arginine, glutamine, histidine, 
lysine, methionine, phenylalanine, included in the LAA10, L-amino acid kit), NDA (2,3-
naphtalenedicarboxaldehyde, 70215),  taurine (T0625), N,N’-dimethylurea (15450), 
dibutylamine (DBA, 471232), DBA Isocyanate Monomers Mix (CRM40569) and D9-DBA 
Isocyanate Monomers Internal Standard Mix (CRM40570) were all purchased from Sigma-
Aldrich. Toluene (83625.320) and glass fiber filters, 12 mm disks punched out from filter 
sheets (Munktell MG 160, Cat. No 410020) were form VWR International. KCN (pro analysi) 
and Urea (8488) was from Merck. Goat anti-Carbamyl-Lysine was from Nordic Biosite 
(cat.no. AAB-B935FC), HRP conjugated rabbit anti goat antibodies from Southern Biotech 
(cat. No. 6164-05), and the chemiluminescence substrate ECL Plus Western Blotting 
Detection Reagent was from Amersham Biosciences (cat. No. RPN2132). Bio-Rad Protein 
Assay (# 500-0006) was from Bio-Rad Laboratories. Potatoes (freshly harvested), meat (lean 
filet of pork), eggs and halloumi were bought at a local grocery store. 
 
Analysis of isocyanic acid and methyl isocyanate  
ICA and MIC was analysed with LC-MS/MS according to a previously presented method 
(Marand et al 2005). Four standards were made by mixing 10 µl, 0.1, 1, 10 and 100 µg/ml of 
ICA and MIC (from the dibutylamine Isocyanate Monomers Mix) with 10 µl internal standard 
(0.125 µg/ml, D9-dibutylamine Isocyanate Monomers Internal Standard Mix) and 480 µl 
toluene in 1.5 ml polypropylene tubes. Samples from the impinger flasks (490 µl) were mixed 
with 10 µl internal standard. Due to the high levels of ICA in samples taken after that material 
was heated in the tube oven, the dibutylamine-toluene sample solutions from the impinger 
flasks normally had to be diluted 50 times.  Samples from frying fumes in the kitchen were 
not diluted. After evaporation with nitrogen gas the samples were dissolved in 80 µl 80 % 
acetonitrile and transferred to 200-µl polypropylene inserts in 1.8 ml HPLC-vials and 
analysed. Analysis was performed on a TSQ Quantum Access Max (Thermo Scientific). Ten 
µl of each sample was injected and the chromatographic separation was done on an Ascentis 
Express column (75 x 2.1 mm, 2.7 µm, Supelco) and the flow rate was 200 µl/minute. The 
mobile phase consisting of acetonitrile:water (80:20) and 0.1 % formic acid. Detection was 
done with the mass spectrometer in ESI-positive mode with a capillary voltage of 3.0 kV. 
Vaporisation and capillary temperatures were 325 and 300 °C, respectively and the collision 
energy was set at 15 V and the Q2 pressure was 1.5. Parent and product masses for ICA-DBA 
and ICA-DBA-d9 were 173.3  130.6 and 182.3  139.6 and those for MIC-DBA and MIC-
DBA-d9 were 187.3  130.6 and 196.3  139.6, respectively. 
 
Analysis of hydrogen cyanide 
HCN was analysed with a modification of a previously described method (Chinaka et al 
2001). Here, 40 µl of samples from impinger flasks were mixed with 20 µl of 2 mM 
naphthalene-2,3-dicarboxaldehyde in the wells of a white 384-well plate (Nunc Maxisorp, 
460372). After four minutes, 20 µl of 50 mM taurine was added and after four more minutes 
the fluorescence was read in a CLARIOstar plate reader (BMG labtech) with excitation and 
emission wavelengths set at 409 nm and 460 nm, respectively. Four standards with CN--
concentrations between 0.0064 and 4 µg/ml were made from KCN diluted in borax buffer and 
analysed together with the samples. 
 
Analysis of carbamylated lysine residues in albumin 
After sampling, the filters were transferred from their Swinnex cassettes to 2 ml 
polypropylene micro tubes. A volume of 400 µl 0.9 % NaCl was added and the samples were 
shaken for 15 minutes (1400/min). After centrifugation for 2 minutes at 14000xg the 
supernatants were transferred to 1.5 ml polypropylene micro tubes. Protein concentrations 
were determined with the Bio-Rad assay according to the manufacturer’s protocol for 
microtiter plates. The samples were then diluted in 50 mmol/L carbonate buffer (pH 9.6) to a 
final protein concentration of 100 µg/ml of which 40 µl were added to the wells of a white 
384-well plate (Nunc, MaxiSorp, 460372). The plate was sealed and incubated overnight in a 



refrigerator so that the proteins could bind to the wells. After two washings with 100 µl wash 
buffer (PBS with 0.1 % Tween-20), 100 µl of blocking solution was added (PBS with 5 % 
BSA) and the wells were incubated in room temperature for 1 hour at slow agitation 
(200/min.). After two washings with 100 µl wash buffer, 40 µl of Goat anti-Carbamyl-Lysine 
antibodies diluted 1:5000 in PBS with 1 % BSA was added to each well and the plate was 
incubated for one hour at slow agitation (200/min.). After four 100 µl washings with wash 
buffer, 40 µl of HRP-conjugated rabbit anti-goat antibodies diluted 1:5000 in PBS with 1 % 
BSA and 0.1 % Tween-20 was added followed by 20 minutes incubation in room temperature 
(200/min.). Each well were then washed three times with 100 µl wash buffer and two times 
with 100 µl water before 40 µl of chemiluminescence substrate (ECL Plus) diluted 1+5 in 
water was added to each well. The plate was then left for 15 minutes in subdued light before 
the chemiluminescence signal was read on a CLARIOstar plate reader (BMG Labtech, 
Germany). No standard was used and the results presented in table 2 are therefore ratios of 
signal from sample divided with the signal from the backgrounds. The backgrounds were 
albumin-impregnated filters through which air with the same temperature as the samples had 
been drawn during 10 minutes when the oven was heated without albumin, dried meat or urea 
or air over the frying pan when this was heated without foods. Each test was performed in 
triplicate and each extracted sample were analysed in duplicate in the 384-well plate. 
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