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Abstract 

Nitroso compounds are beer contaminants related to carcinogenicity and can be 

naturally formed during brewing. They are generally categorized as volatile and 

non-volatile. Well-characterized and proven carcinogenic compounds are mostly volatile 

N-nitrosamines, whereas specific non-volatile nitroso compounds are nearly unknown 

even by structure. This deficiency limits improvements in health-risk assessment and 

control of beer. The present study focused on these barely known compounds in beer, 

related to their molecule structures and natural occurrence in beer and malt. Since these 

compounds form by nitrite reactions with naturally occurring compounds in beer or raw 

materials, the beer sample was parallelly treated by nitrite and isotopically labelled 

nitrite-15N at acidic conditions. Due to isotopic labelling, formed nitrite-related reaction 

products were distinguished by gas chromatography with tandem mass spectrometry. 

By this approach, up to 22 unknown nitrite-related reaction products (N-products) were 

found and structurally studied from mass spectrometric fragmentation patterns. Besides 

previously found N-nitrosoproline and N-nitrosoproline ethyl ester, newly characterized 

compounds in beer were 4-cyanophenol, pyruvic acid oxime, 2-methoxy-5-nitrophenol, 

nitrosoguaiacol, and 4-nitrosophenol. Several N-products coincided with the retention 

time and mass spectra with nitrite-related reaction products of tyrosine or vanillic acid. 

Also, nearly all N-products were found in nitrosated malts treated with nitrogen oxides and 

showed great extractability into the wort. The acquired chromatographic and mass 

spectrometric data led to the development of a specific method for monitoring N-products 

in commercial beers and malts (up to 200 samples each). The observation of relative 

responses and frequency of N-products appearance by multivariate analyses distinguished 

important N-products that could be interesting for future investigations. For instance, 

synthesizing standard compounds of sufficient purity would lead to accurate N-products 

determination in beer and studies of their potential health-effect on consumers.  
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Abstrakt 

Nitrososloučeniny jsou kontaminanty piva s karcinogenními účinky, které se 

přirozeně tvoří během pivoarského procesu. Obecně jsou děleny na těkavé a netěkavé. 

Dostatečně charakterizované a prokázané karcinogenní látky jsou těkavé N-nitrosaminy, 

což nelze konstatovat pro strukturně neznámé zástupce netěkavých nitrososloučenin. Tato 

neznalost limituje vývoj nových analytických metod vedoucí k přesnějšímu zhodnocení a 

kontrole zdravotních rizik piva. Předložená studie se proto zabývá těmito méně známými 

sloučeninami, zejména strukturou molekul a jejich přirozeným výskytem v pivu i sladu. 

Jelikož je jejich vznik spojován s reakcemi dusitanu se sloučeninami piva a jeho surovin, byl 

vzorek piva paralelně ošetřen dusitanem (standardním a izotopickým-15N) v kyselém 

prostředí. Díky izotopickému značení byly vzniklé reakční produkty identifikovány 

plynovou chromatografií s tandemovou hmotnostní spektrometrií. Tímto přístupem bylo 

nalezeno a strukturně studováno až 22 neznámých reakčních produktů dusitanu 

(N-produktů) pomocí hmotnostně spektrometrických fragmentací.  Kromě dříve 

nalezeného N-nitrosoprolinu a N-nitrosoprolin ethyl esteru, byly nově v pivu 

charakterizovány: 4-kyanofenol, oxim kyseliny pyrohroznové, 2-methoxy-5-nitrofenol, 

nitrosoguajakol a 4-nitrosofenol. Několik N-produktů bylo chromatograficky 

i spektrometricky ve shodě s reakčními produkty dusitanu s tyrosinem nebo kyselinou 

vanilovou. Většina N-produktů byla detekována i v experimentálně nitrosovaném sladu 

pomocí oxidů dusíku, a vykazovala vysokou extrahovatelnost do mladiny. Získaná 

chromatografická a hmotnostně spektrometrická data vedla k vývoji specifické metody pro 

pozorování N-produktů v komerčních pivech a sladech (téměř 200 vzorků). Pozorování 

relativních odezev a četnosti výskytu N-produktů pomocí vícerozměrných analýz odlišilo 

důležité N-produkty, jež by mohly být zajímavé pro budoucí výzkum. Například syntéza 

standardních sloučenin o požadované čistotě by vedla k přesnějšímu stanovení N-produktů 

v pivu či ke studiu jejich možných zdravotních účincích na spotřebitele. 
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Objectives of the study 

Nitroso compounds (NOCs) are common beer contaminants mainly formed during 

production. They contain characteristic nitroso groups attached to organic low-to-

medium-size molecules. Depending on a feature of the organic moiety, they are divided into 

volatile and non-volatile. Whereas volatile NOCs, known carcinogenic compounds, are well-

studied, the non-volatile NOCs are barely known. The reason is that most non-volatile NOCs 

have not yet been described by structure. A demand to characterize representatives of non-

volatile NOCs in brewing still was not sufficiently achieved and is necessary for the progress 

towards better quality control of beer and health-safety assessment. Specifically, knowing 

molecular structures allows us to synthesize standards of sufficient purity, which can be 

applied to develop novel methods for determination, used for studies about their formation 

and elimination in beer, and to study their possible health-impact. 

The presented investigation was designed to study these unknown non-volatile NOCs 

occurring in brewing in the following two scopes: 

(i) The first aim was to artificially prepare, detect, and structurally characterize unknown 

nitroso-related compounds in beer. Gas chromatography with tandem mass 

spectrometry (GC-MS/MS) was chosen since it allows structural elucidation and 

specific detection of unknown compounds in complex matrices. 

(ii) The second aim was to monitor and observe their natural occurrence in commercial 

beers and malts. For this purpose, a specific GC-MS/MS method was developed based 

on the first study's acquired spectrometric data of the new compounds. 

Achievements of both scopes are summarised in two publications placed in the result and 

discussion. In addition, a universal computation tool for predicting retention index based 

on molecule structure was also developed along with the presented investigation. This tool 

was extensively used in the first study and is attached as a third paper in Supplementary 

data – Appendix 1.  
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1. Introduction to nitroso compounds 

The following section summarises essential differences between volatile and non-

volatile NOCs, various toxicological effects, and their distinct formation during brewing. It 

also discusses possible precursors (and their nitrite-related reaction products) that can be 

formed in beer or raw materials.  

1.1 Nitroso compounds 

As the name suggests, NOCs are specific by nitroso group (-N=O). If the nitroso group 

links to a molecule via a nitrogen atom, they are classified as N-nitroso compounds. The 

same applies to C-nitroso, S-nitroso, or O-nitroso compounds. Due to different physical-

chemical properties, NOCs are divided into volatile and non-volatile, and different 

mechanisms form them. It also implies variable acceptance by the organism, and volatile 

NOCs, mostly N-nitrosamines, specifically undergo biotransformation that causes 

mutagenicity or carcinogenicity [1]. 

1.1.1 Volatile N-nitrosamines and NDMA 

Volatile N-nitrosamines are small molecules of symmetric or asymmetric amine 

derivatives. Many representatives have carcinogenic and mutagenic properties and are 

common contaminants in foods and beverages, including beer and malt [2, 3]. The first 

found N-nitrosamine in beer was N-nitrosodimethylamine (NDMA) in 1979. Its average 

concentration reached 2.7 µg/kg; the maximum was up to 68 µg/kg (158 beer samples) [4]. 

Since then, a comprehensive investigation of NDMA and N-nitrosamines in beer has 

brought technological improvements, minimizing their formation. For instance, between 

the period 2000 and 2006, only 1 % of tested German beers exceeded the NDMA maximum 

limit of 0.5 µg/kg (418 beer samples) [5]. Likewise, in the period from 2001 to 2015,  

a decrease in the percentage (from 11 to 0 %) of beers that exceeded the maximum limit 

was observed every year (1280 beer samples). The average concentrations of NDMA per 
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year were below 0.2 µg/kg. During the same period, only 4-14 % of malt samples exceeded 

the maximum limit of 2.5 µg/kg (4115 malt samples), and every year, the average NDMA 

concentrations were about 0.8 µg/kg [6]. 

Other studied N-nitrosamines in beer and malt are N-nitrosopyrrolidine (NPYR), 

N-nitrosopiperidine (NPIP), N-nitrosodiethylamine (NDEA), and N-nitrosomorpholine 

(NMOR), and their structures are shown in Figure 1. NPYR and NPIP are occasionally 

detected, and NDEA with NMOR has not been observed.a N-nitrosamines are generally well 

controlled, but various maximum limits exist depending on the region.b Rarely detected 

extreme concentrations usually indicate technological or microbial defects [4, 6, 8, 11].  

 

 

 

 

 
Figure 1. Volatile N-nitrosamines monitored in beer and malt. 

 
1.1.2 Non-volatile NOCs 

Besides volatile N-nitrosamines, beer contains a more complex group of non-volatile 

NOCs. Their occurrence is so far proved by an Apparent total N-nitroso compounds (ATNC) 

determination. The ATNC determination is based on the chemical cleavage of the nitrosyl 

group from molecule resin and subsequent detection of generated nitrosyl radicals [1, 12]. 

For this reason, the ATNC does not provide structural information about the individual 

compounds; however, it is a unique standardized determination of total NOCs in beer, 

providing a sum of volatile and non-volatile NOCs together. Determined ATNC 

 

a Unpublished observation from an analyst from the Research Institute of Brewing and Malting in the past 9 years. 
b So far, EU legislation to control N-nitrosamines in foods and beverages is not in force [3]. In Germany, the Bavarian State 
Office for Health and Food Safety recommended the maximum level of NDMA to be 2.5 ppb for malt and 0.5 ppb for beers 
[7]. The Czech Beer and Malt Association recommends a stringent level for NDMA in malt to be less than 1.0 ppb. This was 
found a hard-to-achieve task for some types of malt (e.g. Munich style) [6,8]. On the opposite, the U.S. Food and Drug 
Administration sets relatively high limits, 10 ppb for malt and 5 ppb for beer [9,10]. 
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concentrations in beers can occasionally reach hundreds of µg(NNO)/kgc, and their 

formation is potentially associated with microbial contamination [15, 16]. No specific 

legislation for ATNC exists; however, brewing authorities such as the Brewers Society (GB), 

Czech Beer and Malt Association (CZ), and Technical Benchmark (DE) are consistent in the 

recommended maximum level of 20 µg(NNO)/kg [6, 17, 18].  

Until now, N-nitrosoproline (NPRO), N-nitrososarcosine (NSAR), N-nitrosopipecolic 

acid (NPIC), and recently, N-nitrosoproline ethyl ester were observed in beer or malt (see 

the structures in Figure 2) [19, 20]. Previously determined concentrations of NSAR in beer 

and malt did not exceed 20 µg/kg, and NPIC was below the detection limit [21]. Another 

study determined the average concentration of NPRO as 1.7 µg/kg in beers (ranging from 

<0.7 to 6.0 µg/kg, 28 samples) and 24.1 µg/kg in malts (ranging from 5.0 up to 113.0 µg/kg, 

11 samples) [22]. However, a comparison of ATNC with NDMA and NPRO concentrations 

did not show any correlation, and these compounds contributed to concentrations of ATNC 

in beer by less than 1% for NDMA and about 10 % for NPRO [15, 18, 19, 23]. Recent studies 

indicated that C- nitroso compounds can also contribute to ATNC response. Hence, 

the specificity of ATNC solely for the N-nitroso compounds can be questioned [16, 20]. 

 

 

 

Figure 2. Structures of non-volatile N-nitroso compounds studied in beer and malt. 

ATNC-positive compounds are structurally unknown, but some features were 

suggested experimentally. The presence of polar groups, such as carboxyl or hydroxyl, was 

proved by the high extractability of ATNC from malt to water or other polar solvents and 

by acidic and alkaline hydrolysis experiments. The extractability of ATNC-positive 

 

c Units of ATNC determination are µg(NNO)/kg, which refers to the weight of -N-N=O moiety per kilogram (or eventually 
liter of beer). The density of beer can be approximated to ~1.0 kg/L [13, 14]. 
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compounds from sweet wort to ethyl acetate ranged from 80 % to 100 % at acidic 

conditions (pH=1.5) and was <20 % at neutral conditions (pH=7.0) [24]. The presence of 

polar groups and a higher molar mass imply the lower volatility of NOCs of this specific 

group [15, 19, 24].  

1.2. Health-considerations 

1.2.1 Toxicity of N-nitrosamines 

Hydrophobic compounds undergo structural transformations to become more 

hydrophilic and to facilitate biodegradation. Such biotransformation can form highly 

reactive and toxic species. The structure of volatile N-nitrosamines follows this theory since 

they comprise a highly polar but less hydrophobic N-nitroso group linked to short alkyl 

substituents [25]. Their carcinogenic and mutagenic properties were described as follows: 

N-nitrosamines are first activated by the cytochrome P450 family enzymes accompanied 

by oxygen and NADPH oxidase. These enzymes can exist in various human organs, such as 

kidneys, liver, lungs, or skin. The activating reaction is α-hydroxylation, leading to aldehyde 

formation (e.g., NDMA forms formaldehyde) and monoalkyl nitrosamine. The monoalkyl 

nitrosamine further degrades through intramolecular shifts into carbocations or diazo 

alkanes (alkyl diazocations). Formed aldehydes, carbocations, and diazo alkanes are highly 

reactive species, causing genetic damage by alkylation on DNA [26-29]. 

Enzymatic activation is crucial for the toxicity of N-nitrosamines and depends on 

a molecule's structure, size, and enzyme subfamily. For example, an enzyme subfamily 

P450 2E1 has a higher affinity to symmetrical N-nitrosamines (NDMA, NDEA), and its 

efficiency decreases with the alkyl chain length. Whereas enzyme subfamily P450 2A6 

activated even non-symmetric and bulky alkyl chains of N-nitrosamines [28, 30]. 

1.2.2 Possible risk of non-volatile NOCs 

The alkyl and hydroxyl-alkyl substituents and their different positions can affect the 

toxic properties of NOCs, as was studied by a computational model, Quantitative Structure-
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Activity Relationship. It was shown that hydroxyl groups and unsaturated alkyls decrease 

the compound's mutagenic potency, and saturated alkyl substituents (such as 

N-nitrosamines) have the counterpart effect [31]. This aspect can predict the lower risk of 

non-volatile NOCs consumed in food or beverages. A potential risk is often attributed to the 

endogenous formation of toxic compounds intermediated specifically by non-volatile NOCs 

[32, 33]. For instance, NPRO can undergo trans-nitrosation, forming carcinogenic 

N-nitroso-N-methyl urea in the presence of thiourea at acidic stomach conditions [33]. 

Some residues of thioureas (ethylene thiourea and propylene thiourea) can be present in 

beer or hops [34]. 

Another example is the endogenous formation of N-nitroso derivatives of indoles, 

Amadori compounds, and glycosamines. All can be related to beer: indoles are known 

as off-flavors in beer, and Amadori compounds and glycosamines are Maillard reaction 

products of malting and brewing processes [35]. The toxicity of N-nitroso derivatives 

of indoles and Amadori compounds was attributed to their direct ability to transnitrosate 

the nucleophilic parts of purine bases in DNA directly [36, 37]. The toxicity of N-nitroso 

glycosamines varies depending on sugar and amine type, and it was attributed to 

the formation of arene diazocations (similar to alkyl diazocations in NDMA) [37].  

Carcinogenic N-nitrosamines can also be formed exogenously during meat or malt 

treatment, with  non-volatile NOCs as intermediates [21]. For example, by decarboxylation 

at a high temperature, NPRO can form volatile NPYR, and NSAR can form NDMA. These 

decarboxylation reactions can partly contribute to the total concentration of 

the corresponding N-nitrosamine [38]. 

1.3. Formation and chemistry of NOCs 

The sources of NOCs formation in foods and beverages can be generally classified into 

three categories. The first is a food treatment (e.g., meat or malt) where drying or smoking 

gas containing nitrogen oxides is used [39, 40]. Second is the artificial or natural presence 
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of nitrites/nitrates in foods. Nitrites are additives to meat or cheese to preserve and avoid 

harmful bacterial growth. Vegetables and hops are also natural sources of nitrates. They do 

not form NOCs directly but can be reduced to nitrites, as shown later [41-44]. The third 

source of NOCs is the side effects of bacterial contamination or fermentation, where an 

enzymatic reduction of nitrates into nitrites can subsequently form  NOCs [45-47]. All three 

mechanisms can contribute to the total NOCs content in beer. However, the latter two are 

suggested to be the most significant for forming non-volatile NOCs and ATNC-positive 

compounds [15, 17, 39].  

1.3.1. Nitrosation in brewing 

During the malting and brewing processes, the raw beer material or brewed beer can 

come into contact with the sources of potential nitrosation reagents (Figure 3: steps 1-8). 

The quantity of nitrosation reagent naturally depends on the exposure type, amount, and 

length. For instance, freshly harvested barley is sometimes dried by air (Figure 3: step 1) 

to reach the desired moisture level for storage [48]. Since this treatment is not always 

necessary, the contribution of this resource was hypothetically estimated to be very low. 

A more significant impact was proved for nitrogen oxides in the drying air used in malt 

kilns (Figure 3: step 4). In the past, they were primarily responsible for volatile 

N-nitrosamine formation in malt. The chemistry of N-nitrosamine formation has already 

been well explained in several publications. Their formation was the most efficiently 

eliminated by replacing direct burners that contain relatively high amounts of NOx with 

indirect burners with low NOx content [39, 40, 49]. 
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Figure 3. Possible sources of nitrosation reagents during malting and brewing processes. 

 
Understanding the chemistry and eliminating nitrite exposure during brewing is 

desirable. The same applies to nitrates, as they can be easily reduced to nitrites 

by enzymatic reactions from bacteria. However, complete elimination is limited since both 

are naturally present in water or other raw materials [40]. For instance, brewing water 

follows up legislative levels of nitrates (<50 mg/L) and nitrites (<0.5 mg/L); hence, its 

contribution to NOCs formation can be suggested as negligible (Figure 3: steps 2, 5) 

[50, 51]. Nitrite/nitrate natural content in malt is also insignificant [52]. However, nitrates 

can occur in hops in significant concentrations ranging up to 2-18 g/kg (Figure 3: step 6) 

[52, 53]. The nitrate extractability into wort was nearly quantitative and proportional 

to the wort boiling time. Therefore, to stay under the recommended maximum nitrate 

residual level in the final beer, it is recommended to calculate the used hop before brewing, 

as nitrate concentrations in beers were up to 87 mg/L  [42, 51, 53].  
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A failure to maintain the proper hygienic principles during brewing can introduce 

microbial contamination. The contamination of brewing yeast can be so low that it does not 

even affect the organoleptic properties of the final beer [15, 43]. When nitrate and specific 

nitrate-reducing bacteria are present, the formation of ATNC-positive compounds and 

non-volatile NOCs is nearly inevitable (Figure 3: steps 7, 8). For instance, even a relatively 

low presence of nitrates in wort (<5 mg/L) together with the bacteria Obesumbacterium 

proteus in brewing yeast (<0.03 %) was able to form relatively high ATNC (39 µg(NNO)/kg) 

[17]. The analyses of bacterially treated beer showed a higher occurrence of C-nitroso 

compounds but did not affect NDMA concentration [15, 20]. However, coincidences 

of ATNC with NDMA concentrations were found in sweet wort contaminated by Bacillus 

coagulans [54]. Additionally, nitrate-reductase enzymes were inactive in wild yeast, and 

no significant increase of ATNC was observed (< 10 µg(NNO)/kg) [55]. 

1.3.2. Nitrosation reagents 

As mentioned above, there are various resources of nitrosation reagents, nitrogen 

oxides (NOx = N2O, NO, N2O3, NO2, N2O4), and nitrite (NO2–) or, eventually, nitrate ions 

(NO3– ). From these, the direct nitrosation agents are subsequently formed. N2O does not 

cause nitrosation and exists in the following equilibria (see Figure 4). N2O3 and N2O4 are 

direct nitrosation and, eventually, nitration agents, and their formation increases when NOx 

is dissolved in an aqueous solution, as proved by the determination of dissociation 

constants for N2O3 and N2O4 [49]. 

 

 

 

Figure 4. Equilibrium reactions of nitrogen oxides form direct nitrosation 
agents (N2O3 and N2O4). As proposed, the first red structural conformation 
leads to nitrosation, and the second green conformation leads to nitration. 
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Nitrite ion is not a direct nitrosation agent but coexists in equilibria with many other 

direct nitrosation agents, such asN2O3, N2O4, +NO, ·NO, and +H2NO2 (Figure 5) [40, 46, 56]. 

pH plays an essential role in nitrosation as it affects both the reagent and the substrate. For 

instance, at acidic conditions (pH<5), nitrosation occurs more frequently since the 

equilibrium reaction is driven to the formation of nitrosonium (+NO) and nitrosacidium 

cations (+H2NO2). In neutral/alkaline conditions, the formation of other nitrosation agents, 

such as N2O3 and N2O4, also occurs [2, 49]. Nitrite is believed to be the primary reagent 

responsible for forming our target compounds, ATNC-positive compounds, and non-

volatile NOCs. Their potential precursors are polyphenols, vitamins, amino acids, and 

similar (will be discussed later) [49]. 

 

 

 

 

 

 

 

Figure 5. Equilibria of nitrite in acidic aqueous solution. 
Direct nitrosating agents are highlighted in red. 

 
Although nitrates are always present in beer, nitration reactions and the formation 

of nitro compounds are barely discussed along with nitrosation. However, the nitration and 

nitrosation reactions can compete, as shown in Figure 6 [40]. For instance, when a low 

concentration of gaseous NO2 is present, nitration is a more favourable reaction to 

nitrosation since NO2 cannot form a dimer of N2O4. Another possible source of nitration 

reagents (see Figure 4) is specific structural conformations of N2O3 and N2O [49]. 
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Figure 6. Possible simultaneous formation of nitramines and nitrosamines. 

 
1.3.3. Chemistry of N-nitrosation 

The mechanism of nitrosation by N2O3 and N2O4 forming N-nitrosamines is described 

via transition states (Figure 6). It is most common for secondary amines and, eventually, 

tertiary amines. Such reactions in malt and beer have been comprehensively studied and 

described (especially for NDMA) [23, 46, 49]. Other mechanisms include N-nitrosation as 

a nucleophilic substitution of hydrogen (from N-H) by electrophilic agents, such as 

nitrosonium cation (NO+). The suitable precursor molecules for this reaction are then 

amines, hydroxylamines, and less frequently (hetero)amides, carbamates, hydrazides, 

ureas, guanidine, some amino acids, and aromatic N-H moieties (pyrroles or tetrazoles). 

Another alternative mechanism is the oxidation of hydrazones and hydrazines or 

the reduction of N-nitro compounds [56]. 

The intramolecular rearrangement of the nitrosyl group in phenolic N-nitrosamines 

can demonstrate the substantial effect of pH on a substrate. At acidic conditions (2-8M HCl), 

N-nitroso-N-methyl aniline underwent intramolecular shift leading to two main products, 

p-nitroso-N-methyl aniline (C-nitroso compound) and N-methyl aniline (product of trans-

nitrosation to suitable acceptor) [57]. 

1.3.4. Chemistry of C-nitrosation 

The mechanism of C-nitrosation was described as an electrophilic attack of +NO or 

+H2NO2 ions on favourable nucleophile sites of a substrate. The substrate can be any 

electron-rich hydrocarbons, such as in olefines, enolates, and molecules with aromatic 

rings [58, 59]. A kinetic study of amino acid nitrosation by the N2O3 transition state led to 

two C-nitroso and N-nitroso products. An intramolecular migration of the nitroso group 
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can also happen if amino acids form a five- or six-carbon ring transition state [60]. 

Favourable C-nitrosation precursors generally are molecules with nucleophilic carbon 

sites, such as phenolic and polyphenolic compounds, some amino acids, etc. [61-63]. 

Regarding the C-nitrosation of phenols, acidic conditions drive nitrosation into 

orto- positions, whereas alkaline conditions drive it to para-positions [64]. 

C-nitrosation is often discussed as a competing reaction to N-nitrosation. One of 

the reasons might be that protonated secondary amines (precursors N-nitrosamines) are 

inactive for N-nitrosation at pH<5.6. Hence, especially in acidic conditions, C-nitrosation is 

preferable. Compounds rapidly undergoing C-nitrosation are sometimes called 

N-nitrosation inhibitors or nitrite scavengers since they prevent harmful N-nitrosamine 

formation [40]. The most inhibiting properties were proved for ascorbic acid (vitamin C) 

and its derivatives [32, 65-70]. 

Similarly, α-Tocopherol (vitamin E) inhibited undesired N-nitrosation at acidic 

conditions (pH⁓3), but at pH>5, showed the opposite effect [67]. Erythorbic acid, 

a stereoisomer of ascorbic acid, and ascorbyl palmitate, an antioxidant soluble in fat, also 

showed inhibiting properties when tested individually. However, when combined, 

no synergic effect was shown [71, 72]. An inhibitive effect of alcohols (methanol, ethanol, 

n-propanol, isopropanol) was also observed during the N-nitrosation of tyramine [73]. 

1.4 Possible precursors in beer and raw materials 

The molecules formed after C-nitrosation, or the products of inhibition reaction, are 

barely discussed in the literature, and their properties remain unknown. Possible reaction 

products are C-nitroso compounds or their tautomers  (oximes), sometimes even without 

the nitroso group. The following section will discuss possible precursors, their products 

after reactions with nitrite, and their health-effect properties if known [49, 74, 75].  
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1.4.1 Phenols 

Phenolic compounds are known for their antioxidant activities. The inhibition 

of undesired N-nitrosamine formation was observed for caffeic, dihydrocaffeic, ferulic, and 

protocatechuic acids. Lower inhibitive properties were determined for coumaric acid and 

chlorogenic acid [67]. On the contrary, di- and trihydric phenols (at alkalic conditions) or 

cinnamic acid, eugenol, and vanillic acid showed catalyzing properties [67, 76]. However, 

comparing inhibitive activity against antioxidant activity did not reveal any correlation 

[77]. 

The inhibition of undesired N-nitrosation is simply a preferable nitrosation or 

nitration reaction of phenols. The reactivity of phenols can increased by electron-donating 

substituents on aromatic rings (such as alkyl, methoxy, hydroxy, and amine), which 

preferably orient C-nitrosation into ortho- and para-positions. More potent inhibition 

properties showed phenols with olefine or vicinal hydroxyl groups [67]. Halogen, carboxyl, 

carbonyl, or cyano- substituents have the electron-withdrawing effect and drive 

C-nitrosation into meta-position [59, 78]. In addition, at acidic conditions (pH<4), various 

aromatic compounds (phenol, aniline, p-toluidine, and 1,2,4-trihydroxy benzene) formed 

even free cyanide ions via several consecutive reactions [79]. 

Beer and its raw materials are naturally rich in phenolic compounds (4-ethylphenol, 

4-ethyl guaiacol, pyrocatechol, pyrogallol, syringic acid, salicylic acid, p-hydroxyphenyl 

acetic acid), derivatives of cinnamic acid (caffeic, p-coumaric, chlorogenic, sinapic, and 

ferulic acid), and derivatives of benzoic acid (p-hydroxybenzoic, protocatechuic, and 

vanillic acid) [80-83]. The nitrosated phenolic compounds are colourful products that can 

contribute to the final beer colour [84].  

1.4.2 Polyphenols 

The mechanism of polyphenol nitrosation was suggested by the nitric oxide radical 

(·NO) attack producing nitroso and dinitroso derivatives. The suggested inhibitors 
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of undesired N-nitrosamine formation are catechins, procyanidins, or less efficient rutin 

[67, 85]. Catechin, epicatechin, epicatechin gallate, myricetin, kaempferol, quercetin, and 

rutin are polyphenols in beer and beer raw materials [83]. They are also effective 

antioxidants, and their reactions with nitrite were mostly simulated under gastric 

conditions. Catechin with nitrous acid yielded dinitroso derivative 6,8-dinitrosocatechin, 

which was further oxidized to a quinone. The nitrite reaction product of quercetin was 

2-(3,4-dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)-benzofuranon. However, the health-

effects of these products were not investigated [75]. Similarly, reactions of beer tannins 

with nitrite were also investigated, but the inhibition and health effects were not evaluated 

[84].  

1.4.3 Amino acids and biogenic amines 

Amino acids and their derivatives are another extensive group of reactive substances 

that can undergo nitrosation reactions. Some products, such as  NPRO and NSAR, were 

already mentioned in beer or malt. In aqueous solutions, the nitrosation reaction of proline, 

4-hydroxyproline, and sarcosine decreases at higher pH but increases with higher NOx 

concentration [86]. Thioproline showed a higher affinity to form N-nitroso derivate than 

proline in the presence of nitrite at physiological conditions. In the presence of nitrates, 

NPRO and N-nitrosothioproline are formed even faster [70]. Trans-nitrosation from NPRO 

to glutathione and tyrosine molecules was also observed, and the products were S-nitroso 

glutathione and 3-nitrotyrosine, respectively [87, 88].  

Amino acids can also be inhibitors of N-nitrosamine formation, and the inhibition 

efficiency decreased in order cysteine > serine > alanine and proline (which had almost 

no effect) [67]. S-allyl cysteine in garlic suppressed NPRO formation, and the suggested 

nitrosation product was N-acetyl-S-allyl cysteine [89]. Nitrosation products of amino acids 

were described as not colouring compounds, and their contribution to beer colour is 

negligible [84]. This observation did not agree with our experience when tyrosine, after 

reaction with nitrite, formed a yellowish-to-brown solution. Depending on specific amino 
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acids and their derivatives, they can undergo N-nitrosation, C-nitrosation, or even distinct 

reaction products without a nitroso group. Nitrite reactions with tyramine, 

a decarboxylated tyrosine, at stomach conditions led to many reaction products, from 

which o-nitroso tyramine and 3-diazo tyramine were of mutagenic behaviour [59, 73]. 

Tryptophol, a metabolic intermediate of tryptophan, reacted with nitrite (at pH=3) to form 

N-nitroso derivative (N-nitroso tryptophol) and C-nitro derivative (6-nitro tryptophol). 

Both products showed mutagenic properties on Salmonella tester strains [90]. 

Histidine in reaction with sodium nitrite (at pH = 4) yielded five reaction products, 

and one of them (N-nitroso-1H-imidazol-4-yl)acetohydroxamic acid showed some specific 

mutagenic properties in Salmonella typhimurium. In this case, mutagenicity was suggested 

for N-nitroso and hydroxamic groups [91]. Other alternative nitrosation products 

of aliphatic amino acids (α-,β-,γ-) resulted in the formation of α-hydroxy acids or, 

α-,β-,γ-lactones and corresponding lactones also showed potential alkylating features 

[92-95]. Alternatively, it was suggested that nitrosation products in the amine group have 

higher potency to be alkylating agents than a product where nitrosation occurs in 

the amide or indole group in the amino acid molecule [93]. 

1.4.4 Saccharide derivatives 

Regarding sugars or their derivatives, Amadori compounds are usually mentioned. 

Amadori compounds are intermediates of Maillard reactions and consist 

of monosaccharides and amino acid units. Their highest concentration can be detected 

in malts, as these compounds are formed at high temperatures during kilning, with 

temperatures up to 200 °C. They decompose significantly during mashing and wort boiling 

but not during fermentation [35]. Amadori compounds can react with nitrite at pH = 3, 

forming N-nitroso derivatives; however, their health-effect is currently unknown [96-98]. 

  



 

25 

2. Experimental considerations 

The following section discusses the experimental considerations that led to the final 

experiments. As discussed above, target-unknown non-volatile NOCs are broad and 

complex groups of organic compounds, and the primary aim was to characterize them 

structurally. Since the natural content of NOCs is in ppb levels, there was a demand 

to prepare beer matrices with a higher content of target compounds [20]. The artificial 

addition of nitrites into beer or exposure of malt to nitric oxides was a promising approach, 

and the final procedures are described in the experimental parts. The following studies will 

discuss non-volatile NOCs or potentially ATNC-positive compounds as N-products since 

they were detected in beer after nitrite-related reactions and not all contain specific nitroso 

groups. 

When artificial beer and malt were prepared, the next task was extracting the 

broadest spectrum of N-products possible and distinguishing them from the interferents. 

N-products are medium-polar to polar and small to medium in size; therefore, they can be 

determined by gas chromatography (GC). 

2.1 Derivatization and extraction 

Chemical derivatization of N-products was necessary to improve the volatility of 

target compounds. An appropriate derivatization method was needed, considering the 

chosen instrumentation, N-product complexity, and chemical composition. The aim was to 

enhance the overall volatility of hydroxyls, carboxyles, and amino groups. In past NPRO, 

NSAR, and NPIC determinations, methylation reagents diazomethane and BF3-methanol 

were used [21, 22]. Nowadays, silylation reactions are more common. Its efficiency 

increases in order: amides < amines < carboxylic acids < phenols < alcohols. Common 

silylation agents are BSA, BSTFA, MTBSTFA, and, less frequently, MSA and MSTFA. The 

efficiency of BSTFA is higher than BSA since it has higher silyl-donor strength, and 
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its by-products are more volatile [99, 100]. Derivatization yields for some compounds can 

vary in two ways. The first is an insufficient solubility of a compound in a solvent, resulting 

in the analyte's absence in the solution. The second is the silylating strength, which depends 

on the type of derivatized functional group and total solvent mixture [101]. A silylation 

catalyst such as trimethylchlorosilane can avoid the latter effect and facilitate 

the derivatization of groups with low affinities, such as amines [100]. 

Different extraction methods were applied for malt and beer depending on the initial 

matrix. Solid-liquid phase extraction was chosen for malt samples and was described 

previously [102]. Solid-phase extraction (SPE) was chosen for beer samples and is 

commonly used for N-nitrosamine determinations. As sorbents were used, polymer 

cartridges (e.g., LiChlorut EN, WAX-SPE, molecularly imprinted polymer) and RP-SPE 

cartridges [89, 103, 104]. Since our target NOCs are supposed to have different properties 

and functional groups, a universal C18-SPE (Discovery DSC-18, 500 mg, Supelco) was 

selected. 

2.2 Chromatographic methods 

Determination of NDMA and other volatile N-nitrosamines by GC is widespread and 

used in many matrices, such as beer, malt, rubber, cosmetics, drugs, water, or meat [4, 8, 11, 

105-108]. They usually employ mid-polar to non-polar GC columns with cyanopropyl or 

phenyl active sites (5-14%), such as DB-624 DB-1701, DB-5, or HP-5MS, to enhance 

retention of either semi-polar compound. For trace analysis of target unknown NOCs, an 

HP-5MS UI column was selected for its universal use and suitability for mass spectrometry 

[11, 20, 89, 104, 105, 109]. GC is mainly coupled with a nitroso-specific chemiluminescence 

detector (GC-NCD) and mass spectrometry for these applications. 

Liquid chromatography (HPLC) is also suitable for determining NOCs because of their 

higher polarity. For instance, HPLC-NCD was used to determine N-nitroso amino acids and 

other N-nitroso derivatives of carboxylic acids in meat [110, 111]. Other HPLC detectors 
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for detecting NOCs were fluorescence or mass spectrometry [103, 105, 112-114]. Although 

HPLC could be a sufficient method for non-volatile NOCs determination, the preliminary 

experiments by GC-NCD showed sufficient response of silylated target compounds and 

the possibility of methods translation to GC-MS/MS [20]. 

In our studies, the GC-MS/MS was used since mass spectrometry has the great 

advantage of structural information, which recently led to the structural identification 

of N-nitrosoproline ethylester [20]. The information from MS/MS fragmentation 

experiments can result in various proposed molecular structures, which must be confirmed 

by GC-MS standards analysis. Preparation of such standards in satisfactory purity can be 

time-consuming and costly and often does not produce the desired confirmation. Because 

the molecular structure is closely associated with the retention index, any tool that can 

suggest a retention index based on the proposed molecular structure could be helpful, 

not only in the area of the present study. A computational tool, DeepReI, was developed in 

the present study. The DeepReI can predict retention indices in GC for the semi-standard 

non-polar columns using the Simplified Molecular Input Line Entry System (SMILES) as an 

input [115]. Its architecture consists of deep-learning neural networks and is 

comprehensively described in the third paper attached in Supplementary data – 

Appendix 1. DeepReI was extensively used to confirm suggested molecule structures of 

studied unknown N-products in the first study. In the second study, mass spectrometric 

data of identified N-products were used for developing the GC-MS/MS method to monitor 

the natural occurrence of N-products in beers and malts (untreated by nitrite or nitrogen 

oxides). 

2.3 Specific detector for NOCs and ATNC determination 

The great advantage of NOCs is the possibility of precise detection provided 

by nitroso-specific chemiluminescence detector, NCD (also known as a Thermal Energy 

Analyzer, TEA). Detection consists of a thermal cleavage of the nitrosyl group from 
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a molecule moiety. Then, oxidation of evolved nitrosyl radicals by ozone forms excited 

nitrogen dioxide (NO2*). When NO2* returns to the ground energy state, the emitted near-

infrared light is detected, and its intensity is proportional to the concentration of released 

nitrosyl groups [110, 116]. 

The NCD is used in ATNC determination, which is the routine method of 

determination used to monitor the presence of non-volatile NOCs in beer and other 

matrices. Method modifications include different cleaving mixtures, such as acidic 

iodine/iodide or HBr/acetic acid mixture [15, 23, 113, 116]. The linear response to NOCs 

was proved over six orders of magnitude [110]. Although ATNC should be solely specific 

for N-nitroso compounds, the possibility of false-positive compounds was already 

mentioned. The summary of NCD-positive compounds, including N-nitroso and other NOCs, 

is listed in Supplementary data – Appendix 2: Table 1. The false-positive NCD responses 

were estimated for nitrothiols and nitrolic acids [12]. Due to the potential existence of false-

positive ATNC compounds, the second study aimed to compare the N-products with ATNC 

concentrations in beer. 
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3. Results and discussion 

The following section comprises the results achieved in two publications. The first 

publication focuses on the structural elucidation of N-products in artificially nitrosated 

beer. Based on gathered GC-MS/MS fragmentation, a specific detection method for 

N-products was developed to monitor their natural occurrence in untreated beers and 

malts. N-products were monitored on commercially available 191 beer samples and 198 

malt samples. Both publications include final experimental procedures along with results 

and discussion. Supporting information for both papers is in Supplementary data – 

Appendices 3 and 4. 
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3.1 Characterization of Nitrite-Related Reaction Products in Br 
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3.2 Natural Occurrence of Nitrite-Related Compounds in Malt and
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Conclusion 

The stated aims of this investigation were achieved since nearly 22 N-products were 

observed in beer and malt for the first time. Several N-products can be representatives of 

studied non-volatile NOCs (N-nitroso, C-nitroso compounds, or oximes), but also 

representatives of nitro- and even cyano-compounds were characterized. The studied 

N-products were pyruvic acid oxime, 4-cyanophenol, 4-nitrosophenol, nitrosoguaiacol, 

NPRO, NPRO-O-Et, and 2-methoxy-5-nitrophenol. Possible precursors were amino acids 

(proline, tyrosine) or phenolic acids (vanillic acid). The following observational study 

supported the results from the first publication since the N-products were frequently 

detected in all commercial untreated beers, and up to 17 N-products were detected in 

commercial malts. Preliminary experiments revealed the N-product's good extractability 

into the wort. It was observed that several N-products can originate from malt, and some, 

such as N-nitrosoproline ethyl ester and 4-nitrosophenol, probably form during brewing. 

Comparisons of N-products with NDMA and ATNC determinations revealed only medium 

correlations, which other factors, such as concentrations of precursor and reagents, type of 

nitrosation reagents, temperature, or pH, can influence. 

Although several N-products can be representatives of barely known non-volatile 

NOCs, further studies are necessary to prove the association between N-products and 

ATNC-positive compounds. Moreover, improvements in specific GC-MS/MS detection 

methods would also contribute to better health-assessment of beer. However, both 

mentioned scopes required analytical standards, which are currently unavailable for most 

N-products (except NPRO, 4-cyanophenol, and 2-methoxy-5-nitrophenol). 
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Appendix 2 

Table 1. List of NCD-positive and false-positive compounds. 

Group Compound 
Relative NCD 
response* 

Note Reference 

N-nitroso NPIP 1.17 c 3 
N-nitroso N-nitrosodiphenylamine 1.11 c 3 
N-nitroso N-nitrosodipropylamine 1.09 c 3 
N-nitroso NDEA 1.07 c 3 
N-nitroso N-nitroso-N-methyl urethane 1.04 c 3 
N-nitroso N-nitroso-N-ethyl aniline 1.03 c 3 
N-nitroso 9-nitrosocarbazole 1.03 c 3 
N-nitroso N-methyl-N-nitroso-N-nitro guadinine 1.02 c 3 
N-nitroso N-nitrosodibutylamine 1.01 b 2 
N-nitroso Ethyl-N-nitrososarcosinate 0.97 c 3 
N-nitroso NMOR 0.96 b 2 
N-nitroso N-nitroso-N-phenylbenzyl amine 0.92 c 3 
N-nitroso N-nitrosodiphenylamine 0.90 b 2 
N-nitroso Dinitrosopiperazine 0.87 c 3 
N-nitroso N-nitrodiethanolamine 0.75 b 2 
N-nitroso N-methyl-N-nitroso toluenesulphonamide 0.17 a 1 
N-nitroso N-ethyl-N-nitrosourea          <0.05 a 1 

C-nitroso 4-nitrosophenol          <0.05 b 2 
C-nitroso 4-nitrosodiphenylamine       << 0.01 c 3 
C-nitroso Dimethylglyoxime       << 0.01 c 3 
C-nitroso 2-nitroso-1-naphthol       << 0.01 c 3 
Oxime cyclohexanone oxime       << 0.01 a 1 

S-nitroso nitrosogluthathione 0.82 b 2 
S-nitroso S-nitrosotriphenylmethanethiol 0.53 a 1 

N-nitro N-nitrodipropylamine 0.50 a 4 
N-nitro N-nitrodimethylamine          <0.05 a 1 

C-nitro 2,2',4,4',6,6'-hexanitrodiphenylamine 1.40 c 3 
C-nitro 2-nitropropane 0.41 a 1 
C-nitro 5-nitrouracil          <0.05 c 3 
C-nitro nitrobenzene          <0.05 a 1 
C-nitro chloropicrin          <0.05 b 2 
C-nitro 4-nitrophenol          <0.05 b 2 
C-nitro 3-nitrophthalidimide       << 0.01 c 3 
C-nitro Nitromethane       << 0.01 c 3 

Other Nitrite 1.20 b 2 
Other ethyl nitrate 1.10 a 1 
Other Isopentyl nitrite 1.00 c 3 
Other pentyl nitrite 1.00 c 3 
Other cyclohexylamine nitrite 1.00 c 3 
Other sodium nitrite (in H2O) 1.00 c 3 
Other sodium nitrate (in H2O) 1.00 c 3 
Other nitric acid 1.00 c 3 
Other ethyl nitrite 0.70 a 1 
Other dimethylsulfoxide          <0.05 c 3 
Other hydrazine          <0.05 c 3 
Other azobisisobutyronitrile       << 0.01 a 1 
Other imidazole       << 0.01 a 1 
Other pyrrole       << 0.01 a 1 
Other azoxyanisole       << 0.01 a 1 
Other furan       << 0.01 a 1 
Other thiophene       << 0.01 a 1 
Other linoleic acid       << 0.01 a 1 
Other crotonaldehyde       << 0.01 a 1 
Other methylvinylketone       << 0.01 a 1 
Other nitrate       << 0.01 b 2 
Other ammonium hydroxide       << 0.01 c 3 
Other dimethylamine hydrochloride       << 0.01 c 3 
Other diphenyl carbazone       << 0.01 c 3 
Other aniline       << 0.01 c 3 

* Standardized numeric response within listed compounds. Note that estimations of response vary, 
depending on the reference: a - Molar response relative to NDMA 

b - Recovery calculated as the ratio of the slope of the NDMA standard curve 
c - Relative response, nitrosyl mole basis 

References: 1 [23], 2 [116], 3 [110], 4 [117].  
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