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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.



Abstrakt

NitrososlouCeniny jsou kontaminanty piva skarcinogennimi ucinky, které se
prirozené tvori béhem pivoarského procesu. Obecné jsou déleny na tékavé a netékavé.
Dostatecné charakterizované a prokazané karcinogenni latky jsou tékavé N-nitrosaminy,
coZ nelze konstatovat pro strukturné neznamé zastupce netékavych nitrososloucenin. Tato
neznalost limituje vyvoj novych analytickych metod vedouci k presnéjsimu zhodnoceni a
kontrole zdravotnich rizik piva. PredloZena studie se proto zabyva témito méné znamymi
slouc¢eninami, zejména strukturou molekul a jejich prirozenym vyskytem v pivu i sladu.
JelikoZ je jejich vznik spojovan s reakcemi dusitanu se slou¢eninami piva a jeho surovin, byl
vzorek piva paralelné oSetfen dusitanem (standardnim a izotopickym-15N) v kyselém
prostredi. Diky izotopickému znaCeni byly vzniklé reakcéni produkty identifikovany
plynovou chromatografii s tandemovou hmotnostni spektrometrii. Timto pristupem bylo
nalezeno a strukturné studovano az 22 neznamych reakénich produktli dusitanu
(N-produkti) pomoci hmotnostné spektrometrickych fragmentaci.  Kromé drive
nalezeného N-nitrosoprolinu a N-nitrosoprolin ethyl esteru, byly nové v pivu
charakterizovany: 4-kyanofenol, oxim kyseliny pyrohroznové, 2-methoxy-5-nitrofenol,
nitrosoguajakol a 4-nitrosofenol. Neékolik N-produkti bylo chromatograficky
i spektrometricky ve shodé s reak¢nimi produkty dusitanu s tyrosinem nebo kyselinou
vanilovou. VétSina N-produktli byla detekovana i v experimentalné nitrosovaném sladu
pomoci oxidi dusiku, a vykazovala vysokou extrahovatelnost do mladiny. Ziskana
chromatograficka a hmotnostné spektrometricka data vedla k vyvoji specifické metody pro
pozorovani N-produktd v komercnich pivech a sladech (témér 200 vzorkil). Pozorovani
relativnich odezev a cetnosti vyskytu N-produktii pomoci vicerozmérnych analyz odlisilo
dileZité N-produkty, jez by mohly byt zajimavé pro budouci vyzkum. Napriklad syntéza
standardnich slou¢enin o poZadované Cistoté by vedla k presnéjSimu stanoveni N-produktii

v pivu ¢i ke studiu jejich mozZnych zdravotnich ucincich na spotrebitele.
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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.



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=0). 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 ng/kg; the maximum was up to 68 pg/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 pg/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 ug/kg. During the same period, only 4-14 % of malt samples exceeded
the maximum limit of 2.5 pg/kg (4115 malt samples), and every year, the average NDMA
concentrations were about 0.8 ug/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.2 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].

0 O 0 0 0
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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].



concentrations in beers can occasionally reach hundreds of ug(NNO)/kge, 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 pg(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 pg/kg, and NPIC was below the detection limit [21]. Another
study determined the average concentration of NPRO as 1.7 ug/kg in beers (ranging from
<0.7 to 6.0 pg/kg, 28 samples) and 24.1 pg/kg in malts (ranging from 5.0 up to 113.0 pg/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].

0
//O //O //O 7y
N N N N
| / 7 I % N
N_. ¢ N ¢ N-_C C
\ PN \ \
; / OH OH U OH \ / o™
NPRO NSAR NPIC NPRO-0O-Et

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

¢ Units of ATNC determination are pg(NNO)/kg, which refers to the weight of -N-N=0 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 a-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-



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 ug(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 pg(NNO)/kg) [55].

1.3.2. Nitrosation reagents

As mentioned above, there are various resources of nitrosation reagents, nitrogen
oxides (NOx = N20, NO, N203, NO2, N204), and nitrite (NO2-) or, eventually, nitrate ions
(NO3-). From these, the direct nitrosation agents are subsequently formed. N20 does not
cause nitrosation and exists in the following equilibria (see Figure 4). N203 and N204 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 N203 and N204 [49].

y

NO,

N203 e ONO—NO ﬁ OzN_NO

i%\ N204 S ON‘NOg # OZN_NO2

Figure 4. Equilibrium reactions of nitrogen oxides form direct nitrosation
agents (N203 and N204). As proposed, the first red structural conformation
leads to nitrosation, and the second green conformation leads to nitration.



Nitrite ion is not a direct nitrosation agent but coexists in equilibria with many other

direct nitrosation agents, such asN203, N204, *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 (*H2NO3z). In neutral/alkaline conditions, the formation of other nitrosation agents,
such as N203 and N204, 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].

NO3 2NO + HNO; + H,0

+ HO [+
H,NO, | =— | NO

—— |*NO + *NO,

+ g
<

N2O4

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 NO: is present, nitration is a more favourable reaction to
nitrosation since NOz cannot form a dimer of N204. Another possible source of nitration

reagents (see Figure 4) is specific structural conformations of N203 and N20 [49].
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O.N—NO,
: H —+ Ry;N-NO, + HNO,

RQN - H Nitramin
HNQO, + HNO3; + R:NH
ON—NO;
RsN-NO + HNO;
RZN —H Nitrosamin

Figure 6. Possible simultaneous formation of nitramines and nitrosamines.

1.3.3. Chemistry of N-nitrosation

The mechanism of nitrosation by N203 and N204 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 HCI),
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 N203 transition state led to

two C-nitroso and N-nitroso products. An intramolecular migration of the nitroso group



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, a-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



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 (a-,-,y-) resulted in the formation of a-hydroxy acids or,
a-,3-,y-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].



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 Ilatter 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 Ul 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



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, DeepRel, was developed in
the present study. The DeepRel 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. DeepRel 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.



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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ABSTRACT: The effect of nitrites in foods and beverages still raises discussion due to the possible formation of harmful nitroso
compounds. However, as most of these compounds in beer were not structurally characterized yet, the research about their
toxicological relevance for consumers is limited. This study is focused on identification of the products formed by nitrite (or
isotopically labeled nitrite '*N) reactions in beer using gas chromatography with tandem mass spectrometry. In total, 19 products
were identified, and some of them were structurally characterized and confirmed by comparing retention indices and mass spectra of
standard/synthesized compounds. Identified compounds were representatives of nitroso, nitro, oxime, and even cyano compounds.
For the peaks which were not structurally identified, primary structural characteristics were also listed. Found products were further
screened in 16 authentic beer samples which showed the apparent occurrence of found compounds in non-treated beers.
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B INTRODUCTION

The possible health risk of nitrite in foods still raises
discussions. While some studies consider naturally occurred
nitrites as beneficial for gastrointestinal, immune, and
cardiovascular functions,"”* other ones are concerned about
the formation of carcinogenic compounds (especially volatile
N-nitrosamines) from the compounds present in foods or
beverages, such as meat products and beer.”* Ways how
nitrites are brought into contact with natural compounds in
foods vary. For instance, in meat production, sodium nitrite
(E250) is added purposely to prevent microbial growth.
Conversely, non-treated vegetables and fruits could naturally
contain nitrite in considerable amounts.” Also, in the case of
beer, a higher concentration of nitrites is usually a consequence
of the contamination.’ Several studies found a correlation
between microbial contamination of beer and Apparent Total
Nitroso Compound concentration (ATNC, a determination of
all nitroso functional groups in the sample).” For instance,
increased ATNC was observed in beers contaminated by
various bacteria, such as from the genera Bacillaceae,
Enterobacteriaceae, and Obesumbacterium.>® The above-
mentioned bacteria reduced nitrate to nitrite, which might
react with beer compounds to form ATNC responsive
products. Although ATNC concentrations in beer are usually
lower than 20 g (N—NO)/L, occasionally, they may be
significantly higher as a study from 2014 observed.” This may
be the result of microbial contamination with combination of a
higher level of nitrate in beer or raw materials. The most
possible nitrate-donating raw material may be hop since the
transfer of nitrates from hop (during wort boilin% as well as dry
hopping) was found to be almost quantitative.1

The products of nitrite reactions in beer are generally
assumed to be non-volatile nitroso compounds approximately
quantitated by ATNC. Known volatile N-nitrosamines (such as
N-nitrosodimethylamine) contribute to ATNC only by 1%,
and their origin was proved to be different.'"'* Therefore, the
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remaining ATNC content is supposed to be formed by
unknown compounds.'® Their precursors are hypothesized to
be phenols, amines, amino acids, or peptides, and depending
on their concentration, chemical nature, and ambient
conditions, they might be nitrosated, nitrated, or oxidized."
Since specific products of these reactions are so far unknown,
the study of their toxicology relevance and the advancement of
their detection is limited.

Several attempts to develop a new method for their
characterization were reported previously.'”"> One study
used liquid chromatography and gas chromatography (GC),
combined with a nitrogen chemiluminescence detector (NCD)
and mass spectrometry (MS), respectively. As a result, the MS
spectrum of one unknown N-nitroso compound was
puinshed.]4 In our previously published study, GC combined
with pyrolytic profiling NCD was used to classify chromato-
graphic peaks into C-nitroso, N-nitroso, and interferent
compound groups, which gave primary structural information
about detected analytes. Another important finding was
structural characterization of unknown compounds based on
MS/MS fragmentation experiments, which led to the
identification of two most significant peaks as N-nitrosoproline
(NPRO) and its ethyl ester (NPRO—Et)."> However, except
for N-nitrosoproline, its ethyl ester, and two more unknown
nitroso compounds, the other compounds of interest remained
unidentified.

This study is focused on the identification of the products
formed by the reaction of nitrite with naturally occurring
compounds in beer. The aim is to prepare products of nitrite
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reactions directly in the beer matrix, to detect them by GC—
MS, and to characterize their chemical structures by tandem
MS. Knowing structures of these compounds could bring new
opportunities for the analytical method development as well as
the study of their toxicological relevance.

The study was carried out in three stages: (i) detection of
the products formed by the reaction of nitrite in beer and their
structural study based on the MS/MS analyses (as well as
isotopically labeled experiments),lé (ii) detection and
characterization of the products formed by the reaction of
nitrite with standard compounds previously described in beer,
and (iii) a brief screening of detected products in real beer
samples. Besides using general rules for structural elucidation
from GC—MS/MS fragmentation, a new computational tool
DeepRel [for retention index (RI) }arediction according to
SMILES notation] was used as well."” Additional information
regarding RI prediction (Rl,q), all MS and MS/MS spectra of
the products, and the results of the screening experiment are
listed in the Supporting Information.

B MATERIALS AND METHODS

Reagents and Materials. All used reagents, sodium nitrite
(97%), isotopically labeled sodium nitrite '*N (98 atom % N, 95%),
a solution of C,—Cj, saturated n-alkanes (1000 pg/mL in hexane),
N,O-bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane
(BSTFA + TMCS, 99:1, 98.5%), 2-ethylphenol (99%), 2-methox-
yphenol (98%), pyruvic acid oxime (98%), tyrosine (>98.0%),
hydroxylamine hydrochloride (99%), pyridine (>99.0%), 4-cyano-
phenol (95%), 2-cyclohexen-1-one (>95.0%), 4-nitrosophenol (95%),
and pL-phenylalanine-1-"*C (99 atom % '*C), were purchased from
Sigma-Aldrich, Germany. Hydrochloric acid (37%), ammonium
amidosulfonate (>99%), and sulfuric acid (96%) were obtained
from Merck, Germany. Acetonitrile, dichloromethane, ethyl acetate,
n-hexane, and methanol used as solvents were of reagent grade,
obtained from Honeywell, USA. Deionized water was obtained using
a Milli-Q_system.

Reaction of Nitrite with a Beer Sample. A sample of lager beer
(500 mL, obtained from the local manufacturer) was treated with 4
mL of 37% hydrochloric acid and 2.0 g of sodium nitrite. The beer
was stored in the dark at room temperature for 1 month to obtain
enough reaction product yield. The same procedure was applied to
prepare parallel beers (with isotopically labeled sodium nitrite
addition and blank beer without any nitrite addition). Before sample
extraction, a beer sample (6 mL) and 1 mL of 0.2 mol/L ammonium
amidosulfonate in 0.2 mol/L sulfuric acid were left 15—30 min at
room temperature in the dark to remove unreacted nitrites.
Meanwhile, an SPE sorbent (Discovery DSC-18, 500 mg, Supelco)
was conditioned with 6 mL of methanol and 6 mL of water. The
whole beer sample (7 mL) was loaded on a conditioned SPE
cartridge, washed with 1 mL of water, and gently dried by vacuum,
and retained compounds were eluted from the SPE cartridge by 12
mL of dichloromethane. The obtained extract was evaporated to
dryness by a gentle argon flow (Air Products, Czech Republic) at 45
°C. The dry residuum was dissolved in 0.2 mL of BSTFA, and
derivatization was performed for 1 h at 65 °C.

Reactions of Standard Compounds. Oximation and derivatiza-
tion of pyruvic acid and 2-cyclohexen-l-one were performed
according to a previous study.'® The standard (39 uL) was mixed
with 200 uL of 3.5 mol/L hydroxylamine hydrochloride solution in
pyridine. The mixture was left in an ultrasonication bath for 1 min and
incubated at 35 °C for 3 h in the dark. Derivatization was performed
by 500 uL of BSTFA addition to the cooled sample, and the mixture
was left at 70 °C for 2 h.

Parallel samples of tyrosine, histidine, phenylalanine, 2-ethylphenol,
and 2-methoxy phenol (15.0 mg) with the addition of sodium nitrite
(17.5 mg) were dissolved in 1 mL of methanol and acidified by 20 uL
of hydrochloric acid (37%), separately. The mixture was left over 72 h

at room temperature in the dark. The liquid mixture was then
transferred into a new vial and evaporated under a gentle argon flow
at 50 °C. The dry residuum was dissolved in 500 uL of BSTFA and
incubated at 65 °C for 1 h. The reaction of vanillic acid with sodium
nitrite was described in the previous study."” 4-Nitroso phenol (40.5
mg) and 4-cyano phenol (18.1 mg) were dissolved in 500 pL of
BSTFA, separately, and both mixtures were incubated at 65 °C for 1
h. If necessary, the samples were diluted by n-hexane before GC—MS$S
analyses.

GC—MS/MS Analyses. Samples were analyzed using a gas
chromatograph Agilent 7890 B with a 7000D triple quadrupole
mass spectrometric detector (Agilent Technologies, Santa Clara,
USA). Separations were carried out on a capillary column HP-SMS
UI [(5% phenyl)-methylpolysiloxane, 30 m X 0.25 mm X 0.25 um].
Injections were performed in a split mode (5:1) at 250 °C, with a
constant helium flow at 1 mL/min (Air Products, Czech Republic). A
gradient temperature program was set to S0 °C (1.5 min)—20 °C/
min—150 °C (5 min)—10 °C/min—210 °C (3 min)—10 °C/
min—320 °C (5 min), and the interface temperature was 250 °C.
Two conditions of electron impact ionization were used, standard (70
€V, 230 °C) and soft (20 eV, 180 °C), to decrease the fragmentation
rate and improve the relative intensity of molecular jons. A full scan
mode of detection was maintained in the range of m/z 40—600, and
MS/MS experiments in a product or precursor ion mode were
performed at a collision energy of 15 eV.

Methodology for Structure Elucidation of the Products.
Peaks of the interest products were identified according to a
comparison of chromatograms and MS full scan spectra of parallel
beer samples after the reaction with sodium nitrite and isotopically
labeled sodium nitrite (Na'*NO,). If some parallel MS spectra differ
by m/z units, it points out isotopic nitrogen in the molecule
originating from the nitrite reaction. The beer sample (without nitrite
addition) was analyzed as a blank control. Recorded MS spectra of the
detected peaks were compared to a reference library (NIST 14 MS
Library). In peak coelution, the deconvoluted spectra were preferably
used for searching in the reference library. After the detection of the
products, RIs were calculated according to the definition using
saturated n-alkanes (C,—Csp).'" For structural elucidation of the
reaction products, many MS/MS experiments were performed. For
instance, precursor ion spectra were used to identify a molecular ion.
Structures of unknown products were suggested based on
fragmentation, which was drafted according to product ion spectra
and isotopically labeled fragments. The suggested structure (from the
fragmentation path and/or reference library search) was transformed
into the SMILES notation by ACD/ChemSketch software (version
12.01, Advanced Chemistry Development, Inc., Canada), according to
which RI was predicted by DeepRel tool.'” If experimental RI
matched the predicted RI interval, the molecule was synthesized to
confirm/disprove the assumed structure. Otherwise, the suggested
molecule fragmentation pattern and molecule had to be redesigned.

Semiquantitation of the Products in Non-treated Beers.
Semiquantitation of detected products in 16 commercial beer samples
was performed by normalizing the peak response area to the internal
standard (IS) response area (calculated as the ratio of peak area of the
analyte to peak area of IS). Tested commercial beers were obtained
from foreign and local manufacturers, including industrial breweries,
microbreweries, and homebrewers (Table $3). Beer samples (non-
acidified and non-treated by nitrite) were prepared and analyzed
according to the procedures described above. The IS addition of 100
UL of pL-phenylalanine-1-"*C (100 mg/L) was performed to all beer
samples immediately after SPE elution. Products were detected in a
multiple-reaction-monitoring mode (MRM). Collision energies (CEs)
for all MRM transitions were optimized individually for CEs ranging
from 5 to 60 eV (Table 54). Relative abundances of the products were
calculated by the ratio of the product peak area to the peak area of the
IS. Each sample was prepared and analyzed in duplicates.

Safety Considerations. Substances studied in the present study
are of unknown toxicity; however, because they are supposed to have
some structural characteristics similar to those of toxic N-nitros-
amines, they should be treated as potentially toxic for a human. Safety

https://doi.org/10.1021/acs jafc.1c04421
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Figure 1. Chromatogram of the beer sample—products of the sodium nitrite reactions are highlighted by numbers.

Table 1. List of Products Formed by the Reaction of Nitrite in a Beer Sample

no. RT [min] MW [g/mol] Rl RL,."
1 8.6 183 1116
2 8.9 247 1146 1211
12.3° 195 1348 1470
3 133 191 1399 1384
4 13.5 212 1408
5 13.7 172 1422 1418
6 14.7 216 1471 1446
15.0° 223 1488 1481
7 15.6 230 1524
16.8° 225 1596 1611
8 17.4 239 1627
17.7 218 1655
10 18.2 241 1687 1706
11 20.5 306 1821
12 213 269 1866
13 22.1 327 1912
14 23.0 286 1972
15 232 341 1981
16 24.6 357 2082
17 25.9 443 2189
18 26.2 389 2209
19 26.4 443 2230

Ry, name of the product precursor compound
unknown

1157 pyruvic acid oxime, 2TMS
4-nitrosophenol

1365 4-cyanophenol, TMS tyrosine
unknown
N-nitrosoproline ethyl ester proline
N-nitrosoproline, TMS proline
2-ethyl-6-nitrosophenol 2-ethylphenol

unknown

2-methoxy-3-nitrosophenol vanillic acid, guaiacol

unknown
unknown
1698 2-methoxy-$-nitrophenol, 1TMS vanillic acid
unknown tyrosine
unknown
unknown
unknown
unknown tyrosine
unknown tyrosine
unknown tyrosine
unknown tyrosine
unknown tyrosine

“Value predicted by the DeepRel tool. bAccording to the reference library (semistandard non-polar). “Found as a product of nitrite reaction with

the precursor standard compound.

precautions, protective equipment, and handling of samples in a fume
hood to prevent exposure must be employed while manipulating with
these substances.

Bl RESULTS AND DISCUSSION

Reaction Products of Nitrite and Beer Compounds.
Using the methodology described in the previous section led to
the identification of 19 reaction products found in beer
samples after reaction with nitrite. The corresponding peaks
are shown in the beer sample chromatogram (Figure 1), and
their characteristics are summarized in Table 1.

11689

Identified Compounds. Compounds § and 6 have
notably similar full scan spectra with previously published
MS spectra of NPRO—Et and NPRO—TMS esters (Figures
Sla,d and SZa,d).'5 For the assurance, these peaks’ identities
were checked by comparison of experimental Rls (Rlexp) and
Rl s (of the proposed chemical structures), and both
matched within HDI*® prediction intervals, compare Tables
1 and S1. Further, m/z ratio shift, for example, ions m/z 172
(173) and 99 (100), agreed with the proposed fragmentation
of NPRO-Et (Figure S1b,c). The same approach applied to
shifted fragments m/z 216 (217), 201 (202), 157 (158), and
99 (100) in the mass spectra of compound 6 also supported

https://doi.org/10.1021/acs jafe.1c04421
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fragmentation of NPRO—TMS (Figure S2b,c). Considering
that the presence of these substances (especially NPRO) in
beer was described in several studies'"'>* and isotopic
experiments supported the fragmentations, peaks 5 and 6
might be affiliated to NPRO—Et and NPRO—TMS esters,
respectively. Structures of these compounds (as non-silylated)
are shown in Figure 2.

HO HO
42:0 A\fo
-_— N\
N=0

N—OH

2-nitrosopropanoic  (2) pyruvic acid oxime
acid

HO
Oﬁ
Q N=o
o =
N B

(3) 4-cyanophenol (5) N-nitrosoproline

ethylester
R
N=0
0 N
\
on MN=o

e} OH

\
(10) 2-methoxy-
5-nitrophenol

(6) N-nitrosoproline

Figure 2. Structures of identified products formed by the reaction of
nitrite in a beer sample. Numbers of the analytes correspond to peak
numbers listed in Figure 1 and Table 1.

The mass spectrum of peak 7 may be assigned to a
previously published spectrum of the unknown nitroso
compound (Figure S3a—c)."> The MS spectrum of this peak
showed similar fragmentation to NPRO—TMS ester, with a
difference that this peak’s fragments were higher by 14 m/z
units. Hence, it was affiliated to N-nitrosopyroglutamic acid—
TMS (NPGA—-TMS) or any isomer of N-nitrosopipecolic
acid—TMS (NPIC—TMS) as standard NPIC—TMS nearly did
not match in retention on the TG-200MS column."® For this
reason, the RI,,, and RI,. for all possible structures were
compared and showed the best match with NPIC=TMS and
NPGA—TMS. Therefore, the other isomers were due to RI
comparison denied (Figure S3d). Since predicted RIs of
NPIC-TMS and NPGA—TMS were very similar, it was
impossible to distinguish which substance more likely
corresponded to the unknown peak. Hence, the preparation
and analysis of NPGA—TMS were performed; however, except
for pyroglutamic acid’s chromatographic peak, no product
from the nitrite reaction was detected. It might be the result of
poor stability and/or the slow rate of pyroglutamic acid with
the nitrite reaction. It was described that the NPGA formation
could be accelerated by thiocyanate, citrate, or tartrate in the
reaction mixture; however, the product was still considerably
unstable within studied pH 1—6.”' Since the NPGA formation
might be more favorable in complex samples than in standard
solutions, its stability in beer could be also supported.
Furthermore, although the standard of NPIC did match at
retention on the HP5-MS Ul column, this peak remains

unidentified until an additional comparison with NPGA can be
performed.

The mass spectra comparison of peak 2 (Figure S4a,b) with
the reference library found the best match with pyruvic acid
oxime, the bis-trimethylsilyl derivative (87.7%, MW 247).
Although RI,,, was similar to RIy;, (suggested by the reference
library), RI,.q was not in such agreement (Table 1). For this
reason, the result of the library search was first checked by MS
and MS/MS spectra. The molecular ion (m/z 247) was
confirmed by the precursor ion spectrum of m/z 73 (Figure
S4c¢). According to the product ion spectra of m/z 232 and
204, the fragmentation and molecule structure were suggested
(Figure S4d—f). Considering the fact that the sample was
derivatized by the silylation reagent, the spherically close
trimethylsilyl moieties were evident from the abundant
fragments m/z 73 and 147.>* The isotopic experiment and
the nitrogen rule (odd molecular mass) confirmed the nitrogen
atom in the molecule. Second, the chromatographic and mass
spectrometric properties of the unknown peak and synthesized
pyruvic acid oxime—2TMS were compared, and the synthe-
sized molecule perfectly matched the chromatographic and
mass spectrometric properties of the unknown peak. Hence,
pyruvic acid oxime—2TMS (a tautomer of 2-nitrosopropanoic
acid) was concluded as the molecule represented by peak 2,
and both (non-silylated) structures are shown in Figure 2. It
should be noted that this substance was also detected in GC—
MS chromatograms performed on samples during a previous
study, where an artificially contaminated beer sample by
Obesumbacterium proteus (a known microbial agent responsible
for the production of nitroso compounds in beer)’ was
analyzed."

Mass spectra of peak 3 (Figure S5a,b) showed the highest
match with 4-cyanophenol—-TMS (98.3%, MW 191). Although
the comparison of Rl matched Rl it did not match Rl
(Table 1). Hence, the molecular structure was further
structurally elucidated. The nitrogen atom was obvious from
the isotopic experiment and the nitrogen rule. The molecular
ion (m/z 191) was identified according to the precursor ion
spectrum of m/z 160 [M — 15 — 16] (Figure S5c). The
pattern of the full scan spectra, namely, the base peak [M —
15], indicated a structure of a phenolic compound,™ which
was further supported by the product ion spectra of ions m/z
176 and 160 (Figure S5d,e). The target peak showed similar
fragmentation as phenol—TMS with a difference that studied
peak fragments were higher by 25 m/z units (agreed to the
—CN moiety substituting a hydrogen atom).”” This peak’s
identity was finally confirmed by the MS spectrum and
retention of the 4-cyanophenol—TMS standard. Based on our
experiments, this substance was also found among tyrosine
reaction products (Figure S5f). Therefore, tyrosine may be a
possible precursor for this compound in beer, and the
formation of the cyano-functional group could take place
according to the proposed mechanism.”*

The mass spectra comparison of peak 10 (Figure S6a,b)
with the reference library resulted in the best match with 2-
methoxy-5-nitrophenol-TMS (86.0%, MW 241), and Rl
Rl and Rly, matched each other (Table 1). The nitrogen
atom was evident from the isotopic experiment and nitrogen
rule. This product matched perfectly (by spectral and retention
properties) with the reaction product of vanillic acid
nitrosation (Figure S6c).'” Thus, vanillic acid could be a
possible precursor for this compound in beer.

https://doi.org/10.1021/acs jafc.1c04421
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Consequently, except NPRO, NPRO—Et, and NPIC (or
NPGA), the compounds above were identified in beer first.
Their non-derivatized structures are summarized in Figure 2.
The assumption about the formation of strictly nitroso
compounds is questionable since all products belong to
various groups of compounds (oximes, nitroso, cyano, and
nitro). Due to this, a follow-up study is needed to confirm the
contribution of these compounds to the ATNC.

Detected and Unidentified Compounds. Since a full
scan of peak 1 was significantly influenced by baseline noise
and coelution, its mass spectra are shown as product ion
spectra of m/z 168 (m/z 169 in the isotopic experiment) in
Figure S7ab. The precursor ion spectrum of m/z 168 [M —
15] revealed an unstable molecular ion (m/z 183) (Figure
§7¢). The suggested compound from the reference library was
denied due to the comparison of molecular weights, Rls, and
the nitrogen atom presence (from the isotopic experiment
together with the nitrogen rule, Table S2). The fragments
highlighted by an asterisk represent structures bearing
nitrogens originating from the nitrite reaction (Figure S7b).
The base peak m/z 94 [M — 89] is probably formed by the
loss of the (CH;);Si—O® fragment, and the TMS moiety is also
apparent from abundant m/z 75 [(CH,),Si—OH"]. The
product ion spectrum of m/z 94 showed two main fragments,
m/z 66 and 39 (Figure S7d), which agreed with the
fragmentation of 2-pyrrole-2-carboxaldehyde.b However,
other unsaturated cycles, such as cyclopentene or cyclohexene,
also fitted into the possible fragmentation patterns. Therefore,
Rlp.eq of four suggested molecules were compared to Rl
however, none of them matched sufficiently (Figure S7e). Also,
analysis of cyclohex-2-en-1-oxime—TMS denied this molecule
to be the identity of this peak as it did not match by spectral
neither chromatographic comparison. Hence, the structure of
the molecule at 8.6 min remained unknown.

The mass spectrum of peak 4 is shown in Figure S8a. The
stable molecular ion m/z 212 was identified by the precursor
ion spectrum of m/z 141 (Figure S8b). The suggested
compound from the reference library was denied due to the
comparison of molecular weights, Rls, and the number of
nitrogens (Table S2). Based on the nitrogen rule, this
compound has even nitrogen atoms; however, only one
nitrogen originated from the nitrite reaction (highlighted by an
asterisk), as was obvious from product ion spectra of m/z 212
(m/z 213 in the isotopical experiment). The fragment m/z 141
[M — 71] is formed by the loss of isotopic nitrogen, possibly as
simultaneous loss of m/z 44 + 27 (HCN) or 28 (HC'N) in
the isotopic experiment (Figure S8c,d). Further, abundant
fragments m/z 73 and 75 probably correspond to (CHj,),Si"
and (CH,),Si—OH" fragments, respectively.”” However,
despite obtained information, the structure of molecule 4
remained unknown.

The comparison of the mass spectrum of peak 8 (Figure
§9a) with the reference library revealed the highest match with
4-nitrobenzoic acid, a TMS derivative. The molecular weight
and RI of the proposed compound by the reference library
matched well with experimental values (Table S2). The
molecular ion m/z 239 was identified by the precursor ion
spectrum of m/z 224 [M — 15] (Figure S9b). The suggested
compound from the reference library was also supported by
product ion spectra of m/z 224 and 225 in the isotopic
experiment (Figure S9¢,d), where the formation of ions m/z
178 [M — 15 — 46] and 150 [M — 15 — 74] could be the
losses of *CH; + "NO, or (CHS,),Si=0, respectively.”*°

Therefore, Rls predicted for 4-/3-/2-nitrobenzoic acid isomers
were compared to Rl ; the best match was observed for 2-
nitrobenzoic acid (Figure S9e). Hence, peak 8 might be a
positional isomer of nitrobenzoic acid; however, it should be
additionally confirmed by a standard compound.

The mass spectrum of peak 9 is shown in Figure S10a. The
molecular ion (m/z 218) was identified by the precursor ion
spectrum of the base peak m/z 203 [M — 15] (Figure S10b).
The suggested compound from the reference library was
denied based on the comparison of molecular weights, Rls, and
the number of nitrogens (Table S2). By comparing product
ion spectra of m/z 218 and m/z 219 in the isotopic
experiment, an even number of nitrogens was observed.
However, only one nitrogen (highlighted by an asterisk)
originated from the nitrite reaction. The fragments m/z 175
[M — 43] and 144 [M — 74] might be formed by losses of
*CH; + CO and (CHj;),Si=0, respectively (Figure S10c,d).
However, despite obtained structural information, the structure
of molecule 9 remained unknown.

The MS spectrum of peak 11 is shown in Figure S1la. A
molecular ion (m/z 306, also the base peak) was indicated by
the precursor ion spectrum of m/z 276 [M — 30] (Figure
S11b). The suggested compound from the reference library
was denied based on the comparison of molecular weights, Rls,
and nitrogens (Table S2). Comparing the product ion spectra
of m/z 306 and 308 from the original and isotopic experiments
revealed the presence of two nitrogen atoms, both from the
nitrite reaction (Figure S11c,d). The product ion spectrum of
m/z 291 [M — 15] showed two main fragments, m/z 191 [M
— 15 — 100] and 176 [M — 1S — 115], which might
correspond to a simultaneous loss of the HCN + (CH;),Si* or
(CH,),Si moiety, respectively, as the fragment m/z 264 [M —
15 — 27] was formed by the loss of *CH; + HCN. In addition,
the ion of m/z 276 [M — 30] was formed by the loss of the
*NO radical, compare Figure S11b—d. Although this substance
was also found as a tyrosine reaction product (Figure S11f), its
structure remained unknown.

Mass spectra of peak 12 are shown in Figure S12ab. The
molecular ion (m/z 269) was indicated by the precursor ion
spectrum of m/z 223 [M — 46] (Figure S12c). The suggested
compound from the reference library was denied based on the
comparison of molecular weights, Rls, and the number of
nitrogen atoms (Table S2). By comparing the precursor ion
spectra of m/z 223 in the original and isotopic experiments, an
odd number of nitrogen atoms was observed, and one
originated from the nitrite reaction. The ion m/z 223 might
originate from the simultaneous loss of *CH; + HNO or the
loss of NO, (Figure S12c¢,d). Also, the TMS moiety is
indicated by the m/z 73 fragment.u However, despite
obtained structural information, the structure of molecule 12
remained unknown.

MS spectra of peak 13 could be assigned to the previously
published spectrum, where its primary structural characteristics
were described (Figure S13a,d)."”® Unlike the previous study,
the molecular ion (m/z 342) was identified by the precursor
ion spectrum of m/z 327 [M — 15] (Figure S13c). The
suggested compound from the reference library was denied
based on the comparison of molecular weights, RIs, and the
number of nitrogen atoms (Table S2). By comparing the
original and isotopic experiments, an odd number of nitrogens
was observed, where one originated from the nitrite reaction
(Figure S13a,b). However, despite obtained structural
information, the structure of molecule 13 remained unknown.

https://doi.org/10.1021/acs jafc.1c04421
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Mass spectra of peak 14 are shown in Figure S14a,b. The
molecular ion (m/z 286) was confirmed by the precursor ion
spectrum of m/z 271 [M — 15] (Figure Sl4c). The suggested
compound from the reference library was denied based on the
comparison of molecular weights, Rls, and the number of
nitrogens (Table S2). MS spectra comparison of the original
and isotopic experiments revealed even nitrogens, two
originating from the nitrite reaction (Figure S14d,e). Nitrogen
atoms possibly corresponded to nitro and nitroso groups as
indicated by MS spectra of the product ions m/z 225 [M-15
— 46], 271 [M — 15], and 273 [M — 15] in the isotopic
experiment. For instance, m/z 225 (226 in the isotopic
experiment) was formed by the loss of 46 (NO,) from m/z
271. Further losses from m/z 225 included nitrogen as well,
compare, for example, m/z 137 [M — 15 — 88] in the original
and isotopic experiments (Figure Sl4fg). In addition to
fragments mentioned above, the fragment m/z 75 probably
corresponds to the (CHj;),Si'*=0OH moiety as the samples
were silylated.”> However, despite obtained structural
information, the structure of molecule 14 remained unknown.

MS spectra of peak 15 are shown in Figure S15a,b. The
molecular ion (m/z 341) was confirmed by the precursor ion
spectrum of m/z 326 [M — 15] (Figure S15c). The suggested
compound from the reference library was denied based on the
comparison of molecular weights, Rls, and the number of
nitrogens (Table S2). The nitrogen atom (originating from the
nitrite reaction) and its loss could be observed in product ion
spectra of m/z 326 (or 327 in the isotopic experiment, Figure
S15e,f). Further, fragments such as the base peak [M — 15]
and others, [M — 59], [M — 105], and [M — 133], were
frequently observed for polyfunctional carboxylic acids.”
According to fragmentation, peak 15 was suggested as nitroso
vanillic acid. DeepRel predicted Rls for nitroso vanillic acid
isomers, and some of them matched with RI,, (Figure S15g).
Therefore, the reaction of nitrite with vanillic acid was
performed; however, an identical product at 23.2 min was
not observed. The performed synthesis led to the confirmation
of peak 10 as 2-methoxy-5-nitrophenol.'” In addition,
compound 15 was also found among tyrosine reaction
products (Figure S15d), so tyrosine may be a possible
precursor for this compound in beer.

The remaining peaks 16, 17, 18, and 19 also had a common
possible precursor—tyrosine. The suggested compounds from
the reference library were denied based on the comparison of
molecular weights, Rls, and the number of nitrogens (Table
S2). MS spectra of peak 16 are shown in Figure S16a,b. The
molecular ion (m/z 357) was identified by the precursor ion
spectrtum of m/z 342 [M — 15] (Figure S16c), and it
corresponds to the base peak frequently observed in MS
spectra of aromatic phenols or amines.”” The remaining
fragments were of significantly lower intensities, including m/z
73, which is usually of a higher intensity, indicating more stable
incorporation of the TMS moiety. Further, it could indicate
good resonance stability of the [M — 15] base peak. This
compound has only one nitrogen originating from the nitrite
reaction, and its loss is noticeable by further fragmentation of
m/z 342 (m/z 343 in the isotopic experiment), where
fragments [M — 89] and [M — 119] were formed by nitrogen
loss (Figure S16e,f).

Mass spectra of peak 17 are shown in Figure S17a,b. The
molecular ion (m/z 443) was identified by the precursor ion
spectrum m/z 413 [M — 30] (Figure $17c). Fragments [M —
15] and [M — 30] and low-intense fragment [M — 43] could

indicate losses of *CH,; CH;—CH,; and °*CH; + CO,
respectively.23 Highly abundant fragments m/z 73 and 147
indicated spherically close TMS moieties.”* This product has
only one nitrogen originating from the nitrite reaction, and its
loss is apparent by further fragmentation of m/z 236
(eventually 237 in the isotopic experiment), forming [M —
58] (assumed loss of *NO + CO or C,H,, Figure S17¢,f).

MS spectra of peak 18 are shown in Figure S18ab. The
molecular ion (m/z 389) was identified by the precursor ion
spectrum of m/z 338 (Figure S18c). Another but highly
abundant fragment, m/z 374 [M — 15], had a typical isotopic
pattern indicating the presence of chloride, which could be
supported by loss of HCI forming m/z 338 [M — 15 — 36]. It
has only one nitrogen originating from the nitrite reaction, and
its losses are apparent from further fragmentation of m/z 374
(or more precisely m/z 375 in the isotopic experiment). The
most significant loss of nitrogen led to the formation of m/z
179 [M — 15 — 195]; compare product ion spectra of m/z 374
and 375 in Figure S18e,f. However, based on the information
of the mentioned MS/MS spectra, the specific group
containing nitrogen was not revealed, as well as the compound
structure.

MS spectra of peak 19 are shown in Figure S19a,b. The
molecular ion (m/z 443) was confirmed by the precursor ion
spectrum m/z 400 [M — 43] (Figure S19c). The peak has
fragments typical for polyfunctional carboxylic acids [M — 15],
[M — 43], [M — 90], [M — 105], and [M — 133] and for
aminoacids [M — 15], [M — 43], and [M — 117] mostly
formed by alpha-cleavage. Also, the fragment m/z 218
represented by TMS—N(H)—C(H)"—C(0O)—O0—TMS was
previously mentioned to be typical for a-amino acids;* hence,
m/z 219 [M — 224]** could be of a similar structure of TMS—
0O-C(H)*-C(0)—O—TMS. Its opposite fragment 224 [M —
219]" (bearing nitrogen from the reaction with nitrite) has
similar intensity. Mentioned fragments were not found in other
product ion spectra of abundant fragments; hence, these
fragments might be the results of competitive cleavages. Highly
abundant fragments m/z 73 and 147 indicated spherically close
TMS moieties.”> The molecule has one nitrogen that
originated from the nitrite reaction. The loss of this nitrogen
(supposedly as a "NO or HNO together with another small
molecule loss) is obvious from the product ion spectra of m/z
208 (m/z 209 of the isotopic experiment) and 238 (m/z 239
of the isotopic experiment) (Figure S19e—h). Based on
proposed fragmentation, the peak was suggested to be a nitro
derivative (and TMS derivative) of 2-hydroxy-3-(4-
hydroxyphenyl)propanoic acid, having a nitro group bonded
to an aromatic ring. Based on previous studies about
nitrosation of tyrosine,””** the formation of a 3-nitro derivative
was suggested, and the RI prediction was performed (Table
S1). Although Rl (2230) did not match the Rl eq HDI*
prediction interval calculated by DeepRel (2142-2222), the
RI,,;, was still very close; hence, the suggested molecule was
not denied. However, an additional confirmation/rejection of
the structure based on analysis by more specific techniques is
advised. Furthermore, peaks 18 and 19 had common several
MS/MS spectra, such as product ions of m/z 338, 293, 264,
249, 222, 219, and 179, indicating the same molecular basis.

Reaction Products of Nitrite with Standard Com-
pounds. In addition to the study of nitrite reaction products
in the complex beer matrix, there was simultaneously paid
attention to the substances formed by the nitrite reaction with
few compounds previously described in beer.”” ™' These
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substances were 2-ethyl phenol, 2-methoxy phenol (guaiacol),
vanillic acid, and amino acids (tyrosine, phenylalanine, and
histidine). They were chosen with a criterion to contain a
substituted aromatic ring, which is supposed to be favorable to
form C-nitroso compounds.®*™**

The reactions of amino acids with sodium nitrite yielded
many unknown products. However, for structure elucidation,
only reaction products of tyrosine were selected because some
of the products were notably similar to several unknown
products in beer samples. They were peaks 3, 11, 15, 16, 17,
18, and 19 (Table 1). Their MS spectra are individually shown
in the Supporting Information in Figures $5f, S11f, and §15d—
$19d. It should be highlighted that peak 3 was structurally
characterized above as 4-cyanophenol (a TMS derivative).
Hence, tyrosine could be a precursor of this substance.
Nevertheless, further study is desired to resolve individual
tyrosine reaction products as more comprehensive fragmenta-
tions were already discussed in the previous section.

The chromatogram of 2-ethylphenol with sodium nitrite
reaction showed one product at 15.0 min and unreacted 2-
ethylphenol (9.7 min, NIST 14 match 80.3%), see Table 1.
According to the MS spectral pattern in Figure S20a, both
substances followed fragmentation as monosubstituted phe-
nolic compounds, such as stable molecular jons and [M — 15]
ions.”” The reaction product was assumed to be 2-ethyl-
nitrosophenol due to a difference Am/z 29 between both
molecular ions (it might correspond to the —NO moiety
substituting a hydrogen atom). Hence, Rl of four possible
positional isomers of 2-ethylnitrosophenol were compared to
Rl (Figure S20b). The most similar RI, 4 had 2-ethyl-6-
nitrosophenol trimethylsilyl ether. Apart from the ethyl
substituent, the hydroxyl group activates an aromatic ring to
allow C-nitrosation into ortho- and para-positions. Since the
ethyl group occupies one ortho-position, the second one is
available to form 2-ethyl-6-nitroso substituted phenol.*

The reaction of guaiacol with sodium nitrite yielded the
formation of one main product at 16.8 min (Table 1) and
unreacted 2-methoxy phenol (10.2 min, NIST 14 match
94.1%) (Figure S21a). The same assumption as for 2-
ethylphenol was applied. Hence, Rls for all four possible
positional isomers were predicted (Figure S21b). The most
similar Rl 4 had 2-methoxy-S-nitrosophenol trimethylsilyl
ether. Although both methoxy and hydroxyl groups activate an
aromatic ring to allow C-nitrosation into ortho- and para-
positions, predicting a more favorable nitrosation product is
questionable as these substituents are mutually in the ortho-
position. Since an identical product was found recently (in the
reaction of vanillic acid with nitrite) at the same retention
(16.8 min) and had the same MS spectrum (Figure $21a) and
its second product was identified as 2-methoxy-5-nitrophenol
(RT = 18.2 min), the corresponding peak could be substituted
eql.lally.]7

Semiquantitative Determination of the Products in
Commercial Beers. The GC—MS/MS method for determin-
ing the products (mentioned in the previous sections and listed
in Table 1) was developed to demonstrate the research’s
practical relevance. The list of analytes found in beer was
extended by 4-nitroso phenol (Figure $22) and 2-methoxy-5-
nitrosophenol (both as trimethylsilyl ethers). In this
preliminary screening, 16 commercial beers from local and
foreign manufacturers were analyzed to investigate these
compounds’ relative amounts in non-treated beer. The
semiquantitative results of target compounds are summarized

11693

in Table SS. Most analytes were found at a level <1.0 of the
relative unit, which corresponded to the peaks with responses
lower than the IS response. Compounds 3 (4-cyanophenol),
10 (2-methoxy-S-nitrophenol), and 15 exceeded abundances
up to <10 of relative units (normalized to IS), and the
mentioned peaks were detected in all samples. Higher relative
units (>10) were found for compound 1, which was detected
in most studied samples. Regarding 4-cyanophenol (13.3 min),
some tested samples also exceeded relative units of 10. Peak 13
showed the highest relative units (>50); however, it was
detected only in six samples. Based on the results, further
attention should be paid to elucidating the molecules with
higher relative amounts in commercial beers. The present
paper structurally described two analytes of desired interest:
peaks 3 and 10 were among newly identified compounds. The
primary screening supported the study’s importance as most
analytes were detected in commercial beer samples. However,
observing these compounds in beer should not bear any
harmful consequence for beer consumers since the com-
pounds’ toxicological relevance is not currently known.

Based on the results, nitrite in beer led to the formation of
various nitrogen-containing compounds. Besides N-nitroso
compounds, the representatives of oxime, C-nitroso, nitro, and
nitrile group-containing compounds were identified and also
detected in beer samples. As beer is brewed from natural
resources, the studied compounds may be possibly found in
other foods, especially plant-based. Although most compounds
were not completely structurally characterized, the primary
structure characteristics were estimated to all products. The
possible health risk resulting from the consumption of beer/
foods containing the compounds studied in this study should
be analyzed in the future.
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Results of predicted RI by DeepRel according to
proposed structures of studied compounds; remaining
unidentified peaks and their best match results of MS
spectra comparison with the reference library; list of
beers used for primary monitoring of the identified
products; list of monitored compounds, supplemented
by MRM transitions at optimal CEs; semiquantitation
results of the products in beer samples; MS spectra of
peak 5 and the same peak in the isotopic experiment
found in beer samples; proposed fragmentation and MS
spectrum of the peak identified as NPRO—Et copied
from a previous publication;' MS spectra of peak 6 (a)
and the same peak in the isotopic experiment found in
beer samples; proposed fragmentation and MS spectrum
of the peak identified as NPRO—TMS copied from the
previous publication;’ MS spectra of peak 7 and the
same peak in the isotopic experiment found in beer
samples; MS spectrum of the peak found in artificially
nitrosated beer at 14.7 min copied from the previous
publication;l comparison of the peak’s experimental RI
and predicted RIs of NPIC-TMS (first three isomers)
and NPGA-TMS (second three isomers); MS spectra
of peak 2 and the same peak in the isotopic experiment
found in beer samples; precursor ion spectrum of m/z
73 and product ion spectra of m/z 232 (d) and m/z 204
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(e) of the same peak; suggested fragmentation of pyruvic
acid oxime—2TMS; MS spectra of peak 3 (a) and the
same peak in the isotopic experiment; precursor ion
spectrum of m/z 160, product ion spectra of m/z 176,
and m/z 160 of the same peak; MS spectrum of the
product from tyrosine with the nitrite reaction; MS
spectra of peak 10 and the same peak in the isotopic
experiment; MS spectrum of the product from vanillic
acid with the nitrite reaction, copied from a previous
s1tuc:ly,'2 product ion spectra of m/z 168 (a) and m/z 169
in the isotopic experiment of peak 1; precursor ion
spectrum of m/z 168 (c) and the product ion spectrum
of m/z 94; comparison of the peak’s experimental RI
and predicted Rls of proposed structures; MS spectrum
of peak 4 and the precursor ion spectrum of m/z 212;
product ion spectra of m/z 212(c) and m/z 213 in the
isotopic experiment of the same peak; MS spectrum of
peak 8 and the precursor ion spectrum of m/z 224;
product ion spectra of m/z 224 (c) and m/z 225 in the
isotopic experiment of the same peak; comparison of the
peak’s experimental RI and predicted Rls of proposed
structures; MS spectrum of peak 9 and the precursor ion
spectrum of m/z 203; product ion spectra of m/z 218
(c) and m/z 219 in the isotopic experiment of the same
peak; MS spectrum of peak 11 and the precursor ion
spectrum of m/z 276, product ion spectra of m/z 3086,
m/z 308 in the isotopic experiment, and m/z 291 of the
same peak; MS spectrum of the product from tyrosine
with the nitrite reaction; MS spectra of peak 12 and the
same peak in the isotopic experiment; precursor ion
spectra of m/z 223 and m/z 223 in the isotopic
experiment of the same peak; MS spectra of peak 13 and
the same peak in the isotopic experiment; precursor ion
spectrum of m/z 223 and the MS spectrum of the peak
at 18.3 min found in artificially nitrosated beer;' MS
spectra of peak 14 and the same peak in the isotopic
experiment, precursor ion spectrum of m/z 271, product
ion spectra of m/z 271, m/z 273 in the isotopic
experiment, m/z 225, and m/z 226 in the isotopic
experiment; MS spectra of peak 15 and the same peak in
the isotopic experiment, precursor ion spectrum of m/z
326, and MS spectrum of the product from tyrosine with
the nitrite reaction; product ion spectra of m/z 326 (e)
and m/z 327 in the isotopic experiment; comparison of
the peak’s experimental RI and predicted RIs of
proposed structures; MS spectra of peak 16 and the
same peak in the isotopic experiment, precursor ion
spectrum of m/z 342, and MS full scan spectrum of the
product from tyrosine with the nitrite reaction of the
same peak; product ion spectra of m/z 342 and m/z 343
in the isotopic experiment; MS spectra of peak 17 and
the same peak in the isotopic experiment, precursor ion
spectrum of m/z 413, and MS spectrum of the product
from tyrosine with the nitrite reaction of the same peak;
product jon spectra of m/z 236 and m/z 237 in the
isotopic experiment; MS spectra of peak 18 and the
same peak in the isotopic experiment, precursor ion
spectrum of m/z 338, and MS spectrum of the product
from tyrosine with the nitrite reaction; product ion
spectra of m/z 374 and m/z 375 in the isotopic
experiment of the same peak; MS spectra of peak 19 and
the same peak in the isotopic experiment, precursor ion
spectrum of m/z 400, and MS spectrum of the product

from tyrosine with the nitrite reaction; product ion
spectra of m/z 238, m/z 239 in the isotopic experiment,
m/z 208, and m/z 209 in the isotopic experiment of the
same peak; chromatogram of the 2-ethyl phenol after the
reaction with sodium nitrite and MS spectra of the
reaction products; comparison of the peak’s experimen-
tal RI and predicted Rls of proposed structures;
chromatogram of guaiacol after the reaction with sodium
nitrite and MS spectra of the reaction products;
comparison of the peak’s experimental RI and predicted
RIs of proposed structures; and chromatogram of 4-
nitroso phenol tri(methyl)silyl ether and its MS
spectrum (PDF)
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ABSTRACT: Despite sufficient control of volatile N-nitrosamines in foods and beverages, little attention remained on nonvolatile
nitroso compounds, which are mostly unknown and relative to nitrite reactions. In a recent study, new compounds related to
reactions of nitrite in beer were pyruvic acid oxime, 4-nitrosophenol, 4-cyanophenol, N-nitrosoproline ethyl ester, nitrosoguaiacol,
and 2-methoxy-5-nitrophenol, as well as the already known N-nitrosoproline. The present study is intended to observe their natural
occurrence in commercial beers and malts. All 22 nitrite-related products (N-products) were monitored in almost 200 samples of
beers and malts. As many as 17 N-products were detected in malts, and all 22 N-products were found in beers. The hierarchical
clustering grouped samples based on similarities of detected N-products by frequency of their appearance and level of response.
Between N-products and N-nitrosodimethylamine concentrations in malts, only moderate Pearson correlations were found. The
same applied to N-product correlations with the apparent total nitroso compound determination in beers.

KEYWORDS: ATNC, beer, malt, NDMA, nitrite, nitroso compounds

B INTRODUCTION

Comprehensive research on volatile N-nitrosamines was

Nitroso compounds (NOCs) remain a continuing problem in
foods and beverages. They are formed by reactions of
nitrosation agents, namely, nitric oxides and nitrites, with
naturally present compounds. The first concern about volatile
N-nitrosamines was explicitly received due to their known
carcinogenic and mutagenic properties, and some representa-
tives, e.g., N-nitrosodimethylamine (NDMA), were also found
in malt and beer.'™ Volatile N-nitrosamines are primarily
formed in malt, but some residues can remain in beer. The
formation was associated with reactions of nitric oxides in
drying air (from direct kilns) with precursors presented in
barley. Thanks to technological improvements, such as
replacing direct kilns with indirect kilns or sulfuring, the levels
of volatile N-nitrosamine were significantly minimalized.
Nowadays, typical concentrations of NDMA in malts are
units of partslper billion (ppb) or less and in beers are less than
units of ppb.

Besides volatile N-nitrosamines, a significant part of total
NOC:s in beer consists of nonvolatile representatives, which are
structurally nearly unknown. They are associated with nitrite
reactions with midpolar/polar compounds presented in beer or
its raw materials. The precursors are suggested to be amino
acids, phenolic acids, polyphenols, or derivatives of saccha-
rides.’™ Their formation was severally proven and monitored
during fermentation, indicating a side effect of microbial
contamination.”* The principle is an enzymatic reduction of
nitrates into nitrites, which further react with the named
precursors, yielding nonvolatile N-nitroso and C-nitroso
compounds.l’6 The source of nitrates can be a hop, from
which nitrate transfer during wort boiling is almost
quantitative.”® Therefore, when the higher nitrate content
hop is combined with contaminated yeast, nonvolatile NOCs
may be registered in considerable amounts (up to hundreds of

ppb).’

© 2023 American Chemical Society
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carried out due to their simple determination by gas
chromatography, mostly coupled with nitroso-specific chem-
iluminescence detection (GC-NCD) and, more importantly,
the accessibility of analytical standards. Since most nonvolatile
NOCs are unknown compounds, analytical standards do not
exist, which limits further qualitative and quantitative
investigations, leading to more exact health-safety assumptions
and food quality control. Although methods to determine total
NOCs exist (ATNC from apparent total N-nitroso com-
pounds), they are based on the cleavage of R-NO bonds (by
chemical or ultraviolet (UV) irradiation) and provide only an
apparent estimation of the nitroso group content.” For
instance, NDMA and N-nitrosoproline (NPRO, one of the few
known representatives of nonvolatile NOCs in malt and beer)
contributed to ATNC concentration by less than 1 and 10%,
respectively.”

Although known representatives of nonvolatile NOCs did
not show the same mutagenic properties as NDMA, other
studies presented different potential risk mechanisms. They
were, namely, trans-nitroso reactions or intramolecular shifts."!
For instance, NPRO may undergo thermal decarboxylation,
forming mutagenic N-nitrosopyrrolidine, and thus can be a
potential precursor in dark malts, which are kilned at higher
temperatures. A similar may apply to NDMA formation from
N-nitrososarcosine.'>'* Furthermore, NPRO may also endo-
genously undergo trans-nitrosation, leading to carcinogenic N-
nitroso-N-methylurea when thiourea is present (e.g., from beer
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or other sources)
resulted in various compounds, from which one product (1-
nitroso-1H-imidazol-4-yl)acetohydroxamic acid exhibits muta-
genic properties.'® Alternatively, nitroso derivatives of Amadori
compounds or indoles committed mutations by trans-nitro-
sation directly to purine bases.'”'® Based on the named
examples, there should be awareness of the potential risk of
some nonvolatile NOCs. It was severely advised that the
characterization of individual representatives of nonvolatile
NOCs would improve the health-safety assessment of foods
and other products where NOCs occur.>'*"?

One of the first attempts to reveal representatives of
nonvolatile NOCs in beer was performed by combinations of
high-performance liquid chromatography-NCD (HPLC-
NCD), GC-flame ionization detector (GC-FID), GC-NCD,
and GC-mass spectrometry (GC-MS) and provided one mass
spectrum of unknown NOCs.”’ Later, a novel method
combining GC-NCD with discriminant analysis classified
registered chromatographic peaks into N-nitroso, C-nitroso,
and C-nitro/C-nitroso groups and distinguished them from
interferents. It confirmed the first N-nitrosoproline ethyl ester
(NPRO-O-Et) and the presence of C-nitroso or C-nitro/C-
nitroso compounds. These findings were found in artificially
nitrosated and contaminated beer by Obesumbacterium
proteus.5 The preceding study of the present paper used
parallel nitrosation of beer by nitrite and nitrite-'>N, which led
to identifying more than 20 unknown products containing
nitrogen (later as N-products since not all contain nitroso
group). Besides NPRO and NPRO-O-Et, other newly
characterized N-products were 4-cyanophenol, 4-nitrosophe-
nol, pyruvic acid oxime, 2-methoxy-5-nitrophenol, and nitro-
soguaiacol (3-methoxy-5-nitrosophenol). Proline, tyrosine, and
vanillic acid were suggested as their precursors. N-products
were structurally studied by MS/MS fragmentation and
confirmed by a retention index and mass spectrum of
laboratory-prepared compounds or standards. Collected
structural mass information allowed the development of the
specific detection method described in the mentioned paper.21
The present study applied this method for a semiquantitative
screening of found N-products in commercial samples of malts
and beers (nearly 200 samples each). The aim was to observe a
natural occurrence within different beer/malt types. Malts
exposed to exceeded nitrogen dioxide were also screened to
observe if nitrogen oxides also form identical N-products. The
study further compares N-products relative to standard
determinations of NOCs, such as NDMA in malts and
ATNC in beers. Consequently, results from this observational
study strongly support the previous study that focused on a
structural characterization/identification of N-products and
reveal their existence in beer and malt for the first time.

B MATERIALS AND METHODS

Reagents and Materials. Used reagents and chemicals: hydro-
chloric acid (37%), ammonium amidosulfonate (>99%), hydrogen
bromide in glacial acetic acid (33%), sulfuric acid (96%), pyridine
(>99.8%), pr-phenylalanine-1-"*C (99%), N,O-bis(trimethylsilyl)-
trifluoroacetamide with trimethyl-chlorosilane (99:1, BSTFA), N-
nitrosodipropylamine (100 pg/mL in methanol, certificated reference
standard), 4-nitrosophenol (95%), 4-cyanophenol (95%), and NDMA
(100 pg/mL in methanol, certificated reference standard) were
obtained from Merck-Agilent, Germany. N-nitrosoproline (100 pg/
mL) was purchased from Isconlab, Germany. Potassium hydroxide
(85%) was obtained from Penta, Czech Republic. Ethyl acetate,

acetonitrile, and methanol were of reagent grade and obtained from
Honeywell. Milli-Q_system was used to produce deionized water.

Malt Sample Preparation for GC-MS/MS Analyses. Analyzed
malt samples (198) were mainly obtained from industrial malthouses,
providing malts for commercial use. Regarding malt styles, 50% were
representatives of Pilsner malts, 14% were Munich malts, and 23%
were unspecified by a supplier. However, based on the visual
observation of grain color, the unspecified malts were assumed to
represent Pilsner and Munich malts. The remaining 13% of the
samples consisted of not only special malts, such as caramel, coloring,
smoked, and wheat malts, but also contained culms and barley. The
origin of malts was predominantly the Czech Republic (78%) and
other European countries (18%), such as France, Poland, Slovakia,
and Serbia. In 4% of the samples, a supplier did not specify a country
of origin.

Malt grains were finely ground with an electronic mixer.
Homogenized malt powder (50 mg) was extracted in SO uL of
pyridine: acetonitrile mixture (3:2, v/v) for 30 min at 65 °C.
Subsequently, 150 uL of BSTFA was added, and derivatization took
30 min at 65 °C. After centrifugation (12,000 rpm, § min), the extract
was transferred into a new vial and subjected to GC-MS/MS analyses.
Internal standard (ISTD) phenylalanine-1-'*C (10 ug) was
derivatized with 200 uL of BSTFA at 65 °C for 1 h separately and
injected with a malt sample in a dual-injection mode. Each sample was
duplicated, and four replicate analyses were carried out for each malt
sample.

Beer Sample Preparation for GC-MS/MS Analyses. Analyzed
beers (191 in total) were mainly obtained from the commercial
market; the beers were produced by industrial breweries (71%), craft
breweries (16%), and homebrewers (13%). Regarding beer styles,
61% were representatives of bottom-fermented beers (Lagers and
Bocks) and 30% consisted of top-fermented beers (Ales, Wheat,
Stout, Porter, and Trappist). The rest were nonalcoholic beers (8%),
lambic (0.5%), and ciders (0.5%). The origin of beers was mainly the
Czech Republic (61%), other European countries (32%, namely,
Belgium, Bulgaria, Denmark, England, France, Germany, Hungary,
Ireland, Italy, Netherlands, Norway, Poland, Romania, and Slovakia),
and other world continents such as America (3%, namely, Brazil,
Mexico, and USA) or Asia (4%, South Korea and Nepal).

At first, beer samples (6 mL) were mixed with 1 mL of ammonium
amidosulfonate (0.2 M, dissolved in 0.2 M sulfuric acid) to remove
nitrite. The nitrite-eliminating reaction was carried out at room
temperature for 15—30 min and was prevented from light exposure.
Subsequently, an SPE cartridge (Discovery DSC-18, 500 mg,
Supelco) was conditioned with 6 mL of methanol and 6 mL of
water. The sample was loaded on the conditioned SPE sorbent and
washed with 1 mL of water; a flow-through was discarded, and the
sorbent was gently dried by vacuum. Next, elution was achieved with
6 mL of a mixture of dichloromethane: ethyl acetate (1:3, v/v).
Finally, ISTD phenylalanine-1-C (100 4L, 100 mg/L) was added to
the eluent, and the mixed solution was immediately fully evaporated
by a gentle argon flow (Air Products, Czech Republic) at 45 °C and
recovered in 200 uL of BSTFA at 65 °C for 1 h. Each sample was
duplicated, and four replicate analyses were carried out for each beer
sample.

Nitrosated Malt and Congress Wort Preparation. Nitrosated
malt was prepared in two different conditions: at a low temperature
(~40 °C) and a high temperature (~80 °C). Congress wort was
prepared from malt (nitrosated at a high temperature) by a
miniaturized standard procedure instituted by the European Brewing
Convention (Analytics EBC: Method 4.5.1). Detailed procedures are
described in the Supporting Information (SI): Sections 1.1 and 1.2
(Schemes A and B). N-product extractability from malt to wort was
estimated on 16 repetition samples; malts and wort were prepared in
8 repetitive samples, and each sample was analyzed in duplicate. N-
product’s area responses were standardized by weight of malt. N-
product extractability into wort was estimated as the ratio of
standardized responses of wort samples to malt samples.

GC-MS/MS Analyses. Analyses were carried out by a gas
chromatograph Agilent 7890 B on a capillary column HP-SMS Ul

https://doi.org/10.1021/acs jafc.3c05217
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Table 1. List of N-Products Formed by the Reaction of Nitrite in a Beer Sample”'

specific
sample RT M, retention precursor functional occurrence in extraction into
D [min] [g/mol] index name of the product compound groups” malt/beer” [9%/%] wort [%]
N-01 8.6 183 1116 cycloalkene 100/100 87
N-02 89 247 1146 pyruvic acid oxime, 2X TMS, isomer 1 =N-0OH, 100/91° 72
COOH
N-03 9.1 247 1159 pyruvic acid oxime, 2X TMS, isomer 2 =N-0H, 100/100° 77
COOH
N-04 12.3 195 1348 4-nitrosophenol —NO, OH 35/25
N-05 13.3 191 1399 4-cyanophenol, 1xX TMS tyrosine —CN, OH 96/100 103
N-06 13.5 212 1408 —CN 2/71 101
N-07 13.7 172 1422 N-nitrosoproline ethyl ester proline —NO, COO-Et 0/81
N-08 14.7 216 1471 N-nitrosoproline, 1X TMS proline —NO, COOH 82/62 97
N-09 15.6 230 1524 anizlrosopipecolic/anitrosopyrog]utarnic - —NO, COOH 51/70 101
aci
N-10 16.8 225 1596 nitrosoguaiacol (2-methoxy-3-nitrosophenol)  vanillic acid —NO, OH, O- 42/73 4
Me
N-11 17.4 239 1627 -NO, 64/26 105
N-12 17.7 218 1655 50/77 54
N-13 18.2 241 1687 2-methoxy-5-nitrophenol, 1X TMS vanillic acid —NO,, OH, O- 92/97 104
Me
N-14 20.5 306 1821 tyrosine —CN, -NO 2/4 45
N-15 21.3 269 1866 —-NO/-NO, 1/57 190
N-16 22.1 327 1912 100/100 94
N-17 23.0 286 1972 —-NO, —=NO, 0/20 83
N-18 232 341 1981 tyrosine —COOH 13/77 117
N-19 24.6 357 2082 tyrosine —COOH 6/74 103
N-20 259 443 2189 tyrosine -NO 0/6 93
N-21 26.2 389 2209 tyrosine —Cl 0/3 105
N-22 264 443 2230 tyrosine —COOH, — 1/4 100
NO,

“Estimations based on MS/MS fragmentation mechanisms; hence, other species may still be possible. “A percentage of samples in which a specific
N-product was detected. The total number of malt samples was 198 and of beer samples was 191. “The number of beer samples where the analyte
was monitored is 69. “The N-product was detected only in the congress wort.

((5% phenyl)-methylpolysiloxane, 30 m X 0.25 mm X 0.25 gm) and
detection by an Agilent 7000D triple quadrupole mass spectrometric
detector (Agilent Technologies, Santa Clara). Injections (2 uL) were
performed in a split mode (5:1) at 250 °C, with a constant helium
flow rate of 1 mL/min (Air Products, Czech Republic). The set
temperature program was as follows: 50 °C (1.5 min) - 20 °C/min -
150 °C (S min) - 10 °C/min - 210 °C (3 min) - 10 °C/min - 320 °C
(5 min), and the interface temperature was 250 °C. Conditions of
multiple-reaction monitoring are specified in Table S1. Although
analytes were detected in trimethylsilyl forms, original nonsilylated
forms were listed and discussed for clarity.

NDMA and ATNC Determinations. The determination of
NDMA in malts was carried out according to a standard operating
procedure of TIBM based on the analytical method MEBAK 2.6.4.2.
According to the described method, ATNC was determined in beers
on a miniaturized ap[:iarat:us.22

Data Processing. Data were acquired in an Agilent Mass Hunter
and processed by an R (version 4.2.1) environment (R-Studio, version
2022.07.2). The ISTD peak area was monitored by a Shewart control
chart. The detection limit was estimated as three times the noise level,
and peaks below this limit were labeled nondetected. Data were
further standardized as relative responses calculated as a ratio between
an analyte peak area to the ISTD peak area and the amount of the
sample (weight of malt or volume of the beer sample). Data
visualizations and multivariate analyses were performed on the log-
scaled average responses of samples. For two-dimensional (2D)
hierarchical cluster analysis, the metric Euclidean distance and Ward
method for the clustering algorithm were used. Correlation
coefficients were calculated by using the Pearson method. More
information regarding used R packages was named in Section 1.3.
Approximate estimation of NPRO, 4-cyanophenol, and 4-nitro-
sophenol concentrations was performed by a one-point calibration

on standards added to the beer matrix. In addition, two isomers of
pyruvic acid oxime were added to the detection method later when
analyses were already in progress. For this reason, they were
monitored in only 69 beer samples but in all malt samples.
Chromatograms and mass spectra of both isomers are shown in
Figure SI.

Safety Considerations. There should be awareness of the
potential risk of the studied compounds; hence, maintaining general
laboratory safety protection, such as wearing protective equipment
and sample manipulation in a fume hood, was essential.

B RESULTS AND DISCUSSION

N-Products in Artificially Nitrosated Malt. In a previous
study, the addition of nitrite into a beer sample led to the
formation of 22 N-products. Their identification and structural
characterization were individually performed in the previous
publication and are summarized in Table 1.*' A similar
treatment was applied to malt when moist malt grains were
exposed to nitrogen dioxide under different conditions. First,
malt nitrosated at high temperature was incubated at 40 °C
and dried at 80 °C since the kilning temperature is also
associated with NDMA formation.” Second, malt nitrosated at
low temperature was incubated at room temperature and dried
at 40 °C. Temperatures were selected based on common
kilning and drying temperatures used during malting.24 Thus,
in addition to nitrogen oxide reactivity, the temperature effect
on N-product formation was also possible to observe.

An increase in N-product responses in nitrosated malts is
shown in Figure 1. Compounds N-01, pyruvic acid oxime (N-

https://doi.org/10.1021/acs jafc.3c05217
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Figure 1. Comparison of N-product relative responses in original malt (green), nitrosated malt at a low temperature (~40 °C, yellow), and

nitrosated malt at a high temperature (~80 °C, red).

02, N-03), N-06, N-12, and N-16 had similar responses in
nitrosated malts as in the original malt (+10 orders of
magnitude); hence, they were probably abundant already in
the not-treated malt. Whereas some nitrosation products of
tyrosine (N-14, N-18, N-20, N-21, and N-22) needed more
extreme conditions to create. Malting procedure and treatment
with nitrogen dioxide probably did not lead to the formation of
4-nitrosophenol (N-04), NPRO-O-Et (N-07), and nitro-
soguaiacol (N-10) since they were not detected in any malt
(untreated and nitrosated).

Responses of most N-products (Figure 1) were proportional
to the nitrogen dioxide treatment and higher temperature.
Based on that, the formation of N-product (or nonvolatile
NOCs) is not closely associated only with nitrite, as assumed
by the literature.” 11 previous kinetic studies of nitrosation
reactions suggested that nitrite and nitrogen oxides in aqueous
solutions form complex reactions and direct nitrosation agents
were their equilibrium products, such as "NO, *H,NO,, *NO,
N,0; or N,O4 Since wet malt was exposed to nitrogen
dioxide, the dissolved oxide probably contributed to the
formation of these direct nitrosation agents, which was also
previously described.”* ™"

Experimental N-product extractibility from nitrosated malt
(at high temperature) into the condensed wort is also listed in
Table 1. Most N-product (17 from 19 counts) extractability
was over 70%, and the response of N-15 in the wort almost
doubled (190%). Lower extractability (~50%) was observed
only for N-12 and N-14. On the contrary, 4-nitrosophenol (N-
04) and NPRO-O-Et (N-07) were detected neither in wort. It
could be expected since they were not detected in nitrosated
malts (Figure 1). However, the preparation of the congress
wort probably led to the form of nitrosoguaiacol (N-10).

Nearly quantitative extraction from malt to congress wort
may indicate that many N-products in beer could originate
from malt. The solubility of N-products into wort is
predictable, considering the polarity and solubility of their
supposed precurst;)rs.37““)‘1 However, it should be noted that
the design of the presented experiment included one rough
assumption. Namely, the extraction efficiency of N-products
from malt to organic solvent (pyridine: acetonitrile) is
equivalent to extraction from wort through SPE. Therefore,
different matrix effects and affinity to aqueous and organic
solvents could have affected the final N-product responses.

Frequency and Intensity of N-Product Responses
within Malt/Beer Styles. The natural occurrence of N-
products in beers and malts was first demonstrated by the
detection frequency of specific compounds within tested
samples (see Table 1, occurrence in malt/beer). In total, 191
beer samples and 198 malt samples were examined. All 22 N-

products were detected in beers, and only 17 N-products were
detected in malts. It may point out that precursors of N-
products not found in malts may originate from other raw
materials (e.g., hop, yeast) and/or were exposed to insufficient
conditions for their formation in malt.

Regarding individual N-products, pyruvic acid oxime
isomers (N-02, N-03), as well as N-01, 4-cyanophenol (N-
05), 2-methoxy-5-nitrophenol (N-13), and N-16, were among
the most commonly found compounds as they were detected
in more than 90% of examined beers and malts. On the
contrary, NPRO-O-Et (N-07), N-17, N-20, N-21, and similarly
N-06, N-14, N-15, N-18, N-19, and N-22 were detected in
none or less than 15% of tested malts, respectively. However,
some of the rarely detected N-products in malts (N-06, N-07
(NPRO-O-Et), N-15, N-18, and N-19) were more frequently
(>50%) observed in beers. N-09, N-10 (nitrosoguaiacol), and
N-12 were found more frequently (between 20 and 30%) in
beers than in malts. The contrary effect was observed for N-04
(4-nitrosophenol), N-08 (NPRO), and N-11 (Table 1).

Considering the intensity of relative responses within the
tested samples, it covered several orders of magnitude. A
detailed overview of the N-product responses within malt and
beer styles is shown in Figure $2 (M1—M22 for malts and B1—
B22 for beers). N-products below the detection limit were also
covered in the distribution plots to show the average response
representing the natural occurrence. The highest responses in
beers and malts had N-01 and N-16 (medians reaching nearly
~10* of relative units per kilogram or liter). Moreover, in
malts, other intensive responses gave pyruvic acid oxime (N-
02, N-03), 4-cyanophenol (N-05), N-09, N-12, 2-methoxy-S-
nitrophenol (N-13), and N-18. Such N-products showed
exceeding intensity, especially in coloring and caramel malts,
barley, and culms, compared with median responses of other
malt styles. The possible elucidations will be discussed later.
Different N-product responses within specific beer styles were
not observed regarding beer samples, except N-01, whose
response in ciders was significantly lower (Figure S2, M1). It
may support the assumption that N-01 in beers can originate
from malt.

2D Hierarchical Cluster Analysis. Multivariate methods
were applied due to many samples (198 malts and 191 beers)
on which 22 variables (N-products) were determined. The
previously discussed frequency and intensity of N-product
responses can be summarized by 2D hierarchically clustered
heatmaps for malts and beers shown in Figures 2 and 3,
respectively. The heatmap grouped samples (as the z-score
scaled by columns) according to similarities of detected N-
products. High and average responses (positive and zero z-
scores) of the corresponding analyte are signaled by yellow and

https://doi.org/10.1021/acs jafc.3¢05217
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Figure 3. Hierarchically clustered heatmap of beer samples.

white, respectively, whereas low responses (negative z-score)
are shown by blue. When an analyte was undetected in many
samples, it appeared as a unicolor blue band in the heatmap.

Five groups were registered for malt samples differing from
each other in N-product response intensities (Figure 2).
Detailed compositions of individual clusters by malt style are
shown in Figure S3. Based on the heatmaps, positive N-
product responses (N-10, N-11, N-12) were typical for cluster
C—I (31 samples). Similarly, high responses of N-01, N-02/N-
03 (pyruvic acid oxime), N-05 (4-cyanophenol), and N-16
characterized groups C—III (60 samples) and C-V (15
samples). On the contrary, their lowest responses were typical
for C—II (88 samples) and C—IV (4 samples). Rarely detected
N-products (N-06, N-14, and N-15) were grouped into C—V,
and samples containing N-22 were grouped into C—IV. The
most prominent groups were C—II and C—III, covering 44 and
30% of all tested samples. Munich, Pilsner, and unspecified
malts were similarly distributed within clusters C—I to C—V
(except C—1V, which consisted of only Pilsner malts). Almost
half of the caramel and coloring malts and culms were grouped

into C—V. Similarly, barley and the other half of the caramel
and wheat samples were grouped into C—III. As high
responses of these specific malt styles were discussed above,
their effect on sample clustering was evident.

Four clusters were registered in the heatmap of beers
(Figure 3). Detailed compositions of individual clusters by
beer style are shown in Figure S4. Based on the heatmaps,
positive N-product responses (pyruvic acid oxime N-02, N-03)
and (N-01, N-05, N-12, N-13) were typical for clusters B—III
(20 samples) and B—IV (43 samples). Rarely detected N-
products of tyrosine (N-14, N-20, N-21, and N-22) were
distributed within all clusters except B—IIL. Clusters B—I (72
samples) and B—II (56 samples) comprised 38 and 29% of the
tested samples and were typical for intensive responses for 4-
nitrosophenol (N-04), NPRO-O-Et (N-07), NPRO (N-08),
N-nitrosopipecolic acid/N-nitrosopyroglutamic acid (N-09),
nitrosoguaiacol (N-10), or tyrosine-related products (N-18, N-
19). Lagers and ales were proportionally distributed among all
clusters. Nonalcoholic beers were also broadly distributed,
probably due to their variable brewing technology and the
inclusion of more nonalcoholic beer styles, such as nonflavored
and flavored. However, specific clustering was observed for
special beers (see Figure S4, clusters I—IV). Wort, cider,
lambic, and part of the wheat beers were grouped in B—I.
Several stouts, porter, bock, and one wheat beer fell into cluster
B—II, three wheat beers into B—III, and two Trappists beers
into B—IV.

Natural Occurrence of N-Products in Beer and Malt.
Unknown compounds N-01 and N-16, followed by pyruvic
acid oxime isomers (N-02, N-03), 4-cyanophenol (N-05), and
2-methoxy-S-nitrophenol (N-13), belong among the most
significant compounds in both malts and beers, as proved by
frequencies when detected (Table 1), response intensity
(Figure S2), and also by heatmaps (Figures 2 and 3). It
agreed with additional heatmaps grouped by N-products (as z-
score scaled by rows; see Figure S5), where the most intense
N-products were clearly shown. These mentioned N-products,
and also N-04, N-06, and N-09 to N-13, had higher average
responses in coloring and caramel malts, barley, and culms
related to other malt styles (see Figure S2, M1-M6, M9, M13,
M16). Grouping of caramel, coloring malts, and culms was also
evidenced by 2D hierarchical clustering (Figure S3, cluster V).
Such an effect may be associated with a technological
treatment during malting (coloring and caramel malts) or
natural composition (culms and barley). For instance, caramel
and coloring malts are kilned at temperatures reaching 180 and
225 °C; then, the formation of some specific N-products can
be accelerated.” Culms were described as naturally rich in the
nitrogen compound content (22—25%), and a potential risk of
NOCs and N-nitrosamine formation was already mentioned.
Therefore, association with N-product formation may be
predictable.29 It agreed with a primary screening performed on
16 commercial beers in the prior study.”' However, it does not
necessarily imply that they are the most concentrated since
each N-product poses a different unknown response factor.
Relative responses in malts were generally higher than in beers,
which could be possibly caused, among other reasons, by a
matrix effect.’”

Twelve N-products were also found in raw barley samples,
and their responses were comparable with those of malt (see
Figure S3, cluster III). The occurrence of N-products in barley
is unclear but may be hypothetically associated with drying air
applied on freshly harvested barley to reach desirable dryness

https://doi.arg/10.1021/acs jafc.3c05217
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before malting.™ Another hypothesis supposed a natural
content of several N-products already in barley.”® However,
a matrix effect might have also affected the response
magnitude.™

NPRO (N-08) occurred relatively frequently (82 and 62% in
malts and beers, respectively); see Table 1. The lower
frequency of NPRO in beers might be associated with
NPRO esterification by ethanol, which leads to NPRO-O-Et
(N-07) formation. Since ethanol is not present in malt, the
suggested esterification cannot undergo, and N-07 was not
found in malt samples,®*’

Although 4-nitrosophenol (N-04) and nitrosoguaiacol (N-
10) were found neither in artificially nitrosated beer nor in
nitrosated malt, they occasionally occurred naturally in malt
and beer (Table 1). It may point out that their precursors
(phenolic compounds) originate from other raw materials
(e.g,, hop) and/or insufficient conditions for their formation
are in malt (such as nitrosoguaiacol formation during the
preparation of congress wort; Table 1).*

Regarding N-products of tyrosine, the important reaction
product was 4-cyanophenol (N-05, detected in all beers),
followed by N-18 and N-19 (detected in up to 77% of tested
beers; see Table 1). Based on the low detection frequency of
remaining tyrosine products (N-14, N-20, N-21, N-22) and
observation of nitrosated malt by nitrogen dioxide (Figure 1),
the standard malting conditions supposedly do not lead to the
formation of these structures.

Hierarchical cluster analysis visualizes the grouping of tested
samples based on the frequency and intensities of the analyzed
N-product. The frequency of analyte’s occurrence and intensity
of relative response (relative units based on weight or volume)
were used as quantitative evaluation factors.*® Because of the
lack of available standards and different response factors, the
estimation of concentrations based on the acquired data would
be misleading. However, a rough concentration of NPRO, 4-
cyanophenol and 4-nitrosophenol was estimated. In studied
beer samples, NPRO ranged between 13 and 688 yg/L (with a
median level of 32 ug/L). Our estimated average value was
similar to a previously estimated average level of NPRO in beer
(71 ug/L).”* However, by comparison with other determi-
nations, they were significantly higher. For instance, earlier
studies found NPRO in levels between <1—11 pg/L (median 8
ug/L, 13 beer samples) or within the range <1—6 ug/L
(average 1.7 ug/L, 28 beer samples).'”’” Regarding 4-
cyanophenol and 4-nitrosophenol, they ranged between <1—
15 pg/L (median of <1 pg/L) and 2—138 pig/L (median of 8
pg/L), respectively. Since these compounds were not found in
beer yet, no data to compare estimated levels were available.
Hence, improvements to the current analytical method are in
demand for quantitative determinations. Thus, the availability
of analytical standards is highly required to achieve this task.

Results of NDMA Determination. Since malt is
suggested as the primary source of NDMA in beer, the
NDMA concentration in tested malts is shown in Figure 4.
NDMA was determined in 95% of tested samples (188 counts
from 198 samples). In total, 28% of the samples (53 counts
from 188) were below the quantification limit (0.2 pg/kg) of
NDMA (all of them were representatives of special malts). If
the NDMA concentration is assumed to be typical for a
specific malt style, then the Munich malt generally has a higher
median NDMA level than the Pilsner malt. Regarding the
unspecified malt, the median concentration was closer to the

NDMA [pg/kg]
o 35

. (3L -1

Barley Caramel Cnlr'mng Munich Pilsen Unspémﬁec Wheat
Malt style

Figure 4. Concentrations of NDMA within malt styles. The red
dashed line shows the limit of quantification (0.2 ug/kg).

median of Pilsner, indicating that they are probably similar in
style.

Recommended maximum limits for NDMA concentrations
exist but differ according to the country of origin. According to
The Czech Beer and Malt Association, the maximum
recommended level of NDMA in malt is 1.0 pg/kg, which
exceeded 28% of tested samples (52 counts from 188),'""
whereas the U.S. Food and Drug Administration states a
limiting value of up to 10.0 pg/kg, which exceeded only 1% of
tested samples (3 counts from 188).° The range of
determined NDMA concentration was from <0.2 up to 20.5
p#g/kg. This range proves that contamination by N-nitros-
amines may still occur in commercial malts. However,
occasionally exceeding NDMA levels may indicate techno-
logical defects in malthouses.'" It should be noted that NDMA
formation in malts cannot be reduced entirely since the kilning
air event at indirect heaters still contains traces of nitrogen
oxides.”> Moreover, since NDMA is volatile, its large part
evaporates during brewing, and its final dilution was 5- to 10-
fold less than in malt.'

Results of ATNC Determination. ATNC was determined
in all tested beers. Concentrations below the quantification
limit (10 pg(NNO)/I) were found in 30% of samples (58
counts from 191), and levels over 50 ug(NNO)/1 were found
in 25% of tested samples (47 counts from 191). The range of
determined ATNC concentration was from <10 up to 649
ug(NNO)/L. The recommended but not legislatively
supported limit is 20 yg(NNO)/L, and 51% of tested samPles
(97 counts from 191) did not meet this recommendation.'™"!
Exceeding ATNC concentrations still occur frequently in
commercial beers, which supports this study’s importance in
revealing unknown representatives of others, especially non-
volatile NOCs.

The association between ATNC and specific microbial
contamination was mentioned in the introduction, as well as
the higher freiuency of exceeding ATNC levels within
microbreweries.”'” Presented data also agreed with this
observation as the median ATNC concentration of beers
from homebrewers and microbreweries was higher than the
median response (of all samples) from industrial breweries
(Figure SA). Furthermore, ATNC levels through individual
breweries were also shown (Figure SB), and they consisted of
25 industrial breweries and three microbreweries, from which
more than one beer sample was analyzed. Other groups called
“Industrial/Microbrewery/Homebrewers_mix” contain brew-
eries where only one representative beer was analyzed.
Noticeably higher medians of ATNC (shown by red points)
were observed in several specific industrial breweries (Nos. 24,
07, 20, 22, 25, 08, and 19). A similar trend may also be

https://doi.org/10.1021/acs jafc.3c05217
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observed among representatives of microbreweries. In
conclusion, higher ATNC concentrations seem not coinci-
dental but could result from insufficient systematic microbial
issues in specific breweries.

Correlation of N-Products. The Pearson correlation
analysis was used to specify possible linear correlations to
compare a natural occurrence of N-products within standard
determinations of NOCs (NDMA and ATNC concentrations).
Correlations were visualized by correlograms showing only
significant correlations (p < 0.05). Individual correlation
coeflicients, p-values, and the number of observations for
each pair of variables are listed in Table S2. The correlogram
for malt samples (Figure S6) showed only positive correlations.
The correlations were observed exclusively within N-01, N-02,
N-03, N-04, N-05, N-08, N-09, N-10, N-11, N-12, N-13, N-16,
N-18, and N-19. High correlations (r > 0.8) were found within
20 variable pairs. Regarding NDMA, only medium—low
correlations (r < 0.4) were observed for N-08 (NPRO), N-
10 (nitrosoguaiacol), and N-16.

Only positive correlations were observed among N-products
in beers, except one (ATNC vs N-15; see Figure S7). For each
variable in beer samples, at least two significant correlations
were found with other variables. However, compared to malt
sample correlations, high correlative variables from beer (r >
0.8) were observed only in four pairs (N-01 vs N-21, N-14 vs
N-15, N-08 vs N-20, and N-12 vs N-21). Several medium
correlations (0.2 < r < 0.8) were found between ATNC and N-
03 (pyruvic acid oxime), N-05 (4-cyanophenol), N-13 (2-
methoxy-S-nitrophenol), N-15 (negative correlation), N-16,
and N-18. Individual correlation coefficients, p-values, and the
number of observations for each pair of variables are listed in
Table S3.

Fewer correlation pairs of N-products vs NDMA were found
in malt samples compared to those of N-products vs ATNC in
beer samples. Volatile N-nitrosamines (or NDMA) are known
to be formed by different mechanisms than ATNC-positive
compounds.®™'! N-products that correlated with ATNC may
simultaneously represent ATNC-positive compounds. How-
ever, several correlations may be affected by a third factor. For

17327

instance, a correlation of 4-cyanophenol with ATNC was
found. However, the ATNC determination showed no valid
response (<1.2 mA/mol, NCD detector response current per
mol) even at 1.0 mg/mL of 4-cyanophenol. On the contrary,
the NPRO (1.0 mg/mL) highly responded (up to 7000 mA/
mol) during ATNC determination, but Pearson analysis
showed no correlation. Finally, 4-nitrosophenol (1.0 mg/mL)
did not show any valid response to ATNC (<1.4 mA/mol) nor
correlation to ATNC (Figure S7). In conclusion, the
correlations may be affected by third factors, such as the
type of nitrosation reagents (gaseous nitric oxides and nitrate/
nitrite in solution), concentrations of both reagents (nitro-
sation reagent and precursor), pH, or temperature. Hence,
each of them may influence N-product formation in beer
individually.

The present monitoring study confirmed the reliability of
previously found N-related products in the beer matrix by their
selective screening of nearly 200 beer and malt samples.”’
Most N-products (17 from 22) were found already in malt,
and their extraction into wort was almost quantitative.
Previously identified N-products, namely, pyruvic acid oxime,
4-cyanophenol, 4-nitrosophenol, nitrosoguaiacol, NPRO,
NPRO-O-Et, and 2-methoxy-5-nitrophenol, were detected in
the majority of tested samples.”' There is still a need to reveal
structures of unidentified N-products, such as highly abundant
N-01 and N-16 or nitrosation products of tyrosine. Although
most tyrosine-related N-products were rarely detected (N-14,
N-19, N-20, N-21, and N-22), others, such as 4-cyanophenol,
were among the abundant and newly found compounds.

The possible extension to other matrices is another
important feature of the presented results and methodology.
Promising are meat products since they similarly contain both
volatile N-nitrosamines (NDMA, N-nitrosopyrrolidine, N-
nitrosomorpholine, N-nitrosopiperidine) and nonvolatile N-
nitroso compounds (NPRO, N-nitrososarcosine, N-nitro-
sopipecolic acid, N-nitroschydroxyproline).*” > NOC for-
mation in meat is related to nitrite, which is commonly added
as a conservative additive (E250, E249) to avoid bacterial
growth and elongate the desired fresh-color appearance.'}’8
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Heat treatment and added nitrite were proportional to their
final concentrations, as observed in the nitrosated malt
experiment (Figure 1).***' Moreover, the discussed precur-
sors, especially amino acids and amines, are present in meat in
large amounts, and several identical N-products are highly
probable.

Based on the presented observational study, several scopes
for further studies can be suggested. (i) Structural elucidation
of unknown N-products and their synthesis for qualitative
confirmation. (ii) Simultaneously, improve quantitative deter-
mination to accurately estimate health safety in foods and
other products where NOC may occur. (iii) Extension of the
N-product list to perform similar screenings on other
promising matrices, such as meat.
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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-0-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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1. Introduction

Retention index (RI) is a measure describing retention of sub-
stances in chromatographic systems. In comparison with more
intuitive retention parameters like retention time and adjusted
retention time which are specific for given experimental condi-
tions, the Rl is not highly influenced by these conditions. Therefore,
reproducible results are obtained for a given substance across
different laboratories. This nature of RI is very important since in-
formation about retention behavior of analytes can be spread
among laboratories all over the world. In gas chromatography (GC),
several retention indices were defined and mainly based on the
approach of Kovats [1], and van den Dool and Kratz [2]. Since
temperature-programed GC is usually adopted in a wide range of
applications, the RI derived from the approach of van den Dool and
Kratz is usually more frequently used. The main idea behind RI is
that the values for n-alkanes are equal to 100 times the number of
carbon atoms in a molecule. Hence, n-alkanes are widely used as RI
references. The RIs of other substances (e.g. analytes) are usually
calculated by linear interpolation between retentions of two n-al-
kanes. The mathematical definition of RI is described in Eq. (1) [2].

ts —In
tn+1 —ln

I- 100( 4 n) (1)

Where I is retention index, ts is retention time of a substance of
interest, n is number of carbon atoms in shorter n-alkane, tn is
retention time of n-alkane with n carbon atoms, tn+1 is retention
time of n-alkane with n+1 carbon atoms. This approach strictly
assumes linear course of RI between adjacent n-alkanes in a ho-
mologous series. However, this linearity could be more or less
deviated when a complex temperature program is used. In such
cases, non-linear regression could be a suitable alternative method.

Although, the RI of a given analyte is quite robust and repro-
ducible parameter, it highly depends on chemistry of stationary
phase in GC column due to different intensities of intermolecular
forces during molecule retention in a stationary phase. Therefore, it
is necessary to list Rls in different stationary phase types for a given
substance. Standard non-polar, semi-standard non-polar and polar
are the most commonly used stationary phase classifications in
practice. The standard non-polar stationary phase mainly includes
dimethylpolysiloxane, semi-standard non-polar phase mainly in-
cludes 5%-diphenyl-dimethylpolysiloxane, and polar phase poly-
ethylene glycol [3]. Since these types of stationary phases are
manufactured by many producers, minor differences in Rls can be
observed due to the variations of stationary phase bonding and/or
crosslinking. Due to the fact that GC columns with the semi-
standard non-polar stationary phase (e.g. DB-5) are the most
commenly used columns in many laboratories and are listed in a
majority of scientific articles related to GC topics, the development
described in this paper is focused on this type of stationary phase.

The identification of solutes in GC analysis is essential for a
reliable analysis result in many fields, especially in non-targeted
metabolomics or other “omic” technologies. In this way, RI pro-
vides valuable help in the identification of known unknown peaks
together with mass spectral data (RI is referred as an orthogonal
measure to mass spectra). On the other hand, unknown unknowns
need a comprehensive elucidation procedure, usually based on a
mass spectral interpretation, and subsequent molecular structure
confirmation by checking spectral and chromatographic properties
of standard or synthetized molecules. In spite of this procedure, it is
still good practice to compare experimental RI of unknown peak
with some reference, based on a suggested structure resulting from
the interpretation of mass spectra, before financial resources will
be spent on synthesis and/or purchase of chemicals. However, in
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case of unknown unknowns the situation is quite complicated due
to the lack of RI values of such molecules in libraries. Hence, the
only possibility is to calculate RI from intended molecular structure
by some predictive tools and rely on the prediction quality which
could hamper the whole identification if the quality is poor. Few
methods for the gas chromatographic RI prediction/calculation are
currently available. One of well-known methods is based on a
simple linear group increment of all structural parts in a molecule
on resulted RI [4]. Other authors published compound group-
specific models for Rl prediction (e.g. for alkenes, fatty acid
methyl esters or coumarins solely) [5—7], which provide low pre-
diction error but are useable only for limited number of substances.
On the other hand, models applicable to compounds belonging to a
broader spectrum usually do not achieve such a low prediction
error [8,9]. All previously mentioned models were based on ma-
chine learning methods, relying mainly on feature quality and
manual feature extraction. In contrast, deep learning models pro-
vide a more powerful, automated and precise alternative. At the
same time, the training of deep learning models is usually
computationally expensive and requires larger amount of training
data [10]. Deep learning, as a part of artificial intelligence, is very
effective in computer vision problems, prediction of time series or
chemical related tasks. The latter mentioned example of the deep
learning application was, for example, successfully used on
detecting a chemical substructure in a molecule responsible for
protein-binding with molecular representation in SMILES (Simpli-
fied Molecular Input Entry System) [11,12], component identifica-
tion in a mixture from Raman spectra [13], peak alignment from
complex GC analyses [14], molecules identification by improved
library search [15], prediction of retention index [ 16,17], prediction
of a molecular fingerprint from mass spectrum [17], and automated
preprocessing of raw GC chromatogram for targeted analysis [18].

The aim of this paper is to develop a deep learning-based model
in R [19] for gas chromatographic RI prediction of a broad spectrum
of molecules on the semi-standard non-polar stationary phase
from molecular representation in SMILES. The main motivation of
this development is to obtain a model suitable for more precise
identification purposes with a lower prediction error than currently
available methods. The secondary aim is to make the resulted
DeepRel model easily usable even for less experienced R users
through a graphical user interface (GUI).

2. Experimental section
2.1. Reagents and chemicals

Following chemicals were used for experimental RI determi-
nation: N-nitrosodiethylamine, N-nitrosodiisopropylamine, N-
nitrosodibutylamine, N-nitrosopyrrolidine, N-nitrosopiperidine, N-
nitrosomorpholine, all 100 pg mL-1 in methanol (Agilent Tech-
nologies, Santa Clara, USA), nitrosobenzene (95%, Merck, Darm-
stadt, Germany), nitrosotoluene (97%, Sigma-Aldrich, Steinheim,
Germany), N-nitrosohydroxyproline (100 pg mL-1), N-nitro-
sosarcosine (100 pg mL-1), N-nitrosopipecolic acid (100 png mL-1),
N-nitrosoproline (100 ug mL-1, Isconlab, Germany), N-nitro-
sodiethanolamine (100 pug mL-1), N-nitrosodiisopropanolamine
(100 pg mL-1, Neochema, Germany), melamine (99.95%, Sigma-
Aldrich, Steinheim, Germany), N,O-Bis(trimethylsilyl)
trifluoroacetamide with trimethylchlorosilane solution (99:1)
(BSTFA) (Sigma-Aldrich, Steinheim, Germany), boron trifluoride in
methanol solution (15%, Sigma-Aldrich, Steinheim, Germany), C7 —
C30 saturated alkanes in hexane (1000 pg mL-1, Sigma-Aldrich,
Steinheim, Germany).

Molecules bearing a hydroxyl, carboxyl and/or amino functional
group were silylated by BSTFA and/or esterified by solution of boron
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trifluoride in methanol according to the procedures described in
Refs. [20,21].

2.2. Dataset

Retention indices on semi-standard non-polar stationary phases
and respective molecule structures were obtained from NIST Mass
Spectral/Retention Index Library (median from multiple RI values)
[22]. Chemical structure of each compound was translated into a
SMILES string by ACD/ChemSketch software (version 12.01,
Advanced Chemistry Development, Inc., Canada). The molecules
were classified into groups according to their chemical nature
(number of molecules in brackets): alcohols (846), alkanes (39),
alkenes (398), alkynes (105), amides (152), amines (260), amino
acids (71), anhydrides (21), aromatic (303), branched-chain alkanes
(260), carbonyls (338), cyclic (436), derivatized amino acids (2383),
esters (5416), ethers (226), fatty acids (45), halogenated substances
(6034 - limited to brominated, chlorinated and fluorinated sub-
stances), heterocycles (1555), nitriles (23), nitro substances (557),
nitroso compounds (28), organic acids (87), oximes (14), phenolic
acids (92), phosphates (70), saccharides (60), sterols (145), tert-
butyldimethylsilyl derivatives (100), terpenes (86), thiols (40), vi-
tamins (17) and others (62 - molecules not belonging to those
groups). Each group contains not only original molecules (e.g.
ethanol in a group of alcohols) but also derivatized molecules by
trimethylsilyl moiety (e.g. ethanol, trimethylsilyl derivative). Since
derivatization can lead to a different molecule classification (e.g.
alcohol vs ether), and some molecules can belong to multiple
groups, the classification used by the authors is not rigorous and it
serves mainly for random stratification sampling purposes (see
below). The minimal and maximal RI values in the original dataset
were 85 (tetrafluoromethane) and 4355 (tridecaethylene glycol,
diacetate), respectively. Both of these marginal objects were
allowed to be a part of a training set in order to avoid extrapolation
during the evaluation of prediction performance by validation and
a test set.

The total number of objects (molecules) and their retention
indices obtained from NIST 14 Library, together with retention
indices determined experimentally, in the original dataset was
20269. The whole dataset was divided into three parts by stratified
random sampling across compound groups: training set (17413
molecules; 179052 after data augmentation, see Data processing
section), validation set (1878 molecules) and test set (978 mole-
cules). Stratification sampling was used in order to obtain three
different data sets with similar proportion of sample groups.

2.3. Instrumentation

For experimental RI estimation of substances listed in the Re-
agent and chemicals section, GC with the chemiluminescence
detection (RI estimation of N-nitrosamines) and GC with mass
spectrometry (for other types of compounds) were used according
to the methods described previously [20]. The mentioned GC with
chemiluminescence detection method was slightly modified in
order to easily detect N-nitrosamines and n-alkanes — temperature
of the pyrolytic tube was maintained at 500 °C for N-nitrosamine,
and at 850 °C for n-alkanes analysis. All analyses were performed
on HP-5MS Ul column (5%-diphenyl-dimethylpolysiloxane, 30 m,
0.25 mm, 0.25 um, Agilent Technologies).

Retention indices were calculated by Eq. (1) with n-alkanes (C7
— C30) as RI reference. These retention indices and their respective
molecule description in the form of SMILES strings were used for
dataset enhancement (most of them were assigned to the test set
for the final model evaluation). The values of RI are in Table S1.
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2.4. Data processing

Data were preprocessed through R (v. 4.0.1) environment in the
RStudio (v. 1.1.456) [19,23] by corresponding R packages. Firstly,
SMILES strings from the training, validation and test set were
transformed into canonical form by the propOB function from the
ChemmineR package (v. 3.40.0, together with ChemmineOB pack-
age v. 126.0) [24]. Subsequently, training set SMILES string
augmentation was performed using SmilesEnumerator [25] in Py-
thon (v. 3.7). Accessibility of this function for R environment was
carried out by a reticulate package (v. 1.16) [26]. During generation
of augmented data, ten new versions of SMILES strings for each
object were randomly generated and eventual duplicates were
removed. This procedure led to 10.3 times the increase of a training
set size — from 17413 to 179052 — including original (canonical) and
rewritten SMILES strings (in average 10.3 different SMILES strings
for each object). Since the input for RI prediction by the final model
is canonical SMILES (in the form of one-hot code), the SMILES
augmentation was performed only on an object from the training
set. Finally, SMILES strings (in all data sets) were translated into
one-hot code (vectorized representation) using the text_tokenizer
function from the keras package (v. 2.3.00) [27] before feeding it
into the convolutional model. Resulted dimensions of one-hot code
matrices were driven by a) a number of symbols in the longest
SMILES string in the training set (183 rows) and b) a number of
unique SMILES symbols in the training set (32 columns repre-
senting the following symbols: C,c,0,0,N,n,S, s, H, P, F, Cl, Br, Si), (,
LL\,=.#@,1,2, 3,4,5,6, 7,8, 9). Explicit order of the symbols
(columns in a one-hot code matrix) is described in Supplementary
Material.

2.5. Neural network architecture and training procedure

The core of DeepRel is a two-dimensional convolutional neural
network with residual connections. The architecture consists of six
convolutional blocks in the main skeleton, together the with
rectified linear unit (ReLU) activation, batch normalization and max
pooling. Three residual connections consisting mainly of convolu-
tion were added in order to avoid information loss along the main
skeleton [28]. Flatten and fully connected dense layers were added
on the top of the model architecture. Dropout layers, L1 and L2
kernel regularizers were added to increase the model generaliza-
tion ability, and to avoid overfitting. The neural network architec-
ture is schematically described in Fig. 1 and also as a source code in
Supplementary Material.

The model was compiled with the ADADELTA optimizer [29];
the mean square error and mean absolute error were used as loss
and monitoring metrics, respectively. The model training was
performed on 500 epochs with the batch size 32 and triangular
cyclical learning rate approach [30] with the step size of 5 epochs
(learning rate rose from minimum to maximum, and vice versa,
during 5 epochs). The minimal and maximal learning rates were at
1E-8 and 1, respectively. The training set loss (mean square error)
was minimized during the model training by backpropagation
algorithm.

Both, the neural network architecture construction and model
training were performed in RStudio (23] by the keras package [27]
and tensorflow backend (v. 2.2.0) [31]. Computations were per-
formed by a device equipped with Intel® Core™ i7-8750H CPU,
16 GB RAM, NVIDIA GeForce RTX 2070 816 GB GPU and CUDA
Toolkit.

2.6. Performance evaluation

Model performance was evaluated by the validation and test set.
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Fig. 1. Neural network architecture of the DeepRel model. Numbers in brackets: Input
layer (input dimensions), conv layer (filters, kernel size, kernel regularizers), max pool
layer (pool size), dropout layer (dropout rate), dense layer (units).
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Model performance for the validation set was monitored during
every model training after hyperparameter andfor architecture
tuning. However, the test set was used only at the end of the project
in order to avoid informational diffusion from the test set to the
model during model tuning which could cause model overfitting
and poor generalization [10]. After the final model training,
retention indices of objects in the validation and test set were
predicted. The resulted values were compared to the ones from the
NIST Library by residual values computation and subsequent
graphical and statistical analysis.

2.7. Graphical user interface

In order to build the DeepRel as a user-friendly tool even for less
experienced R users, the developed model was incorporated into an
application providing a clear user interface. The application was
created on the basis of a Shiny package [32] and is available on
GitHub repository (https://github.com/TomasVrzal/DeepRel) in the
form of R package. The application enables to upload a SMILES table
in.txt or.csv format for the RI prediction, and also to export or copy
predicted values. The instructions for the installation and use are
described in Supplementary Material and on GitHub.

3. Results and discussion
3.1. Dataset quality

The comparison of RI values distribution in the original, training,
validation and test set (Table 1 and Fig. S1) exhibits a high degree of
similarity. Therefore, together with a comparable proportion of
each compound group in every dataset (obtained by stratified
random sampling), the evaluation of prediction performance would
not be highly influenced by different objects distribution in data-
sets. The most abundant compound groups are halogenated sub-
stances and esters, each forming nearly 30% of datasets. High
number of possible combinations is the reason for a such high
abundance of halogenated substances, as well as the fact that esters
are one of the most common analytes in GC analysis (due to
derivatization reactions). On the other hand, some groups are
represented only by a few components, e.g. oximes group. How-
ever, boundaries among groups are not strict, and other compounds
with oxime moiety are represented also in other groups.

Since precision of prediction by any machine learning or deep
learning model highly depends on quality of training data, datasets
had to be firstly inspected for erroneous RI values and appropriate
cleaning step should be included. This inspection/cleaning step was
carried out by training a shallow fully connected dense layer model
(the model consisting of input layer, one hidden layer with 32 units,
ReLU activation and output layer) on the original dataset; the sto-
chastic gradient descent optimizer (learning rate 0.01), and the
batch size of 32 and 100 epochs were used. This model was used for
the calculation of residuals. Retention indices in the dataset with
the highest obtained residuals were inspected in the meaning of
the theoretical increase of Rl values in respective homological se-
ries (increase by ~ 100 units with one aliphatic carbon addition) —
the comparison of the inspected compound RI with Rls of other
compounds in respective homological series from the NIST library.
Several compounds with obviously erroneous RI were revealed by
this procedure — mainly few esters of glutaric and terephthalic acid,
all of them coming from only one experimental Rl value. These
compounds were removed from the original dataset (numbers of
compounds shown in Experimental section are after such filtra-
tion). The removal of compounds was done only when a value was
objectively concluded to be wrong (the difference between theo-
retical and actual value was more than 100 units), if not,
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Table 1

Description of retention indices distribution in datasets.
dataset L.Q median 1. Q min. max.
Original 1601 2147 2631 85 4355
Training* 1602 2147 2633 85 4355
Validation 1617 2164 2618 177 3872
Test 1543 2112 2614 157 3774

compounds were left in the dataset. It should be emphasized, the
filtration of such potential erroneous retention indices was done on
the basis of RI prediction by the shallow, non-optimized, model,
and the final DeepRel model uses absolutely different architecture.
Hence, it could not be concluded that compounds were filtered out
due to poor prediction by the developed model. This procedure
allowed to obtain data of higher quality than blind usage of all
retention values from the source, regardless their accuracy. Such
cleaning step was essential as the purpose of the DeepRel model is
to predict RI with sufficient precision. That in fact means the model
needs to learn how Rl is influenced by structural characteristics of
molecules, and not how to predict all RI values from the library
even if they are not correct.

3.2. Model development

During the model development, convolutional layers of neural
network were tested (1D-convolution and 2D-convolution). During
this preliminary test, the 2D-convolution provided slightly better
results (data not shown). This observation is consistent with pre-
viously published studies [33,34] reporting the possible efficiency
on 2D-convolution use on 1D-data. Therefore, firstly, two dimen-
sional convolutional layers (with ReLU activation) alternating with
average or max pool layers were trained on the training set without
data augmentation and by the adamax optimizer. Output from the
last layer was flattened and processed by a regressor consisting of
fully connected dense layers (1—3 layers with 64 units, ReLU acti-
vation) and a final fully connected output layer with one unit. The
resulted mean absolute error of prediction for the training and
validation set ranged between about 70 and 110 without any im-
provements after an architecture change, hyperparameters tuning
and/or the number of epochs during the training. Therefore, model
architecture was further expanded, and batch normalization layers
were also added. This expansion was done as the approach based
on the idea that a sufficiently complex model that highly overfits, is
able to carry a sufficient portion of complex information from the
input data in order to effectively predict the target value after the
implementation of tools against overfitting [10]. In particular, this
approach is based on the fact that a complex overfitted model has
number of parameters high enough to be able to model such a
complicated task as a noise in the training input data (overfitting
mainly occurs when the model memorizes data and/or starts to
model even noise in the training data). Hence, such a model should
theoretically be able to perform well on a given task after the
implementation of dropout, regularization and/or data augmenta-
tion [10].

Based on the approach mentioned above, the model architec-
ture was first expanded to the form of the main skeleton of the final
DeepRel model except regularizations, dropout and addition layers
(see Fig. 1). The training of such architecture resulted in the mean
absolute error of prediction for the training and validation set of
around 19 and 76, respectively. From these results, an underfitting
tendency could be observed. Thus, three residual connections [28]
were added together with addition layers (Fig. 1). The resulted ar-
chitecture led to a slight improvement in the model performance
on the training set, however, a tendency for overfitting was
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observed (data not shown). Since the model was overfitted,
dropout, L1 and L2 regularization were implemented (also see
Fig. 1). After these changes, the model performance improved
(mean absolute error of prediction for validation set was 36). The
next step in increasing the prediction quality was the imple-
mentation of data augmentation and a cyclical learning rate
(described in Experimental section in detail), which led to the final
model performance described in the next section.

3.3. Mode! performance

Metrics for the evaluation of performance of the DeepRel model
are in Table 2 together with the graphical representation in Fig. 2. It
is obvious that performances on the validation and test set are very
close to each other, revealing very low likelihood of a significant
informational leakage from the validation set into the model during
the architecture and hyperparameters tuning. Concurrently, the
differences between the mean absolute error and median absolute
error are visible due to highly skewed distribution of absolute er-
rors. In such cases, the mean loses its meaning as a centrality
measure. Therefore, the values of absolute errors were mathe-
matically transformed by natural logarithm to obtain a symmetrical
distribution. The resulted mean absolute errors for the training,
validation and test set (after the retransformation to the original
scale) were 7.3, 14.4 and 14.4, respectively. These results confirm
the median values in Table 2 as better metrics of performance, since
the mean values are biased by extreme values of residuals. On the
other hand, the mean absolute error was also used in the perfor-
mance evaluation of previously published models, hence this
parameter is also necessary to calculate for the comparison of
different models. The most recently published and the most precise
model for RI prediction in GC (also based on convolutional neural
network) reached values of the mean absolute error, median ab-
solute error, root mean square error and mean percentage error for
the test set of 33.2, 18.0, 63.0 and 1.96, respectively [16]. In com-
parison, the DeepRel model, presented in this paper, reached better
(lower) values of these parameters. Since Matyushin et al. [16] did
not publish information about the prediction error variance, it is
not possible to fully compare the performance of these two maodels
based on these metrics. Conversely, it could be theoretically argued
that when median absolute errors of two models are very close to
each other, and the mean absolute errors are not so similar, the
model with higher mean absolute errors has a higher proportion of
high error values. Therefore, such a model with a lower mean ab-
solute error could be theoretically considered as mare precise (with
lower proportion of high absolute errors). Since more direct com-
parison of the model would be highly beneficial, the test set was

Table 2
Model performance evaluation.
Dataset
Training Validation Test
Mean absolute error 11.6 285 284
Median absolute error 9.0 16.4 16.0
Root mean square error 15.7 46.2 47.0
Root median square error 9.0 164 16.0
Mean percentage error 0.60% 1.63% 1.72%
Median percentage error 0.43% 0.80% 0.81%
residua
1. quartile -8.6 -15.2 -14.6
median 0.4 05 13
3. quartile 9.5 171 17.2
5% quantile -228 —69.9 -593
95% quantile 254 63.1 67.6
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Fig. 2. Residuals distribution in the training, validation and test set. Green lines indicate corresponding 5th and 95th quantiles. Column width was set at 16.

used for prediction accuracy evaluation of the model published by
Matyushin et al. [ 16]. The number of compounds in the test set was
reduced (from 978 to 800) in the sense of removing of compounds
presented in the training set used by the authors. Therefore, direct
comparison of the models was performed on the same dataset not
used for training of both models. The resulting mean absolute error,
median absolute error, 5% and 95% quantile were 46.9, 29.2, —53.3
and 136.2, respectively. Comparison of these data with the data
from Table 2 (results obtained by the use of reduced test set did not
significantly differ from data in Table 2) show us that the DeepRel
model outperforms the model previously published model. From
these points of view, the DeepRel model performs better on RI
prediction than previously published models, and it allows to
further increase the probability of the accurate analyte identifica-
tion (according to retention behavior and mass spectral data). As it
can be seen from Table 2, the observed core of residuals (50% of all
residuals between first and third quartile) for the validation and
test set lies in quite a narrow interval. According to the previously
published evaluation of RI quality on the semi-standard non-polar
stationary phase performed for frequently reported compounds of
plant essential oils (mainly alcohols, esters, aldehydes, ketones and
terpenes) in the NIST RI library, 90% of RI values belong to the
following interval: median + 25.5 [35]. It means that the core of
residuals mentioned above belong to the same interval as the
evaluated 90% interval of Rl quality. Of course, the remaining 50% of
residuals, from which 25% belong to higher and 25% to lower
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residual values, should also be taken into consideration. Further-
more, 90% of residuals obtained during the DeepRel evaluation
belonged to the interval between approximately +70. In contrast,
the same proportion of residuals in the case of the training set
belongs to almost the same interval as was evaluated by Babushok
et al. [35]. Therefore, based on the assumption of equal proportion
of Rl uncertainties for all types of compounds in the NIST Rl library,
it could be concluded that the DeepRel model learns well on the
training data. However, the situation for unseen data (validation
and test set) is commonly worse, since some degree of underfitting
could be observed from Table 2. In order to evaluate this under-
fitting, the structures of molecules with the highest residuals in all
datasets were inspected. The same structural pattern was found in
such molecules — mainly an indole ring, and more specifically, a
heterocyclic secondary amine group with an unsubstituted
hydrogen atom. Hence, the DeepRel model does not perform suf-
ficiently on this part of molecule, and high residuum is assumed
when such molecule is presented for RI prediction.

Furthermore, the DeepRel model trained without data
augmentation reached the mean absolute error of validation set at
only 36 (see the Model development section). Hence, the effect of
data augmentation on RI prediction together with its positive effect
on the model robustness and generalization ability described in
literature is obvious here [10]. Retention index uncertainty should
also be taken into consideration during the molecule identification.
According to the author’s experience, one of the main factors
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resulting in high RI uncertainty is the retention time shift between
the analysis run and calculating Rl on the peak maximum in the
case of an unsymmetrical peak (given mainly by injection history,
stationary phase exposure to air at high temperature, and over-
loaded column [36]).

Based on the previous, such Rl deviations were simulated by the
calculation of RI values - retention times of the peak maximum
were shifted by the value of average peak width at the baseline of
n-alkanes used as Rl reference (see Experimental section). Absolute
deviations of such simulated RIs ranged from 9 to 25 units
depending on retention time in temperature-programmed GC (data
not shown). The maximal deviation calculated by this simulation
was comparable with the core of residuals obtained by the DeepRel,
see Table 2. Consequently, the DeepRel performance almost hit the
border of experimental precision of RI determination. The
threshold for the component identification based on RI should be,
therefore, set according to experimental and interlaboratory de-
viations as it was also mentioned in literature [36,37]. In fact, the
majority of compounds in the NIST RI library has values from one
source only, and it could also influence the predictive performance
of the DeepRel model.

3.4. Example of the DeepRel application for unknown identification

A practical usage of the DeepRel model for unknown identifi-
cation is demonstrated on products identification of vanillic acid
reaction with sodium nitrite (see Supplementary Material for de-
tails). The reaction yields in two unknown products (peak at 16.75
and 18.18 min). The mass spectra of these chromatographic peaks
(Figs. S3 and S4) were submitted to NIST MS Search 2.2 for library
search and similarity calculation. Peak at 18.18 min showed rela-
tively high similarity with TMS derivative of 2-methoxy-5-
nitrophenol (Fig. S6). In order to confirm this first-step identifica-
tion, the DeepRel was used for Rls prediction of four possible po-
sitional isomers of 2-methoxynitrophenol (Fig. S8). The highest
similarity score (and the lowest difference between experimental
and predicted Rl value) was observed for 2-methoxy-5-
nitrophenol. This result is consistent with the library search.

The best similarity for the peak at 1675 min was 2,4-
dimethoxyaniline, N-trimethylsilyl derivative (Fig. S5). However,
the similarity score was insufficient (0.511). Based on the difference
of the molecular ions of both peaks, the suggested structure of the
peak at 16.75 min is nitroso derivative of 2-methoxyphenol. Ac-
cording to this assumption, Rls of four positional isomers were
predicted (Fig. S8). Since NIST library does not include the mass
spectrum of these nitroso derivatives, similarity was calculated
only from RI values. The best match was obtained in the case of 2-
methoxy-3-nitrosophenol.

4. Conclusions

It can be concluded that the developed DeepRel model is highly
usable in RI prediction based on molecular structure and it exceeds
the performance of previously published models. Since GC is an
essential analytical technique in many areas, including petro-
chemistry, environmental chemistry, food chemistry, and many
others, the model presented in this paper will find an application in
a wide range of fields. Application of the DeepRel for routine usage
was also enhanced by accessing it through user-friendly GUI
available on https://github.com/TomasVrzal/DeepRel.
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Appendix 2

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

Group Compound Relative ':CD Note Reference
response
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 [¢ 3
C-nitro 2-nitropropane 0.41 a 1
C-nitro S-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 H.0) 1.00 c 3
Other sodium nitrate (in H,0) 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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1. Retention indices prediction by DeepRel tool

To compare predicted retention indices (RI) with the experimental ones, 100 Rl predictions by the DeepRel
model (through enabling the dropout during the prediction phase) were carried out for each SMILES string.
Obtained predicted Rl values were processed by Bayesian analysis (10000 Markov Chain Mante Carlo
iteration; uniform distribution from 0 to 4400, and 0 — 100 was set as prior distribution for mean and standard
deviation, respectively). The mean, the 95% highest density interval of the mean, and 95% highest density
interval of prediction were calculated according to posterior distribution and are listed in Table $1. The R

packages rjags and HDInterval were used.

Martyn Plummer (2019). rjags: Bayesian Graphical Models
using MCMC. R package version 4-10.
https://CRAN.R-project.org/package=rjags

Mike Meredith and John Kruschke (2020). HDInterval: Highest
(Posterior) Density Intervals. R package version 0.2.2.
https://CRAN.R-project.org/package=HDInterval
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Table §1: Results of predicted Rl by DeepRel according to proposed structures of studied compounds

RT [min] Name SMILES mean Rl  HDI% (mean)  HDI® (prediction)
8.6 cyclohex-2-en-1-oxime, TMS C[siJ{C){C)0\N=C1/C=CCecl 1284 1280 - 1288 1241 - 1327
8.6 cyclopent-2-en-1-oxime, TMS 0=C1C=C/C{=N\Q[Si](C){C)C)C1 1331 1326 - 1451 1272 - 1391
8.6 pyrrole-2-carboxylic acid, TMS C[sil{CHC)OC(=0)clccenl 1446 1440 - 1451 1392 - 1499
8.6 pyrrole-3-carboxylic acid, TMS C[si]{C){C)OC(=0)clcencl 1398 1394 - 1403 1355 - 1442
8.9 pyruvic acid oxime, 2TMS CISIlCHC)ONN=C\C)C(=0)O[Si](C)(C)C 1211 1206 - 1215 1167 - 1254
13.3 4-cyanophenol, TMS C[Si){C)(C)Oclcee(ccl)CHN 1384 1380 - 1388 1343 - 1426
13.7 N-nitrosoproline ethylester 0=NN1CCCCIC(=0)0CC 1418 1414 - 1422 1379 - 1456
14.7 N-nitrosoproline, TMS O=NN1CCCC1c{=0)0[si]{c)(C)C 1446 1443 - 1449 1415 - 1477
15.0 2-ethyl-3-nitrosophenol, TMS C[SIJ{C){C)Oeleece{N=0)c1cC 1564 1559 - 1568 1518 - 1609
15.0 2-ethyl-4-nitrosophenol, TMS CISICHC)Oclcec({cclCC)N=0 1665 1660 - 1670 1616 - 1714
15.0 2-ethyl-5-nitrosophenol, TMS C[Si){C)(C)OclceleccclCC)N=0 1542 1538 - 1546 1499 - 1584
15.0 2-ethyl-6-nitrosophenol, TMS CISIl{C){C)Ocle({cccciN=0)CC 1481 1477 - 1484 1445 - 1517
15.6 1-nitroso-5-oxoproline, TMS 0=NN1C(=0)CCC1C({=0)0[si](C)(C)C 1529 1526 - 1533 1494 - 1564
15.6 1-nitroso-d-oxoproline, TMS 0=C1CC(C(=0)O[Si](C){C)C)N(N=0)C1 1586 1581 - 1590 1542 - 1630
15.6 1-nitreso-3-oxaproline, TMS 0=C1CCN(N=0)C1C{=0)0[si]{C)(C)C 1646 1641 - 1651 1598 - 1694
15.6 1-nitrosopiperidine-2-carboxylic acid, TMS O=NN1CCCCC1C(=0)0[Si]{C)(C)C 1530 1526 - 1533 1491 - 1568
15.6 1-nitrosopiperidine-3-carboxylic acid, TMS 0=NN1CCCC(C1)C(=0)O[Si)(c){Cc)C 1615 1610 - 1621 1564 - 1667
15.6 1-nitrosopiperidine-4-carboxylic acid, TMS O=NN1Cccc(cc1)c(=0)o]sil(c)(c)c 1620 1615 - 1626 1567 - 1675
16.8 2-methoxy-3-nitrosophenol, TMS COclc(ccec1O[Si){C)C)C)N=0 1611 1606 - 1615 1566 - 1656
16.8 2-methoxy-4-nitrosophenol, TMS CISIN{C)(C)Ocleec(cclOC)N=0 1700 1695 - 1704 1654 - 1746
16.8 2-methoxy-5-nitrosophenol, TMS CISIN{C)C)Oclee(ccclOC)N=0 1580 1576 - 1584 1540 - 1620
16.8 2-methoxy-6-nitrosophenol, TMS C[SI(CHC)Ocle(cecclOC)N=0 1520 1517 - 1524 1484 - 1557
17.4 4-nitrobenzoic acid, TMS 0=[N+]([0-]}clcee(ecl)C(=0)O[Si)(C){C)C 1672 1668 - 1676 1632 - 1712
17.4 3-nitrobenzoic acid, TMS 0=[N+]([O-]}elecc(cec)C(=0)O[Si)(C)C)C 1646 1642 - 1650 1606 - 1685
17.4 2-nitrobenzoic acid, TMS O=[N+]([O-]})cleccec1Cl=0)0[Si){C){C)C 1633 1630 - 1636 1604 - 1662
18.2 2-methoxy-5-nitrophenol, TMS CISINC)C)Oclee(ccclOC)[N+]([O-])=0 1706 1702 - 1710 1667 - 1745
23.2 4-hydroxy-5-methoxy-2-nitrosobenzoic acid, TMS C[Si]{C){C)Oclcc(N=0)c(cc1OC)C(=0)O[Si]{CHC)C 2067 2062 - 2072 2021 - 2114
23.2 4-hydroxy-5-methoxy-3-nitrosobenzoic acid, TMS C[SI}{C){C)Oclc(cc(cclOC)C(=0)O[SI](CHT)C)N=0 1910 1905 - 1916 1859 - 1962
23.2 4-hydroxy-3-methoxy-2-nitrosobenzoic acid, TMS COc1c(N=0)c{ccc1O[5i](C){C)C)C(=0)O[Si]{C)C)C 1941 1936 - 1946 1893 - 1989
26.4 4-hydroxyphenyllactic acid, 3TMs c[sil{c){c)ocicee(cc1[N+]{[0])=0)CC(O[si](C)(c)C)C(=0)O[Si](C){C)C 2182 2178 - 2186 2142 - 2222
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2. Structure elucidation of nitrite reaction products
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Figure S1: MS spectra of the peak 5 (a) and the same peak in the isotopic experiment (b) found in beer samples.
Proposed fragmentation (c) and MS spectrum of the peak identified as NPRO-Et (d) copied from previous

publication.?!
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Figure S2: MS spectra of the peak 6 (a) and the same peak in the isotopic experiment (b) found in beer samples.
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Figure S6: MS spectra of the peak 10 (a) and the same peak in the isotopic experiment (b). MS spectrum of
the product from the vanillic acid with the nitrite reaction (c), copied from the previous study. 2

Table S2: Remaining unidentified peaks and their best match results of MS spectra comparison with the
reference library

Na. ::i“] ::}':m“ Rlep  Best match compound in NIST 14 MS Library Match Fa‘l';; cas ?;I“:,noll Rlis® Ripreai®
1 8.6 183 1116 1,2-butanediol, 2x TMS 69.6 1000059-91-9 234 - 1084
4 135 212 1408 S-nitroisophthaloyl dichloride 56.4 13438-30-7 247 - 1828
8 174 239 1627 4-nitrobenzoic acid, 1x TMS 76.6 1000373-27-8 239 1617 1679
9 177 218 1655  SH-oxazolo[3,2-a)pyridine-8-carbonitrile, 6-ethyl-2,3-dihydro-2,7-dimethyl-5-oxo- 78.8 1000337-58-3 218 - 1874
11 205 306 1821  4-[[4-[{4-methoxyphenyljamino]phenyl]amino]phencl 515 1000397-62-8 306 . 3209
12 213 269 1866  benzoic acid, 2-[(2,3-dimethylphenyl)amine]-, methyl ester 60.5 1222-42-0 255 - 2272
13 221 327 1912 methyl 3,5-dihydroxybenzoate, 2TMS derivative 66.3 27798-58-0 312 - 1687
14 23.0 286 1972 4-[2-(4-methoxyphenyljethenyl]-2-nitrophenel 71.2  1000396-99-6 271 - 2566
15 232 341 1981  benzoic acid, 4,4'-(1,2-ethanediyl)bis, diethyl ester 57.8 1000402-36-8 326 - 2594
16 246 357 2082  9,10-anthracenedione, 1-(methylamino)-4-[(4-methylphenyl)amina]- 67.3 128-85-8 342 - 3287
17 259 443 2189  1,6-dihydroxy-8-methoxy-3-methylanthragquinone, 2x TMS 75.2 91701-23-4 428 - 2908
13 26.2 389 2209 2,3-bis(2-ethoxyethoxy)-5,8-guinoxalinediyl diacetate 44.6 2452-34-8 422 - 2987
19 264 443 2230  3-[Tris{hydroxymethyl)methylamino]-1-propanesulfonic acid, 4x TMS 49.3 1000366-67-9 531 - 2330

a - predicted by the DeepRel (Vrzal, 2021); b — obtained from NIST 14 Library {semi-standard non-polar)
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Figure S7: Product ion spectra of m/z 168 (a) and m/z 169 in the isotopic experiment (b) of the peak 1;
fragments bearing °N are highlighted by asterisk. The precursor ion spectrum of m/z 168 (c) and product ion
spectrum of m/z 94 (d). Comparison of peak’s experimental Rl and predicted Ris of proposed structures (e).
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Figure S8: MS spectrum of the peak 4 (a) and precursor ion spectrum of m/z 212 (b). The product ion spectra
of m/z 212(c) and m/z 213 in the isotopic experiment (d) of the same peak. Fragments bearing >N are
highlighted by asterisk.
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Figure S9: MS spectrum of the peak 8 (a) and precursor ion spectrum of m/z 224 (b). Product ion spectra of
m/z 224 (c) and m/z 225 in the isotopic experiment (d) of the same peak. Comparison of peak’s experimental
Rl and predicted Rls of proposed structures (e). Fragments bearing °N are highlighted by asterisk.
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Figure S10: MS spectrum of the peak 9 (a) and precursor ion spectrum of m/z 203 (b). Product ion spectra of
m/z 218 (c) and m/z 219 in the isotopic experiment (d) of the same peak. Fragments bearing >N are

highlighted by asterisk.

14



x1068  Sample: Beer + NaNO a x105 Sample: Beer + NaNO b
22" Mode: Full scan, 70 eV, 230 °C 1.2 Moc ¢

2 306 1.1
1.8 191 1
16 09 %o
14 08
07
1.2
0.6
1 176 05
73 g
0.8 291
0.4
0.6 129 276 0.3
0.4 285
“ . 91 101 166 217 263 02
02 B4 01 278
| il i I | o
50 60 70 80 S0 100 110 120 130 140 150 160 170 180 180 200 210 220 230 240 250 260 270 280 290 300 310 280 300 320 340 360
Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z)
x10 4 Beer + NaNO
8 P ict ion 306, c : oduct ion 308, * * d
191 - 177
15 f 1 20eV, 180°C 192
7 0.9
* 15
6.5 0.8 N
6
5.5 0.7
5
176 0.6
45 73 [M-30]
4 276 0.5 *
35 73 [M-31]
3 0.4 277
25 0.3 * %
2
15 02 * ** * *%
217 291
1 84 147 264 01 85 147 219 265 293
0.5
0 I i . | * 0 | I . ‘ ! | .
40 60 B0 100 120 140 160 180 200 220 240 280 280 300 40 60 B0 100 120 140 160 180 200 220 240 260 280 300
Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z)
2: Beer + NaNO x10 5 Sample: Tyrosine + NaNO;
Product ion 291, 20 eV, 180 “¢M-15-115] e Mode: Full scan, 70 eV, 230 °C f
4 38 75
176 .20
35 3
2.75
3 2.5
25 2.25
. 73 2
2 [M-15-100] 1.75
15
15 1.25
1 191 [M-15-27] 1 176 306
0.75 191
5 ag 165 217 0.5 135
05 264 .
45 149 291 0.25 47 207 291
*
0 | I 0 (RPN PR N YT NRIUT (IO W UL YRR SR YR N T
40 60 80 100 120, 140 160 180 200 220 240 260 280 300 25 50 75 100 125 150 175 200 225 250 275 300 325
Counts vs. Mass-to-Charge (m/z) Counts vs. Mass-to-Charge (m/z)

Figure S11: MS spectrum of the peak 11 (a) and precursor ion spectrum of m/z 276 (b). Product ion spectra of
m/z 306 (c), m/z 308 in the isotopic experiment (d), and m/z 291 (e) of the same peak. MS spectrum of the
product from tyrosine with the nitrite reaction (f). Fragments bearing **N are highlighted by asterisk.
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Figure $12: MS spectra of the peak 12 (a) and the same peak in the isotopic experiment (b). Precursor ion
spectra of m/z 223 (¢) and m/z 223 in the isotopic experiment (d) of the same peak. Fragments bearing *N
are highlighted by asterisk.
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Figure S13: MS spectra of the peak 13 (a) and the same peak in the isotopic experiment (b). Precursor ion
spectrum of m/z 223 (c) and MS spectrum of the peak at 18.3 min found in artificially nitrosated beer (d).*
Fragments bearing *N are highlighted by asterisk.
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Figure 514: MS spectra of the peak 14 (a) and the same peak in the isotopic experiment (b). Precursor ion
spectrum of m/z 271 (c), product ion spectra of m/z 271 (d), m/z 273 in the isotopic experiment (e), m/z 225
(f), and m/z 226 in the isotopic experiment (g). Fragments bearing °N are highlighted by asterisk.
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Figure 515: MS spectra of the peak 15 (a) and the same peak in the isotopic experiment (b). Precursor ion
spectrum of m/z 326 (c), and MS spectrum of the product from tyrosine with the nitrite reaction (d). Product
ion spectra of m/z 326 (e) and m/z 327 in the isotopic experiment (f). Comparison of peak’s experimental RI
and predicted Rls of proposed structures (g). Fragments bearing **N are highlighted by asterisk.
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‘igure S16: MS spectra of the peak 16 (a) and the same peak in the isotopic experiment (b). The precursor ion
ipectrum of m/z 342 (c), and MS full scan spectrum of the product from tyrosine with the nitrite reaction (d)
»f the same peak. Product ion spectra of m/z 342 (e) and m/z 343 in the isotopic experiment (f). Fragments
rearing **N are highlighted by asterisk.
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Figure S17: MS spectra of the peak 17 (a) and the same peak in the isotopic experiment (b). The precursor ion
spectrum of m/z 413 (c), and MS spectrum of the product from tyrosine with the nitrite reaction (d) of the
same peak. Product ion spectra of m/z 236 (e) and m/z 237 in the isotopic experiment (f). Fragments bearing

5N are highlighted by asterisk.
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Figure S18: MS spectra of the peak 18 (a) and the same peak in the isotopic experiment (b). Precursor ion
spectrum of m/z 338 (c), and MS spectrum of the product from tyrosine with the nitrite reaction (d). Product
ion spectra of m/z 374 (e), and m/z 375 in the isotopic experiment (f) of the same peak. Fragments bearing
15N are highlighted by asterisk.
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Figure S19: MS spectra of the peak 19 (a) and the same peak in the isotopic experiment (b). Precursor ion
spectrum of m/z 400 (c), and MS spectrum of the product from tyrosine with the nitrite reaction (d). Product
ion spectra of m/z 238 (e), m/z 239 in the isotopic experiment (f), m/z 208 (g), and m/z 209 in the isotopic
experiment (h) of the same peak. Fragments bearing **N are highlighted by asterisk.
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3. Reaction products of nitrite with standard compounds
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Figure $20: Chromatogram of the 2-ethyl phenol after the reaction with sodium nitrite and MS spectra of the
reaction products. Comparison of peak’s experimental Rl and predicted Rls of proposed structures.
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Figure S21: Chromatogram of the guaiacol after the reaction with sodium nitrite and MS spectra of the
reaction products. Comparison of peak’s experimental Rl and predicted Rls of proposed structures.
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Figure $22: Chromatogram of 4-nitroso phenol tri{methyl)silyl ether and its MS spectrum.
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4. Semi-quantitative determination of the products in commercial beers

Table S3: List of beers used for primary monitoring of the identified products
No. Origin Type of beer Brewery type
A Czech Lager beer Industrial brewery
B Czech Lager beer Industrial brewery
C Czech Premium lager Industrial brewery
D Czech Special beer 14° Industrial brewery
E Czech Mid-dark lager Microbrewery
F Czech Lager beer Microbrewery
G Czech Lager beer Industrial brewery
H Czech Lager beer Industrial brewery
I USA IPA Industrial brewery
J GB Lager beer Microbrewery
K Belgium Red ALE Industrial brewery
L Czech Mosaic ALE Homebrewer
M Mexico Amber ALE Microbrewery
N Czech White IPA Homebrewers
0 Czech Lager beer Microbrewery
P Czech Lager beer Microbrewery
Table S4: List of monitored compounds, supplemented by MRM transitions at optimal collision energies.
RT Mw Identity name Precursor Product CE
[min] [g/mol] Y lon m/z lon m/z [eVv]
8.6 183 unknown 168 94 15
12.5 195 4-nitrosophenol 195 180 5
133 191 4-cyanophenol. TMS 191 176 10
13.5 212 unknown 212 168 5
13.7 172 N-nitrosoproline ethylester 172 99 10
14.7 216 N-nitrosoproline . TMS 201 157 5
15.6 230 unknown 200 156 5
17.0 225 nitrosoguaiacol. TMS 225 210 10
17.4 239 unknown 224 150 15
17.7 310 phenylalanin-1-3C (IS). TMS 295 205 15
17.7 218 unknown 218 203 10
18.2 241 2-methoxy-5-nitrophenol. TMS 226 211 10
20.5 306 unknown 306 191 15
213 269 unknown 254 223 15
22.1 327 unknown 312 179 30
23.0 286 unknown 271 137 25
23.2 341 unknown 326 236 10
24.6 357 unknown 342 223 25
25.9 443 unknown 413 236 15
26.2 389 unknown 338 219 25
26.4 443 unknown 338 219 25
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Table S5: Semi-quantitation results of the products in beer samples

Cpd No. 1 - 3 4 5 6 7 - 8 9 10 11 12 13 14 15 16 17 18 19
RT [min] 8.6 123 133 135 137 147 156 168 174 17.7 182 205 213 2211 230 232 246 259 262 264
A 004 532 029 003 018 032 020 002 014 170 - 0.25 - 0.02 296 036 - - -
B - 035 013 063 040 037 - 021 139 001 023 - 0.03 287 0.56 - - 0.33
C - - 045 007 029 043 032 - 016 131 0.01 044 - - 518 047 001 - 0.54
D - 510 036 - 018 018 039 - 044 143 - 0.45 - - 184 062 - - 0.13
E 038 837 078 005 032 135 153 026 066 4.46 - 1.14 - 006 333 073 - - 0.51
F - 257 033 005 010 027 091 009 0.26 312 - 0.57 - - 187 037 - - 0.43
o G - 071 005 038 033 043 007 093 358 - 0.63 - - 317 125 - - 0.17
g H - 0.42 - 020 060 081 010 062 3.40 - 0.65 - - 429 041 - - 0.31
g | 014 838 023 003 19 023 025 - 012 629 001 040 - 217 046 - 0.18 0.16
& J 0,04 310 030 - 010 011 013 004 006 2.01 - 0.50 - 3.13 018 - - -
K - 209 138 - 006 027 006 004 021 111 - 0.15 - 126 019 - - 0.45
L 007 393 036 004 016 016 053 - 035 6.65 - 1.80 - 003 123 2.09 - - 0.32
M - 041 814 064 003 025 08 088 009 035 370 - 1.23 - - 266 0.27 - - 0.26
N 009 3% 032 004 023 021 071 - 022 6.25 - 0.90 - 0.04 188 137 - - 0.70
[0} - - 0.78 007 024 062 039 - 0.20 3.50 - 1.57 - 0.08 - 049 0.02 032 106
4 - 682 088 007 069 047 040 003 015 3.84 - 0.85 - - 431 061 0.04 - 0.95

Levels are represented by relative units (RU), where values corresponding to the peaks with responses lower than the internal standard
response are non-colored. Peaks with higher responses than the internal standard response are colored as follows: 1 -10 RU (yellow),
10 - 50 RU (blue), and = 50 RU (red).
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1. Materials and Methods — Additional Information

1.1 Nitrosation of Malt

Malt nitrosation by gaseous nitrogen oxides followed the previously published procedure:*

Approximately 50 g of whole malt grains were soaked in 10 ml water in a glass vessel. Nitrogen dioxide
was generated in a separated flask filled with 50 ml of concentrated nitric acid. By slowly adding zinc
plates, nitrogen dioxide was generated according to the following equation:

Zn + 4 HNO; -> Zn(NOs) + 2H;0 + 2 NO;

Generated gaseous nitrogen dioxide was driven towards a moisture malt, and the flask was closed.
Schemes of apparatus for nitrosation at higher (Scheme A) and at room temperature (Scheme B) are

shown below.! Samples were then treated as follows:

a) The closed flask was heated for 2 hours at approximately 40 °C to prepare malt treated at the higher
temperature. Moist nitrosated malt was dried in an electric dryer at 80 °C for 2 hours. The drying
temperature was chosen according to a typical kilning temperature of the most common Pilsen malt
(80-90 °C).?

b) Duringthe preparation of malt nitrosated at a lower temperature, the closed flask was left overnight
at room temperature without light exposure. Then, the malt was dried in the electric dryer at 40 °C
for 2 hours. The drying temperature was chosen according to a typical drying temperature of the

barley or malt when used to decrease moisture content (40-50 °C).2

Scheme A

Wet malt grains

Heating nest
Nitric acid (conc.)

Zinc plates

1.2 Preparation of congress wort

Nitrosated malt grains (10 g) were finely ground in an electric mixer. Homogenized malt powder (2 g) and 8
g of deionized water (45°C) were mixed and heated at 45°C for 30 min with occasional stirring. The heating
temperature increased (1°C/min) to 70 °C, and 4 g of warm deionized water (70 °C) was added to the mash.
The mash was kept at 70 °C for one hour with occasional stirring. The mash was cooled down for 10-15 min
to reach laboratory temperature (20 °C), and freshwater was added to reach 18 g of the whole mixture. The

mash was filtrated through a filtration paper with a yield of approximately 15 ml of congress wort.



Table S1. Conditions of multiple-reaction monitoring for N-products determination by GC-MS/MS.?

Sample RT MW Name of the product Precursor Product CE
ID [min] [g/mol] lonm/z lonm/fz [eV]
N-01 8.6 183 - 168 94 15
N-02 8.9 247 Pyruvic acid oxime, 2xTMS, isomer 1 204 131 25
N-03 9.1 247 Pyruvic acid oxime, 2xTMS, isomer 2 204 131 25
N-04 12.3 195 4-nitrosophenol, TMS 195 180 5
N-05 133 191 4-cyanophenol, TMS 191 176 10
N-06 135 212 - 212 168 5
N-07 13.7 172 N-nitrosoproline ethylester 172 99 10
N-08 14.7 216 N-nitrosoproline, TMS 201 157 5
N-09 15.6 230 N-nitrosopipecolic / N-nitrosopyroglutamic acid, TMS 200 156 5
N-10 16.8 225 nitrosoguaiacol, TMS 225 210 10
N-11 17.4 239 - 224 150 15
ISTD 17.7 310 Phenylalanine-1-3C, TMS 295 205 15
N-12 17.7 218 - 218 203 10
N-13 18.2 241 2-methoxy-5-nitrophenol, TMS 226 211 10
N-14 20.5 306 - 306 191 15
N-15 21.3 269 - 254 223 15
N-16 22.1 327 - 312 179 30
N-17 23.0 286 - 271 137 25
N-18 232 341 - 326 236 10
N-19 24.6 357 - 342 223 25
N-20 25.9 443 - 413 236 15
N-21 26.2 389 - 338 219 25
N-22 26.4 443 - 338 219 25

1.3 R packages

RStudio: R Core Team (2020). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Viena, Austria. URL. https://www.R-project.org/

Raivo Kolde (2019). pheatmap: Pretty Heatmaps. R package version 1.0.12. https://CRAN.R-
project.org/package=pheatmap

Sebastien Le, Julie Josse, Francois Husson (2008). FactoMineR: An R Package for Multivariate Analysis.
Journal of Statistical Software, 25(1), 1-18. 10.18637/jss.v025.i01

Alboukadel Kassambara and Fabian Mundt (2020). factoextra: Extract and Visualize the Results of
Multivariate Data Analyses. R package version 1.0.7. https://CRAN.R-project .org/package =factoextra

Frank E Harrell Jr and Charles Dupont (2022). Hmisc: Harrell Miscellaneous. R package version 4.7-2.
https://CRAN.R-project.org/package=Hmisc

Taiyun Wei, Viliam Simko, Michael Levy, Yihui Xie, et al. (2021). corrplot: Visualization of a Correlation
Matrix. R package version 0.92. https://CRAN.R-project.org/package=corrplot
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2. Results and Discussion — Additional information
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Figure S1. Chromatograms and mass spectra of laboratory-prepared pyruvic acid oxime (A) and of a beer
sample treated by isotopically labeled nitrite->N(B).

*Spectra of nitrosated beer by '®N did not show isotopically different spectra, probably due to a high natural
occurrence of pyruvic acid oxime in used beer. Pyruvic acid oxime is probably formed by more complex mechanisms

98

than other N-products, as was previously confirmed by a laboratory preparation of standard pyruvic acid oxime.?
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Figure S2 (continue). Distributions of detected N-products within malt and beer styles.
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Figure S2 (continue). Distributions of detected N-products within malt and beer styles.
The red dashed line shows the limit of detection. Boxplots of all responses for N-01 within malt styles
(M1), and beer styles (B1); for N-02 within malt styles (M2), and beer styles (B2); for N-03 within malt
styles (M3), and beer styles (B3); for N-04 within malt styles (M4), and beer styles (B4); for N-05
within malt styles (M5), and beer styles (B5); for N-06 within malt styles (M6), and beer styles (B6);
for N-07 within malt styles (M7), and beer styles (B7); for N-08 within malt styles (M8), and beer
styles (B8); for N-09 within malt styles (M9), and beer styles (B9); for N-10 within malt styles (M10),



and beer styles (B10); for N-11 within malt styles (M11), and beer styles (B11); for N-12 within malt
styles (M12), and beer styles (B12); for N-13 within malt styles (M13), and beer styles (B13); for N-14
within malt styles (M14), and beer styles (B14); for N-15 within malt styles (M15), and beer styles
(B15); for N-16 within malt styles (M16), and beer styles (B16); for N-17 within malt styles (M17), and
beer styles (B17); for N-18 within malt styles (M18), and beer styles (B18); for N-19 within malt styles
(M19), and beer styles (B19); for N-20 within malt styles (M20), and beer styles (B20); for N-21 within
malt styles (M21), and beer styles (B21); for N-22 within malt styles (M22), and beer styles (B22).
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Figure 53. Distributions of N-product responses within individual clusters, which were distinguished according to a hierarchically clustered heatmap of malt samples
[MALT — Cluster | to Cluster V). Individual malt styles are in boxplots of M-product responses distinguished by different colors.
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Figure S5. 2D hierarchical clustered heatmap of malt (A) and beer (B) standardized by rows (N-products).
Color intensity corresponds to z-scored responses of N-products within individual samples.
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Table S2. Correlation coefficients (r), p-values (p), and number of counts (n) for NDMA and N-products
Pearson analysis in malt samples.

Varl Var2 r p n Varl Var2 r p n Varl Var2 r p n
NDMA N-08 0.190 3.40E-02 125 N-03 N-08 0380 3.35E-07 169 N-08 N-12 0591 6.05E-11 102
NDMA N-10 0.336 5.78E-03 66 N-03 N-09 0610 5.77E-14 124 N-08 N-13 0514 1.49E-12 166
NDMA N-16 0.300 4.03E-04 135 N-03 N-10 0476 1.45E-06 93 N-08 N-16 0508 1.82E-12 169
N-01 N-02 0.660 <0.0001 198 N-03 N-11 0440 2.85E-08 146 N-08 N-18 0618 2.16E-03 22
N-01 N-03 0316 ©5.80E-06 198 N-03 N-12 0393 1.10E-05 118 N-08 N-19 0700 7.70E-03 13
N-01 N-04 0575 3.78E-08 78 N-03 N-13 0163 2.58E-02 188 N-09 N-10 0.869 <0.0001 58
N-01 N-05 0522 6.22E-15 194 N-03 N-16 0471 2.54E-12 198 N-09 N-11 0826 <0.0001 102
N-01 N-08 0.413 2.49E-08 169 N-03 N-18 0.763 2.40E-06 28 N-09 N-12 0.817 <0.0001 81
N-01 N-09 0.689 <0.0001 124 N-03 N-19 0.672 6.12E-03 15 N-09 N-13 0611 1.97E-13 118
N-01 N-10 0.487 7.28E-07 93 N-04 N-05 0557 1.15E-07 78 N-09 N-16 0750 <0.0001 124
N-01 N-11 00698 <0.0001 146 N-04 N-08 0500 1.066-05 70 N-09 N-18 0900 9.09€-10 25
N-01 N-12 0710 <0.0001 118 N-04 N-09 0.836 4.17E-14 50 N-09 N-19 0.847 5.12E-04 12
N-01 N-13 0.699 <0.0001 188 N-04 N-10 0.674 1.33E-06 41 N-10 N-11 0726 2.55E-14 80
N-01 N-16 0566 <0.0001 198 N-04 N-11 0.807 1.66E-13 54 N-10 N-12 0667 1.32E-09 65
N-01 N-18 0759 2.84E-06 28 N-04 N-12 0756 5.16E-10 48 N-10 N-13 0590 2.81E-09 85
N-01 N-19 0.794 4.03E-04 15 N-04 N-13 0556 2.27E-07 75 N-10 N-16 0773 <0.0001 93
N-02 N-03 0354 3.02E-07 198 N-04 N-16 0618 1.71E-09 78 N-10 N-18 0.908 1.96E-07 18
N-02 N-04 0770 2.22E-16 78 N-04 N-18 0750 1.24E-02 10 N-11 N-12 0.863 <0.0001 98
N-02 N-05 0.569 <0.0001 194 N-0S N-08 0458 3.73E-10 169 N-11 N-13 0730 <0.0001 140
N-02 N-08 0381 3.12E-07 169 N-05 N-09 0.806 <0.0001 124 N-11 N-16 0.816 <0.0001 146
N-02 N-09 0767 <0.0001 124 N-0S N-10 0.715 8.88E-16 93 N-11 N-18 0.894 2.11E-08 22
N-02 N-10  0.621 3.15E-11 93 N-05 N-11 0788 <0.0001 146 N-11 N-19 0.830 2.95E-03 10
N-02 N-11 0705 <0.0001 146 N-05 N-12 0727 <0.0001 117 N-12  N-13  0.629 1.45E-13 111
N-02 N-12 0751 <0.0001 118 N-05 N-13 0452 1.17E-10 184 N-12 N-16 0.676 <0.0001 118
N-02 N-13 0709 <0.0001 188 N-05 N-16 0703 <0.0001 194 N-12 N-18 0741 1.02E-03 16
N-02 N-16 0561 <0.0001 198 N-0S N-18 0.867 2.48E-09 28 N-12 N-19 0912 2.386-04 10
N-02 N-18 0.844 1.62E-08 28 N-05 N-19 0.861 3.83E-05 15 N-13 N-16 0.652 <0.0001 188
N-02 N-19 0719 2.52E-03 15 N-08 N-09 0566 9.51E-11 111 N-13 N-18 0.847 5.00E-08 26
N-03 N-04 0550 1.78E-07 78 N-08 N-10 0.487 3.098-06 83 N-13 N-19 0.848 6.58E-05 15
N-03 N-05 0705 <0.0001 194 N-08 N-11 0.655 <0.0001 134 N-16 N-18 0940 1.14E-13 28
N-16 N-19 0750 1.28-03 15
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Figure S7. Correlogram of ATNC and N-products in beers. Color intensity corresponds to r- value, Only

significant r-values (p<0.05) are shown.
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Table S$3. Correlation coefficients (r), p-values (p), and number of counts (n) for NDMA and N-products
Pearson analysis in beer samples.

Varl Var2 r p n Varl Var2 r p n Varl Var2 r p n
ATNC N-03 0.610 4.83E-05 38 N-05 N-08 0.500 1.63E-09 129 N-08 N-19 0.486 7.38E-08 110
ATNC N-05 0544  1.27E-11 133 N-05 N-09 0.612 1.33E-15 139 N-08 N-20 0.800 1.97E-04 16
ATNC N-13  0.277  1.32E-03 132 N-05 N-10 0.550 9.14E-13 144 N-08 N-22 0.754 1.17E-02 10
ATNC N-15 -0.244 2.15E-02 89 N-05 N-11  0.490 2.29E-04 52 N-09 N-10 0.663 <0.0001 121
ATNC N-16 0.224 9.63E-03 133 N-05 N-12 0529 1.11E-12 157 N-09 N-11 0.577 4.16E-05 44
ATNC N-18  0.294 1.59e-03 113 N-05 N-13  0.648 <0.0001 187 N-09 N-12 0.617 9.33E-15 128
N-01 N-02 0.480 6.95E-05 63 N-05 N-15 0.265 3.29e-03 121 N-09 N-13 0.617 4.44e-16 139
N-01 N-03  0.458 7.72E-05 69 N-05 N-16 0436 2.81E-10 191 N-09 N-15 0.366 1.96E-04 99
N-01  N-04 0.390 2.98E-03 56 N-05 N-17 0.531 1.22E-04 47 N-09 N-16 0.476 3.05E-09 139
N-01 N-05  0.469 7.86E-12 191 N-05 N-18 0.515 1.09E-11 152 N-09 N-17 0.589 1.34E-05 47
N-01 N-06  0.380 2.66E-06 144 N-0O5 N-19 0410 2.29E-07 148 N-09 N-18 0.670 <0.0001 134
N-01 N-07 0.545 5.11E-14 163 N-05  N-22 0.764 6.16E-03 11 N-09 N-189 0.426 7.33e-07 125
N-01  N-08 0406 1.81E-06 129 N-06 N-07 0.672 <0.0001 140 N-10 N-11 0.694 1.63E-08 51
N-01  N-09 0408 6.08E-07 139 N-06 N-08 0.328 4.35E-04 111 N-10 N-12 0.774 <0.0001 130
N-01 N-10 0.384 2.03E-06 144 N-06 N-09 0596 1.22E-13 128 N-10  N-13 0.580 3.24E-14 143
N-01 N-12  0.587 6.66E-16 157 N-06 N-10 0.517 1.04E-09 122 N-10  N-15 0.461 9.41E-07 103
N-01 N-13  0.387 4.50E-08 187 N-06 N-11  0.624 1.68E-06 49 N-10  N-17 0.689 1.68E-07 45
N-01  N-15 0.205  2.40E-02 121 N-0O6 N-12 0562 2.85E-12 131 N-10 N-18 0.430 4.00E-07 128
N-01  N-18 0.271  7.22E-04 152 N-06 N-13 0472 2.36E-09 144 N-10 N-19 0.462 1.07E-07 120
N-01  N-19 0.281  5.34E-04 148 N-06 N-15 0.340 4.41E-04 103 N-11 N-12 0.691 7.65E-08 47
N-01 N-20  0.680 3.74E-03 16 N-06 N-16 0410 3.40E-07 144 N-11  N-15 0.383 1.62E-02 39
N-01 N-21  0.902 5.53E-03 7 N-06 N-17 0.454 1.97E-03 44 N-11  N-17 0.595 3.52E-03 22
N-02  N-03 0.356 4.24E-03 63 N-0O6 N-18 0529 4.13E-11 135 N-11 N-18 0.482 6.00E-04 47
N-02  N-04 0.733 3.86E-02 8 N-06 N-19 0.466 1.97E-08 131 N-12  N-13 0.486 1.14E-10 157
N-02 N-05 0.618 6.71E-08 63 N-07 N-08 0.603 1.97E-13 122 N-12  N-15 0550 1.46E-09 104
N-02 N-07  0.579 4.78E-05 43 N-07 N-09 0.732 <0.0001 136 N-12  N-17 0.668 5.24E-07 45
N-02 N-08 0.453 1.36E-02 29 N-07 N-10 0.734 <0.0001 134 N-12 N-18 0.240 4.77e-03 137
N-02 N-10 0575 1.03E-04 40 N-07 N-11 0.740 1.91E-09 48 N-12  N-19 0.438 2.33E-07 128
N-02 N-12  0.494  2.69E-04 50 N-07 N-12 0.685 <0.0001 142 N-12  N-20 0.557 3.10E-02 15
N-02 N-13 0509 2.82E-05 61 N-07 N-13  0.697 <0.0001 163 N-12  N-21  0.839 1.83E-02 7
N-02 N-19 0535 4.87E-03 26 N-07 N-14 0.760 2.87e-02 8 N-13 N-15 0510 2.28E-09 121
N-03 N-05 0.468 4.99E-05 69 N-07 N-15 0.450 6.23E-07 112 N-13 N-16 0.603 <0.0001 187
N-03  N-08 0.374 3.80E-02 31 N-07 N-16 0575 8.88E-16 163 N-13  N-17 0.631 1.95E-06 47
N-03 N-13 0460 1.16E-04 65 N-07 N-17 0.697 5.12E-08 47 N-13 N-18 0.629 <0.0001 152
N-03  N-16 0.257 3.33E-02 69 N-07 N-18 0.544 7.55E-13 149 N-13 N-19 0663 <0.0001 148
N-04 N-05 0556 8.47E-06 56 N-07 N-19 0594 5.33E-15 143 N-14 N-15 0.841 3.57E-02 6
N-04 N-06 0.727 3.41E-10 55 N-07 N-22  0.669 2.43E-02 11 N-15 N-17 0.521 3.39E-04 43
N-04 N-07 0547 1.91E-05 54 N-08 N-09 0512 8.10E-09 112 N-15 N-19 0.653 8.44E-15 111
N-04 N-08 0.366 9.67E-03 49 N-08 N-10 0562 1.10E-10 112 N-16 N-17 0.689 B.54E-08 47
N-04 N-09 0443 9.01E-04 53 N-08 N-11 0427 4.77E-03 42 N-16 N-18 0597 4.44E-16 152
N-04 N-10 0.613 1.08E-06 53 N-08 N-12  0.608 2.25E-13 119 N-16  N-19 0.318 8.06E-05 148
N-04 N-11  0.546 1.50E-03 31 N-08 N-13  0.560 5.39E-12 129 N-16 N-20 0.698 2.62E-03 16
N-04 N-12 0611 1.15E-06 53 N-08 N-15 0523 4,51E-08 96 N-17 N-18 0.551 5.99e-05 47
N-04 N-17  0.564 1.16E-03 30 N-08 N-16 0.264 2.46E-03 129 N-17 N-19 0.548 6.58E-05 47
N-05 N-06  0.480 1.17e-09 144 N-08 N-17 0592 1.47E-05 46 N-18 N-19 0.357 1.67E-05 138
N-05 N-07  0.646 <0.0001 163 N-08 N-18 0373 3.24g-05 118 N-18 N-20 0.526 3.64E-02 16
N-18 N-22 0.681 3.01E-02 10
References
(1) Maleckovd, M.; Sobotnikovd, J.; Olsovska, J. Development of Miniaturized extraction method used for GC-NCD screening of non-volatile
nitroso compounds in malt. Diploma Thesis, 2018, Prague (https://dspace.cuni.cz/handle/20.500.11956/98172)
(2) Wolfgang Kunze. Technology Brewing and Malting, Chapter 2 — Malt production, 3" international edition, VLB Berlin, 2004, 97-188. (ISBN
3-921650-49-8)
(3) Maletkova, M.; Vrzal, T.; Ol3ovska, J. Characterization of Nitrite-Related Reaction Products in Beer. J. Agric. Food Chem. 2021, 69,

11687-11695.
15

108



