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Abstract 15 

Vanillin is the most characteristic compound in vanilla flavour. Since vanilla pods are very expensive, vanillin 16 

is mainly produced by synthetic and sometimes biosynthetic methods. Biosynthetic vanillin is called 17 

‘biovanillin’ and can -by law- be labelled as ‘natural’. The isotopic carbon ratio (expressed as 13C) is a 18 

widely established and valuable authentication parameter for vanillin. Furthermore, currently available 19 

data about 2H values indicate, that the isotopic hydrogen ratio can make a decisive contribution to the 20 

authentication of vanillin. One of the most recent developments is the bio-production of vanillin derived 21 

from glucose. However, very little is known about its isotopic composition. Here, we present the 13C and 22 


2H values of glucose from corn and wheat and the vanillin that was derived from these. The isotopic 23 

composition of the glucose is clearly reflected in the resulting vanillin molecule. All ‘glucose-vanillin’ 24 

samples could be distinguished from vanillin originating from other sources when combining the 13C and 25 


2H value.  26 
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1 Introduction 27 

Vanilla is one of the most popular spices in the world and therefore widely used in the food and perfume 28 

industries. Vanilla flavour is a complex mixture of more than 200 different compounds, with vanillin (4-29 

hydroxy-3-methoxybenzaldehyde) as the major and most characteristic flavour compound (Sinha et al., 30 

2008). Vanilla is an expensive spice as farming, harvesting and processing is laborious, costly and, its 31 

production is vulnerable to diseases and climate fluctuations. Less than 1% of the worldwide consumed 32 

vanilla flavour originates from vanilla pods, whereas 99% comes from synthetic sources (Grand View 33 

Research, 2017). On the other hand, synthetic vanillin can be produced cheaper and robustly from the 34 

petrochemical precursor guaiacol (85%) or from lignin (15%) (Bomgardner, 2016). Recently, so called 35 

‘biovanillin’ has emerged as a third production approach and its market share is expected to increase in the 36 

upcoming years (Global Market Insights, 2016).  37 

In the last 40 years a lot of attention has been given to the replacement of natural vanillin from vanilla pods 38 

with synthetic vanillin, while labelling the product to contain real vanilla flavour (Hoffman & Salb, 1979). 39 

Vanilla pods (containing 1-2% vanillin) reached prices of up to 500 USD/kg in the last years, while synthetic 40 

vanillin cost only about 10 USD/kg (Gelski, 2017; Bomgardner, 2016). The risk for economically motivated 41 

fraud is therefore well known. On the other hand, biovanillin did not get much attention regarding possible 42 

fraud, probably because it still only holds a very small market share. The replacement of vanillin from 43 

vanilla pods with biovanillin constitutes another risk for fraudulent activities. Biovanillin has a branding 44 

advantage over synthetic vanillin, because it can by European law be labelled as ‘natural’ (European 45 

Parliament and the Council of the European Union, 2008). The term ‘natural’ is a very strong marketing 46 

tool, since consumers prefer natural products and are often willing to pay a higher price (Hartmann et al., 47 

2018). This also creates an incentive for a fraudulently undeclared replacement of biovanillin with synthetic 48 

vanillin. 49 

Biotechnology-derived vanillin is produced from structurally similar substrates that are transformed by 50 

genetically modified fungi, yeast or bacteria (Fache et al., 2016). The precursor can be derived from 51 

different sources like rice bran/corn (ferulic acid), clove (eugenol), and turmeric (curcumin) (Gallage & 52 

Lindberg Møller, 2015). Some of these vanillin products have been on the market for more than a decade; a 53 

newer invention is the synthesis of vanillin by fermentation from glucose in the genetically engineered 54 

yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe (E. H. Hansen et al., 2009; Gallage & 55 

Lindberg Møller, 2015). The market cost for biovanillin was reported to be around 800 USD/kg (Havkin-56 

Frenkel & Belanger, 2016). However, increased production of biovanillin from glucose, which is the 57 
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cheapest precursor substrate with an average cost of 0.30 USD/kg, may result in a decreased price for 58 

biovanillin (Gallage & Lindberg Møller, 2015).  59 

Isotope-ratio mass spectrometry analysis is a valuable analytical tool for the authentication of vanillin, since 60 

the isotopic carbon ratio can be used as a marker for the different origins of the vanillin. In the plant 61 

material of C3, C4 and CAM-plants a characteristic fractionation of carbon isotopes appears during the 62 

carbon capture photosynthetic pathway (Bender, 1971). The 13C-range of vanillin from vanilla pods can be 63 

found in the range from -22.2 to -14.6‰, which is typical for CAM-plants (Gassenmeier et al., 2013; Greule 64 

et al., 2010). Whereas the 13C-values for synthetic vanillin lie in the typical range for C3-plants and are 65 

much lower. The reported 13C-values for synthetic vanillin range from -36.2 to -24.9‰, when the vanillin is 66 

derived from petrochemicals and from -28.7 to -26.5‰ when the vanillin is derived from lignin (Hoffman & 67 

Salb, 1979; Culp & Noakes, 1992; Bricout et al., 1974). Vanillin ex vanilla pods can therefore be 68 

distinguished from synthetic vanillin based on the 13C-value. The reported 13C-values for biovanillin from 69 

clove, rice and turmeric ranges from -27.8 to -37.9‰ (Bensaid et al., 2002; A. M. S. Hansen et al., 2014; 70 

Schipilliti et al., 2016; Geißler et al., 2017). Thus, the 13C-ranges for synthetic vanillin and biovanillin are 71 

overlapping when both originate from C3-plants/petrochemicals.  72 

In order to enhance the information that can be obtained from the isotopic authentication approach, often 73 

also the isotopic hydrogen ratio is analysed (Perini et al., 2019; Greule et al., 2010; Geißler et al., 2017; 74 

Wilde et al., 2019). The stable isotopic ratio of hydrogen in water is linked to climatic conditions and 75 

geographical characteristics. Based on data collected from the International Atomic Energy Agency (IAEA) 76 

and the World Meteorological Organization (WMO) worldwide isotope monitoring global scale maps 77 

(Figure 1) have been modelled (IAEA/WMO, 2015; IAEA, 2016).  As plants take up the source water, the 78 

geographical origin of the plant is also reflected in the 2H values of the analysed plant biomass, e.g. shown 79 

in Keppler & Hamilton, 2008. Thus, the geographical origin of the precursors used for the synthesis of 80 

vanillin has an influence on the isotopic hydrogen ratio. For vanillin from vanilla pods ranges between -93‰ 81 

to -3 ‰ have been reported (A. M. S. Hansen et al., 2014; Wilde et al., 2019) while vanillin ex lignin shows 82 

much lower values in the range from -204 ‰ to -170 ‰ (Culp & Noakes, 1992). The ‘lignin-vanillin’ can also 83 

be clearly distinguished from vanillin derived from petrochemicals where 2H values ranges between -25 to 84 

+117 ‰ (Culp & Noakes, 1992; Greule et al., 2010). In Figure 1 the information about the global 2H 85 

precipitation has been combined with the main production locations of vanillin precursors. Spruce trees, 86 

the main source for lignin, are growing mainly up north which explains also the low 2H values reported for 87 

vanillin ex lignin. In contrast to this, vanilla plants grow around the equator and therefore the vanillin shows 88 

much higher 2H values. Furthermore, other precursors known to be used for the production of biovanillin 89 
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(namely wheat, clove, curcuma, rice, sugar cane and corn) have been added to the map. The natural 90 

variation of the stable isotopic hydrogen values for vanillin from the different sources are by far not as 91 

extensively explored as for the isotopic carbon ratio. As it can be seen in the map, many ‘vanillin-precursor 92 

plants’ grow almost all over the globe and the creation of a meaningful database requires further research 93 

in the future. Even though overlapping 2H-ranges might need to be expected, certain trends will probably 94 

be observed (e.g. differences between vanillin from wheat and eugenol).  95 

Next to the geographical location of the vanillin precursor material, fractionations could appear during the 96 

conversion from the precursor to vanillin, which might also vary between different precursors and 97 

production techniques. Furthermore, looking at the molecular structure of vanillin, it should be taken into 98 

consideration that the hydrogen of the hydroxyl group could be exchanged with the solvents the vanillin 99 

comes in contact with (during production, storage, or when incorporated in a food product). For which 100 

precursor the 2H-value will allow sufficient conclusions to be drawn about the origin of the vanillin, must 101 

still be investigated. 102 

Position-specific isotopic ratio analysis by GC-IRMS and SNIF-NMR methods (site-specific isotopic 103 

fractionation by nuclear magnetic resonance) allow in combination with multivariate data analysis a 104 

distinction between different sources of vanillin, even when the isotope carbon ratio of the vanillin bulk 105 

molecule is the same (Guyader et al., 2019; Geißler et al., 2017). In order to apply those methods a high 106 

amount of purified vanillin is needed, which is difficult to obtain once the flavour is incorporated into 107 

complex food matrices. This is a serious limitation, since processed food products are on a particular high 108 

risk of being affected by food fraud. Recent publications have shown that it is most common to analyse the 109 

authenticity of vanillin in food products using solid-phase micro extraction and gas chromatography-isotope 110 

ratio mass spectrometry (SPME-GC-IRMS) (Schipilliti et al., 2016; Perini et al., 2019; Wilde et al., 2020). This 111 

method only allows the analysis of the isotopic ratio of the vanillin bulk molecule and not of specific 112 

positions within the vanillin molecule. However, for now, this is the most efficient way to get information 113 

about the origin of vanillin that is incorporated in complex food matrices.  114 

The present research aims to extend the knowledge about biovanillin derived from glucose. The 13C and 115 


2H values of five glucose samples derived from corn (C4 plant) and wheat (C3 plant) were analysed. 116 

Subsequently, the same glucose sample material was used to produce biovanillin in the yeasts 117 

Saccharomyces cerevisiae by fermentation (Figure 2). The analysed 13C and 2H values of the vanillin were 118 

then opposed to the respective glucose sample. These results are brought into the context of the overall 119 

vanilla authentication strategy. 120 
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2 Materials and Methods 121 

2.1 Samples and chemicals 122 

Five different glucose samples were purchased, analysed and fermented to vanillin. From each glucose 123 

sample, three aliquots had been taken in order to produce three vanillin samples as described in 2.2. Three 124 

samples were confirmed to originate from corn; these were obtained from different suppliers, namely 125 

Serva (Heidelberg, Germany), Sigma Aldrich (Steinheim, Germany) and Melford, (Ipswich, UK). Moreover, 126 

two different batches of glucose samples were purchased from VWR (Leuven, Belgium), one of these 127 

samples was confirmed to originate from wheat, while the botanical source for the other glucose sample 128 

could not be traced. Methanol of HPLC grade was purchased from VWR (Darmstadt, Germany). The used 129 

water was purified with a Milli-Q water purification system from Millipore Corp (Bedford, Massachusetts). 130 

Synthetic vanillin (purity >99%) and natural vanillin ex ferulic acid (purity >97%) were purchased from 131 

Sigma-Aldrich (Steinheim, Germany). For the normalisation procedure (see 2.6) benzoic acid, IAEA-602 132 

(IAEA, Vienna, Austria),caffeine#1, USGS61 , caffeine#2, USGS62  and the n-alkane mixture type B4 (Indiana 133 

University, Bloomington, IN) were used as reference material. The three main chemicals ((NH4)2SO4, KH2PO4 134 

and Mg2SO4) comprising the yeast cultivation media (2.2.2) were purchased from PanReac AppliChem 135 

(Darmstadt, Germany), the remaining components (see below) were purchased from Sigma-Aldrich 136 

(Steinheim, Germany). 137 

2.2 Biosynthesis of vanillin ex glucose 138 

2.2.1 Yeast strain for biovanillin production 139 

The S288c based Saccharomyces cerevisiae strain, S-VG, (MATα SUC2 gal2 mal mel XII2(pTEF1-HsOMT, 140 

pPGK1-UGT) XII1(pTEF1-PPT, pPGK1-ACAR) XII5(pTEF1-3DSD) Δbgl1::loxP Δadh6::KanMX) was used for the 141 

production of biovanillin (Strucko et al., 2015). The S-VG strain harbours heterologous de-novo biosynthetic 142 

pathway for the production of biovanillin from glucose (E. H. Hansen et al., 2009; Strucko et al., 2015; 143 

Brochado et al., 2010).  144 

2.2.2 Yeast cultivation media  145 

The S-VG strain was cultivated in a minimal mineral (MM) media described by (Verduyn et al., 1992) 146 

containing 5 g/L (NH4)2SO4, 3 g/L KH2PO4, 0.75 g/L Mg2SO4, 1.5 mL/L trace metal solution and 1.5 mL/L 147 

vitamins solution. Glucose 40 g/L was used as a carbon source in MM. The composition of the trace metal 148 

solution is 3 g/L FeSO4∙7H2O, 4.5 g/L ZnSO4∙7H2O, 4.5 g/L CaCl2∙6H2O, 0.84 g/L MnCl2∙2H2O, 0.3 g/L 149 

CoCl2∙6H2O, 0.3 g/L CuSO4∙5H2O, 0.4 g/L NaMoO4∙2H2O, 1 g/L H3BO3, 0.1 g/L KI and 15 g/L Na2EDTA∙2H2O. 150 
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The vitamin solution includes 50 mg/L D-biotin, 200 mg/L para-amino benzoic acid, 1.0 g/L nicotinic acid, 151 

1.0 g/L calcium pantothenate, 1.0 g/L pyridoxine-HCl, 1.0 g/L thiamine-HCl and 25 mg/L myo-inositol. 152 

1 L of MM was prepared as follows; all media components (except of glucose and vitamins) were dissolved 153 

in Milli-Q H2O to a final volume of 900 mL, pH was adjusted to 6.0 using 2M KOH and sterilized by 154 

autoclavation at 121˚C for 20 min. Glucose solutions (40 g in 100 mL of Milli-Q H2O) were prepared in 155 

separate bottles and sterilized by autoclavation at 121˚C for 20 min. Finally, both solutions were combined 156 

and supplemented with filter-sterilized (pore size 0.45 μm) vitamin solution, resulting in ready-to-use 157 

cultivation medium.  158 

2.2.3 Production of biovanillin  159 

The S-VG yeast was inoculated into 0.5 L shake flask with 50 mL of MM medium and incubated overnight in 160 

an orbital shaker (150 rpm at 30 °C) until late-exponential growth phase (OD600 ~ 5). Next day, the yeast cell 161 

suspension was diluted to an OD600 =0.1 in 50 mL of fresh MM and transferred into a new 0.5 L shake flask. 162 

Individual flasks were prepared for each type of glucose. All flasks were incubated for 72 hours in an orbital 163 

shaker set to 150 rpm at 30 °C. Thereafter, cell cultures were transferred into 50 mL falcon vials and 164 

centrifuged at 10000xg for 10 min. The supernatant was filtered (pore size 0.45 μm) into a new 50 mL 165 

falcon tube. Falcon tubes were stored at -20 °C until further sample preparation steps. 166 

2.3 Sample preparation 167 

The vanillin sample solutions that contained, next to vanillin, other precursor metabolites (e.g. vanillic acid, 168 

protocatechuic acid, protocatechuic aldehyde) were treated and cleaned as  previously described by Wilde 169 

et al., 2020. Solid phase extraction (SPE) strata divinyl benzene catridges (500 mg, 6 mL, Phenomenex) were 170 

conditioned with methanol (5 mL) and Milli-Q water (5 mL). Sample solution of 0.9 mL (for the 171 

determination of the 13C value and 5 mL for the 2H value were loaded. The catridges were washed with 172 

Milli-Q water (5 mL) and then subsequently with methanol/Milli-Q water (1:9 vol/vol, 5 mL). The cartridges 173 

were dried for 1 minute by applying vacuum. The vanillin and other precursor metabolites were eluted into 174 

a glass tube using methanol (6 mL) and subsequently transferred to a 10 mL headspace vial. The eluate was 175 

evaporated to dryness by a stream of N2 gas at 45˚C. The vials were closed with a silicone/PTFE septum 176 

(Agilent Technologies). The solid phase microextraction (SPME) fibre (Sigma-Aldrich/Supelco, Bellefonte, 177 

Pennsylvania) applied in this study was Divinylbenzene/Carboxen/Polymethylsiloxane (DVB/CAR/PDMS; 178 

1 cm, 85 µm). For a further concentration of vanillin, the fibre was exposed to the headspace vial of the 179 

samples for 30 min at 80 °C. Each sample was analysed in triplicates. In order to test for any isotopic 180 

fraction, vanillin samples were analysed before and after conducting the sample preparation procedure. No 181 
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fractionation was observed for the tests on synthetic vanillin (13C value before: 29.5±0.1‰, and after: 182 

29.5‰) and natural vanillin (2H value before: 169.2±2.1‰, and after: 169.4 ‰) 183 

 184 

2.4 EA-IRMS Analysis 185 

For the analyses of the isotope hydrogen and carbon ratios of the glucose samples, about 0.1 mg glucose 186 

was weighted into silver/tin capsules. The samples were combusted in the oxidation reactor/converted in a 187 

high temperature reactor of a Flash 2000 Organic Elemental Analyser from Thermo Scientific (Bremen, 188 

Germany). The temperature of the combustion tube was set to 1020˚C, the oxygen flow to 250 mL/min, 189 

helium flow to 100 mL/min and the reference gas (CO2) flow to 200 mL/min. The high temperature 190 

conversion reactor was set to 1400 ˚C, the helium flow and the reference gas (H2) flow were set to 191 

100 mL/min. The isotopic carbon ratio of the converted compounds were analysed on a Delta V Advantage 192 

isotope ratio mass spectrometer from Thermo Scientific (Bremen, Germany).  193 

2.5 GC-IRMS/MS Analyses 194 

In order to analyse the vanillin separately from the other compounds in the solutions, the compounds were 195 

hyphenated and analysed on a Trace GC Ultra (Thermo Scientific Bremen, Germany; equipped with a 196 

TriPlus Autosampler) fitted with a SLB-5MS capillary column (30 m x 0.25 mm x 0.25 µm film thickness) 197 

from Supelco (Bellefonte). Through a splitting system one part of the analytes was transferred to a common 198 

electron ionisation mass spectrometer (ISQ series from Thermo Scientific, Bremen Germany) and the other 199 

part was simultaneously lead to the isotope ratio mass spectrometer (Delta V Advantage isotope ratio mass 200 

spectrometer from Thermo Scientific, Bremen, Germany). The following GC conditions were employed: 201 

splitless injection, injector temperature of 260 °C, initial oven temperature of 40 °C for 1 min, ramp at 4 °C 202 

/min to 160 °C and ramp 10 °C /min to 280 °C, held for 6 min. Helium was used as the carrier gas with a 203 

flowrate of 1.4 mL/min. The vanillin molecule was identified by i) comparing the retention time with the 204 

synthetic vanillin standard and ii) by simultaneously analysing the samples with the electron ionisation 205 

mass spectrometer. The transfer line temperature was 250°C and the MS source 200°C. The mass 206 

spectrometer was used in Electron Ionization (EI) mode, scanning a m/z-mass range from 50 to 350. The 207 

identity of the molecule could further be confirmed using the NIST database (version: NIST 08).  208 

For the determination of 13C/12C isotope ratio, the compounds were combusted at 1000 °C in an oxidation 209 

reactor purchased from Thermo Scientific (Bremen, Germany). For the analysis of the 2H/1H isotope ratio 210 

the compounds underwent a high temperature conversion at 1420 °C. The converted compounds were, like 211 

the glucose samples, analysed on the isotope ratio mass spectrometer. 212 
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2.6 Isotopic standardisation and calculations 213 

Throughout this paper, the conventional ‘delta’ notation is used. δ13C values relative to V‐PDB are defined 214 

as: 215 


iE = ((iRsample – iRreference) / iRreference) 216 

where i is the mass number of the heavier isotope of the element E, Rsample is the respective isotope ratio of 217 

the sample and Rreference is the isotope ratio of the relevant internationally recognised reference material. 218 

The delta values are multiplied by 1000 and expressed in “per mil” (‰) (Coplen, 2011; Brand et al., 2014). 219 

The isotopic carbon ratio of the glucose samples and the synthetic vanillin were determined using two-220 

point normalization. The reference standards were caffeine (13CVPDB= -14.79±0.04‰) and benzoic acid 221 

(13CVPDB= -28.85±0.04‰). The same procedure was applied for the synthetic vanillin standard and a value 222 

of 13CVPDB= -29.51±0.07‰ was determined. This synthetic vanillin sample was established as the working 223 

standard for the isotopic carbon ratio determination and thereupon analysed along with the ‘glucose-224 

vanillin’ samples by SPME injection. Also the isotopic hydrogen ratio of the glucose samples were 225 

determined using two-point normalization. The reference standards were caffeine #1 (2HVSMOW= -226 

96.9±0.9‰) and caffeine #2 (2HVSMOW= -156.1±2.1‰). For the determination of the isotopic hydrogen ratio 227 

of the (glucose)-vanillin samples a working standard, vanillin ex ferulic acid was established. The 2H/1H 228 

isotope ratio was determined by analysing alkanes with known isotopic values (2HVSMOW ranging from: -229 

254.1±1.5‰ to -49±1.5‰) along with the vanillin (ex ferulic acid) standard by liquid injection (multiple-230 

point linear normalization). This working standard (2HVSMOW= -169.2±2.1‰) was thereupon analysed along 231 

with the ‘glucose-vanillin’ samples by SPME injection. The reference material/working standard and the 232 

working standards/samples were thereby analysed in an identical manner, in accordance with the Identical 233 

Treatment (IT) principle (Carter & Barwick, 2011).  234 

3 Results and discussion 235 

3.1 Analysis of 13C and 2H value of glucose and its corresponding vanillin product  236 

The isotopic carbon and hydrogen ratios of the glucose and the corresponding vanillin samples were 237 

determined. The results of the seven analysed samples are listed in Table 1.  238 

Sample number one to three are glucose samples from corn. These glucose samples show 13C values from 239 

-11.7 to -10.9‰. Sample number four has a 13C value of -11.0‰. The source of this glucose sample could 240 

not be traced, but the 13C value is a strong indicator that this sample was most likely derived from corn as 241 
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well. Sample number five is glucose derived from wheat, it has a 13C value of -27.6‰, which is significantly 242 

lower than the 13C value of the corn-glucose samples. These values fit very well to previously reported 243 

data, where the 13C value for glucose derived from C4-plants was described to be about -11‰, whereas 244 

glucose derived from C3-plants exhibits a more negative value of about -25 ‰ (Meier-Augenstein, 1999).  245 

Next to the 13C values of the glucose samples, the 13C values of the corresponding vanillin samples are 246 

listed in Table 1.  While vanillin samples ex corn-glucose show 13C values of -16.9 to -15.1‰, the vanillin 247 

sample ex wheat-glucose has a 13C value of -31.7‰. When comparing the 13C values of the glucose and 248 

the corresponding vanillin sample, it can be seen that the 13C value of the glucose source is clearly 249 

reflected in the 13C value of the vanillin sample (Figure 3a) 250 

For sample number six and seven glucose from wheat and corn has been mixed in a certain ratio (ratio 1:1 251 

for sample number six and ratio 3:7 for sample number seven). These samples have 13C values that lie 252 

between the 13C values of the ‘corn-vanillin’ and the ‘wheat-vanillin’.   253 

The engineered yeast Saccharomyces cerevisiae is producing not only vanillin during the fermentation, but 254 

also other compounds (Figure 4). These other compounds were identified in previous studies as 255 

protocatechuic acid, vanillic acid, protocatechuic aldehyde and serve as precursors for the vanillin or rather 256 

the unstable vanillin glucoside (Strucko et al., 2015; E. H. Hansen et al., 2009). The GC-MS/IRMS-signals 257 

corresponding to other metabolites than vanillin are showing a wide range of 13C values. In the sample 258 

solution made from corn-glucose compounds with 13C values from -27.2 to -11.0‰ were found. In Figure 4 259 

an example for sample number five (wheat glucose) is given. As it can be seen in the chromatogram the 260 

sample solution made from wheat-glucose contains compounds with 13C values from -40.5 to -26.7 ‰.  261 

It must be taken into consideration that several factors such as the amount of substrates, conditions and 262 

length of the fermentation will influence the transformation of the precursors into vanillin. Since the 263 

precursor metabolites show a wide range of 13C values, the degree of transformation of these precursors 264 

into vanillin can be expected to have an influence on the final 13C value of the vanillin. We note, that for 265 

the samples number one to five, the 13C value of the vanillin is about 4.0 to 5.5‰ lower compared to the 266 

corresponding glucose sample. Further studies could be conducted in the future in order to investigate in 267 

detail how the parameter settings of the fermentation process will influence the 13C value of the final 268 

vanillin molecule. In this study, the vanillin solution produced as described in 2.2.3 was analysed directly 269 

after a short sample preparation procedure. For market samples the vanillin will most probably be further 270 

purified, which could also have an impact on the 13C value of the final vanillin. These factors influencing 271 

the 13C value of vanillin ex glucose might be an explanation for the higher value of -12.5‰ for the purified 272 
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vanillin sample derived from glucose previously reported (Wilde et al., 2019). The botanical origin of the 273 

glucose source was unknown, however, the results of this study give a strong indication that this sample 274 

was derived from glucose originating from a C4-plant, rather than from a C3-plant. Since vanillin ex glucose 275 

constitutes a rather new source of vanillin, there are not a lot of isotopic data available, yet. The 276 

experiments conducted in this study are produced in a laboratory scale as described in Strucko et al., 2015. 277 

This reflects the concept that is used in the industry. However, isotopic ranges typical for samples produced 278 

in industry scale should be further investigated.  279 

Furthermore, the isotopic hydrogen values for the glucose and vanillin samples were determined (Table 1). 280 

The ‘corn-glucose’ (sample number one to three) are showing 2H values in the range of 30.3±0.9 ‰ to 281 

38.1±0.3 ‰. As for the 13C values, sample number four is lying within this range which can be considered 282 

as another indication that this sample originates from corn. Sample number five, ‘wheat-glucose’ is 283 

showing a 2H value of 15.1±1.0 and thus a value slightly lower compared to the ‘corn-glucose’ sample. As 284 

it can be seen in Figure 1, wheat and corn can generally grow in similar geographical regions, a 2H value in 285 

a similar range could therefore be expected. As it can be seen in Figure 3b the isotopic hydrogen value of 286 

the glucose is also clearly reflected in the vanillin sample, even though the values for vanillin show a clear 287 

depletion compared to the glucose samples. Surprisingly, the 2H values of the mixed samples (sample 288 

number six and seven) do not lie in the middle of sample number one and five (Table 1). At the moment, 289 

there is no obvious explanation for this outcome. The samples had been produced on a different day, 290 

potentially a batch to batch variation of the substrates could have caused these low 2H values.  291 
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3.2 Further research will need to be conducted in order to elucidate the influence of 292 

production parameters and substrates on the final 2H and 13C values. This study 293 

indicates that these factors have, next to the isotopic characteristics of the 294 

precursor molecule, an influence on the isotopic values of the final vanillin 295 

molecule. However, the results of this study are clearly showing the relationship 296 

between the isotopic values of the ‘precursor-glucose’ and the final vanillin 297 

molecule. The trends that can be observed in Figure 3 indicate, that the 298 

fractionation during the production itself is not dependent on the initial value of 299 

the precursor glucose, since the depletion from glucose to vanillin is nearly the 300 

same for all five samples. Perspective for the authentication of vanillin 301 

The aim for the authentication of vanilla flavour is the distinction between vanillin from vanilla pods, 302 

biovanillin and synthetic vanillin. In Figure 5, literature data for the 2H value and 13C value (Geißler et al., 303 

2017; Greule et al., 2010; C. A. Hansen, 2021; Culp & Noakes, 1992; Wilde et al., 2019) have been combined 304 

with the data acquired in this study. Here, a separation between vanillin from different precursors can be 305 

observed in almost all cases, only vanillin ex ferulic acid (corn), reported previously by Geißler et al., 2017, 306 

is lying within the samples from real vanilla pods. The vanillin ex corn glucose samples analysed in this study 307 

are close to the vanillin samples ex sugar cane, recently published by (C. A. Hansen, 2021). Sugar cane is, as 308 

corn, a C4 sample and therefore the proximity is not particularly surprising. Similarly, the vanillin ex wheat 309 

glucose can be found in the area close to other vanillin samples obtained from C3-plant precursors. In 310 

general, in Figure 5 a distribution between C3 plants (triangles), C4 plants (diamonds), CAM-plants (circles) 311 

and petroleum sources (squares) can be clearly observed.  312 

Previous studies have shown that the 13C value of synthetic vanillin (range: -36.2 to -24.9‰) and 313 

biovanillin derived from C3-plants (range -37.9‰ to -27.8‰) are overlapping, (A. M. S. Hansen et al., 2014; 314 

Schipilliti et al., 2016; Geißler et al., 2017; Culp & Noakes, 1992; Bricout et al., 1974). This study has shown 315 

that biovanillin ex wheat-glucose (-31.7 ‰) is lying in the typical range for vanillin derived from C3-plants. 316 

In these cases the authenticity of biovanillin cannot be proven based on the 13C value. The same challenge 317 

can be observed for the overlapping 13C-ranges of vanillin from vanilla pods and for vanillin prepared from 318 

‘corn-glucose’ or a mix of different glucose sources, like sample number six and seven in Table 1. However, 319 

the currently available database is showing a separation between groups when combining 13C with 2H 320 

data (Figure 5). Since a representative database is the backbone of any authentication study, further 2H 321 

data are required in order to evaluate for which cases the 2H data can be considered as a reliable 322 
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authentication parameter. As it is described in the introduction section, additional 2H data from vanillin 323 

produced from different precursors coming from a wide range of geographical origins should be obtained.  324 

It would be very beneficial for the overall vanilla authentication strategy, if it turns out that the 325 

combination of the 13C and 2H values allows a distinction between vanillin of nearly all sources. Both 326 

parameters have proven to be analysable even when the vanillin is incorporated into more complex food 327 

matrices like yoghurt or ice cream (Perini et al., 2019). Limiting the analyses of vanilla products to the 328 

isotopic ratios of the vanillin bulk molecule, still involves the risk that vanillin from synthetic/biosynthetic 329 

sources are combined in a specific ratio in order to imitate the typical values of real vanilla flavour. For very 330 

sophisticated food fraud cases it would therefore be desirable, if also NMR-authentication techniques can 331 

further improve by expanding its application to food products. For this, the amount of purified vanillin need 332 

to be reduced or/and a sample preparation procedure needs to be developed that allows the purification of 333 

higher amounts of vanillin. 334 

 335 

 336 

Conclusion 337 

The purpose of this study was to expand the knowledge about the isotopic carbon and hydrogen ratio of 338 

biovanillin derived from glucose. Our findings show that i) the botanical origin of the ‘precursor-glucose’ 339 

influences the isotopic carbon ratio of the vanillin, ii) also the 2H value of the glucose is reflected in the 340 

derived vanillin, a parameter linked to the climatic conditions and geographical location a plant was grown 341 

iii) the currently available data for 13C and 2H values of vanillin allow, if combined, a distinction of vanillin 342 

ex glucose from all other vanillin sources. In order to include the 2H value as a reliable authentication 343 

parameter for vanillin, the database for the isotopic hydrogen values should be further expanded. This is a 344 

requirement in order to account for the natural variability of 2H values that needs to be expected for 345 

vanillin derived from precursors originating from different geographical locations. Furthermore, the 346 

influence of the production method, applied substrates and parameter settings should also be observed, 347 

since our study indicates that these may also account for a certain range of variability in the 13C and 2H 348 

value of the final vanillin molecule.  349 
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Table 1: 
13

C and 
2
H values for the glucose samples from the different suppliers and the corresponding 

vanillin samples. From each glucose sample three independent vanillin samples were produced and 

analysed (n=3) 

Sample 
No. 

Description of the 
sample 


13C value for 
glucose (‰) 

 


13C value for 

vanillin derived 
from glucose 

(‰)  


2H value for 

glucose (‰) 




2H value for 

vanillin derived 
from glucose 

(‰)

1 Glucose from corn #1 -11.4±0.1 -16.9±0.4 38.1±0.3 -135.7±2.7 

2 Glucose from corn #2 -10.9±0.0 -15.1±0.2 32.8±1.3 -150.4±4.7 

3 Glucose from corn #3 -11.7±0.2 -15.7±0.4 30.3±0.9 -156.8±6.6 

4 
Glucose (source 
unknown) 

-11.0±0.1 -15.9±0.3 
33.7±0.5 -160.7±7.6 

 

5 Glucose from wheat -27.6±0.1 -31.7±0.2 15.1±1.0 -183.3±4.5 

6 
Glucose from wheat 
and corn #1 (ratio 
1:1) 

- -22.4±0.1 
- -194.2±4.0 

 

7 
Glucose from wheat 
and corn #1 (ratio 
3:7) 

- -19.1±0.3 
- -192.0±6.5 
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Figure 1: The geographical origin of the main production locations of vanillin precursors integrated into the 
2
H precipitation map (Terzer et 

al., 2013; IAEA, 2019; Cameron, 2010; ChartsBin.com, 2017b; ChartsBin.com, 2015; Ministry of Foreign Affairs (CBI), 2019; ChartsBin statistics 
collector team 2011, 2011; Dessbesell et al., 2020; ChartsBin.com, 2017a; ChartsBin.com, 2011) 
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Figure 2. Overview of de novo biosynthetic pathway for vanillin-b-glucoside production from glucose in S. cerevisiae. The blue thick arrows 

show enzymatic reactions by heterologous enzymes (depicted in circles): E1 – 3-dehydroshikimate dehydratase, E2 – aromatic carboxylic acid 

reductase, E3 – phosphopantetheine transferase, E4 – O-methyltransferase and E5 – UDP-glycosyltransferase. Brown arrows represent 

simplified shikimate biosynthetic pathway and native parts of yeast metabolism (E. H. Hansen et al., 2009). 

 

 

Figure 3: Relation of the isotopic ratios of glucose and vanillin, a) 
13

C values and b) 
2
H values 

  

-35

-30

-25

-20

-15

-10

-5

0

0 1 2 3 4 5


 1

3 C
 [
‰

] 

Sample no. 

a) 13C of glucose and vanillin 

Glucose Vanillin

-200

-150

-100

-50

0

50

100

0 1 2 3 4 5


 2

H
 [
‰

] 

Sample no. 

b) 2H of glucose and vanillin 

Glucose Vanillin

Jo
urn

al 
Pre-

pro
of



 

Figure 4: Chromatogram of the isotopic carbon measurements of sample number five. Next to vanillin, also other 

compounds with different 13C can be observed 
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Figure 5: 2D plot of 
13

C and 
2
H values from vanillin obtained from different sources. The results from this study (pink diamonds for glucose ex 

corn and a yellow triangle for glucose ex wheat) have been combined with existing data from previous studies in order to allow a comparison 
to vanillin from other sources. The existing data come from the following studies: Geißler et al., 2017; Culp & Noakes, 1992; C. A. Hansen, 2021 
and Wilde et al., 2019. Vanillin from guaicaol (squares), vanillin derived from C3 plants (triangle), vanillin from C4-plants (diamonds) and 
vanillin from real vanilla pods (circles) are grouping together, respectively. 
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