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Site-specific peak intensity ratio (SPIR) from 1D 2H/1H NMR spectra
for rapid distinction between natural and synthetic nicotine
and detection of possible adulteration
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Abstract
1H and 2H NMR spectra of 4 natural and synthetic nicotine samples were collected in a non-quantitative way and site-specific
2H/1H peak intensity ratio (SPIR) was calculated for 12 distinct sites of nicotine. Experimental results illustrated that the SPIRs at
sites of 6, 2′, and 5′β of natural nicotine were significantly different from those of the synthetic nicotine, and could be used for
nicotine authentication as the measured SPIRs were indicative of the site-specific natural isotope fractionation. We demonstrated
that this method could be applied to detect adulteration of natural nicotine with as low as 20% synthetic nicotine, without the need
tomeasure the site-specific δDvalues, which usually required time-consuming quantitative 2HNMR and additional IRMS for the
overall 2H/1H isotopic ratio determination. The distinguishable 2H/1H SPIRs of nicotine, which can be quickly measured by
NMR in non-quantitative way, can serve as an attractive alternative tool for tobacco authentication.
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Introduction

Isotope ratio mass spectrometry (IRMS) is widely used for
isotope ratio analysis at natural abundance which provides
isotope contents of elements such as 2H/1H, 13C/12C,
15N/14N, 18O/16O, and 34S/32S [1–5]. However, a major draw-
back of IRMS is that the compound must be first converted
into a simple gas, such as H2, CO2, N2, CO, and SO2 [1, 4, 5],
and only the overall isotope ratio among all sites of the mol-
ecule can be obtained. In the 1980s, the introduction of SNIF-

NMR (site-specific natural isotope fractionation by nuclear
magnetic resonance) technique [6], which can provide the
direct access to site-specific isotope ratios of 2H/1H at natural
abundance, was immediately recognized as a powerful tech-
nique to authenticate the origin of natural or synthetic prod-
ucts, such as vanillin [7, 8], linalool [9], and benzaldehyde
[10], as well as to detect the addition of sugar to fruit juices
and wines [11, 12]. In the applications above, the 2H/1H iso-
topic ratios were measured by the high-field quantitative 2H
NMR method, which is usually time-consuming. For exam-
ple, on an 11.75-T spectrometer, it takes about 2 h to collect a
quantitative 2H NMR spectrum for analysis of a sample con-
taining 500 mg vanillin [13], which is costly and an extremely
high concentration in general. In other words, it will require
about 200 h to collect such a quantitative 2H NMR spectrum
with comparable signal-to-noise ratio with the (S)-Nicotine
(3-[(2S)-1-methylpyrrolidin-2-yl]pyridine) sample at much
lower concentration in our study, which is obviously unprac-
tical. In addition, an IRMS spectrometer is often required to
determine the overall 2H/1H isotopic ratio. Here, we propose a
novel and rapid non-quantitative NMRmethod to differentiate
natural and synthetic nicotine by comparison of site-specific
2H/1H peak intensity ratios (SPIR) derived from 1H and 2H
NMR spectra, without the need of measurement of the site-
specific δD values.
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Natural nicotine is the most abundant alkaloid isolated
from the tobacco plant [14], which grows between 60°
north and 40° south [15]. In recent research, nicotine and
several of its analogues have shown therapeutic benefits
for a number of diseases caused by nervous system disor-
ders, including Parkinson’s disease [16, 17] and Tourette’s
syndrome [18]. It has been reported that the natural (S) (−)
nicotine is more potent than the synthetic (R) (+) counter-
part [19]; thus, using the natural nicotine for treatment in
general can be regarded as a strong advantage. But natural
nicotine, being limited by geographical distribution, com-
plex extraction process, and low yield [15], is prone to
adulteration.

Previous studies reported that the pyridine ring of nico-
tine was biosynthesized from aspartic acid and glyceralde-
hyde-3-phosphate, while the precursors of the pyrrolidine
ring were the amino acids of ornithine or arginine, and the
N-methyl moiety was derived from S-adenosyl methionine
[14, 20]. However, for synthetic nicotine, using different
starting reactants, such as 3-pyridinecarboxaldehyde [21],
3-(3-pyridyl)allyl carbonates [22] for pyridine ring, and B-
allyldiisopropylaminoboran and azide anion [21] for pyr-
rolidine ring, will result in different 2H/1H isotopic ratios,
which can be characteristic used for identification of com-
pounds derived from different origins or with different his-
tory of synthetic pathway. So, from the point of view of
stable isotopic composition, nicotine can be considered as
a model molecule for tobacco authentication.

Nicotine extracted from natural tobacco exhibits deute-
rium content at pyridine and pyrrolidine ring that is signif-
icantly different from that of synthetic nicotine since enzy-
matic and/or chemical processes are likely to induce dif-
ferent isotopic fractionation. Deuterium content has been
illustrated to be the most discriminating parameter for
identification of tobacco from different geographical ori-
gins [15]. The proposed NMR method discriminates natu-
ral from synthetic nicotine through direct comparison of
2H/1H SPIR values derived from 1H and 2H NMR spectra.
2H/1H peak intensity ratios at several characteristic sites in
nicotine, at which natural nicotine has dramatically differ-
ent isotopic composition from synthetic sample, can be
used to unambiguously detect adulteration of natural nico-
tine with as low as 20% synthetic nicotine.

Materials and methods

Sample preparation

Two natural nicotine samples, p-Nicotine (purified natural
product, provided by Dr. Yaning Fu) and (S)-Nicotine
(TRC, catalog number KIT0555) and 2 synthetic nicotine
samples, (R)-Nicotine and rac-Nicotine (TRC, catalog

numbers N412430 and N412420, respectively) were used
in this study. p-, (S)-, (R)-, and rac-Nicotine samples were
prepared by dissolving 50, 50, 29, and 35 mg of each sam-
ple, respectively, in nitromethane (CH3NO2); A 2× p-
Nicotine sample was prepared by dissolving 100 mg p-
Nicotine in nitromethane, which was used to illustrate the
measured 2H/1H NMR SPIR values of nicotine are inde-
pendent of the nicotine concentration. Finally, an adulter-
ated nicotine sample was prepared by dissolving 60 mg
natural p-Nicotine and 14 mg synthetic rac-Nicotine in
CH3NO2, which was used to demonstrate the application
of the proposed method to detect adulteration of natural
nicotine with as low as 20% synthetic nicotine. The high
concentrations of pure compounds used correspond to the
typical conditions for isotope analysis. All solutions were
made up to 500 μl and then transferred to 5-mm NMR
tubes for NMR experiments.

NMR experiments and data processing

All NMR experiments were performed at 298 K on a
Bruker Avance III 800 MHz spectrometer equipped with
a QCI cryoprobe and Z-gradients. 1D 1H spectrum was
recorded with a sweep width of 8012 Hz, TD of 32 K,
and a short non-quantitative interscan delay of 1 s. It is
noteworthy that a small-angle excitation pulse was inten-
tionally used with p1 of 0.33 μs to hold down the solvent
peak, which can suppress the effect of radiation damping
and alleviate the baseline distortion caused by solvent
peak. It can thus significantly improve the accuracy of
the integration of each individual peak. A total of 120
(NS) scans were accumulated in the fid data to increase
signal-to-noise ratio, resulting in an experimental time of
7 min. 1D 2H spectrum was recorded with GARP for 1H
decoupling, a sweep width of 1228 Hz, TD of 8 K, p1 of
150 μs for 90° excitation, and a short non-quantitative
interscan delay of 0.8 s. A total of 7680 (NS) scans were
accumulated in the fid data, resulting in an experimental
time of 317 min. In contrast to the conventional 1D quan-
titative 2H NMR for the measurement of the site-specific
δD values for isotope analysis, much shorter experimental
time is crucial to obtain a high precision, as fast experi-
ments are less affected by hardware instabilities over time.

Data processing, including Fourier transformation and
phase and baseline correction, was performed using MestRe
Nova [23]. Solvent peak was used as chemical shift reference
and adjusted to 4.33 ppm. Global spectral deconvolution
(GSD) was used for peak fitting to obtain the peak intensities.
Considering the bias or systematic error in the data processing
step, NMR data for each sample were independently proc-
essed by different authors and used for subsequent multivari-
ate data analysis.
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Theoretical description

Although the measured NMR peak intensity ratios are not
equal to the site-specific natural isotope fractionation

(SNIF), they are indicative of different SNIF. For a given
molecular site (i), the SPIR value, (2H/1H)i was calculated as,

2H
1H

� �
i
¼

2H i
1H i

¼ 2H 0;i � f re;2H i
� f e;2H i

� f a;2H i
� f r;2H

h i

1H 0;i � f re;1H i
� f e;1H i

� f a;1H i
� f r;1H

h i
¼ Ci �

2H 0;i
1H 0;i

i ¼ 1−12ð Þ
ð1Þ

where i represents 12 distinct sites of nicotine (Fig. 1), 2Hi is the
measured peak intensity of the signal of site i in 2H spectrum, and
1Hi is the corresponding peak intensity of site i in

1H spectrum of
the same sample. 2H0,i and

1H0,i denote site-specific natural iso-
tope fractionation of 2H and 1H at site i, respectively. The detect-
ed site-specific peak intensities 2Hi and

1Hi (that is, the detected
current intensities in the probe coil or FIDs) are proportional to
the isotope fractionation 2H0,i and

1H0,i, respectively, but affected

by multiple factors, including the recovery extent to the equilib-
rium (fre), the exciting efficiency factor (fe), the NMR signal
attenuation factor (fa) [24], and the receiving efficiency factor
(fr) [25]. Factors fre, which depend on the interscan delay and
the T1 relaxation properties of nuclei 2H or 1H at specific site
of nicotine, are site-specific constants when 2H or 1H experimen-
tal parameters are same among all samples. Factors fe depend on
the excitation pulse length and off-resonance effect of specific
nuclei 2H or 1H. For example, fe can be approximated to be 1 for
90° excitation or amuch smaller but constant value for excitation
with a very short p1 of 0.33 μs when the off-resonance effect is
negligible as in the case of 1D 2H and 1H experiments. Signal
attenuation factors fa depend on the T2 relaxation properties of
specific nuclei at site i (R2,i) and the duration of the pulse se-
quence (T), which can be generalized as.

f a;2H i
=1H i ¼ e−∑R2;i�T ð2Þ

For direct 1D 2H and 1H experiments, FIDs are recorded
immediately after the excitation pulse, fa can be approximated
to be 1 because the duration of the pulse sequence T is close 0.
Factors fr, which are dominantly affected by the solution per-
mittivity (such as, the salt concentration), can be assumed to
be nucleus-specific constants for 2H and 1H if solution condi-
tions are maintained consistent among all samples.

Overall, all these factors for 2H and 1H spectra can be
consolidated as a generalized site-specific constant Ci, which
accounts for the proportionality of the measured SPIR values
with regard to the authentic SNIF values. For samples with
consistent solution conditions, constant Ci is site-specific but
invariant among all samples when 1D 1H and 2H spectra were
recorded with the same pulse sequences and identical param-
eters. Therefore, the measured SPIR values are directly indic-
ative of the authentic SNIF values of each sample.

Data analysis

Multivariate data analysis was performed using SIMCA-P
software (version 14.1, Umetrics AB, Umea, Sweden).
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Fig. 1 Typical 2H (a) and 1H (b) NMR spectra of (S)-Nicotine. Site labels
of (S)-Nicotine on the upper left are annotated according to IUPAC
nomenclature
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Orthogonal partial least-squares discriminant analysis (OPLS-
DA) model [26] was built on the Pareto scaled experimental
data to maximize the identification between natural and syn-
thetic nicotine samples. The quality of the model was de-
scribed by R2 and Q2 values. R2 is defined as the proportion
of variance in the data explained by the models and indicates
goodness of fit, andQ2 is defined as the proportion of variance
in the data predictable by the model and indicates predictabil-
ity. Univariate data analysis was performed using the publicly
available statistical package “XCMS” [27]. The statistical sig-
nificance of each site was analyzed by independent samples t
test of the SPIR values of the natural and synthetic groups.
The fold change was calculated by taking the ratio of the
average of the SPIR values of the synthetic group by the
average of those of the natural group. In case where fold
change was smaller than 1, it was replaced by its negative
inverse [28]. The SPIR values of adulterated mixture at the
relevant sites, which are significantly responsible for differen-
tiating natural and synthetic nicotine, can be presented in
three-dimensional scatter plot using MATLAB software
(2016a, MathWorks, Natick, MA) for visual detection of
adulteration.

Results and discussion

Figure 1 shows the representative 2H and 1H NMR spectra of
the nicotine samples. The proton-decoupled 2H spectrum of
nicotine consists of 12 distinct peaks which have the same
chemical shifts as the corresponding signals in 1H spectrum
have. Site labels of nicotine on the upper left in Fig. 1 are
annotated according to the IUPAC nomenclature of (S)-
Nicotine. Assignments of sites 4 and 5 were swapped with
respect to signal assignments of nicotine reported before
[15] (labeled as sites 3 and 4 in the reference), based on the
J couplings of ~ 4.77 Hz between sites 6 and 4 observed in 1H
spectrum of nicotine.

2H/1H NMR SPIR values of natural and synthetic
nicotine

The 2H/1H NMR SPIR values of 5 nicotine samples (see
Electronic Supplementary Material (ESM) Tables S1–S5)
were derived from 1H and 2H NMR spectra (Fig. 2). The
2H/1H NMR SPIR values are shown to be independent of
the sample concentrations, as demonstrated with p-Nicotine
and the 2× p-Nicotine samples, which have nearly the same
SPIR values.

Experimental results showed generally slightly higher
2H/1H SPIR values except for site 5′α in the synthetic origins
((R)- and rac-Nicotine) than in the natural nicotine (p- and (S)-
Nicotine) samples, which appears to be in agreement with the
results previously reported by Bernard Toulemonde [8] and

Gerald Remaud [10], where a more depleted 2H/1H isotopic
ratio was observed in natural vanillin and benzaldehyde. The
more 2H enriched values for the synthetically derived products
indicate that difference of 2H/1H isotopic ratios may be
exploited to differentiate synthetic from natural compounds
by measuring the 2H/1H SPIR values.

Difference of site-specific isotope fractionation
of nicotine

The difference of site-specific isotope fractionation of natural
nicotine from that of synthetic nicotine could be traced back to
the different origins of the hydrogen atoms in the process of
biosynthesis or chemical synthesis of nicotine. Nicotine is
composed of two heterocyclic rings: a five-member pyrrol-
idine and a six-member pyridine ring. For the biosynthesis
of the pyridine ring [14, 29], glucose is first converted to
glyceraldehyde-3-phosphate in the process of glycolysis; sub-
sequently, α-iminosuccinic acid produced by oxidization of
aspartate with aspartate oxidase is condensed with
glyceraldehyde-3-phosphate and cyclized by quinolinic acid
synthase, yielding quinolinic acid, which contains a pyridine
ring; the next reaction is the formation of nicotinic acid mono-
nucleotide from quinolinic acid and phosphoribosyl pyro-
phosphate by quinolinic acid phosphoribosyl transferase
(QPT); then, nicotinic acid mononucleotide is converted to
NAD and nicotinic acid in subsequent cyclic steps. In the
process above, glyceraldehyde-3-phosphate is proposed as
precursor to offer the hydrogen atoms at sites 6 and 5 of
pyridine ring, which were derived initially from the hydrogen
atoms at sites (1 or 6) and (2 or 5) of glucose, respectively
[30]. Ignoring the bias of non-quantitative NMR on the signal
intensity (note, it is about precision, not the accuracy of real
isotope ratio), which is in fact almost negligible, the lower
value of 2H/1H NMR peak intensity ratios observed for sites
6 and 5 of natural nicotine corresponds to a lower 2H/1H
isotopic ratio at sites (1 or 6, 6′) and sites (2 or 5) of glucose,
respectively, compared with the site 4 of nicotine and sites (3
or 4) of glucose. The site-specific distribution of deuterium in
glucose has been previously reported [30].
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Fig. 2 The 2H/1H NMR SPIR values of 5 nicotine samples. Average
SPIR values of all independently processed results are used in the plot
and the range of measurement deviation is omitted for clarity
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The pyrrolidine ring is derived from ornithine via the sym-
metric diamine putrescine [14, 31, 32]. Putrescine is first
formed directly from ornithine by decarboxylation catalyzed
by ornithine decarboxylase (ODC); then, putrescine is con-
verted to N-methylputrescine through S-adenosylmethionine
(SAM)-dependent N-methylation catalyzed by putrescine N-
methyltransferase (PMT); finally, N-methylputrescine is oxi-
datively deaminated byN-methylputrescine oxidase (MPO) to
4-methylaminobutanal, which spontaneously decarboxylates
and cyclizes to N-methyl-Δ-pyrrolinium cation. The
pyrrolinium cation is ready for coupling with pyridine ring
to generate nicotine. Sites 2′ and 5′α and 5′β in the pyrrolidine
ring of nicotine arise from C2 or C5 atoms of ornithine. The
lower values of 2H/1H NMR peak intensity ratios at sites 2′
and 5′βmay be explained by the strong kinetic isotope effects
in the course of hydrogen transfer after decarboxylation in the
first and third steps, with NADPH or water as the hydrogen
donor [14].

In terms of chemical synthesis, since the first synthetic
nicotine by Pictet in 1904 [33], plenty of clever syntheses have
been reported [21, 22, 34]. Different starting reactants or syn-
thetic pathway will result in different 2H/1H isotopic ratios. In
addition, kinetic and equilibrium isotope fractionation also
affect 2H/1H isotopic ratio. Generally, biological processes
are more susceptive to “kinetic” isotope fractionation.
Organisms preferentially use lighter isotopic species because
“energy costs” are lower [35–37]. In contrast, for chemical
synthesis, equilibrium isotope fractionation is to distribute
isotopes between two or more substances in chemical equilib-
rium. Most equilibrium fractionations are thought to result
from the reduced vibrational energy (especially zero-point en-
ergy) when a heavier isotope replaced a lighter one, resulting
in higher concentrations of the heavier isotopes in substances
where the vibrational energy is most sensitive to isotope sub-
stitution [36–39]. Different mechanisms of the kinetic and
equilibrium isotope fractionation can also explain why the
values of 2H/1H SPIR of the synthetic nicotine are generally
slightly higher than those of the natural nicotine, as shown in
our experimental results.

To this end, on one hand, the site-specific 2H/1H isotopic
ratio at a given molecular site depends on that of the

corresponding position in the precursor or reactant. The pre-
cursor or reactant can be very different for biosynthesis or
chemical synthesis; on the other hand, different effect of iso-
topic fractionation, mainly including kinetic fractionation and
equilibrium fractionation, in biological system or chemical
reaction, may also result in a different site-specific 2H/1H iso-
topic ratio of the same product. It is thus not surprising that
distinct values of 2H/1H SPIR between natural and synthetic
nicotine were observed in our experiments.

Multivariate and univariate data analyses of the 2H/1H
NMR SPIR values of natural and synthetic nicotine
samples

The experimentally measured values of SPIR at 12 distinct
sites of natural and synthetic nicotine samples were Pareto
scaled and OPLS-DA model (R2X of 0.836, R2Y of 0.993
and Q2 of 0.991) was built on the preprocessed data. In
Fig. 3a, OPLS-DA score plot showed clear differentiation
between natural and synthetic groups. It indicates that some
of the measured SPIR values could be significantly different
between the two groups. The predictive component of OPLS-
DA model explained 62.4% of the total variance and was
sufficient to differentiate natural from synthetic groups (Fig.
3a). Sites 5, 6, 2′, 5′α, and 5′β of nicotine were found to be
apart from others in the loading plot (Fig. 3b), which suggests
theymay be the potential discriminant features for the nicotine
origin authentication. That is, the measured SPIR values (or
essential SNIF) at these sites were significantly different be-
tween the natural and synthetic nicotine samples. Our results
were in good agreement with the previously published results
measured by conventional SNIF-NMR (that is, by IRMS to-
gether with quantitative 2H NMR) [15], in which the SNIF
values of 2H to 1H at these sites were most sensitive to the
biosynthetic process.

The significance of the changes of SPIR values at 12 dis-
tinct sites between natural and synthetic nicotine was further
evaluated by independent samples t test and the fold changes.
Table 1 shows the statistical significance of multivariate and
univariate data analyses of the SPIR values at 12 distinct sites
of nicotine. After jointly filtered with variable importance in
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including (S)- and p-Nicotine samples; ● Synthetic Nicotine, including (R)- and rac-Nicotine samples). (b) Loading plot



projection (VIP) > 1.0, OPLS coefficients (|p(corr)|) > 0.8,
|fold change| > 1.2, and p value of t test < 0.05, sites 6, 2′,
and 5′β were elucidated as the most discriminant sites which
are responsible for differentiating natural and synthetic nico-
tine. Generally, VIP values larger than 1 indicate the most
relevant variables, and VIP values below 0.5 are considered
irrelevant variables [40]. p value of t test of certain sites small-
er than 0.05 indicates a statistically meaningful difference be-
tween the average values of the natural and synthetic groups.
Besides, sites 5 and 5 ′α respectively contribute to
distinguishing rac-Nicotine or R-Nicotine from natural nico-
tine (Fig. 2). It illustrates that 2H/1H isotopic ratios of different
synthetic nicotine samples may vary from each other due to
different starting reactants or synthetic pathways.

Detection of adulterated mixture of natural nicotine
with 20% synthetic nicotine

The distribution of SPIR values of natural, synthetic, and adul-
terated nicotine was illustrated in three-dimensional plot of the
three most discriminant sites 6, 2′, and 5′β (Fig. 4). It reveals

that, even with a relatively low level of adulterated synthetic
nicotine (~ 20%), the adulterated sample can be visually clear-
ly separated from the natural p-Nicotine, and also the synthetic
rac-Nicotine in the three-dimensional scatter plot. However, it
was considered to be challenging to detect such a low level of
adulteration on the basis of the overall deuterium content de-
termined by IRMS techniques.

Conclusion

Isotopic measurement has been demonstrated to be the
most effective method to detect small differences in the
natural abundance of isotope composition at specific mo-
lecular sites. By measuring the 2H/1H NMR SPIR values of
4 different kinds of nicotine samples together with OPLS-
DA analysis, differences in the isotopic composition of
nicotine from different chemical or biochemical origins
can be unambiguously detected. Even adulterated with a
relatively low amount of synthetic nicotine in natural nic-
otine, the adulterated mixture can likely be unambiguously
identified from the 100% natural nicotine. 1H and 2H NMR
spectra can be collected in non-quantitative way and the
2H/1H SPIR values can be easily calculated from the mea-
sured 2H and 1H peak intensities, without the need of an
additional IRMS spectrometer for the overall 2H/1H isoto-
pic ratio determination. We propose that the method of
2H/1H SPIR values measured solely by NMR could be
applied to elucidate an origin from a set of nicotine of
unknown origins, which can be an attractive alternative
tool for tobacco authentication. It can be expected that
the SPIR values measured by NMR can also be widely
used for the food product authentication and adulteration
detection.
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Table 1 Summary of the
statistical significance of
multivariate and univariate data
analyses of the SPIR values at 12
distinct sites of nicotine
(statistically most discriminant
sites for differentiating natural
and synthetic nicotine are shown
in italic)

Site ID 1H chemical shifts (ppm) VIP p(corr) Fold change p value

Site 2′ 3.05 1.853 − 0.997 2.358 6.910E−13
Site 6 8.44 1.328 − 0.951 1.464 2.920E−06
Site 5′β 2.25 1.262 − 0.847 1.674 2.460E−04
Site 5′α 3.14 1.038 0.717 − 1.536 1.995E−03
Site 5 7.30 0.993 − 0.601 1.359 4.080E−02
Site 4′α 1.86 0.838 − 0.849 1.125 5.640E−04
Site 4 7.73 0.719 − 0.376 1.069 1.525E−01
Site 3′β 2.16 0.716 − 0.639 1.089 2.124E−02
Site 2 8.52 0.695 − 0.714 1.085 2.260E−03
Site 4′β 1.76 0.663 − 0.677 1.082 1.214E−02
Site 3′α 1.63 0.549 − 0.466 1.044 8.741E−02
Site NCH3 2.10 0.438 − 0.493 1.044 3.934E−02
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Fig. 4 Scatter plot of SPIR values in three-dimensional space of sites 6,
2′, and 5′β for class discrimination and adulteration detection
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