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The alkaloid enantiomers are well-known to have different physiological and pharmacological effects,
and to play an important role in enantioselectivity metabolism with enzymes catalysis in tobacco plants.
Here, we developed an improved method for simultaneous and high-precision determination of the indi-
vidual enantiomers of nornicotine, anatabine and anabasine in four tobacco matrices, based on an achiral
gas chromatography-nitrogen phosphorus detector (GC-NPD) with commonly available Rtx-200 column

Keywords: using (1S)-(-)-camphanic chloride derivatization. The method development consists of the optimization
Tobacco of extraction and derivatization, screening of achiral column, analysis of the fragmentation mechanisms
Alkaloids and evaluation of matrix effect (ME). Under the optimized experimental conditions, the current method
Chiral derivatization exhibited excellent detection capability for the alkaloid enantiomers, with coefficients of determination
\Clﬁilt(ij\jat:sm (R?) > 0.9989 and normality test of residuals P > 0.05 in linear regression parameters. The ME can be

neglected for the camphanic derivatives. The limit of detection (LOD) and limit of quantitation (LOQ)
ranged from 0.087 to 0.24 g g — ! and 0.29 to 0.81ug g ~ !, respectively. The recoveries and within-
laboratory relative standard deviations (RSDg) were 94.3%~104.2% and 0.51%~3.89%, respectively. The de-
veloped method was successfully applied to determine the enantiomeric profiling of cultivars and curing
processes. Tobacco cultivars had a significant impact on the nornicotine, anatabine, anabasine concentra-
tion and enantiomeric fraction (EF) of (R)-nornicotine, whereas the only significant change induced by
the curing processes was an increase in the EF of (R)-anabasine.

© 2020 Elsevier B.V. All rights reserved.

Curing processes

1. Introduction tively. These three minor alkaloids have been recognized as the

primary precursors of the highly carcinogenic tobacco-specific ni-

Tobacco contains mainly nicotine and minor structurally re-
lated alkaloids which consist of nornicotine, anatabine, and an-
abasine [1]. During the curing and processing of tobacco, the ni-
trosation of the secondary amine groups of nornicotine, anatabine
and anabasine under mild conditions produces nitrosonornicotine
(NNN), nitrosoanatabine (NAT) and nitrosoanabasine (NAB), respec-
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trosoamines [2]. They are present as pairs of enantiomers due to
the chiral center at the 2’-C position on their pyrrolidine or piperi-
dine ring. The enantiomers are well-known to have different phar-
macological effects and physiological activities [3]. Moreover, the
metabolic pathway of alkaloids in tobacco is also enantioselective
due to the selectivity of the enzymes involved [4]. Overall, enan-
tiomeric analysis of nornicotine, anatabine, and anabasine will not
only benefit pharmacological studies, but also lead to a better un-
derstanding of the metabolic fates of the chiral alkaloids in to-
bacco.
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Currently, a relatively large number of previous studies have re-
ported for qualitative and quantitative analysis of tobacco alkaloids
with gas chromatography (GC) or liquid chromatography (LC) [5-
7]. However, chiral separation and quantification of alkaloid enan-
tiomers were less reported. The available chiral separation tech-
niques mainly include chiral stationary phases, chiral selectors in
the mobile phase or chiral derivatization reagents [8-10]. Analyti-
cal columns with chiral stationary phases (such as crosslinked cy-
clodextrins, polysaccharides and protein) can be employed with
either LC or GC. Trifluoroacetylation as a derivatization approach
followed with gas chromatography-mass spectrometry (GC-MS)
or multi-dimensional GC-MS chiral analysis with crosslinked cy-
clodextrins was applied for separation of the enantiomers of nor-
nicotine, anatabine, and anabasine in tobacco, however, the enan-
tiomers were not completely separated without the MS selected
ion mode and strict quantitative data were not obtained [11,12].
Recently, ultra-performance liquid chromatography-tandem mass
spectrometry using chiral acid glycoprotein and cellulose-2 col-
umn was applied to determine alkaloid enantiomers in tobacco.
This method is simple, fast and sensitive for the complete sepa-
ration. However, some shortcomings such as a relatively high ma-
trix effect (ME) and poor column stability were observed [13].
Moreover, chiral columns are often expensive compared to reverse-
phase columns and may require extensive development time and
cost [14]. Chiral selectors are often used as additives for chiral sep-
aration in LC or capillary electrophoresis (CE). Kodama and cowork-
ers reported the simultaneous enantioseparation of alkaloid enan-
tiomers in tobacco by CE using sulfated S-cyclodextrin as a chiral
selector [15]. This method required two or three sequential solid-
phase extraction pretreatments and provided relatively low sensi-
tivity. Furthermore, chiral selectors may easily cause instrumental
contamination and reduce the method stability and column life-
time [16]. Chiral derivatization reagents are chiral auxiliaries used
to convert a mixture of enantiomers into diastereomers, which can
be separated with achiral GC or LC. Although chiral derivatization
may slightly increase the sample preparation time, the analytes can
be separated with low ME, excellent peak shape and without re-
quiring a special mobile phase or chiral column. Additionally, many
chiral derivatization reagents are inexpensive and easily available
[17].

The Schotten-Baumann reaction with biphasic derivatization
mechanism was adopted for chiral derivatization of the alka-
loids. Primary and secondary amines alkaloids can be acylated
by an (1S)-(-)-camphanic chloride under alkaline aqueous condi-
tions [18]. This reaction is simple, fast, and quantitative, and pro-
vides stable reaction products that are easily separated using achi-
ral chromatography. In addition, this reagent is cost-effective [19].
(1S)-(-)-camphanic chloride has been proven as an efficient chiral
derivatization reagent for determination of the nornicotine enan-
tiomers with achiral GC, but complex pretreatment of thin layer
chromatography were used and chiral separation was limited to
nornicotine enantiomer [20,21]. Overall, (1S)-(-)-camphanic chlo-
ride derivatization combining with achiral GC for baseline separa-
tion of the enantiomers of nornicotine, anatabine, and anabasine
has not been well established.

In this study, we developed an improved method for the
simultaneous determination of the enantiomers of nornicotine,
anatabine, and anabasine in four tobacco matrices application of
chiral derivatization and achiral GC. The procedures involved ex-
traction with alkaline dichloromethane, without further purifica-
tion, derivatization with (1S)-(-)-camphanic chloride and baseline
separation (Rs>1.5) of the camphanic derivatives with conventional
gas chromatography-nitrogen phosphorus detector (GC-NPD) us-
ing an Rtx-200 achiral column with a trifluoropropyl stationary
phase. The method development consisted of the optimization of
extraction and derivatization, screening of achiral column, analy-

sis of the fragmentation mechanisms and evaluation of ME. The
Box-Behnken design (BBD) was applied to optimize the camphanic
derivatization conditions and then the method validation was per-
formed with linearity, ME, sensitivity, recovery, precision and sta-
bility using the optimum conditions. Finally, the variations in the
alkaloid concentration and enantiomer fraction (EF) of flue-cured
tobacco (FCT) from different cultivars and curing processes were
investigated.

2. Experimental design
2.1. Chemicals and reagents

All chemicals were of analytical grade unless otherwise
indicated. The racemic (R/ S)-nornicotine, (R/S)-anatabine and
(R/S)-anabasine (>98%) and the optically pure enantiomers (S)-
nornicotine, (R)-anatabine, and (S)-anabasine (>98%) were pur-
chased from TRC (Toronto Research Chemicals Inc., Canada).
The derivatization reagent of (1S)-(-)-camphanic chloride (>97%),
the internal standard (IS) of 4-phenylpiperidine (>=98%) and the
surrogate of 4-phenylpyridine were procured from TCI (Tokyo,
Japan). Dichloromethane, sodium hydroxide, methyl tert-butyl
ether, methanol, hexane and other reagents were procured from
Sinopharm Chemical Reagent (Beijing, PRC). Ultrapure water was
prepared using a Milli-Q system (Millipore, Bedford, MA, USA).

2.2. Preparation of standard solutions and samples

The 4-phenylpiperidine (54 mg mL-!), 4-phenylpyridine
(1.0 mg mL-1), standard stock solutions of (R/S)-nornicotine, (R/S)-
anatabine and (R/ S)-anabasine with concentration of 1.0 mg mL~!
and the optically pure analytes of (S)-nornicotine, (R)-anatabine
and (S)-anabasine with concentration of 1.0 mg mL~! were pre-
pared in dichloromethane and stored at 4 °C. A series of mixed
calibration standard solutions with six concentrations of (R/S)-
nornicotine and (R/S)-anatabine of 0.4, 1.0, 5, 20, 50, 200 ug
mL-1, (R/S)-anabasine of 0.1, 0.5, 2.5, 5, 25, 50 ug mL~! were
freshly prepared before use by diluting the standard stock solu-
tion with dichloromethane. The (1S)-(-)-camphanic chloride and
NaOH solutions were prepared by dissolving these reagents in
dichloromethane and ultrapure water, respectively, to obtain the
desired concentration.

The four tobacco matrices of FCT, burley tobacco (BT), oriental
tobacco (OT) and freeze-dried fresh flue-cured tobacco (FD-FFCT)
were used for method validation. The FCT (cultivar and leaf grade:
Yunyan 87 and C3F) was a standard reference sample, gifted by
the Yunnan Academy of Tobacco Agricultural Sciences and used
for optimization of experimental conditions. The concentration of
nornicotine (764.8 + 12.5 ug g — 1), anatabine (1285.6 + 13.7 ug
¢ — 1) and anabasine (130.6 + 3.7 ug g — !) in the standard ref-
erence sample were certified by three laboratories using the same
standard method (YC/T 559-2018). This method involves alkaliza-
tion with a 5% NaOH solution, dichloromethane/methanol (4:1 v/v)
extraction, and GC-MS determination. To investigate the enan-
tiomeric profiling of alkaloids in FCT cultivars and curing processes,
seven cultivars with different nicotine synthesis levels (NC297, Bina
1, K326, Corker17, NC82, NCTG55 and NC95, leaf position from bot-
tom to top: 11th leaf) were selected. As Bina 1 and K326 have a
large planting area in Guizhou province, China, FD-FFCT was fur-
ther prepared to study the influence of the curing processes. The
seven cultivars were grown at research plots at a tobacco planting
base in Fuquan city, Guizhou province. The field design was a com-
plete randomized block with each cultivar. Seedlings were grown
in a greenhouse, transplanted to the field on April 25, 2018, and
subsequently grown according to standard tobacco cultivation pro-
tocols for Guizhou province. Tobacco fertilization for base dressing
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Table 1
BBD with coded variables, real variables, RRF and model coefficient for ANOVA.
No  Coded variables Real variables RRF
A B C A/mg mL~!  B/% C/min  Nornicotine  Anatabine  Anabasine
1 -1 1 0 50 25 25 0.624 0.810 0.0675
2 0 0 0 100 15 25 0.831 1.089 0.1206
3 0 -1 1 100 5 40 0.720 0.918 0.0846
4 -1 -1 0 50 5 25 0.568 0.729 0.0531
5 1 1 0 150 25 25 0.814 1.062 0.1161
6 0 0 0 100 15 25 0.813 1.062 0.1170
7 0 1 -1 100 25 10 0.690 0.882 0.0945
8 0 0 0 100 15 25 0.823 1.044 0.1161
9 1 0 -1 150 15 10 0.695 0.891 0.0801
10 0 -1 -1 100 5 10 0.677 0.864 0.0765
11 0 1 1 100 25 40 0.835 1.107 0.1242
12 0 0 0 100 15 25 0.838 1.134 0.1152
13 1 0 1 150 15 40 0.824 1.098 0.1188
14 0 0 0 100 15 25 0.807 1.116 0.1215
15 1 -1 0 150 5 25 0.716 0.918 0.0864
16 -1 0 1 50 15 40 0.658 0.855 0.0729
17 -1 0 -1 50 15 10 0.594 0.765 0.0594
ANOVA Model p-value <0.0001 <0.0001 <0.0001
Lack of fit 0.3619 0.9071 0.1390
Coefficient of variation 1.88 3.10 4.14
R? 0.9901 0.9784 0.9886

(N: P,05: K;0=10: 10: 25) and top dressing (N: P,05: K,0=10: 0:
30) was applied with 675 kg hm~2 and 225 kg hm~2, respectively.
The mature leaves were later harvested and cured in a barn with
circulating heated air. To collect the samples of the curing pro-
cesses, the fresh mature leaves were divided into two parts along
the midvein by the half-leaf method. One part was immediately
placed in liquid nitrogen, transported to the laboratory, and dried
in a vacuum freeze dryer (SIM Inc, DE, USA) to obtain FD-FFCT. The
remaining part with the midvein was cured in a barn with circu-
lating heated air. Eight leaves were mixed into each sample and six
replications were taken. The FCT samples were oven-dried (55 °C),
and ground into 40-60 mesh powder for alkaloid and R/S enan-
tiomer analysis. The FD-FFCT samples were also ground into 40-60
mesh powder for analysis.

2.3. Extraction and derivatization procedures

About 200 + 1.0 mg sample of the FCT, BT or OT tobacco prod-
ucts or 100 + 0.5 mg sample of the FD-FFCT tobacco products
was weighed into a 50 ml screw-cap centrifuge tube. A 50 uL
aliquot of 5.4 mg mL~! 4-phenylpiperidine and 1.0 mL of 5% (w/w)
sodium hydroxide (2.0 mL for FD-FFCT) were added in sequence.
After shaking the tube in a Vortex 1 mixer (IKA, Staufen, Ger-
many) for 1 min, 3 mL of dichloromethane was added to the ex-
traction and then the centrifuge tube was capped tightly. The sam-
ple was extracted using strong vortex extraction (2500 rpm) with
a multi-tube vortex oscillator (TROEMNER, NJ, USA) for 30 min
and then centrifuged at 4000 rpm for 5 min. The subnatant was
filtered through a 0.45 um nylon membrane and 0.4 ml of the
dichloromethane was transferred into a 2.0 ml centrifuge tube for
derivatization.

A 200 pL aliquot of 127 mg mL~! (1S)~(-)-camphanic chloride
was added and thoroughly mixed. Then, 100 L of a 21% (w/w)
NaOH solution was added as an alkaline catalyst, and the tube
was capped tightly. The alkaloids were derivatized with vortexing
(2500 rpm) for 39 min. After derivatization, a 300 uL aliquot of the
subnatant was transferred into a 1.5 mL centrifuge tube and then
the surrogate (30 uL with concentration 1 mg mL~1) was added.
The mixture solution was evaporated to dryness under nitrogen
stream at room temperature. Finally, the resulting residues were
dissolved in 100 uL methyl tert-butyl ether and transferred to a

100 uL polypropylene insert with polymer feet in a 2 mL septum
vial and analyzed using auto-GC-NPD.

2.4. Optimization of the derivatization with response surface
methodology

A multivariate strategy based on the response surface method-
ology with a three-factor-three-level BBD was employed to opti-
mize derivatization conditions of (1S)-(-)-camphanic chloride con-
centration (mg mL~1) (A), NaOH mass fraction (w/w) (B) and re-
action time (min) (C). The optimization was performed using 400
uL of extract solution from the FCT standard reference sample and
then 200 L of (1S)-(-)-camphanic chloride combined with 100
uL of NaOH solutions were added for derivatization with room
temperature vortexing. The coded variables, real variables, relative
response factors (RRF) are presented in Table 1. The code vari-
ables were set as —1, 0, +1 and correspond with the real vari-
ables of the A (-1 = 50, 0 = 100, +1 = 150 mg mL!), B (-
1=50=15 +1 = 25%) and C (-1 = 10, 0 = 25, +1 = 40 min).
Since (1S)-(-)-camphanic chloride had the same reaction rate with
the (R/S)-enantiomers under different derivatization conditions, the
RRF value was used as indicator for optimization of the total
derivatization efficiency (both R and S enantiomers). The RRF for
each analyte was calculated by dividing the peak area of the ana-
lyte by surrogate.

2.5. Chromatographic analysis

2.5.1. Column screening

Nine achiral columns with different stationary phases (0%, 5%,
35% or 50% diphenyl/100%, 95%, 65% or 50% dimethylpolysilox-
ane, 35% trifluoropropyl methylpolysiloxane, 14% cyanopropy-
Iphenyl/86% dimethylpolysiloxane and 100% polyethylene glycol),
polarities (nonpolarity, midpolarity and polarity) and specification
(60 or 30 m x 0.32 or 0.25 mm i.d. x 0.25 or 0.5 um df), which
are available in most laboratories, were evaluated with the same
as those below chromatographic conditions. The racemic standards
(R/S)-nornicotine, (R/S)-anatabine and (R/S)-anabasine with concen-
trations of 1.5, 2.0 and 1.5 ;g mL~!, which were prepared by dilut-
ing the standard stock solution with dichloromethane, respectively,
were used for analysis. The separation capacity was evaluated us-
ing the resolution (Rs), which was calculated using the following
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formulas: Rs=2(ty-t;)/(wq+w>), where t is the retention time and
w is the width of the peak at the baseline. Ry values greater than
1.50 indicate that baseline separation was achieved.

2.5.2. Chromatographic conditions

GC analysis of the enantiomers of nornicotine, anatabine, and
anabasine was performed on a Trace GC-ULTRA gas chromatograph
with an AS3000 auto-sampler coupled to an NPD (Thermo Scien-
tific, FL, USA). Helium (99.999% purity) was used as the carrier gas
with a flow rate of 1.0 mL min~! in constant flow mode. GC sep-
aration with best resolution (Rs>1.5) was performed using an Rtx-
200 (60 m x 0.25 mm id. x 0.5 um df of 35% trifluoropropyl-
methylpolysiloxane). The temperature of the GC was initially held
at 60 °C for 1 min, then increased to 230 °C using a linear gradi-
ent of 15 °C min~! and held for 3 min. The temperature was then
ramped to 280 °C at 5 °C min~! and held for 13 min, resulting
in a total run time of 60.33 min. The temperatures of the injector
and detector were 270 °C and 280 °C, respectively. Splitless injec-
tion mode (1 L) was selected. The flow of dry air for the detector
was 60 mL min~1, the flow rate of hydrogen (99.999%) was 2.3 mL
min~! and the makeup gas helium was 15 mL min~'. The hydro-
gen delay was 15 min.

2.6. Mass spectrometric analysis

The GC-MS with electron ionization (EI) analysis was carried
out on with a Trace GC-ULTRA-ITQ 900 (Thermo Scientific, FL,
USA) with an AS3000 auto-sampler. The chromatographic condi-
tions were the same as those above. The ionization voltage was
70 eV. The source and transfer line temperature were kept at
230 °C and 280 °C, respectively. The rate of micro-scanning was
3 scan s ~ ! and the samples were run in full scan mode with a
mass range of 50-650 Dalton (atomic mass unit). The enantiomers
of nornicotine, anatabine and anabasine were identified using their
retention times and mass spectrums. Additionally, the EI-MS frag-
ment of camphanic derivatives were analyzed to obtain fragmen-
tation mechanism.

2.7. Method validation

2.7.1. Linearity, matrix effects, and limits of detection and
quantitation

Racemic calibration solutions were prepared in duplicate at six
concentrations using the solvent (dichloromethane) and matrix ex-
tract solutions (FCT, BT, OT and FD-FFCT). The solvent matched
and matrix matched-calibration curves were constructed using
weighted (1/X) least-squares linear regression models, by plotting
the peak area ratio (y) using the internal standard (10 wL with
concentration 5.4 mg mL-1) versus gradient concentration ratio
(x). Linearity was evaluated using the coefficient of determina-
tion (R?). The regression models were further evaluated using a
D’Agostino-Pearson omnibus K2 normality test of residuals [22]. To
evaluate the ME, the ratios of the slopes for the curves with dif-
ferent matrices with the classical standard addition method were
compared using Eq. (1). Positive or negative values of ME were
considered to correspond to matrix enhancement or suppression,
respectively [23]. Generally, the R? should be higher than 0,990
and the ME should be within 4+ 20% with weak effect on the quan-
titative analytical results [24].

(1)

ME(%)( Slop of matrix matched curve 1) . 100

Slop of solvent matched curve

The LODs and LOQs (in ug g — 1) were calculated as 3 and
10 times the signal-to-noise ratio of the lowest solvent matched-
calibration standard solution (taking into account derivatization

and purification procedure), based on the sample weight, dilution
ratio of the sample and recoveries of the target analytes [25].

2.7.2. Recovery, precision and storage stability

Recovery (%) was evaluated with six replicate samples spiked
with low- or high-level of the analytes in each matrix. Each of the
racemates was spiked, incubated overnight at 4 °C and then ex-
tracted. The recovery percentage was calculated using the follow-
ing equation: R%={[(Concentration of the spiked sample - Concen-
tration of the unspiked sample)/Spiked concentration] x 100}. The
acceptance criteria for recovery was between 80% and 120%. The
accuracy was further evaluated by comparing alkaloid concentra-
tion of standard reference sample. No significant difference indi-
cates high accuracy. The precision was expressed as the within-
laboratory (indicated by subscript R) relative standard deviation
(RSDR) and Horwitz ratio (HorRat) [26], which was calculated by
analyzing six independent samples on three consecutive days. The
HorRat was calculated as the ratio between the experimental and
the predicted RSDg. HorRat values between 0.3 and 1 indicate that
the precision of the method in terms of reproducibility is fully ac-
ceptable. When the HorRat value is less than 0.3, the method pre-
cision may also be acceptable, but a reasonable explanation is re-
quired [27]. The storage stabilities of camphanic derivatives with
each of the matrices were tested by calculating the relative differ-
ences (RDs) between the concentration of the analyte at t = 0 and
that at the end of the storage period (t = 7 d) [28]. The RDs were
calculated using following equation: RDs={[(Concentration at t = 0
- Concentration at t = 7)/ concentration at t = 0] x 100}. The RDs
less than 5% indicate good stability.

2.8. Statistical analysis

The ratio of an individual enantiomer was expressed as the
enantiomer fraction (EF), which was calculated as EF = (R)-
enantiomer/((R)-enantiomer + (S)-enantiomer)), where (R/S)-
enantiomer is the peak area or concentration of the R or S form.
The extraction efficiency was evaluated with extraction recovery.
The analysis of variance (ANOVA) of BBD was conducted using the
Design-Expert version 8.0.6 software (Stat-Ease Inc., Minneapolis,
MN, USA). The ANOVA for the response surface quadratic model
was used to justify the adequacy. This model was used to predict
the response at any point, even those not included in the design.
To measure how well the proposed model fit the experimental
data, the parameters such as model p-value, lack of fit, coefficient
of variation and R?, were used. The model p-value and coeffi-
cient of variation (CV) less than 0.05 and 10, lack of fit and R?
greater than 0.05 and 0.90 showed a reliable model was obtained.
The Student’s t-test and ANOVA with Fisher’s least significant
difference (LSD) test were applied for statistical comparison of
concentration and EF change using SPSS 16.0 software (SPSS Inc.,
Chicago, IL, USA). Differences were considered significant when p
< 0.05. All diagrams were drawn using Origin 8.0 Software (Origin
Lab Corp., USA) and ChemBioDraw Ultra 7.0 (Cambridgesoft.com,
MA, USA). Normality testing of the linear regression equations
(¢=0.05) for evaluation of the regression residuals was performed
using GraphPad Prism 7 (GraphPad Software, Inc., USA).

3. Results and discussion
3.1. Optimization of the extraction procedure

The previous study showed that the best results for the ex-
traction efficiency were obtained under the following conditions.
This extraction conditions included the alkalization with a 5%
NaOH solution and then dichloromethane/methanol (4:1 v/v) ex-
traction with oscillation [1]. In this work, the reference stan-
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Fig. 1. Biphasic derivatization mechanism for Schotten-Baumann reaction of alkaloids (A), and scheme of the reaction of (1S)-(-)-camphanic chloride with (R)-nornicotine
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dard FCT has been used for the determination of the extrac-
tion efficiency. Six replicate samples with each extraction condi-
tions were conducted to evaluate the extraction efficiency with re-
covery experiment. Because (1S)-(-)-camphanic chloride can react
with methanol, dichloromethane was used for extraction instead of
a dichloromethane/methanol mixture. Although dichloromethane
was reported to have a relatively weak ability to extract alka-
loids [29], special attention has been paid to strong vortexing
of the sample with a multi-tube vortex oscillator resulting in an
extraction efficiency of 96.1~97.8% for nornicotine, 97.6~99.5% for
anatabine and 98.4~101.3% for anabasine. These percentages corre-
spond to the results mentioned in previous study [1] and respond
to pre-established criteria of 80% to 120% recovery.

3.2. Optimization of derivatization procedure

The biphasic derivatization mechanism for Schotten-Baumann
reaction and a scheme of the reaction of (15)-(-)-camphanic chlo-
ride with (R)-nornicotine are given in Fig. 1. A number of ex-
perimental parameters can affect the Schotten-Baumann reaction,
including the type of organic phase, reaction conditions, (1S)-(-
)-camphanic chloride concentration, NaOH mass fraction, and re-
action time. Dichloromethane is a useful solvent in a number of
biphasic reactions, as it can improve the reactivity of nucleophiles
and the extraction capacity towards the derivative products [30].
Moreover, dichloromethane was also used as the extraction sol-
vent, and no extra drying step was required prior to derivatization.
Reaction conditions were carried under i.e., room-temperature vor-
texing, room-temperature ultrasonication, heating in a 40 °C water-
bath, and cooling in an ice bath. As detailed in Table 1S, room
temperature vortexing provided the maximum derivatization effi-
ciency, while the reaction conditions had a little effect on the EF of
(R)-alkaloids. Table 1S demonstrates that (1S)-(-)-camphanic chlo-
ride did not preferentially derivatize a particular enantiomer (i.e.,
chiral discrimination was not observed).

Table 1 lists the ANOVA results and model coefficient of BBD,
which revealed that the p-value for each model was less than
0.0001. There is only a 0.01% chance that this value could occur
due to noise. A lack of fit p-values of 0.3619, 0.9071 and 0.1390

indicate that the lack of fit is not significantly associated to the
pure error. Furthermore, the R? values for each model were 0.9901,
0.9784 and 0.9886. A higher R? indicates that the variability could
be accounted for by the data satisfactorily fitting the model. Since
the CV is standard deviation as a percentage of the mean, smaller
values give better reproducibility. Each CV less than 10 indicated
that the model was reproducible. All these statistical parameters
show the reliability of this model. A multi-criteria decision analysis
based on a desirability function was further applied to simultane-
ously optimize the conditions for all three analytes. The variables
A, B, and C were set as “in range” from the —1 to +1 level. The goal
for the RFF was set to “maximize”, because the best derivatization
efficiency was obtained with highest RRF. Therefore, a number of
solutions were then produced using the Design Expert software
and ranked according to their desirability. The solution with the
highest desirability (0.950) was selected; the predicted RRF values
for this solution were 0.875 (nornicotine), 1.166 (anatabine), and
0.133 (anabasine). The corresponding optimum conditions were
127.26 mg mL-! (1S)-(-)-camphanic chloride, 21.01% (w/w) NaOH
solution and reaction time of 38.52 min. For simplicity of op-
eration, these values were rounded to 127 mg mL~!, 21% w/w,
and 39 min, respectively. The actual RFF values under the opti-
mum conditions for derivatization were 0.867+0.018 (nornicotine),
1.19240.039 (anatabine), and 0.1304+0.005 (anabasine). These re-
sults indicates a good agreement between actual values and pre-
dicted values by the model, suggesting that the derivatization effi-
ciency model of BBD was adequate.

3.3. Separation and identification of the camphanic derivatives

Baseline separation is critical for the accurate quantitation of
chiral alkaloids. The t and Rg of the diastereomers and IS at differ-
ent stationary phase, polarity and specification columns are listed
in Table 2S. The results showed the performance of column Rtx
200 (60 m x 0.25 mm id. x 0.5 um df) for the complete sep-
aration (R; > 1.5) of three alkaloid enantiomers. Rtx-200 with
a trifluoropropyl stationary phase often offer unique selectivity
for electron-rich molecules with dipole-dipole interactions, due to
their electrophilic nature of the fluorine-containing polymer [31].
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Fig. 3. The characteristic and attribution of the main fragment in the (R)-nornicotine camphanic derivative.

Furthermore, because this moderately polar column has a stably
bonded stationary phase and resistance to temperatures as high as
330 °C, the Ry and peak shape show better stability over many
thousands of injections. Typical chromatographic profiles of the
racemic standards, (S)-nornicotine, (R)-anatabine and (S)-anabasine
are shown in Fig. 2A.

The structures of the camphanic derivatives were confirmed by
GC-MS. To the best of our knowledge, the mass spectra of these
compounds have not been reported before. The attribution of the
main fragment in the (R)-nornicotine camphanic derivative is pre-
sented in Fig. 3 and the characteristics of the mass spectra of
the other camphanic derivatives are shown in Fig. 1S. These cam-
phanic derivatives showed a similar fragmentation behavior. Tak-
ing nornicotine as an example, the molecular ion peaks (M) at
m/z = 328 was present with medium intensity. The main charac-
teristic ions were m/z = 175 and 147, which represented a loss

of m/z = 153 [4,7,7-trimethyl-2-oxabicyclo[2.2.1] heptan-3-one]*
from M, and the subsequent loss of m/z = 28 (neutral carbon
monoxide). The ion with m/z = [M-153-28] was the base peak
(BP) with the highest abundance. The lower abundance ions at
m/z = 313, 300 and 284 represent the loss of a methyl radical
[M-15], carbon monoxide [M-28] and carbon dioxide [M-44]. The
other higher abundance ion with m/z = 269 and 218 were derived
from the further loss of a methyl radical [M-44-15] and [C4H3]*
ion [M-44-15-51]. The ions with m/z values below 147 represent a
mixture of [nornicotine]* and [4, 7, 7-trimethyl-2-oxabicyclo[2.2.1]
heptan-3-one]*+ fragments and most had medium intensity. The
knowledge of the fragmentation mechanisms obtained from this
study could potentially be used to identify the structure of pri-
mary or secondary amines alkaloids that have no available au-
thentic standards but have similar chemical structures to known
alkaloids.
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Table 2
Calibration curve and ME parameters, LOD and LOQ values in four tobacco matrices.
Normality LOD/ug LOQ/ug
Compounds/No Matrix type Standard curve R? test/p value ME/% g ! g !
(R)- nornicotine/1 S y = 1.671x-0.0004256 0.9995 0.324 _ _ _
FCT y = 1.735x-0.0003249 0.9992 0.683 3.83 0.087 0.29
BT y = 1.706x-0.0003966 0.9995 0.595 2.09 0.087 0.29
oT y = 1.745x-0.0003419 0.9992 0.905 4.43 0.087 0.29
FD-FFCT y = 1.712x-0.0004615 0.9990 0.787 245 0.17 0.59
(S)-nornicotine/2 S y = 1.669x-0.0004226 0.9996 0.332 _ _ _
FCT y = 1.726x-0.0005092 0.9991 0.546 3.42 0.091 0.30
BT y = 1.695x-0.0004407 0.9994 0.626 1.56 0.091 0.30
oT y = 1.753x-0.0002638 0.9989 0.719 5.03 0.092 0.31
FD-FFCT y = 1.718x-0.0004511 0.9989 0.846 2.94 0.18 0.61
(R)-anatabine/3 S y = 1.481x-+0.0003451 0.9998 0.363 _ _ _
FCT y = 1.533x+0.0005509 0.9993 0.0700 3.51 0.11 0.37
BT y = 1.529x+0.0004594 0.9992 0.100 3.24 0.11 0.37
oT y = 1.535x+0.0001740 0.9991 0.981 3.65 0.11 0.37
FD-FFCT y = 1.511x+0.0002004 0.9998 0.0573 2.03 0.22 0.73
(S)-anatabine/4 S y = 1.479x+0.0001944 0.9999 0.134 _ _ _
FCT y = 1.523x+0.0002134 0.9990 0.509 2.95 0.11 0.37
BT y = 1.509x+0.0002669 0.9995 0.170 2.01 0.12 0.39
oT y = 1.565x+0.0001593 0.9996 0.632 5.79 0.12 0.39
FD-FFCT y = 1.524x+0.0002234 0.9996 0.235 3.02 0.23 0.76
(S)-anabasine/5 S y = 1.444x-0.0007795 0.9995 0.193 _ _ _
FCT y = 1.516x-0.0005245 0.9993 0.926 4.99 0.12 0.40
BT y = 1.497x-0.0007699 0.9994 0.477 2.98 0.12 0.40
oT y = 1.543x-0.0005531 0.9992 0.854 6.86 0.11 0.38
FD-FFCT y = 1.506x-0.0005355 0.9994 0.934 4.29 0.24 0.81
(R)-anabasine/6 S y = 1.440x-0.0008278 0.9997 0.196 _ _ _
FCT y = 1.498x-0.0007685 0.9992 0.530 4.03 0.12 0.40
BT y = 1.492x-0.0007461 0.9993 0.531 3.61 0.12 0.40
oT y = 1.555x-0.0004738 0.9994 0.840 7.99 0.11 0.38
FD-FFCT y = 1.493x-0.0006164 0.9995 0.962 3.68 0.24 0.81

3.4. Evaluation of the linearity, matrix effect, and limits of detection

and quantitation

The linear regression and ME parameters, LOD and LOQ values
in four tobacco matrices are listed in Table 2 and Fig. 2S. R? values
for all curves were greater than 0.9989, with most above 0.9990.
The statistical normality test (p > 0.05) for each curve indicated a
normal distribution of the residuals, further demonstrating that the
linear model was satisfactory. ME can result in signal suppression
or enhancement due to the co-extraction of matrix components af-
fecting the derivatization efficiency or injection active sites [32].
The results showed that the ME (%) of each enantiomer was be-
tween 1.56% and 7.99% in the four matrices. The ME was positive
for all compounds, indicating a slight enhancement of the signal.
The ME usually results in an enhancement of the analyte signal
in GC, as the co-extracted matrix components can occupy some of
the available sites in the liner, resulting in the transfer of a greater
amount of the analyte to the chromatographic column [33]. These
results indicated that the solvent matched-calibration curve could
be used to quantify real samples with errors in their quantifica-
tion below 10%. When the sample concentration exceeds the linear
range, the dilution with methyl tert-butyl ether were used before
GC injection. The LODs and LOQs ranged from 0.087 to 0.24 ug
g~ 'and 0.29 to 0.81 ug g ~ !, respectively. Because the sample
weight for FD-FFCT was half that of the other samples, its LODs
and LOQs were doubled.

3.5. Evaluation of the recovery, precision and storage stability

The mean recoveries for all analytes in four tobacco ma-
trices ranged from 94.3% to 104.2%. According to the calcula-
tion of solvent-matched standard curves, the total concentra-
tions of each analyte ((R)-nornicotine + (S)-nornicotine, (R)-

anatabine + (S)-anatabine, and (R)-anabasine + (S)-anabasine:
756.2 + 9.5, 1282.1 + 12.8 and 136.0 + 3.6 ug g — !, respectively)
in the standard reference sample using the proposed method were
compared. The results showed that there was no significant dif-
ference. The precision expressed as the RSDg ranged from 0.51% to
3.89%, depending on the spiked analyte and the matrix. The HorRat
values in the present study were between 0.15 and 0.65. Few of the
HorRat values were less than 0.3 in this method, due to the selec-
tion of an appropriate internal standard compound and the good
stability of the derivatives. The storage stability over 7 d at room
temperature was very good, with RDs between 0.63% and 3.58%.
These results indicated that this method was sufficiently accurate
and precise to permit reliable enantiomeric profiling of alkaloids in
different tobacco matrices (Table 3).

3.6. Comparison of the validated method with other methods

The validated method was compared with other methods [11-
13,15,21] in Table 3S. The chiral derivatization reagent (15)-(-)-
camphanic chloride is relatively common and inexpensive, and the
derivatization reactions were completed by simply adding NaOH
solution as a catalyst and applying room temperature vortexing for
39 min. More importantly, the camphanic derivatives were com-
pletely separated using a simple and stable achiral column. Using
the structural analog of 4-phenylpiperidine as an internal standard,
the optimized method provided strict quantitative data and exhib-
ited a simple sample pretreatment, wide linear range, excellent ac-
curacy, outstanding precision, minimal ME, and high stability.

3.7. Changes in the concentration and enantiomeric profiling of the
alkaloids in cultivars

FCT cultivars with different genetic backgrounds are an im-
portant inherent factor that affects the composition of alkaloid
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Table 3
Recovery, precision and stability study in four tobacco matrices.
Spiked concentration/ug g ~ ' Recovery/% Precision
Compounds Matrix types Stability/%
L? H¢ L H RSDg L/% RSDg H/% HorRat L HorRat H
(R)- nornicotine FCT 200 400 96.4 97.3 0.61 1.55 0.15 0.39 1.56
BT 300 600 96.0 99.0 1.05 1.61 0.26 0.54 1.38
oT 100 200 95.2 99.6 1.89 2.55 0.47 0.64 1.89
FD-FFCT 250 500 94.4 96.9 0.98 1.45 0.25 0.48 1.78
(S)- nornicotine FCT 200 400 96.1 97.8 0.73 1.35 0.18 0.34 1.87
BT 300 600 95.7 98.6 0.89 1.51 0.30 0.50 1.76
oT 100 200 94.3 98.6 1.34 1.87 0.34 0.47 2.01
FD-FFCT 250 500 95.6 97.1 1.04 1.15 0.26 0.29 1.99
(R)- anatabine FCT 500 1000 97.6 99.2 1.34 0.57 0.34 0.19 0.63
BT 500 1000 96.8 99.1 0.89 1.35 0.22 0.45 0.78
oT 50 100 97.9 98.7 2.65 2.08 0.44 0.52 1.45
FD-FFCT 400 800 97.7 99.3 1.43 0.78 0.36 0.20 0.86
(S)- anatabine FCT 500 1000 98.1 99.5 1.00 0.62 0.33 0.21 0.55
BT 500 1000 98.3 98.7 0.54 0.96 0.18 0.32 0.81
oT 50 100 97.3 98.4 1.18 0.78 0.30 0.20 1.34
FD-FFCT 400 800 98.3 99.2 1.56 0.51 0.52 0.17 0.77
(S)- anabasine FCT 40 80 98.4 99.5 2.31 1.71 0.58 0.43 2.11
BT 50 100 95.7 96.6 1.83 1.15 0.46 0.29 1.89
oT 5 10 102.1 103.2 3.65 2.98 0.61 0.50 3.12
FD-FFCT 50 100 96.1 97.6 1.94 1.12 0.49 0.28 2.45
(R)- anabasine FCT 40 80 98.7 101.3 1.98 1.25 0.33 0.31 2.52
BT 50 100 96.1 97.9 2.17 1.29 0.54 0.32 2.24
oT 5 10 104.2 99.7 3.89 3.06 0.65 0.51 3.58
FD-FFCT 50 100 95.9 97.3 1.67 0.89 0.42 0.22 2.79

2 L and H represent spiked concentration with low- and high-levels.

Table 4

Concentrations and enantiomeric profiling of alkaloids in seven cultivars.

Concentration?

EF (R)-enantiomer

Cultivar Nicotine/mg g = !  Nornicotine/ug g ~ '  Anatabine/ug g =~ '  Anabasine/ug g ~ '  Nornicotine/%  Anatabine/%  Anabasine/%
NC297 342 £ 30 841 (2.5%)+77.8 1189 (3.5%)+100.5 187(0.55%)+14.6 542 + 2.2 14.2 + 0.63 438 £ 0.5
Binal 353 £ 3.1 900 (2.6%)+83.0 1489 (4.2%)+165.6 222 (0.63%)+14.4 49.6 + 2.5 15.3 + 0.58 432 £ 0.7
K326 39.0 £ 3.7 1205(3.1%)+124.0 1835(4.7%)+170.3 258 (0.66%)+23.2 47.0 £ 1.6 14.9 + 0.75 442 £ 0.8
Corker17 441 +£ 46 1450(3.3%)+133.1 1497 (3.4%)+125.6 229(0.52%)+17.8 512 + 1.7 16.2 + 0.87 453 + 0.7
NC82 46.5 £ 54 3220(6.9%)+359.0 3049(6.6%)+279.3 290 (0.63%)+23.6 241 £ 1.1 15.2 + 0.90 444 +£1.2
NCTG55 545 + 3.9 6182(11.3%)+539.0 1927(3.5%)+154.7 223 (0.41%)+15.6 13.7 £ 0.5 14.6 + 0.60 45.0 £ 0.5
NC95 56.2 £ 5.2 1454(2.6%)+139.7 2568(4.6%)+205.2 281(0.50%)+21.5 55.7 £ 2.0 144 £ 058 457 £ 1.0
Difference analysis among the seven cultivars
Fold change 1.6 7.3 2.6 1.6 41 1.1 1.1
RSD 19.8% 89.0% 34.0% 15.1% 38.9% 4.5% 2.0%

2 Data presented as mean(percentage ratio with nicotine)+SD for six replicates.

metabolites [34]. In this study, we investigated the concentrations
and enantiomeric profiling of nornicotine, anatabine, and anaba-
sine in FCT from seven cultivars with different nicotine synthesis
levels (low, medium, and high). The chromatographic profile of a
typical FCT sample is shown in Fig. 2B. The nicotine concentration
was analyzed using a previously reported method [1]. As shown in
Table 4, nicotine was the predominant alkaloid in all seven cul-
tivars. Large coefficients of variation, being 19.8%, 89.0%, 34.0%,
15.1%, and 38.9%, were found for the concentrations of nicotine,
nornicotine, anatabine, anabasine, and the EF of (R)-nornicotine,
respectively. The changes in the maximum value were more than
1.5 times the minimum values. However, the cultivar had little in-
fluence on the EFs of (R)-anatabine and (R)-anabasine in the FCT.
Generally, cultivars with higher nicotine concentrations showed
higher nornicotine concentrations, except in the case of NC95. This
result can be attributed to the fact that nornicotine is mainly, if
not exclusively, synthesized through the N’'-demethylation of nico-
tine by nicotine demethylases, which belong to the CYP82E sub-
family of cytochrome P450 monooxygenases, while the precursors
of anatabine and anabasine are not derived from nicotine [35]. Nor-

nicotine is one most abundant minor alkaloids, typically account-
ing for about 3% of the nicotine of FCT [36]. However, in NC82 and
NCTG55 its concentration were 6.9% and 11.3%, respectively. Fur-
thermore, NC82 and NCTG55 exhibited lower EF of (R)-nornicotine,
at 24.1% and 13.7%, respectively. This may have been due to
high expression of the CYP82E4 nicotine demethylase gene or a
CYP82E4-like gene, which would decrease the EF of (R)-nornicotine
during senescence or the curing processes, as these genes result in
a higher preference for (S)-nicotine than CYP82E5v2 and CYP82E10
[21]. Nicotine demethylase specifically produces high concentra-
tions of (S)-nornicotine from (S)-nicotine [37]. Because nornicotine
contributes to undesirable smoke quality and the harmful smoke
constituent NNN may be nornicotine derived, researchers are try-
ing to discover and breed new cultivars with genotypes that reduce
nornicotine levels with lower expression of nicotine demethylation
genes, especially CYP82E4 or CYP82E4-like genes, in the leaf [38].
Thus, we confirmed that the cultivar of FCT had a significant im-
pact on its nornicotine, anatabine, and anabasine concentrations
and EF of (R)-nornicotine.
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Fig. 4. Effects of curing processes on the concentrations and enantiomeric profiling of the alkaloids in Binal and K326 (significant differences were marked with different

letters in EF of (R)-anabasine) (Fig. 4 print in color).

3.8. Effect of curing on the concentration and enantiomeric profiling
of the alkaloids

To determine the changes in the alkaloid metabolite composi-
tion during the curing processes, we analyzed the concentrations
and enantiomeric profiling of nornicotine, anatabine, and anaba-
sine in FD-FFCT and FCT from Binal and K326. The nicotine con-
centration and EF were analyzed using our unpublished in-house
method. Fig. 4 shows the effect of curing processes on the con-
centrations and enantiomeric profiling of the alkaloid. The concen-
trations of nicotine, nornicotine, anatabine and anabasine slightly
but not significantly increased after curing, while previously pub-
lished reports indicated that the concentrations of these alkaloids
were relatively unchanged after curing [39]. This was attributed to
the differences in dry-matter composition and dry-matter loss be-
tween FD-FFCT and FCT. The EF of (R)-nicotine, (R)-nornicotine, and
(R)-anatabine also showed little change. These results showed no
sign of demethylase activity in leaf tissue in Binal and K326, which
is consistent with the fact CYP82E genes usually expressed only
in root tissue for FCT [40]. Furthermore, the EF of (R)-anabasine
showed a statistically significant increase, which is an interesting
phenomenon. To further verify the effect of curing on the concen-
tration and enantiomeric profiling of alkaloids, more cultivars with
different genotypes should be investigated.

4. Conclusions

This study presents an improved camphanic chloride derivati-
zation and achiral GC-NPD method for the quantitation of enan-
tiomers of nornicotine, anatabine, and anabasine in tobacco. These
alkaloids were completely separated using an achiral column with
a trifluoropropyl stationary phase. The method was fully validated
using four tobacco matrices, and was found to have excellent per-
formance, with a wide linear range, excellent accuracy, outstanding
precision and minimal ME. The method was successfully applied
to analyze the enantiomeric profiling of FCT cultivars and curing
processes, which revealed that the tobacco cultivar had a signifi-
cant impact on the nornicotine, anatabine, anabasine concentration
and EF of (R)-nornicotine, whereas the only a significant change
induced by the curing processes was an increase in the EF of (R)-
anabasine. Furthermore, this method could also enable the tenta-
tive screening and identification of unknown alkaloids of primary
or secondary amines in other matrices.
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