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1. Introduction

Standardization is a fundamental practice to guarantee the quality and consistency of botanical
preparations used as dietary supplements and health products [1,2]. This process involves the
selection of one or more phytoconstituents as suitable chemical and/or biological markers for the
specific plant species, followed by the detection and quantification of the selected markers using
validated analytical methods. Although the choice of an appropriate analytical method depends
largely on the specific chemical properties of the selected constituents, the quality control of
herbal products is commonly carried out by gas or liquid chromatographic separation combined
with sensitive detection by mass spectrometry (MS) or UV-visible spectrophotometry (UV/vis)
[3-5]. In recent years, there has been an increasing interest in the application of nuclear magnetic
resonance (NMR) techniques for the analysis of complex mixtures [6], thereby bypassing the
separation effort required in traditional chromatography-based methods. Major progress has been
made over the past decade in developing quantitative NMR (qNMR) methods for both
metabolomics and natural product research [7,8], and this knowledge can now be applied to the

analysis and quality control of herbal products as well.

This report describes the development and application of an efficient gNMR method for the
simultaneous analysis of seven chemical markers in crude extracts of green tea, produced from
non-fermented leaves of Camellia sinensis (L.) Kuntze. The green tea phytoconstituents selected
for this study (Fig. 1) comprise seven catechins known for their antioxidant properties. The
major catechins found in green tea products are (—)-epigallocatechin-3-O-gallate (EGCg),
(-)-epigallocatechin (EGC), (-)-epicatechin-3-O-gallate (ECg), and (-)-epicatechin (EC). Other
polyphenols such as (+)-catechin (C), (—)-gallocatechin (GC), and (—)-gallocatechin-3-O-gallate

(GCg) are also present, although in smaller quantities.
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Given the social, cultural, and economic importance of green tea, along with its many recognized
health benefits [9], numerous analytical methods have been developed for the quality assessment
of green tea products. As could be expected, the majority of these methods involve targeted
analysis by LC-UV/vis or LC-MS techniques [10—13]. Interestingly, several studies on the 'H
NMR-based analysis of green tea have been described [14—18], although all of them focused on
the application of "H NMR and multivariate statistical analysis to establish compositional
differences between numerous (as many as two hundred) green tea samples. Chemometric
approaches have enabled efficient distinction between products of different geographical origin
[14,15] or quality [16], and have correlated the relative content of the markers with growing or
harvesting conditions [17,18]. Still, the application of quantitative '"H (qHNMR) measurements
for the absolute quantification of multiple phytoconstituents in green tea samples has not been

fully explored.

The present study combines a recently validated qHNMR method, specifically developed for the
analysis of natural products [19], with a computational approach called 'H iterative Full Spin
Analysis (HiFSA) [20], which enables the unequivocal identification of individual
phytoconstituents in complex green tea samples. The computer-aided HiFSA method involves (7)
the development of characteristic 'H NMR profiles (NMR fingerprints) of the seven marker
compounds, and (i7) the subsequent identification and quantification of these markers in complex
mixtures using their NMR fingerprints. The tandem gHNMR/HiFSA method was tested by
evaluating a standardized green tea extract reference material, as well as two commercially
available green tea extracts. In addition, the outcome of the gHNMR analysis was compared to

the results obtained by a more traditional and orthogonal approach using LC-MS/MS.
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2. Experimental

2.1. Materials

Purified green tea constituents and naringenin, the latter used as internal standard for LC-MS/MS
analysis, were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA), ChromaDex Inc.
(Irvine, CA, USA), and Indofine Chemical Company Inc. (Hillsborough, NJ, USA). The
standardized green tea extract reference material (SRM 3255) was purchased from the National
Institute of Standards and Technology (NIST, Gaithersburg, MD). Polyphenol-enriched green tea
extracts were kindly provided by Naturex Inc. (South Hackensack, NJ, USA).
Hexadeuterodimethyl sulfoxide (DMSO-dg, D 99.9%) was obtained from Cambridge Isotope
Laboratories Inc. (Andover, MA, USA). The dimethyl sulfone (DMSO,) standard for gNMR
analysis (TraceCERT-certified reference material) was purchased from Fluka Analytical, part of
the Sigma-Aldrich group. Organic solvents and water for LC-MS/MS analysis were purchased
from Fisher Scientific Inc. (Fair Lawn, NJ, USA). All commercially available materials were

used as received without further purification.

2.2. NMR spectroscopy

Samples for NMR fingerprinting of individual green tea constituents were prepared by precisely
weighing 0.5-5 mg (+£0.01 mg) of material using a XS105 Dual Range analytical balance
(Mettler Toledo Inc., Toledo, OH, USA). The analytes were weighed directly into standard
S5-mm NMR tubes (XR-55 series) purchased from Norell Inc. (Landisville, NJ, USA). A total of
600 uL of DMSO-ds was then added to the NMR tubes using a Pressure-Lok gas syringe from
VICI Precision Sampling Inc. (Baton Rouge, LA, USA). The samples were prepared at the

following concentrations (in mg/mL): C: 6.32; EC: 4.78; GC: 0.80; EGC: 2.63; ECg: 2.68;
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GCg: 0.67; and EGCg: 3.13. For the quantitative analysis of each green tea extract, three
independent samples were prepared by precisely weighing 10—12 mg (£0.01 mg), adding 600 uL.
of'a freshly prepared 2.5 mM (approx. 0.25 mg/mL) solution of DMSO, in DMSO-dg, and

transferring 550 pL to the NMR tube.

NMR measurements were performed at 600.13 and 899.94 MHz ('H frequency) on Bruker
AVANCE and AVANCE II spectrometers equipped with 5-mm TXI and TCI inverse detection
cryoprobes, respectively. Al NMR experiments were recorded at 298 K (25°C) without sample
spinning, and the probes were frequency tuned and impedance matched prior to each experiment.
Chemical shifts (8) are expressed in parts per million (ppm) with reference to the TMS scale.

Scalar coupling constants (J) and effective linewidths (Av, ;) are given in Hertz (Hz).

High-resolution "H NMR spectra were recorded under quantitative conditions using a 90° pulse
experiment. The 90° pulse width (pwy) was optimized for each sample by determining the null
at 360° (pwse0) and applying the equation pwoy = ¥4 X pwseo. The following acquisition
parameters were used: a spectral window of 30 ppm (centered at 7.5 ppm), an acquisition time of
4.0 s, and a relaxation delay of 60 s. This long relaxation delay represents more than five times
the longest 7 value measured within any of the spectra. For NMR experiments recorded at

900 MHz, at least 8 transients were collected with 216,798 total data points, and a fixed receiver
gain of 64. NMR experiments at 600 MHz were recorded with 64 transients, 143,882 total data
points, and a fixed receiver gain of 16. The total accumulation time per sample in quantitative

experiments was 68 minutes.

The '"H NMR data were processed with TopSpin software (v.3.2, Bruker BioSpin Inc.) using a

Lorentzian-Gaussian window function for resolution enhancement (line broadening = —0.3,
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Gaussian factor = 0.05). Prior to Fourier transformation, zero filling was applied to increase the
number of data points to 256k and 1024k in experiments recorded at 600 and 900 MHz,
respectively. The digital resolution after zero filling was 0.069 Hz/pt at 600 MHz, and

0.026 Hz/pt at 900 MHz. All the NMR spectra were manually phased, referenced to the residual
protonated solvent signal (DMSO-ds, d = 2.500 ppm), and baseline corrected using polynomial

functions.
2.3. Computer-aided NMR spectral analysis

Comprehensive 'H NMR profiles of the seven green tea chemical markers in DMSO-ds were
generated with PERCH NMR software (v.2011.1, PERCH Solutions Ltd.) using the Automated
Consistency Analysis (ACA) module [21]. Molecular 3D models of the green tea catechins were
built with Maestro software (v.9.0.211, Schrédinger, LLC.) using the X-ray crystal structure of
(-)-EGCg (bound to V30M transthyretin, protein data bank id: 3NG5) as a template. The 3D
molecular models and the processed NMR data (in MDL Molfile and Bruker 1r format,
respectively) were imported into PERCH’s ACA module, which performed the complete spectral
analysis largely in automation. This process includes peak picking, integration, conformational
analysis, and prediction of basic NMR parameters (all 8, J, and Av,/, values). In addition, ACA

automatically detected and fitted the resonances of residual DMSO-ds, water, and TMS.

Next, ACA evaluated potential solutions (i.e., sets of probable "H NMR assignments) by
matching and refining the predicted NMR parameters of each solution against the experimental
'H NMR data using Quantum-Mechanical Total Line Shape (QMTLS) iterators. The
optimization of calculated NMR parameters was carried out by ACA using the following 3-step

protocol: (i) analysis of discrete spin systems using the D-mode; (ii) evaluation of the complete
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'H NMR spectrum using the T-mode; and (iii) optimization of Gaussian and dispersion
contributions to the line shape, also using the T-mode. In those cases where ACA was unable to
find a consistent solution, that is, excellent fit as well as 6, J, and Av,,, values consistent with the
molecular structure, the predicted NMR parameters were adjusted manually using the ACA
graphical user interface (ACA-GUI), and the iterative process was repeated until convergence
was reached (root-mean squared deviation, rmsd < 0.1%). The 'H NMR profiles of the green tea
chemical markers in DMSO-ds were stored in individual PERCH parameters (.pms) files, which

contain the optimized 9, J, and Avy,, values (see Supplementary data).

For the evaluation of mixtures, 'H iterative Full Spin Analysis (HiFSA) was carried out manually
using the PERCH shell. The processed 'H NMR spectra of the mixtures were imported into
PERCH using the IMP module. Peak picking and integration were carried out with the PAC
module. The "H NMR profiles of the seven catechins and DMSO, (singlet at & = 3.000 ppm)
were combined into a single PERCH .pms file using Notepad++ software (v.5.9.6.2,
http://notepad-plus-plus.org/). The resulting .pms file (see Supplementary data) was imported
into PERCH’s PMS module, and a simulated '"H NMR spectrum of an equimolar mixture of the
seven catechins plus DMSO, was automatically generated. The spectral regions free of 'H
resonances belonging to the selected markers were omitted (“masked”) for the iterative analysis.
The downfield, broad signals belonging to exchangeable protons (6 = 7.5-9.5 ppm) were also
excluded from the quantitative analysis. The calculated parameters were fitted to the
experimental "H NMR spectra of the mixtures using the PER module, and honed using the
T-mode with Gaussian and dispersion optimization until convergence was reached. To avoid the
distortion of predicted '"H NMR signals, the optimized J values were kept constant (“fixed”). The

iteration process was repeated until the calculated NMR fingerprint matched the overall signal
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profile and intensity of the observed '"H NMR spectrum. After the iterative analysis was
completed, only minor differences between the initial and optimized chemical shift values were
observed (Ad < 10 ppb). The relative molar concentration of the seven catechins and DMSO,
were automatically calculated by PERCH as part of the iterative optimization process. These
values were transferred to a Microsoft Excel spreadsheet for further analysis. Absolute content
by gHNMR was calculated using the DMSO; signal (equivalent to six hydrogen nuclei) as

internal calibrant.

2.4. LC-MS/MS analysis

Chromatographic analysis was carried out with a Shimadzu LC-20A series HPLC system
equipped with an online solvent degasser unit, two dual-plunger parallel-flow pumps, a
refrigerated autosampler, and a column oven set to 40°C. Separation was achieved on an XTerra
MS Cig column (2.1 x 50 mm i.d., 2.5 um) from Waters Corp. (Milford, MA, USA), using
mixtures of solutions A (0.1% of formic acid in water) and B (0.1% of formic acid in
acetonitrile) as mobile phase. The amount of solution B in the mobile phase (expressed as % v/v)
was linearly increased from 5% to 15% during the first 8 min, followed by a second linear
increase to 95% B from 8 to 10 min. The composition of the mobile phase was kept constant at
95% B for two minutes, and then returned to the initial conditions in 1 min. To ensure
equilibration, a post-run time of 4 min at 5% B was defined. The total chromatographic analysis
time per sample was 17 minutes. Samples were analyzed with an injection volume of 10 pL, and

a constant flow rate of 300 puL/min.

MS/MS data were recorded with an Applied Biosystems/MDS Sciex 4000 QTRAP hybrid triple

quadrupole/linear ion trap mass spectrometer (Concord, ON, Canada) equipped with a Turbo V
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ion source, operating in electrospray ionization (ESI) positive ion mode using a TurbolonSpray
probe. The following source parameters were used: lonSpray voltage 4800 V; probe temperature
500°C; nebulizer gas (N;) 50 psi; turbo gas (N2) 50 psi; curtain gas (N2) 30 psi; entrance
potential 9.2 V. Experiments were carried out in multiple reaction monitoring (MRM) scan
mode. Precursor ions were selected in the first quadrupole (Q1), and product ions were generated
by collision induced dissociation (CID) in the linear accelerator collision cell (second
quadrupole, Q2). Next, product ions were filtered, trapped, and scanned in the third quadrupole
(Q3), operating as a linear ion trap. Both the Q1 and Q3 quadrupoles operated at unit resolution.
The declustering potentials (DP), collision energies (CE), and collision cell exit potentials (CXP)
were optimized for each analyte in infusion experiments performed as follows: dilute solutions
(2.0 pg/mL) of the individual compounds in a mixture of methanol and water (1:1 volume ratio)
were infused into the mass spectrometer at a constant flow rate of 10 pL/min using a Fisher
Scientific single syringe pump. The criteria for identification of individual green tea markers in
LC-MS/MS experiments included their chromatographic retention times (¢r) and characteristic
MRM transitions (Table 1). System control and LC-MS/MS data analysis were carried out with
Analyst software (v.1.5.2, AB Sciex Pte. Ltd.). For quantitative analysis, the extracted ion
chromatograms (XIC) were saved as individual text (.txt) files and imported into Fityk software
(v.0.9.1, http://fityk.nieto.pl//). Peak areas were determined by least-squares fitting of the
chromatographic peaks to Gaussian functions using the Levenberg—Marquardt algorithm. These

values were transferred to a Microsoft Excel spreadsheet for further analysis.



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

3. Results and discussion

3.1. NMR fingerprinting of green tea constituents

The definitive identification of the chosen marker compounds is a key step on the quality
assessment of herbal products. In the case of '"H NMR, chemical identification denotes the
unequivocal recognition of characteristic 'H resonances based on their location and multiplicity.
In other words, NMR requires the determination of accurate 6 and J values to rigorously identify
each of the individual phytoconstituents. Although basic NMR parameters of several catechins in
DMSO-d¢ have been described previously [22,23], these reports do not contain all the parameters
required to precisely recreate the '"H NMR spectra of the markers selected for this study.
Therefore, complete spectral profiles of the seven catechins were generated by 'H iterative Full
Spin Analysis (HiFSA) [20]. This computational approach has been applied previously to
generate NMR profiles of terpene trilactones and flavonols from Ginkgo biloba [24] as well as
flavonolignans from Silybum marianum [25], enabling fast and unambiguous identification of

these chemical markers in complex botanical preparations.

Using an analogous approach, HiFSA led to the comprehensive depiction of the "H NMR spectra
of the selected green tea markers in DMSO-dg. Therefore, all 'H resonances can now be
described in terms of characteristic 9, J, and Av,,, parameters, which are summarized in Table 2
and the Supplementary data. In addition, as shown for EC in Fig. 2, HiFSA generated a set of
calculated "H NMR spectra that are essentially identical to the experimental observations (rmsd
< 0.1%). The high-resolution '"H NMR profiles obtained by HiFSA are made available in easy-
to-share text files (see Supplementary data), and will facilitate the rapid identification of each of

the seven catechins in DMSO-dg solution. Furthermore, as will be discussed in the next section,
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these profiles can be used as surrogate reference standards for the qualitative and quantitative
analysis of green tea extracts by NMR. This opens a unique opportunity to use primary reference
materials as calibrants, which differentiates qHNMR analysis from traditional chromatography-

based standardization methods.
3.2. Quantitative '"H NMR analysis

One of the challenges in analyzing complex mixtures by 1D "H NMR is overcoming spectral
overlap problems frequently encountered in the narrow 'H chemical shift window. These
problems are especially observed in mixtures of structurally-related compounds such as the green
tea catechins because, as shown in Table 2, common structural motifs exhibit similar NMR
signal patterns. This situation might be aggravated in botanical products by the occurrence of
related and/or unrelated chemical constituents with coincident d values. As a result, the
unambiguous identification of characteristic '"H NMR signals, even if they are partially obscured

by other 'H resonances, becomes crucial in the gHNMR analysis of mixtures.

The characteristic HIFSA profiles generated in this study enabled a rapid identification of the
seven catechins in green tea extracts. Under quantitative conditions, the integrals of all the 'H
NMR signals of a given marker are directly proportional to the relative number of nuclei giving
rise to these signals. Similarly, the integration areas of "H NMR signals belonging to two or more
markers will reflect the relative molar proportions of the chemical components involved.
Therefore, complex NMR signal patterns arising from extensive spectral overlap can be
interpreted as a linear combination of multiple 'H resonances, and the overall shape and intensity
of such patterns encode the molar ratio between the respective mixture constituents. The semi-

automated, iterative calculations carried out with PERCH, combined with the application of 'H

11
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NMR fingerprints as surrogate reference materials, guarantees a synchronized examination of the
overall signal profile in the 1D 'H NMR spectra of green tea extracts. Furthermore, as shown in
Fig. 3, this thorough analysis revealed the contribution (i.e., the intensity response) of each of the
chosen markers to the observed 'H NMR signal patterns. As a net result, the relative molar

content of all seven catechins in green tea extracts was determined simultaneously.

Absolute value gHNMR measurements were carried out by using dimethyl sulfone (DMSO,) as
internal calibrant (IC). This compound has been proposed as a universal reference standard for
gNMR analysis [26], and was selected as IC for this study because of its chemical stability and
high solubility in DMSO-ds. Moreover, DMSO; is commercially available as a highly pure, well-
characterized substance, and its sole 'H resonance is a singlet located in a clear region of the 'H

NMR spectra of green tea extracts (Fig. 3).

To test the suitability of the gHNMR/HiFSA tandem approach for multi-targeted standardization
of green tea products, this methodology was applied to the analysis of a NIST-certified, green tea
extract standard reference material (SRM 3255) [27]. This material is part of a growing series of
reference standards developed by NIST for the analysis of botanical dietary supplements and
food ingredients [28—31]. SRM 3255 was developed to assist in the validation of new analytical
methods for the determination of catechins and methylated xanthines in green tea extracts. The
Certificate of Analysis (CofA) of SRM 3255 is available online and free of charge at
http://www.nist.gov/srm. The CofA states the amount of individual catechins in SRM 3255 as an
equally weighted mean of results obtained by established LC-UV and LC-MS methods in several
collaborating laboratories. These certified values, expressed as mass fractions, are summarized in

Table 3, along with the results obtained by the newly developed gHNMR methodology.

12
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The gHNMR outcome is fairly consistent with the values reported in the CofA, although relative
deviations in the order of 10% were observed for C, ECg, and GCg. These differences may be
caused by curve-fitting errors during the iterative analysis. In this study, HiFSA targets seven
markers in a complex botanical sample, and although these markers amount to 65-75% in weight
(w/w) of green tea extracts, the presence of additional phytoconstituents certainly affects the
overall NMR signal pattern. The parallel analysis of multiple 'H resonances of each marker is
intended to minimize the effects of signal overlap and, in some cases, will reveal the occurrence
of other resonances with coincident 6 values (see residuals in Fig. 3). The gHNMR/HiFSA
tandem approach showed high precision in the determination of catechin concentrations, with
coefficients of variation (i.e., relative standard deviations) of less than 2%. These observations
not only demonstrate the high precision of gNMR measurements but also the reproducibility and
reliability of the computer-aided iterative analysis. Still, considering the differences between the
certified values and the gHNMR results, the content of the seven markers was determined by an
orthogonal LC-MS/MS method, which showed congruence with the gNMR outcome and will be

discussed in the following section.

Although HiFSA facilitates the targeted analysis of the seven catechins selected as chemical
markers, the untargeted nature of '"H NMR detection also enables the analysis of additional
mixture constituents. Specifically, the content of the two methylated xanthines, caffeine and
theobromine, was assessed as being 33.6 and 0.778 mg/g, respectively, and found to be in
accordance with the mass fraction values reported in the CofA (36.9 and 0.867 mg/g,
respectively). In addition, a small amount of residual ethyl acetate from the extraction process

(<0.05% w/w) was measured (Fig. 4).
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Two commercially available green tea extracts, GT1 and GT2, were also evaluated by gHNMR
and HiFSA fingerprinting. The 'H NMR spectra of both extracts exhibited signal patterns similar
to those observed during the analysis of SRM 3255, thereby confirming that GT1 and GT2 are
polyphenol-rich green tea extracts. However, the outcome of the quantitative analysis,
summarized in Table 4, also showed that the polyphenol content of both extracts is significantly
different (P < 0.05), as are the relative proportions between the selected chemical markers in
both materials. For example, the amount of EGCg in GT1 is more than 7% w/w greater than that
in GT2. Substantial differences in the amount of GC and GCg were also observed, with higher
concentrations of both compounds in GT2. Moreover, variations in the content of methylated
xanthines and residual ethyl acetate were detected (see Supplementary data). Overall, these
experiments demonstrated the suitability of this methodology for rapid qualitative and

quantitative profiling of phytoconstituents and potential impurities in green tea products.

3.3. Comparison with LC-MS/MS results

In order to test the validity of the gHNMR results, an in-house LC-MS/MS method for
determination of catechins in green tea extracts was developed. The analysis of the green tea
extracts by an alternative and orthogonal method offers an additional level of evidence.
Furthermore, the comparison of analytical methods provides insight into potential sources of
error when disagreement occurs. As a prerequisite for the development of the LC-MS/MS
method, a reliable procedure for chromatographic analysis of the seven catechins was established
(Fig. 5). MS detection was performed in MRM scan mode, which provided both high sensitivity
and selectivity. Naringenin was selected as internal standard (IS) for LC-MS/MS analysis
because of its structural similarity to the green tea catechins, as well as its commercial

availability in multi-gram quantities and good quality. Calibration curves were generated using
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nine concentrations of each analyte. Based on the gHNMR results, EGCg and ECg were assessed
at concentrations of 0.1-50 ug/mL, whereas the remaining markers were evaluated at lower
concentrations over the range of 0.05-20ug/mL. Clear linear trends were obtained for all the
calibration curves, with coefficient of determination (R”) greater than 0.995 in all cases (see
Supplementary data). The green tea extracts SRM 3255, GT1, and GT2 were analyzed in
triplicate at a concentration of 20 ng/mL. All samples and calibrants were run consecutively, for

a total analysis time of 28 hours.

The results of the LC-MS/MS analysis of SRM 3255, summarized in Table 3, are consistent with
those obtained by gHNMR, thereby cross-validating the two analytical approaches. However,
substantial differences in the precision of both methods were observed. While the
qHNMR/HiFSA results varied within a margin of +2% error, the LC-MS/MS outcome exhibited
coefficients of variation of up to 8—10%. Although this level of error might be considered to be
high, it is fairly acceptable for the multi-targeted analysis of botanical preparations by LC-
MS/MS [32,33], especially taking into account the chemical complexity of these materials, as
well as the very limited information available on the composition of commercial herbal products.
The differences in precision between the two methods were also observed during the analysis of
GT1 and GT2 (Table 4). Nevertheless, both methods clearly reflected the differences in chemical
composition between the two commercial extracts, and relatively minor variations in the
measured content of selected phytoconstituent were observed (< 10% relative difference between
gHNMR and LC-MS/MS results). The two analytical methods were further compared by plotting
the catechin concentrations obtained by qHNMR against the concentration values measured by
LC-MS/MS. The linear regression showed an excellent correlation (R* > 0.999) with a slope

value close to unity and an intercept close to zero (Fig. 6), thereby demonstrating the agreement
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between the two orthogonal approaches. Still, in order to understand the differences observed
between the two methods, especially in terms of precision, it is important to analyze potential

sources of variability that could affect the analytical results.

The differences between the gHNMR and LC-MS/MS methods described in this report extend
far beyond the fact that both techniques detect different physical phenomena. Important
differences in crucial experimental steps such as method development, sample preparation, and

calibration have practical implications and, therefore, need to be discussed.

The application of LC-based methods for quantitative purposes requires the optimization of
chromatographic conditions to minimize potential interferences due to peak overlap. Although
some chemical markers exhibited similar retention times in our chromatographic system, the
analysis of characteristic fragmentation transitions using the MRM scan mode enabled the
distinction of co-eluting constituents (Fig. 5). Still, as the selected chemical markers include
several pairs of diastereomers with the same MRM transitions, the unequivocal identification of
the individual chemical markers relied on the availability of identical reference materials and

their subsequent analysis under the same chromatographic conditions.

For 1D gHNMR analysis, the lack of separation steps and the limited chemical shift dispersion
may often result in the observation of crowded spectral regions and severe signal overlap. The
selection of an appropriate deuterated solvent might help improve the signal dispersion in
particular regions of the NMR spectrum, but it is unlikely to resolve the overlap problem,
especially in complex mixtures such as botanical extracts. The targeted analysis of all 'H
resonances belonging to the selected markers using HiFSA profiles represents a reliable strategy

for chemical identification, and provides a unique level of specificity for gNMR analysis.
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Notably, this approach only requires small quantities of the reference materials to build the
profiles. In addition, once the HiFSA profiles are generated, they can be used as surrogate
standards for all future qHNMR analyses. As a result, these digital 'H NMR profiles eliminate
the need for pure phytochemicals during the identification process. Of course, a new set of

HiFSA profiles must be generated if the analysis is carried out in a different deuterated solvent.

Sample requirement and the sample preparation procedures represent significant differences
between gHNMR and LC-MS/MS methods. In general, sample preparation for gHNMR analysis
is a reasonably simple process. The selection of the deuterated solvent depends largely on the
solubility of the sample and the dispersion of the resulting '"H NMR spectrum. Samples for
HiFSA fingerprinting require only small quantities of the pure phytoconstituents, and only need
to be run once. To minimize the impact of weighing errors during the gNMR analysis, dry
gravimetric samples need to be prepared by carefully weighing around 10 mg of the sample
extract. Importantly, NMR analysis minimizes sample handling. There is only one dilution step
for the preparation of the internal calibrant (IC) solution, and one volumetric transfer to mix the
IC and the sample. On the other hand, samples for LC-MS/MS analysis must be filtered and
subjected to several dilution and transfer steps to reach the low concentrations needed for
analytical-scale HPLC separation and MS detection. The more complex sample handling and
preparation may be associated with the lower precision of the LC-MS/MS method, and may limit

the achievable precision of multi-targeted analysis.

The differences in calibration between the gNMR and LC-MS/MS methods are also noteworthy.
Because each of the selected markers shows a distinct analytical response, LC-MS/MS requires
the generation of individual calibration curves and the use of identical reference materials.

Therefore, the quantitative results achieved by LC-MS/MS not only depend on the availability of
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often rare phytochemicals, but also on their chemical stability and purity. Moreover, in our
experience, stock solutions must be freshly prepared before each new set of experiments, and the
generation of a concentration series involves numerous dilution and transfer steps, which leads to
more potential errors. In addition, a structurally-related compound, such as naringenin in the
present case, is required as internal standard (IS) to control the ionization variability. The use of
an IS minimizes the effect of inconsistencies during LC injection and other experimental
variables such as the effect of solvent evaporation during sample storage in the autosampler. At
the same time, the use of an IS implies that this substance must be considered also during the
optimization of chromatographic conditions, which further increases the demand on the
suitability of the multi-targeted chromatographic method. For example, because of its lower
polarity, naringenin has a longer chromatographic retention than the green tea catechins (Fig. 5),
and the proportion of the organic solution B in the mobile phase had to be increased to 95% v/v
to ensure elution of this compound. In the case of qHNMR, the direct proportionality between its
analytical response and the molar concentrations of all proton-bearing molecules facilitates the
calibration process, and a sole internal calibrant is required. Contrary to LC-MS/MS, the IC for
gNMR analysis (in this case, DMSO,) is not structurally related to the analytes, and was selected
because its 'H resonance does not overlap with any of those corresponding to the green tea
constituents. In order to preserve these practical advantages of internal calibration in gHNMR,
particular attention must be paid to the preparation of the IC solution, as any errors will equally

affect the measurements of all target markers.
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4. Conclusions

This report introduces two orthogonal analytical approaches for the determination of seven
catechin markers in green tea extracts. The first approach combines gHNMR measurements with
targeted HiFSA, a reliable computational methodology for the rapid identification of the selected
markers. The qHNMR/HiFSA tandem enables simultaneous identification and quantification of
the seven catechins. Furthermore, the interpretation of characteristic resonance patterns in the 1D
"H NMR spectra of green tea extracts provides evidence of the authenticity of these complex,
nature-derived materials by simple visual inspection. This approach also exploits the abundant
structural information contained in '"H NMR spectra. Moreover, it allows for the quantification of
additional phytoconstituents and potential impurities without the need for identical reference
materials. For example, the gHNMR/HiFSA method could be applied to establish compositional

differences between regular and decaffeinated green tea products.

The second approach involves the use of a more traditional analysis by LC-MS/MS, which
provided data for cross-validation of the two orthogonal analytical methods (QHNMR 1 LC-
MS/MS). Reliable chromatographic conditions were developed, and characteristic retention
times and MRM transitions were used to identify and target the seven markers. The results
obtained by both approaches were compared and confirmed that the two orthogonal methods
show reasonable agreement in the determination of catechins in green tea materials, including a
NIST-certified reference standard material. This study also demonstrates that the
qHNMR/HiFSA tandem approach represents a fast, reliable, and affordable alternative to
chromatographic methods for the quality assessment of green tea products. The increasing

availability of NMR instruments with superconducting magnets adds to this positive prospect.
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From both a practical and analytical perspective, this study identified qHNMR as a very capable
technology which holds promise for the multi-targeted standardization of botanical products.
One particularly attractive feature is its capability to work with digital profiles as reference
materials, and to substitute costly and rare calibrants with easily accessible standards such as

DMSO:,.
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Appendix A. Supplementary data

Supplementary data ("H NMR profiles in PERCH .pms format, 'H NMR spectra, LC-MS/MS
calibration curves) associated with this article can be found, in the online version, at doi: [add

article doi].
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FIGURE CAPTIONS

Fig. 1. Structures of the green tea markers selected for this study (C: catechin; EC: epicatechin;
EGC: epigallocatechin; ECg: epicatechin-3-O-gallate; EGCg: epigallocatechin-3-O-gallate;

GC: gallocatechin; GCg: gallocatechin-3-O-gallate).

Fig. 2. The '"H NMR fingerprint of EC as an example of the HiFSA fingerprinting process.
Comparison between the calculated (red) and experimental (blue) 'H NMR spectra of EC in
DMSO-ds (900 MHz, 298 K). Residuals are shown in green. (*) denotes signals due to

impurities. (+) denotes the '°C satellites of the DMSO-ds resonance.

Fig. 3. (A) Comparison between the experimental 'H NMR spectrum (blue) of the green tea
extract GT1 in DMSO-ds (600 MHz, 298 K) and the HiFSA-generated spectrum corresponding
to the studied markers (red). Residuals are shown in green, and arrows indicate NMR signals
belonging to methylated xanthines. (B) Sections of the experimental (blue) and calculated (red)
spectra of GT1, including intensity-adjusted fingerprints (black) of the seven catechins selected

as markers.

Fig. 4. Sections of the "H NMR spectrum of the standardized green tea extract SRM 3255 in
DMSO-ds (600 MHz, 298 K) demonstrate how qHNMR can readily detect and quantify
additional phytoconstituents such as caffeine and theobromine, as well as residual organic

solvents such as ethyl acetate.

25



526

527

528

529

530

Fig. 5. Total ion chromatogram (TIC) of the green tea extract GT2 (black) and extracted ion
chromatograms (XIC) for characteristic MRM transitions of the studied green tea catechins

(blue).

Fig. 6. Congruence between the concentrations of the studied catechins in green tea extracts as

determined by orthogonal gHNMR and LC-MS/MS methods.
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