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ABSTRACT: Botanical dietary supplements and herbal
remedies are widely used for health promotion and disease
prevention. Due to the high chemical complexity of these
natural products, it is essential to develop new analytical
strategies to guarantee their quality and consistency. In
particular, the precise characterization of multiple botanical
markers remains a challenge. This study demonstrates how a
combination of computer-aided spectral analysis and 1D
quantitative 1H NMR spectroscopy (qHNMR) generates the
analytical foundation for innovative means of simultaneously
identifying and quantifying botanical markers in complex mixtures. First, comprehensive 1H NMR profiles (fingerprints) of
selected botanical markers were generated via 1H iterative full spin analysis (HiFSA) with PERCH. Next, the 1H fingerprints
were used to assign specific 1H resonances in the NMR spectra of reference materials, enriched fractions, and crude extracts of
Ginkgo biloba leaves. These 1H fingerprints were then used to verify the assignments by 2D NMR. Subsequently, a complete
purity and composition assessment by means of 1D qHNMR was conducted. As its major strengths, this tandem approach
enables the simultaneous quantification of multiple constituents without the need for identical reference materials, the
semiquantitative determination of particular subclasses of components, and the detection of impurities and adulterants.

During the past decade, the use of complementary and
alternative medicine practices and products has become

increasingly popular in Western countries. In particular, the use
of botanical dietary supplements (BDSs) and herbal remedies
to improve health and treat different diseases and ailments has
become a common practice among the general public.
However, as the popularity of BDSs grows, concern about
the quality of commercially available products also increases.1−8

Considering the relatively complex chemical composition of
herbal preparations, which may contain tens, hundreds, or even
more bioactive and nonbioactive constituents in a wide
concentration range, both qualitative and quantitative informa-
tion becomes essential to ensure the consistency, safety, and
efficacy of these materials.
Quality control of BDSs and herbal medicines is typically

carried out using a combination of modern separation
techniques such as gas and liquid chromatography (GC, LC)
with sensitive analytical techniques including ultraviolet−visible
absorption spectroscopy (UV/vis), evaporative light scattering
detection (ELSD), or mass spectrometry (MS).9−13 In order to
obtain a detailed profile of the chemical markers in each sample
(e.g., identify and quantify main, characteristic, and bioactive
constituents), all these methods require a set of well-
characterized reference materials that are identical to the target
analytes, henceforth called identical reference materials. In the
case of MS-based detection, additional standards are required

for internal calibration. Accordingly, experimental design
frequently includes multiple sample preparation steps, such as
serial dilutions of stock solutions, addition of standards, and
filtration, thus making this approach not only laborious and
time-consuming but also particularly dependent on the
availability and quality of phytochemical reference materials.
As a consequence, while the quantification of major, known
constituents can certainly be achieved, the analysis of minor
and unknown compounds is often not feasible.
Because the biological effect of herbal preparations has been

recurrently ascribed to the complex interaction between many
of their constituents,14−16 there is a growing interest in the
development of methods for the simultaneous quantification of
multiple botanical markers, i.e., multitarget standardization and
normalization, in raw materials and finished products. Due to
its nondestructive and universal nature, quantitative nuclear
magnetic resonance (qNMR)17,18 measurements represent an
interesting option in this regard. Typically used for the
structural analysis of pure organic compounds, NMR has
evolved into a powerful technique for mixture analysis,19 and
even though its quantitative applications have been known for
decades, qNMR has received renewed interest only in recent
years due to the development of high-field NMR systems with
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concomitant high sensitivity. Publication of several reports on
the relatively low uncertainty and high accuracy of qNMR
methods add strong support to this field of application.17,20−26

However, interpretation of qNMR data of complex mixtures is
challenging due to frequent signal overlap, especially in the 1H
NMR domain, as a result of its narrow chemical shift range.
In this report, we describe a new tandem approach to the

evaluation of complex botanical mixtures using qualitative and
quantitative 1H NMR spectroscopy in combination with
computer-assisted spectral analysis (Scheme 1). Precise NMR
profiles of botanical markers, generated by means of 1H
iterative full spin analysis (HiFSA) using PERCH NMR
software,27,28 were aligned with the experimental NMR data
in order to facilitate the identification of individual constituents.
The high-resolution fingerprints resulting from HiFSA contain
all 1H chemical shifts (δ) and spin−spin coupling constants (J)
and were used to unequivocally assign each botanical marker in
1D 1H NMR spectra of complex botanical mixtures. In
addition, the identity of the markers was verified using their
characteristic cross-peak patterns in 2D 1H,1H-COSY experi-
ments. After the markers had been unambiguously identified in
the quantitative 1H NMR (qHNMR) spectra of the botanical
preparations, molar ratios were readily calculated from the
integrals of their characteristic 1H resonances. Furthermore,
absolute quantification was achieved using different calibration
approaches and without the need for identical reference
materials.
As an example of the application of this methodology, here

we evaluate the composition of different preparations from
Ginkgo biloba leaves. Ginkgo, also known as Maidenhair tree,
has been used for centuries in Traditional Chinese Medicine
and is currently one of the top-selling BDSs worldwide.29 Due
to their antioxidant, neuroprotective, and cardioprotective
effects, Ginkgo leaf extracts are used to treat or help prevent
memory impairments and circulatory disorders.30,31 In fact, a
standardized preparation (EGb761) has been the subject of a
number of clinical trials.32,33 The pharmacological effects of
Ginkgo leaf extracts are attributed to two classes of compounds,
which were chosen as botanical markers for qHNMR analysis:
the structurally unique Ginkgo terpene trilactones (TTLs) and
the flavonoids. The first group includes the ginkgolides A, B, C,
and J (1−4), which are known antagonists of the platelet-

activating factor receptor, and bilobalide (5), a potent
neuroprotective agent. The second group is considered
responsible for the antioxidant properties of Ginkgo extracts
and comprises a large number of flavonol derivatives, primarily
mono-, di-, and triglycosides, with quercetin (6), kaempferol
(7), and isorhamnetin (8) as the main aglycones. In addition,
the content of rutin (9), one of the major flavonol glycosides in
Ginkgo biloba, was evaluated in order to test the applicability of
this approach to the analysis of this class of compounds in
complex botanical mixtures.

■ RESULTS AND DISCUSSION

Solvent Selection for qHNMR Analysis. The choice of a
suitable deuterated solvent is a key step in NMR method
development and depends on three main factors: the solubility
characteristics of the analyte, the overall signal dispersion of the
resulting NMR spectrum, and the quality of the commercial
grade solvent. A number of solvent systems have been used in
previous NMR approaches to the quantification of Ginkgo
chemical markers,34−37 ranging from neat acetone-d6 to ternary
mixtures such as acetone-d6/pyridine-d5/methanol-d4 (18:6:1).

Scheme 1. Flowchart of the Proposed Botanical Standardization Scheme, Which Utilizes a Tandem of qNMR and Computer-
Aided Full Spin Analysis
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For the present study, we chose DMSO-d6 as the NMR solvent
because it fulfills both the solubility and dispersion require-
ments. The use of DMSO-d6 to analyze Ginkgo TTLs was
suggested in the first qHNMR report by van Beek et al.34 and
successfully applied by Nakanishi et al., who added a small
amount of acetic acid to standardize 1H chemical shifts.35

Although DMSO-d6 has a number of well-known weaknesses
such as mild oxidizing power, high viscosity, hygroscopicity,
and relatively high melting and boiling points, it offers three
important advantages for identification and quantification
purposes: (i) exchangeable 1H resonances can be detected
and included in the qualitative analysis;38 (ii) the signal of the
residual protonated solvent, DMSO-d5, can be calibrated
against a known standard and used for internal calibration;39

and (iii) DMSO-d5 resonates in a relatively nonoverlapped
region of the 1H NMR spectra of Ginkgo preparations.
In order to evaluate the purity of the deuterated solvents

used in this study, several batches of DMSO-d6 were subjected
to NMR analysis. Two of them were identified as suitable and
subsequently analyzed in depth. In both cases, only traces of
impurities were found. However, differences in the impurity
profiles of both DMSO-d6 batches were observed (Figure 1),

thus emphasizing the importance of background analysis and
subtraction before qHNMR analysis is conducted. Further
analysis also revealed significant differences in the total
intensity of the residual solvent signal. Therefore, the DMSO-
d5 content in each lot was determined by calibration against
serial dilutions of caffeine24 and dimethyl sulfone (DMSO2).

40

The calibration curves exhibited excellent linearity (R2 > 0.999)
over the concentration range explored (0.3−50 mM), and the
results confirmed the differences in the degree of deuteration
with the amount of residual DMSO-d5 being 78 mM in lot A
and 110 mM in lot B. Moreover, resulting from the excellent
linearity of the NMR response, subsequent quantitative
analyses could be performed via a single-point calibration
using an accurate, gravimetrically prepared sample within the
evaluated concentration range.
Full Spin Analysis of Ginkgo Chemical Markers. One

requirement for the unequivocal identification of known
chemical structures by NMR is a reliable and complete set of
characteristic spin parameters, δ and J, for each target analyte.

This equally applies for pure compounds and mixture
constituents. In the case of Ginkgo biloba, a plethora of
spectroscopic information has been published over the last 40
years.41 In fact, 1H NMR data of the TTLs in DMSO-d6 have
been described in several reports,42−44 including one of the
seminal works on the structure of the ginkgolides by
Nakanishi.45 A similar scenario exists for the flavonoids, since
all four compounds have been found in numerous plants.
However, a thorough inspection of the available NMR data
revealed that several parameters must be updated, while others
need to be specified. For example, a number of reported
chemical shifts are only estimates, while coupling constants are
often not reported due to signal overlap. Moreover, proton
signal multiplicities are sometimes omitted or described only as
multiplets, m. This situation impedes the comprehensive
interpretation of the NMR data, thus preventing the use of
the full set of 1H NMR signals to identify the botanical markers
in complex mixtures. As a result, qHNMR analysis is frequently
performed using only a small number of the characteristic
NMR signals, e.g., the H-12 singlets of Ginkgo TTLs. This
makes it difficult to accommodate situations where the
measured intensities (integrals) are altered due to signal
overlap or baseline distortion, which is frequently the case in
samples with complex matrices such as crude extracts.
In order to generate a complete, reproducible 1H NMR

profile (1H fingerprint) for each botanical marker, a
supervised46 1H iterative full spin analysis was conducted with
PERCH. Molecular structures of the selected markers were
imported into PERCH and used as the starting point to analyze
each discrete spin system and predict the basic NMR
parameters (δ, J). Next, the predicted NMR parameters were
optimized through spin system calculations with the PERCHit
iterator, which systematically adjusted all the δ, J, and line width
values to replicate the experimental 1H NMR data (Figure 2).
The outcome of this iterative fitting process is a detailed
description of all the 1H NMR signals, together with their
corresponding assignments (see Supporting Information). In
other words, the 1H fingerprints generated by HiFSA with
PERCH provide an unequivocal interpretation of the 1H NMR
spectra of pure botanical markers.

qHNMR Analysis of Ginkgo Preparations. Taking into
account that HiFSA-generated 1H fingerprints can mimic the
1H NMR spectra of botanical markers, the identification of
these constituents in Ginkgo preparations may be simplified to
a comparison between these characteristic profiles and the
experimental qHNMR data using spectral alignment or, even
better, curve-fitting procedures. Once the constituents have
been identified using their 1H fingerprints, quantitative analysis
can immediately follow and be accomplished by measuring the
corresponding integrals using NMR processing software. In
order to test the applicability of this approach, a qHNMR
analysis of different Ginkgo materials, ranging from high-purity
isolates to crude extracts, was conducted. Molar proportions
between the different components in the samples were
obtained through the relative (100%) qNMR method,47,48

while absolute quantification was initially achieved using the
residual solvent signal as internal calibrant39 and verified by the
internal standard method. Anticipating a low signal dispersion
and extensive spectral overlap in crude extracts, two external
calibration methods were implemented: the first involved the
generation of artificial signals,49,50 which were calibrated using
gravimetrically prepared samples of caffeine and DMSO2, while
the second relied on the use of a 1H NMR spectrum of

Figure 1. NMR analysis of two DMSO-d6 batches: A (top) and B
(bottom).
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caffeine/DMSO2 as calibrant, acquired under identical
experimental conditions, plus tuning, matching, and 90° pulse
width optimization.24,51 All the qHNMR experiments were
acquired using a number of scans required to reach a signal-to-
noise ratio (S/N) of at least 200:1, which ensures an
uncertainty level below 1% for the integration procedure.22,47

Preliminary results on the validation of the tandem approach to
qHNMR showed that PERCH is able to identify and align 1H
NMR even for signals with a S/N of 10:1 (20 times below the
quantification threshold used in this study) with a total
intensity root-mean-square deviation (rmsd) less than 0.1%
(see Supporting Information). In addition, the limits of
detection (LOD) and quantification (LOQ) of the qNMR
method were calculated according to IUPAC and ACS
definitions,52 using serial dilutions of caffeine and DMSO2. As

a result, the LOD and LOQ for one proton equivalent were
established at 23 ± 4 μM and 73 ± 14 μM, respectively.
When the newly developed tandem approach was applied to

purified compounds, the identification of the main constituent
and potential common impurities became straightforward. The
qHNMR analysis confirmed the high purity (>98.5% w/w) of
the commercially available Ginkgo TTLs. In addition, traces of
organic solvents, commonly ethanol (Figure 2), and structurally
related compounds were identified as the main impurities. For
example, 2 contained 0.43% of 1. The presence of these
impurities should be considered when these isolates are
selected as reference materials for LC-based analysis or used
in biological tests, especially taking into account the known
synergistic effects of the ginkgolides in vitro.14,15 With regard to
the Ginkgo flavonoids, their purity determination by qHNMR
led to values over 90% w/w in all cases, with small amounts of

Figure 2. Examples of 1H fingerprints of selected markers, ginkgolide A (1) and rutin (9), resulting from HiFSA with PERCH: comparison of
experimental (exp, DMSO-d6, 600 MHz) and calculated (calc) 1H NMR spectra with residuals after complete iteration. Small but significant
residuals (*) denote the presence of residual ethanol in the samples (0.24% and 0.33% w/w, respectively).
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related flavonols among the known impurities. For instance, 6
contained 1.87% of 7, 1.53% of 8, and 0.14% of 9.
In a first attempt to evaluate the composition of mixtures of

Ginkgo chemical markers, a USP-certified mixture of TTLs
(USP-TTLmix) was analyzed using the described qHNMR
method. The analysis of highly defined reference materials
provides the best scenario to test the suitability of the new
analytical approach in samples with complex matrices. At the
same time, this enables comparison with results from the
Certificate of Analysis (CofA), which were obtained by the
manufacturer using an LC-ELSD method, specifically devel-
oped and validated for the quantification of terpene lactones in
Ginkgo biloba.53 When the 1H fingerprints of the TTLs were

aligned with the qHNMR spectrum of USP-TTLmix, an
efficient and simultaneous identification of the five TTLs was
accomplished (Figure 3). The identity of the TTLs was verified
by 2D NMR through characteristic cross-peak patterns in
1H,1H-COSY experiments. Furthermore, parallel quantification
of TTLs in Mnova showed that qHNMR results were in
excellent agreement with the CofA. In fact, the capability of the
qHNMR method to replicate weight percentages determined
by a well-established and validated LC-ELSD method supports
the validity of both approaches. While, in our experience, this is
not always the case when using orthogonal methodology for
purity evaluation, this observation supports the choice of
Ginkgo biloba as a case for building a new analytical approach.

Figure 3. qHNMR analysis of USP-TTLmix. (A) Experimental (exp, DMSO-d6, 600 MHz) qHNMR spectrum and intensity-adjusted subspectra of
ginkgolide A (1), ginkgolide B (2), ginkgolide C (3), ginkgolide J (4), and bilobalide (5) as determined by PERCH iteration of individual 1H
fingerprints. (B) qHNMR results and comparison with those provided in the Certificate of Analysis (CofA), which were obtained using an
established LC-ELSD method. (C) Identification of key cross-peaks in a magnitude-mode 1H,1H-COSY experiment.
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Taking into account the previous results, six crude extracts
obtained from different commercial suppliers were evaluated. In
general, for certain BDSs, there has been a tendency to use
groups of phytoconstituents rather than individual compounds
as targets for standardization and quantitation. In the case of
Ginkgo biloba, it is widely accepted that the total content of one
or two classes of compounds such as the percentage of flavonol
glycosides and/or terpenes is reported. However, when the 1H
fingerprints of the five TTLs and the four flavonols were
aligned with the qHNMR data of the Ginkgo preparations, the
content of all nine individual botanical markers can be
determined at once. The qHNMR results, which are
summarized in Table 1 and visualized in Figure 4, reveal
noticeable differences in the composition of the samples. Only
D50 and D51, two different batches from the same

manufacturer, showed comparable profiles (Figure 4), which
would be anticipated considering the (apparent) similarity of
their NMR spectra. The difference spectrum generated by
arithmetic subtraction of the two qHNMR spectra (residual,
Figure 4) reveals that significant differences exist in the
intensities of the signals, including those of the target analytes.
These small differences are quantitatively reflected in Table 1.
The total TTL content in all six samples varied from ∼10% w/
w in D50 to less than 1% w/w in D55, a fresh Ginkgo leaf
extract, with 5 as the most abundant compound of this
particular subclass. The extracts D52 and D53, which according
to their CofAs contained at least 6% of TTLs, were found to
contain a total of 6.77% and 8.24% w/w TTLs, respectively,
while simultaneously providing a precise measure of each
individual compound. This indicates that the qHNMR tandem

Figure 4. Top: 1H NMR spectra of Ginkgo biloba commercial preparations (DMSO-d6, 600 MHz), including the artificial, calibrated signals used in
one of the quantification methods. Bottom: Comparison of Ginkgo preparations D50 (blue) and D51 (red). Although the two preparations exhibit
very similar NMR profiles upon visual inspection, the difference spectrum (residual) shows that small but significant differences exist between the
two materials, which can be quantified (see Table 1).

Table 1. Variability of Selected Botanical Markers in Commercially Available Ginkgo biloba Preparations: Weight Percentage of
Compounds 1−9 in Six Ginkgo Samples According to qHNMR Measurementsa

Ginkgo biloba markers
concentration, % (w/w)

sample 1 2 3 4 5 6 7 8 9 ∑b

D50 2.34 1.92 1.15 0.68 4.03 0.73 0.38 Øc 3.33 14.56
D51 2.70 1.60 1.32 0.93 3.95 0.52 0.31 Ø 3.05 14.38
Δd −0.36 +0.32 −0.17 −0.25 +0.08 +0.21 +0.07 Ø +0.28 +0.18
D52 1.14 0.81 1.54 0.68 2.60 0.96 0.23 Ø 11.91 19.87
D53 1.74 0.77 1.76 1.12 2.85 7.14 0.37 Ø 3.86 19.61
D54 0.06 0.09 0.13 0.04 0.36 0.02 <0.01 Ø 0.70 1.40
D55 0.07 0.09 0.14 0.03 0.36 0.04 <0.01 Ø 0.65 1.38

aAll signals used for quantification exhibited signal-to-noise ratios (S/N) ≥ 200:1. As indicated by the differences in the individual concentrations
between samples D50 and D51 (Δ), even apparently small differences in the qHNMR spectra (see regions A, B, C in Figure 4) reflect significant
variation in the content of the phytoconstituents. b∑ denotes the total weight percent of compounds 1−9. cØ denotes values below the calculated
limit of detection (LOD). dΔ denotes the differences in concentration between samples D50 and D51 (Δ = D50 − D51).
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approach is fit for both multitarget and compound class
standardization of BDSs, without the need for identical
reference materials. The qHNMR analysis also showed a high
variability in the content of flavonoids between samples. D52
and D53, from the same manufacturer, provide a particularly
illustrative example: the former contains much 9 (∼12% w/w),
while the latter shows a remarkably high concentration of the
corresponding aglycone, 6 (>7% w/w), presumably due to
hydrolysis. Further qNMR analysis indicated the presence of
small amounts of the aglycones 6 and 7 in the remaining
samples, whereas compound 8 was not detected under the
current experimental conditions.
Figure 5 shows how the target analytes were identified in the

1D qHNMR spectra of Ginkgo preparations using their 1H
fingerprints. The integrals were computationally adjusted to
match the corresponding integration areas in the experimental
data. At the same time, δ values were adjusted to account for
slight variations in the relative position of the signals. In
DMSO-d6 solutions, these chemical shift differences (Δδ) are
commonly within a ±0.01 ppm range, which gives additional
support to the use of this solvent for qHNMR analysis.
Considering that the fitting process is essentially an intensity-
driven alignment of the individual 1H fingerprints, this
approach enables a rapid identification of botanical markers
in relatively high concentration, e.g., compounds 6 and 9 in
samples D53 and D52, respectively. The process also allows an
efficient identification of suitable signals for quantification in
relatively clear regions of the 1H NMR spectrum. Furthermore,
as all the integrals were adjusted according to their relative

number of protons, the individual contributions of the target
analytes to the total area of crowded spectral regions can be
projected. However, it is important to keep in mind that the
accuracy of the fitting procedures is strongly dependent on the
signal-to-noise ratio. As a result, the accuracy of the major
constituents is better than that of the minor ones. Depending
on the degree of spectral overlap, attempts to fit markers found
in very small concentrations can lead to erroneous integral
assessments, with differences up to 20%. Nevertheless, although
extensive spectral overlap might complicate the identification of
specific compounds in 1D NMR spectra, these difficulties can
be overcome using 2D NMR experiments such as 1H,1H-COSY
(Figure 6). This approach was particularly useful in the
detection of 9 in Ginkgo extracts, as most 1H resonances of the
rutinose moiety are located in the crowded spectral region
between 3.0 and 4.0 ppm.
After the identification of the target analytes was completed,

the simultaneous quantification of these constituents was
performed using a suitable calibration method. In this study,
four different methods for internal or external calibration were
tested. The traditional internal standard method allowed a
direct calculation of molar ratios between each botanical marker
and the calibrant, but it requires the addition of a known
amount of standard to each sample. Additionally, applications
to increasingly complex botanical samples are difficult due to
potential signal overlap and interactions between botanical
constituents and the added standard. The residual solvent
method provides a valid alternative to the internal standard
method, because the amount of internal calibrant added is

Figure 5. Experimental (exp) qHNMR spectrum of sample D50 (DMSO-d6, 600 MHz) and intensity-adjusted subspectra (in blue) of ginkgolide A
(1), ginkgolide B (2), ginkgolide C (3), ginkgolide J (4), bilobalide (5), quercetin (6), kaempferol (7), and rutin (9). The subspectra were
determined by PERCH iteration of individual 1H fingerprints. The total contribution of the eight markers (sum) is shown in red.
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strictly related to the volume of deuterated solvent used for the
analysis, thereby avoiding the introduction of errors associated
with an additional sample preparation step. However, as shown
in previous sections, the DMSO-d5 content of each solvent
batch needs to be determined, and although the residual
protonated signal is located in a relatively clear region of the
spectra, signal overlap still can represent a significant source of
error.
The external calibration methods are intended to enable the

absolute quantification through precise measurement of the
integral(s) of the calibrant, while minimizing the effects of
signal overlap and chemical interaction. One option is the
artificial signal method, which uses calibrated signals that can be
placed in any clear, flat region of the qHNMR spectrum of the
botanical sample. However, this approach requires the
calibration of the artificial signals against the 1H NMR
spectrum of a known standard, or, in other words, the
application of the second external calibration method,
developed by Walter et al., i.e., the comparison of two 1H
NMR data sets acquired under well-controlled, quantitative
conditions.24 Essentially, the two methods are different
approaches to exploit the linearity, stability, and reproducibility
of modern NMR systems. When the direct comparison of two
qHNMR data sets was used, molar ratios between botanical
constituents and the calibration standard were readily calculated
using the absolute values of the integrals in both spectra. On
the other hand, a number of additional steps were needed to
calculate the same molar ratios by the artificial signal method,
including the generation, calibration, and arithmetic addition of
the artificial signals to the experimental data.
In general, the four calibration methods provide comparable

results, with the level of precision increasing in a concentration-
dependent manner. The qHNMR analysis of highly pure
isolates and major constituents in Ginkgo preparations yielded
results with <2% error, while maximum deviations up to 20%
were found for minor components (<0.1% w/w) in crude
extracts. In this context, it should be kept in mind that the
qHNMR approach enables multitarget standardization in one
experiment and for many target compounds at very different

abundance levels. Considering these observations, the choice of
a suitable calibration method for qNMR will depend on the
specific characteristics of each sample and the signal dispersion
of the corresponding 1H NMR spectrum. Among the
calibration methods described above, we recommend the direct
comparison of qHNMR spectra because of its simplicity and
flexibility.24 This approach not only allows the qNMR analysis
of intact botanical preparations but also can be adapted to
situations in which some acquisition parameters, e.g., relaxation
delay, number of scans, or receiver gain, must be adjusted
according to the characteristics of the analyte. This way,
absolute quantification can be performed by simply reacquiring
the qHNMR spectrum of the gravimetrically prepared standard
sample under the new acquisition conditions.

■ CONCLUDING REMARKS
The qualitative and quantitative assessment of botanical
materials is a crucial step in the verification of product efficacy,
safety, and batch-to-batch consistency. Taking into account the
dependence of LC-based techniques on the availability and
quality of identical reference materials, the application of NMR
for nontargeted screening represents a practical alternative. The
analysis of Ginkgo biloba preparations demonstrates the
applicability of the described qNMR method for the
simultaneous qualitative and quantitative characterization of
multiple constituents in botanical samples. The use of
individual 1H fingerprints, generated by full spin analysis, was
the key step to the unambiguous identification of the selected
markers. These complete 1H NMR profiles, used as character-
istic 1H resonances in 1D spectra and as cross-peak patterns in
2D experiments, provide high specificity for the discrimination
of target analytes, even in the frequently crowded spectra of
complex botanical mixtures. Strategies to also quantify
botanicals markers using 2D 1H,1H-COSY experiments are
currently being developed by our group.
Once the individual constituents were identified, a parallel

quantification was performed using the same qHNMR data set.
This qNMR method is capable of detecting variations in the
amount of specific botanical markers, which might be

Figure 6. Identification of ginkgolide A (1), ginkgolide B (2), ginkgolide C (3), ginkgolide J (4), bilobalide (5), quercetin (6), kaempferol (7), and
rutin (9) in a commercial Ginkgo preparation (sample D53) using a magnitude-mode 1H,1H-COSY experiment (DMSO-d6, 600 MHz).
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dependent of the geographical location, the time of harvest, the
extraction protocol, or the storage conditions. Furthermore,
qHNMR analysis can indicate potential adulteration of Ginkgo
preparations, e.g., the addition of relatively inexpensive rutin or
quercetin to increase the total content of flavonoids.54,55 In
addition, it cannot be overstated that the individual botanical
markers are required only once, when generating the 1H
fingerprints and not for any future analysis. Consequently, the
qNMR method does not require the use of identical reference
materials for calibration. Accordingly, available identical
reference compounds can be preserved for further examination
in biological assays or LC-MS analysis, which is still necessary
when the target analytes fall below the qNMR limit of
detection. Additional aspects of quantitative calibration and
validation of the qHNMR method will be the subject of a
forthcoming report.
In summary, the use of HiFSA and qHNMR in tandem is

capable of identifying and quantifying nine Ginkgo marker
compounds simultaneously. The present study demonstrates
that this approach can be successfully applied over a fairly wide
concentration range, i.e., from micromolar to tens of millimolar,
to a wide variety of Ginkgo preparations, extending from pure
isolates to crude extracts. While this confirms the initial
hypothesis of the study, a detailed examination of the qHNMR
spectra offers a new challenge: there are still numerous 1H
resonances that need to be assigned (Figures 4−6). In some
cases, these signals could be associated with unidentified
components. The generation of additional 1H fingerprints for
known Ginkgo constituents will certainly increase the number
of compounds that can be simultaneously identified, while
multivariate data analysis (MDA)56−59 will be necessary to
improve our understanding of full 1H NMR profiles of
mixtures. Nonetheless, the flexibility and convenience of
using different calibration approaches depending on the
characteristics of each sample, together with the simplicity of
sample preparation and the high reproducibility under easy-to-
setup conditions, make qHNMR a particularly strong tool for
fast, routine quality control of botanical preparations.
Application of this methodology to other important BDSs in
the U.S. market including Trifolium pratense, Actaea racemosa
(formerly Cimicif uga racemosa), and Camellia sinensis is
currently underway.

■ EXPERIMENTAL SECTION
Materials. Ginkgo terpene trilactones and flavonols were

purchased from Indofine Chemical Company Inc. (Hillsborough, NJ,
USA). The certified Ginkgo terpene lactones reference standard was
kindly provided by the United States Pharmacopeial Convention Inc.
(Rockville, MD, USA). Ginkgo-enriched fractions and crude extracts
were provided by Naturex Inc. (South Hackensack, NJ, USA), Vitality
Works Inc. (Albuquerque, NM, USA), and Indena SAS (Tours,
France). Hexadeuterodimethyl sulfoxide (DMSO-d6, D 99.9%) was
obtained from Cambridge Isotope Laboratories Inc. (Andover, MA,
USA). Caffeine (>99%) and dimethyl sulfone (DMSO2, >98%) were
purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). All samples
were used for NMR analyses without further purification.
Sample Preparation. NMR samples of pure botanical markers

were prepared by precisely weighing 1−5 mg of each marker directly
into 5 mm, 7 in. standard NMR tubes (part no. XR-55-7, Norell Inc.,
Landisville, NJ, USA) using a Mettler Toledo XS105 Dual Range
analytical balance calibrated with Alloy 8 stainless steel precision
weights (Henry Troemner LLC, Thorofare, NJ, USA), followed by the
addition of 600 μL of DMSO-d6 using a Pressure-Lok gas syringe
(VICI Precision Sampling Inc., Baton Rouge, LA, USA) for accurate
volume delivery (597 ± 5 μL, n = 15, DMSO). NMR samples of

Ginkgo reference materials, enriched fractions, and crude extracts were
prepared following the same procedure, except that a higher amount of
material was used (20−25 mg, precisely weighed).

NMR Spectroscopy. NMR measurements were recorded at
600.13 MHz on a Bruker AVANCE spectrometer equipped with a 5
mm TXI cryoprobe. The 1H chemical shifts (δ) are expressed in ppm
with reference to the residual solvent signal of DMSO-d6 (DMSO-d5,
2.500 ppm relative to the TMS scale), and coupling constants (J) are
given in hertz. The 1D 1H NMR spectra were acquired at 298 K under
quantitative conditions using a 90° single-pulse experiment (Bruker
pulprog: zg). The 90° pulse width for each sample was determined by
prorating the measured 360° pulse width (p90 = 1/4 × p360). The
receiver gain was set to 16 for all 1H NMR measurements. A total of
64 transients were acquired with a relaxation delay of 60 s, which is
more than 5 times the longest T1 observed. The spectral width and the
acquisition time were set to 17 985.61 Hz and 4.0 s, respectively, and
the resulting number of data points was 143 882. The probes were
frequency tuned and impedance matched before each sample run. Off-
line 1D and 2D NMR data processing was performed using Mnova
software (v.6.0.2, MestreLab Research S.L., A Coruña, Spain). For
qHNMR analysis, the following processing scheme was used: a mild
Lorentzian-to-Gaussian window function (line broadening = −0.3 Hz,
Gaussian factor = 0.05) was applied, followed by zero filling to 256k
acquired data points before Fourier transformation. The digital
resolution after zero-filling was 0.069 Hz/pt (0.11 ppb/pt at 600.13
MHz). After manual phasing, a fifth-order polynomial baseline
correction was applied. For 1H full spin analysis, 1D NMR data
were processed with NUTS software (v.201004, Acorn NMR Inc., Las
Positas, CA, USA) using the scheme previously described, except that
a different Lorentzian-to-Gaussian window function for resolution
enhancement (line broadening = −1.0 Hz, Gaussian factor = 0.10) was
used. The 2D 1H,1H-COSY experiments (Bruker pulprog: cosygpqf)
were acquired in magnitude mode with 2k data points in F2 and 256
increments in F1, with a spectral width of 8400 Hz in each dimension
(acquisition time = 0.5 s). A total of eight transients were collected
with a relaxation delay of 1.0 s. The data were zero filled to 4k data
points in F2 and linear predicted to 2k and zero filled to 4k data points
in F1. Nonshifted sine-bell window functions were applied to both
dimensions before double Fourier transformation, followed by a third-
order polynomial baseline correction.

1H NMR Full Spin Analysis. PERCH NMR software (v.2010.1,
PERCH Solutions Ltd., Kuopio, Finland) was used for full spin
analysis. The resolution-enhanced 1H NMR spectra were imported
into PERCH as JCAMP-DX files and subjected to baseline correction,
peak picking, and integration. The X-ray crystal structures of 4
(CCDC ID 183040)60 and 6 (in complex with bovine xanthine
oxidase, PDB ID 3NVY) were used as templates to build the molecular
models of the Ginkgo TTLs and flavonols, respectively. After
geometry optimization and molecular dynamics simulations, 1H
NMR parameters in DMSO-d6 were predicted using the PERCH
Molecular Modeling System (MMS). After a manual examination of
the 1H assignments, the calculated 1H chemical shifts, signal line
widths, and J-couplings were refined with PERCHit, using both the
integral-transform (D) mode and the total-line-fitting (T) mode, until
an excellent agreement between the observed and simulated spectra
was reached (iteration convergence with a total intensity rmsd less
than 0.1%) to yield the 1H fingerprints of marker compounds 1−9.
Finally, the 1H assignments were verified using 2D 1H,1H-COSY
experiments.

Qualitative and Quantitative NMR Analysis. For parallel
identification of the nine target analytes, their 1H fingerprints were
combined into a single .PMS text file (see Supporting Information)
and imported into the PERCH PMS module, together with the
qHNMR spectra of each of the Ginkgo preparations. The nine 1H
fingerprints were simultaneously fitted to the NMR spectra of the
preparations using PERCHit in D mode, thus identifying the
compounds present in each sample. In those cases where PERCH
iteration failed to complete the spectral fitting due to insufficient signal
dispersion, botanical markers were fitted using 1D spectral alignment
and 2D 1H,1H-COSY analysis in Mnova.
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Absolute quantification was carried out in Mnova using qNMR
scripts developed and provided by C. Peng (MestreLab Research S.L.).
The qNMR scripts allow the precise definition of integration ranges
for the target analytes and the calibration standard, as well as the
automatic calculation of molar concentrations. The qHNMR analysis
can be performed with a single sample (qNMR_Basic script) or in
batch mode (APqNMR script). Caffeine and DMSO2 were used as
calibration standards in all cases; their purity was evaluated by the
100% qNMR method, and water content was assessed by Karl Fischer
titration. The results were found to be in excellent agreement with the
certificates of analysis provided by the manufacturer [DMSO2: 99.4%
(CofA); 99.3% (qHNMR), <0.09% H2O; caffeine: 99.5% (CofA);
98.7% (qHNMR), <0.9% H2O]. For the residual solvent calibration
method, stock solutions of caffeine and DMSO2 in DMSO-d6 at nine
concentrations, 0.3 to 50 mM, were used to generate calibration
curves. Synthetic NMR signals were created in Mnova’s Spin
Simulation module and calibrated against a gravimetrically prepared
solution of both standards in DMSO-d6 (caffeine 25.2 mM; DMSO2
24.6 mM). The same standard sample was used to acquire the 1H
NMR spectrum used in the direct external calibration method.
As a general procedure for quantification, integrated signal areas in

1D NMR experiments were measured by defining a narrow region of
at least 5 times the full-width at half-height of the 1H NMR signals,
excluding the 13C satellites. When signal overlap precluded the direct
measurement of integrals, line shape fitting was performed with Fityk
software (v.0.9.7, http://fityk.nieto.pl/)61 using Voigt-type functions
and the Levenberg−Marquardt algorithm for nonlinear least-squares
fitting.
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