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ABSTRACT: One of the greatest challenges facing the functional food and natural health product (NHP) industries is
sourcing high-quality, functional, natural ingredients for their finished products. Unfortunately, the lack of ingredient standards,
modernized analytical methodologies, and industry oversight creates the potential for low quality and, in some cases, deliberate
adulteration of ingredients. By exploring a diverse library of NHPs provided by the independent certification organization
ISURA, we demonstrated that nuclear magnetic resonance (NMR) spectroscopy provides an innovative solution to authenticate
botanicals and warrant the quality and safety of processed foods and manufactured functional ingredients. Two-dimensional
NMR experiments were shown to be a robust and reproducible approach to capture the content of complex chemical mixtures,
while a binary normalization step allows for emphasizing the chemical diversity in each sample, and unsupervised statistical
methodologies provide key advantages to classify, authenticate, and highlight the potential presence of additives and adulterants.

KEYWORDS: nuclear magnetic resonance, chemical barcoding, natural health products, food quality, multivariate statistical analysis

B INTRODUCTION published and subsequent extensive media coverage had a
severe negative impact on both consumer confidence and the
reputation of the industry.

It is indisputable that the NHP industry faces great
challenges in sourcing high-quality plants and functional
ingredients to ensure the quality and safety of their finished
products in the context of a rapidly growing economic sector
and global trade.”'?°~*" 1t is therefore critical to develop new
scientific technology as well as promote the application of
adequate and rigorous methodologies suitable to the
evaluation of the identity, stability, reproducibility, and

. I 7,30-32 .
quality, and effectiveness of natural health products (NHPs) bioavailability of NHPs. Although DNA barcoding is
and their natural ingredients in the marketplace.9_13 In effective in the authentication of raw natural ingredients (in

Canada, NHPs are considered a class of health products that their original form), its effectiveness quickly diminishes when
trying to authenticate processed ingredients, extracts, or
blends.>>™*° Indeed, DNA barcoding is a targeted approach

Much of the worldwide population still relies on traditional
medicine as a primary source of health care, while the use of
natural remedies has increased in developed countries over the
past 3 decades.'™ In the context of a global economy, the use
of natural products and functional ingredients has been steadily
increasing, with application in cosmetic, nutraceutical, animal
care, and human health and wellness.~® With herbal remedies
becoming readily available in drug stores, food stores, and
supermarkets, policy-makers, health professionals, and con-
sumers have raised important concerns regarding the safety,

include vitamins, mineral supplements, herbal preparations,
traditional and homeopathic medicines, probiotics, and

enzymes.'"'> Similarly, the United States of America has looking at genetic biomarkers and cannot distinguish between
defined these products as dietary supplements under the different plant parts (root, flower, leaf, and entire aerial part)
Dietary Supplement Health and Education Act of 1994.'%' because they share the same genetic information. Moreover,
Both NHPs and dietary supplements are therefore neither food gene-based methods do not provide any information on the
products nor drugs and must obey specific good manufacturing presence of exogenous chemicals, including excipients, fillers,
practices and regulatory framework to ensure their quality and or pharmaceuticals. The ability to distinguish between different
safety to the consumer. plant parts is important because their chemical composition

This regulatory framework was called into question in 2015 varies greatly, as highlighted in the nuclear magnetic resonance

when the New York State Attorney General conducted an (NMR) study of Echinacea purpurea (Figure S4 of the
investigation into NHPs sampled among major retail stores in

the US. for the presence of fraudulent and adulterated Received: February 18, 2019
products.'®'” The investigation was based on a newly Revised:  May 26, 2019
developed technique based on DNA barcoding,” > and Accepted: June 3, 2019
although later disputed, four cease-and-desist letters were Published: June 26, 2019
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Supporting Information). To capture the differences in
chemical composition and differentiate these samples, a
chemical-based method is therefore recommended. In that
context, liquid chromatography—mass spectrometry (LC—MS)
has been an analytical method of choice for many years as
being efficient and sensitive in separating and detecting
metabolites, respectively.”’~** LC—MS is the most widely
used analytical technique to qualitatively and quantitatively
analyze targeted compounds and adulterants in complex
mixtures.”' ~** However, it often requires sample preparation
and extensive method development, while carry-over, injection
cross-contamination, and mass spectrometer interferences are
some of the many challenges inherent in the analysis of the
data.”> Consequently, the development of robust and
reproducible unsupervised methods remains challenging for
metabolomics studies, including the alignment of MS data in
both the time and m/z domains.*

The development of analytical methods suitable for the
analysis of NHPs with respect to quality and safety is made
even more difficult because natural ingredients often constitute
hundreds of natural products, whose identities and abundances
may greatly vary depending upon the plant part used, growing
conditions, storage conditions, transportation conditions,
adulteration, contamination, manufacturing process, and shelf
stability. Therefore, proper investigation of these complex
samples requires the use of analysis systems that are
multivariate in nature.””*’7° Modern analytical platforms
allow for this type of analysis by recording data comprised of
responses over thousands of variables. To manage the chemical
complexity and variability within these analytical data sets, data
analysis techniques, such as principal component analysis
(PCA),”"*? hierarchical cluster analysis (HCA),”>** and
projection pursuit analysis (PPA),”>™>” should be employed
to visualize subspaces of the data that may be of interest to
researchers. For example, these methods can be used to
determine relationships among samples, which can be
informative to researchers in terms of classification or
measurement sensitivity and can reveal many other important
characteristics about the data.

Herein, we propose the use of two-dimensional (2D) NMR
spectroscopy in conjunction with multivariate statistical
analysis to chemically fingerprint complex mixtures toward
authenticating and ensuring the quality of NHPs, botanicals,
and functional ingredients. NMR is a non-destructive and
quantitative technique based on an equimolar response among
all organic compounds composing an extract or a NMR
sample.”® "> The association of multivariate statistical analysis
and '"H NMR spectroscopy has shown to be a relevant method
for the chemical investigation of botanicals and the detection,
identification, and quantitation of adulterants.”*®” Because
high-resolution and 2D NMR spectroscopy is generating
megavariate data sets, the development of new untargeted and
exploratory methods are required to exploit NMR quantitative
capabilities and dimension reduction techniques must be used
to access the latent chemical information in the data.”*”"" In
this study, heteronuclear single-quantum coherence—total
correlation spectroscopy (HSQC—TOCSY) NMR experi-
ments provided detailed and unique fingerprints by resolving
correlations over a wide ('H—'3C) heteronuclear chemical
space.ﬂ’72

By surveying a chemically and biologically diverse library of
herbal materials and extracts (more than 200 samples), the key
advantages and limitations of the proposed HSQC—TOCSY-
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based methodology will be discussed as well as the benefit of
binary normalization to enhance chemical diversity and create
a unique chemical barcode for each natural ingredient that is
easy to interpret.

B EXPERIMENTAL SECTION

Sample Library. The sample library was assembled over the past
few years with standards acquired from Alkemist Laboratories,
ChromaDex, National Institute of Standards and Technology,
National Research Council of Canada—Measurement Science and
Standards, and United States Pharmacopeial Convention, as indicated
in Table S2 of the Supporting Information. A sizable contribution to
the library was made through a collaboration with ISURA, a NHP and
food product verification and certification organization. The NHP and
natural ingredient library was composed of a large, diverse list of raw
botanicals and extracts used in the preparation of NHPs as well as
formulated products that are commonly found in the marketplace.

Sample Preparation. Raw natural ingredients were preprocessed
by cutting them into smaller pieces or crushed using mortar and pestle
to allow for better extraction of the chemical components. The NMR
samples were then prepared by dissolving approximately SO mg of
sample in their natural state (liquid or solid) (Tables S1 and S2 of the
Supporting Information) within 1.2 mL of deuterated methanol
(CD;0D) with sonication (30 min, 25 °C). After sonication, the
samples were centrifuged (S min, 3000 rpm) and 600 uL was
removed for NMR analysis. CD;OD was chosen as the solvent
because it offered greater chemical diversity when using a diverse test
set of samples compared to deuterated dimethyl sulfoxide (DMSO-
ds) and an ethyl acetate—water extraction run in CD;OD (Figures
S1—S3 of the Supporting Information). Al NMR samples were
prepared identically to reliably evaluate the proposed one-size-fits-all
analytical method.

NMR Acquisition and Processing. NMR spectra used to
determine the appropriate solvent for this study were recorded on a
Bruker AVANCE III 500 MHz spectrometer equipped with a TXI §
mm room-temperature probe. All other NMR spectra were recorded
on a Bruker AVANCE III 700 MHz spectrometer equipped with a 5
mm TCI cryoprobe. All samples were tuned and matched to 50 Q
resistive impedance. "H NMR was recorded for qualitative purposes
only to obtain a spectral reference for the HSQC—TOCSY NMR by
calibrating these to the residual methanol peak (3.31 ppm). These
spectra were not used beyond this application within this study.
HSQC—-TOCSY NMR was recorded into 1024 complex points in the
'"H dimension and 256 complex points in the *C dimension with
spectral widths of 14.0025 and 165.6580 ppm, respectively. Delays in
the HSQC were optimized for one-bond J.y of 145 Hz, and the
TOCSY mixing time was 120 ms. Shaped adiabatic pulses were used
for the '3C 180° refocusing pulses. Each transient was averaged over
16 scans with 16 preparation scans at the beginning of the experiment
with a relaxation delay of 1.5 s. The spectra were processed using a 2D
Fourier transform into 1024 real points in both dimensions after
apodization with a squared sine function shifted, so that the maximum
was at T = 0 (squared cosine). Prior to Fourier transform, the time
domain in T1 was expanded to 1024 real points using the linear
prediction function in TopSpin with 128 coeflicients rather than
simple zero filling. The resulting spectra were then phased to pure
absorption mode and baseline-corrected in F2 using a fourth-order
polynomial. These spectra were calibrated by copying the spectral
reference from the 'H NMR spectrum for the 'H dimension, while
calibration in the "*C dimension was performed using the residual
methanol peak (49.0 ppm).

Bucketing of NMR Spectra. Bucketing was conducted on all
NMR spectra to improve data analysis. AMIX Statistics 3.9.12 was
used to apply fixed grid buckets for the 2D NMR spectra using simple
rectangular buckets with positive intensities and without scaling. The
chemical ranges used for bucketing were between —1 and 12 ppm in
the proton dimension and between —1 and 150 ppm in the carbon
dimension. Various bucket sizes were evaluated with the HSQC—
TOCSY spectra, including 'H of 0.01 ppm and *C of 1 ppm, 'H of
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0.5 ppm and *C of 1 ppm, 'H of 0.5 ppm and *C of 3 ppm, and 'H
of 0.5 ppm and "*C of 5 ppm. The best results were obtained using
the bucket size of 'H of 0.01 ppm with *C of 1 ppm, resulting in a
151 X 1300 matrix for each sample prior to vectorization. At the same
time, the residual solvent signals (water and methanol) were
“removed” from these matrices. The residual water solvent signal
was “removed” within the AMIX bucketing process by removing all
'H signals and their associated '*C signals between 4.75 and 5.06
ppm, while the residual methanol solvent signal was “removed” at the
same time by removing all 'H signals between 3.16 and 3.45 ppm and
all 1*C signals between 47.0 and 51.0 ppm. The matrices that remain
of size 151 X 1300 from “removing” the solvent signal merely fill
those cells with zeroes. All spectra were then vectorized in the 'H
direction. This linear transformation converts the 151 X 1300
spectrum into a 1 X 196 300 row vector by concatenating the rows of
the original matrix beside one another.

This methodology was further investigated by creating a second
data set containing only berry samples. For this data set, it was found
that improved results could be obtained by applying further
dimension reduction on each vectorized 'H of 0.01 ppm and *C of
1 ppm spectrum (1 X 196 300). Specifically, each spectrum was
bucketed with a bin size of 650, resulting in a 1 X 302 vector for each
sample.

After bucketing, all spectra were baseline-corrected using an
iterative asymmetric weighted least squares algorithm available in
PLS_Toolbox™® and normalized to unit length before statistical
analysis.

Binary Normalization. In addition to the processing method-
ology described in the previous section, binary normalization of the
spectra was performed. The binary bucket tables were produced in
MATLAB* by first defining a threshold within each spectrum. For
the vectorized and preprocessed 'H of 0.01 ppm and *C of 1 ppm
spectra (1 X 302), the threshold was arbitrarily defined as the mean of
each spectrum plus 0.25 times its standard deviation. This threshold
was then used to find peaks in the spectrum (using the findpeaks.m
MATLAB function) according to their prominence. Any peak above
the threshold was then given a value of 1, while all other bins were
given a value of 0. Although there are obvious drawbacks to this
thresholding method, such as penalizing spectra with a large range of
response values, it was found to capture most of the informative peaks
over all spectra in the data set. Chemical barcodes were then
produced from this binary data set by coloring the bins; those
assigned a 1 were colored black, and those containing a 0 were
colored white. The barcode was then simplified by removing all of the
variables that contained only zeroes throughout the entire sample set.
This reduces the size of the data set while keeping information-
containing variables.

Multivariate Analysis. All data analysis was performed in
MATLAB using software written “in-house”, unless otherwise stated.
PCA was performed using singular value decomposition. The “quasi-
power” algorithm was used to perform exploratory PPA based on the
optimization of kurtosis.”> The code for PPA can be found in the
following public domain: http://groupwentzell.chemistry.dal.ca/
software.html. HCA was performed using the MATLAB functions
linkagem and dendrogram.m using the squared Euclidian distance
metric and unweighted average distance for determining the distance
between clusters. The Hamming distance metric was used for
producing the dendrogram plots for the binary data.”®

B RESULTS AND DISCUSSION

To ensure that the collected data were representative of the
chemical composition of our samples, several deuterated
solvents were evaluated for extraction (see the Supporting
Information). This study was conducted using a sample set to
represent the wide chemical and biological variety observed
within the NHP library provided by ISURA (Table 1). The
results showed that CD;OD offered the greatest chemical
diversity while extracting the highest number of components
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Table 1. Subset of 20 Representative Samples

code sample name state
NRC-0012 white grape juice concentrate liquid
NRC-0015 Korean ginseng powder
NRC-0023 boysenberry liquid liquid
NRC-0024 certified organic chia rich seeds
NRC-0030 duck liver powder powder
NRC-0033 papaya powder powder
NRC-0040 whole Echinacea angustifolia root powder
NRC-0052 pineapple fruit powder powder
NRC-0055 blueberry juice concentrate 65 °Brix liquid
NRC-0066 milled organic cherry powder
NRC-0068 rich cherry powder 36:1 powder
NRC-0070 spray-dried aloe vera 1:1 powder
NRC-0072 xollagen type II hydrolyzed powder
NRC-0075 stinging nettle powder
NRC-0080 cat’s claw powder powder
NRC-0082 papaya fruit powder powder
NRC-0088 dandelion root raw whole
NRC-0092 Gymnema sylvestre powder
NRC-0094 beef flavor powder
NRC-0095 noni juice concentrate liquid

and maintaining good resolution between signals compared to
the other solvents tested. Another study was also conducted to
explore the error characteristics associated with NMR (see the
Supporting Information).

These preliminary results showed that the dominant error
source in these studies is associated with the solvents (water
and MeOH) and re-emphasized that NMR spectroscopy and
the proposed experimental protocol are suitable for determin-
ing the chemical information in the data sets.

Following these initial assessments, the versatility and
reproducibility of the method was tested by extracting 20
representative samples (Table 1) in triplicate and recording
HSQC—-TOCSY NMR experiments over several months, an
extensive period of time (see Table SI of the Supporting
Information). The 2D ("H-"3C) NMR was also chosen over
typical one-dimensional (1D) '"H NMR data to spread out the
data over a larger chemical space and to provide information
with higher resolution. For this reason, 1D techniques are not
further discussed in this paper. The (‘H-"*C) HSQC-
TOCSY experiment was specifically selected to take advantage
of two distinct types of correlations. While HSQC correlates
protons (8'H of 0—12 ppm) to their adjacent carbons,
allowing the data to be further resolved over the carbon
dimension (6"C of 0—150 ppm), TOCSY detects correlations
between proton signals within a given spin system and,
therefore, builds in redundancy into the data sets, allowing for
greater discrimination between samples. The use of 2D NMR
also avoids the use of deconvolution algorithms that are often a
source of variance in the data set.

Therefore, HSQC—TOCSY NMR (Figure 1A), coupled
with multivariate statistical analysis (PPA, PCA, and HCA),
were shown to be an adequate approach for assessing the
chemical composition of a large and chemically diverse library
of samples. Following the acquisition of the HSQC—TOCSY
data, the three-dimensional (3D) data set (6"3C, §'H, and
signal intensity) was reduced to two dimensions [chemical
shift coordinate/bucket (6"*C and 5'H) and intensity] by
binning the spectra using fixed-width rectangular regions,
which effectively vectorizes each spectrum (Figure 1B). Four

DOI: 10.1021/acs.jafc.9b01066
J. Agric. Food Chem. 2019, 67, 7765-7774


http://groupwentzell.chemistry.dal.ca/software.html
http://groupwentzell.chemistry.dal.ca/software.html
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b01066/suppl_file/jf9b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b01066/suppl_file/jf9b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b01066/suppl_file/jf9b01066_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b01066/suppl_file/jf9b01066_si_001.pdf
http://dx.doi.org/10.1021/acs.jafc.9b01066

Journal of Agricultural and Food Chemistry

A

T
20 5% (ppm)

e

K

i
120

140

— 77
10 8 6 a 2 0 5 (ppm)
170 4

o)

150 <

100

Mean Normalized Area

50

& *C (ppm)

Figure 1. (A) Example of a HSQC-TOCSY NMR spectrum
recorded on a 700 MHz NMR spectrometer. (B) Overlay of the
vectorized HSQC—TOCSY data of 20 spectra, after binning.

different bin sizes were explored (see the Experimental
Section) to evaluate the influence of the matrix resolution on
the statistical analysis outputs. These bin sizes were applied to
the 20 samples, and then a series of multivariate statistical tools
were investigated to rapidly assess the grouping patterns
between each triplicate experiment while measuring the
discrimination between the different types of samples. Overall,
good separation between samples was observed in the PCA—
HCA dendrograms using all four bucket sizes, and no
significant variations were observed in the clustering patterns
among replicates when the smallest bin size [1 and 0.01 ppm
("*C and 'H)] is applied. Remarkably, the latter observations
further emphasize the reproducibility of NMR as an analytical
technique and its ability to generate high-resolution and
content-rich data sets. As represented in Figure 2A, the PCA
plot demonstrates good grouping and reproducibility among
replicates using a bin size of 1 ppm (*C dimension) X 0.01
ppm ("H dimension). Moreover, the clustering patterns in the
HCA—PCA dendrogram (Figure 2B) also demonstrate good
discrimination among the 20 representative samples when
performing HCA based on the PCA scores.

As an aside, sample NRC-0012-1 was determined to not
group with NRC-0012-2 and NRC-0012-3. This can be
explained by examining the spectra for these samples in the
Supporting Information. This result shows that the method can
be used for easy identification of samples that are not following
their expected groupings.

The chosen approach does not only demonstrate the

reproducibility of the method by grouping triplicate experi-
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Figure 2. Investigating the reproducibility of the method using 20
representative samples (in triplicate) with (A) PCA scores plot of the
first three principal components (PCs). (B) HCA performed on the
PCA scores obtained from the first six PCs. (C) HCA performed on
the multivariate PPA scores obtained after PCA compression to six
components. (D) PPA scores plot of the first set classes (SCs).

ments but also demonstrates that similar natural ingredients
are also grouped together (Figure 2). This is most notably
observed where fruit juice concentrates (NRC-0012, NRC-
0023, and NRC-055) and papaya powder samples (NRC-0033
and NRC-0082) form a clade, which is mostly explained by the
abundant presence of carbohydrates in these samples. On the
other hand, samples NRC-0024 (certified organic chia rich),
NRC-0030 (duck liver powder), NRC-0066 (milled organic
cherry), and NRC-0092 (Gymnema sylvestre) were shown to
have unique NMR chemical fingerprints by forming distinct
clusters in both PPA and PCA plots.

Although PPA usually performs well only with a small and
even number of balanced classes, it was found to be a pertinent
approach to process the data set prior to performing HCA by
conserving the relevant variables (rich in information) and
reducing the multidimensional space (panels C and D of
Figure 2). Unlike PCA, PP finds “interesting” projections of
the data. Where PCA finds these directions based on the
variance in the data, the PP algorithm used in this study finds
these projections using the kurtosis of the data.

By comparison of the projection plots and dendrograms for
both multivariate projection statistical techniques (PCA and
PPA), all of the triplicate extracts, except for NRC-0012, were
closely clustered in both cases. However, it also became
apparent that the type of methodology employed to process
the data set has an impact on the relative distances observed
among the classes of products in the dendrogram. As examples,
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(B) Average number (with standard deviations as error bars) of positive bins in each barcode for the sample set investigating method

reproducibility.

NRC-0066 (milled organic cherry) was clustering with the two
papaya samples (NRC-0033 and NRC-0082) in the reduced
multidimensional space induced by PPA, while a better
separation is obtained between the non-related samples
NRC-0015 (Korean ginseng) and NRC-0075 (stinging nettle)
in contrast to the PCA data.

In addition to selecting an adequate statistical technique,
normalization of the bucket table also plays an important role
in emphasizing the variables and trends of interest. Herein, we
are proposing binary normalization to support the authentica-
tion of NHPs and their natural ingredients. Binary normal-
ization consists of assigning a value of 1 to all variables above a
set threshold and 0 for the rest of the data set.”’ The
subsequent coloring of these bins results in the chemical
barcode, which emphasizes the chemical diversity rather than

the relative amounts of major components. Although these
major metabolites are often good chemical markers to identify
botanicals and functional ingredients, they also became
chemicals of choice for the spiking and adulteration of
NHDPs. As a result, Figure 3A represents the chemical barcodes
of the 20 representative NHPs and natural ingredients (in
triplicate) with their corresponding location on the HCA
dendrogram calculated from the binary normalized data using
the Hamming distance.

For reference to the HSQC—TOCSY spectra, the positive
variables in the chemical barcode were sorted by increasing
carbon chemical shifts in which the proton dimension is
continuously cycling through each carbon unit (6" °C of 1
ppm). Remarkably, each class of sample exhibited a distinct
and characteristic chemical barcode, despite reducing the data

7769 DOI: 10.1021/acs.jafc.9b01066

J. Agric. Food Chem. 2019, 67, 7765-7774


http://dx.doi.org/10.1021/acs.jafc.9b01066

Journal of Agricultural and Food Chemistry

matrix to a simplistic binary data set. These results highlight
the ability of the methodology to efficiently reduce complex
chemical compositions into binary and content-rich informa-
tion suitable for the development of mobile traceability
systems [e.g,, qguick response (QR) code] for the food and
NHP industry.”* Moreover, all triplicate samples showed high
similarity in their grouping patterns and chemical code
compositions, as supported by the reproducible numbers of
positive variables for most of the samples (Figure 3B).
Interestingly and in a similar manner as previously observed,
the samples are still grouping according to similarities in their
chemical composition expected from the different natural
ingredients, such as juice, fruit, berry, plant materials, etc.
Indeed, the bottom part of the dendrogram is composed by
two clades: the first formed by the cherry samples NRC-0068
and NRC-0066, while the adjacent clade is composed of a
group of fruit-derived samples, including the three juice
concentrates (NRC-0012, NRC-0023, and NRC-0055) and
the two papaya samples (NRC-0033 and NRC-0082).

Moreover, the chemical barcoding representation allows for
a rapid visualization of the main similarities and differences in
the chemical composition for these samples. For example, by
the observation of upfield *C NMR signals (left section of the
chemical barcode), it can be seen that there are points in the
cherry samples that are clearly absent in both adjacent clades of
papaya and juice concentrates. These signals were assigned to
NMR signals attributable to the presence of lipids or fatty-acid-
derived metabolites.

To complement these results, Figure 3B displays the average
number of positive buckets captured in each chemical barcode
and its associated standard deviation calculated from the
triplicate analysis. These values provide critical information to
evaluate the relevance of a chemical barcode as a representative
way of capturing the chemical diversity of a given sample.
Indeed, solvent extraction methods, NMR acquisition param-
eters, and data processing parameters (e.g., bin size and binary
threshold) are directly correlated to the quality and content of
a barcode, and it is therefore important to evaluate whether a
chemical barcode contains sufficient and reproducible
information to confidently authenticate a specific natural
ingredient. For example, the chemical barcode of an unknown
sample exhibiting high similarities to a certified reference
barcode with a high number of positive variables would
therefore be identified and authenticated with a high degree of
confidence. As indicated in Figure 3B, most chemical barcodes
extrapolated in this small study encompassed significant
numbers of positive bins (more than 100), with the largest
standard variations observed for NRC-0070 (spray-dried aloe
vera 1:1) and NRC-0072 (collagen type II hydrolyzed).
Despite the large number of positive bins, NRC-0070 and
NRC-0072 were also identified as outliers using a binary
normalization approach as a result of the large Hamming
distances within replicates. These observations and the large
standard deviations are explained by the presence of few
abundant signals coupled with noisy baselines that are leading
to discrepancies among the replicate experiments. Indeed, the
binning threshold is defined by the mean of each spectrum and
led to the selection of signals belonging to the noise as a result
of the absence of significant NMR signals, as indicated in the
HSQC—-TOCSY spectra for NRC-0070 and NRC-0072
(Figures S79 and S81 of the Supporting Information). Indeed,
the presence or absence strategy during normalization may
emphasize variabilities in the chemical barcodes caused by any
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bins with a value close to the binary threshold and within the
range of intrinsic experimental variances. The quality and
reproducibility are directly correlated to the chemical contents
extracted by the chosen solvent system as well as the
processing parameters, including the bin size and the binary
normalization threshold.

In the proposed one-size-fits-all analytical method, it is
critical to evaluate the information content of each barcode
before performing multivariate statistical analyses and drawing
any conclusions. For example, in the representative sample set,
the barcode obtained for NRC-009S (noni fruit concentrate)
exhibited fewer bin counts in comparison to other samples and,
consequently, could inherently cluster with adjacent samples as
a result of the lack of information rather than similarities in
their chemical profiles. Finally, it is also worthwhile to notice
that the clustering pattern and distances between clades in a
dendrogram are highly dependent upon the chemical diversity
in the data set or the biodiversity in the sample set.

To complete the illustration of the proposed NMR
methodology and better appreciate its application for
authenticating NHPs and natural ingredients based on their
chemical profiles, a subset of berry samples, including certified
reference materials (dried berries) as well as closely related
manufactured ingredients, was investigated (see Table 2). The
resulting data set was built by extracting each sample in
duplicate within several months between replicates. Following
the NMR data acquisition and processing of the binary
normalized data (vectorized, binned, and preprocessed 'H of

Table 2. Berry Sample Subset

code sample name state
NRC-0007  agai 4:1 powder
NRC-0008 chokeberry rich 36:1 powder
NRC-0009 black raspberry extract powder
NRC-0010 milled cranberry powder
NRC-0018 elderberry rich powder
NRC-0020 blueberry milled powder
NRC-0023 boysenberry liquid liquid
NRC-0027 cranberry powder powder
NRC-0028 raspberry rich powder
NRC-0043 cranberry 20:1 powder
NRC-0045 blueberry powder powder
NRC-0046 basic mulberry leaf powder powder
NRC-0047 strawberry rich powder
NRC-0055 blueberry juice concentrate 65 °Brix liquid
NRC-0059 cranberry fruit raw powder
NRC-0060 cranberry powder powder
NRC-0062 black currant rich powder
NRC-0083 Hawthorn berry basic powder powder
NRC-0085 Schisandra berry powder powder
NRC-0089 Saskatoon berry 36:1 powder
NRC-0090 organic cranberry rich powder
NRC-0091 agai rich powder powder
NRC-0102 organic blueberry rich powder
NRC-0191 Vaccinium oxycoccus (cranberry) fruit (blended)
NRC-0192 Vaccinium myrtillus (bilberry) whole fruit
NRC-0195 Rubus idaeus (raspberry) whole fruit
NRC-0196 Vaccinium macrocarpon (cranberry) whole fruit
NRC-0197 Vaccinium myrtillus (bilberry) whole fruit
NRC-0198 Vaccinium corymbosum (blueberry) whole fruit
NRC-0214 Ribes nigrum (black currant) whole fruit
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A Sample

NMR Barcode

Binary HCA

NRC-0046 —Basic Mulberry Leaf Powder R2 u . NRC-0046-2 :—
NRC-0046 —Basic Mulberry Leaf Powder R1 = . NRC-0046-1 Ia
NRC-0196 —Cranberry, V. macrocarpon (std) R2  f= Y NRC-0196-2 :_ -l
NRC-0196 —Cranberry, V. macrocarpon (std) R1 = . ee e NRC-0196-1
NRC-0191 —Cranberry, V. oxycoccus(std) R2 = .. sesee seesssences NRC-0191-2
NRC-0191 —Cranberry, V. oxycoccus (std) R1 = . e ereen NRC-0191-1
NRC-0197 —Bilberry, V. myrtillus (std) R1  f= NRC-0197-1
NRC-0214 —Black Currant, R. nigrum (std) R2 = NRC-0214-2
NRC-0214 —Black Currant, R. nigrum (std) R1 = NRC-0214-1
NRC-0195 —Raspberry, R. idaeus (std) R2 = NRC-0195-2
NRC-0195 —Raspberry, R. idaeus (std) R1 = NRC-0195-1
NRC-0083 — Hawthorn Berry Basic PowderR2 = NRC-0083-2
NRC-0083 — Hawthorn Berry Basic PowderR1 = NRC-0083-1
NRC-0197 —Bilberry, V. myrfillus (std) R2 = NRC-0197-2 I
NRC-0192 — Bilberry, V. myrfillus (std) R2 = NRC-0192-2
NRC-0055 —Blueberry Juice Concentrate 65BRIX liquid R3 = NRC-0055-3
NRC-0055 —Blueberry Juice Concentrate 65BRIX liquid R1  |= NRC-0055-1
NRC-0192 —Bilberry, V. myrtillus (std) R1 = NRC-0192-1
NRC-0023 —Boysenberry Liquid R3 = NRC-0023-3
NRC-0198 — Blueberry, V. Corymbosum (std) R2 = NRC-0198-2
NRC-0198 — Blueberry, V. Corymbosum (std) R1  f= NRC-0198-1
NRC-0055 —Blueberry Juice Concentrate 65BRIX liquid R2 = NRC-0055-2
NRC-0023 — Boysenberry Liquid R2 = NRC-0023-2
NRC-0023 — Boysenberry Liquid R1 = NRC-0023-1
NRC-0028 —Raspberry RichR2  fm=+ . . NRC-0028-2
NRC-0090 —Cranberry, Organic CranRich R2 = - NRC-0090-2
NRC-0090 —Cranberry, Organic CranRich R1 =+ NRC-0090 —
NRC-0089 — Saskatoon Berry 36:1R2 = NRC-0089-2 I b
NRC-0089 — Saskatoon Berry 36:1R1  f= NRC-0089-1
NRC-0047 — Strawberry RichR2  |* NRC-0047-2
NRC-0047 — Strawberry RichR1 = . NRC-0047-1
NRC-0045 —Blueberry PowderR1  f=*+ - NRC-0045-1
NRC-0045 —Blueberry PowderR2 =+ + . . cesee sessseses . +f NRC-0
NRC-0020 - Blueberry MilledR2 =+ . NRC-OO2O 2
NRC-0102 — Organic Bluerich R2 = NRC-0102-2
NRC-0102 — Organic Bluerich R1 =+ NRC-0102-1
NRC-0020 —Blueberry MilledR1 = NRC-0020-1
NRC-0043 —Cranberry 20:1 R2 . RC-0043-2 ——
NRC-0010 —Milled Cranberry R2 . NRC-0010-2
NRC-0043 — Cranberry 20:1 R1 RC-0043-1 lla
NRC-0060 —Cranberry Powder R2 NRC-0060-2
NRC-0060 —Cranberry Powder R1 RC-0060-1
NRC-0010 —Milled Cranberry R1 NRC-0010-1
NRC-0008 — Chokeberry Rich 36:1 R2 . NRC-0008-2 [y | 1]
NRC-0008 — Chokeberry Rich 36:1 R1 C-0008-1
NRC-0085 — Schisandra Berry Powder R2 . NRC-0085-2 _——mmM-——
NRC-0085 — Schisandra Berry Powder R1 NRC-0085-1
NRC-0007 —Agai 4:1 (NewVC Spec) R2 .. NRC-0007-2 :—
NRC-0007 —Agai 4:1 (New VC Spec) R1 . NRC-0007-1 -
NRC-0091 — Agai Rich Powder R2 NRC-0091-2 I Ib
NRC-0091 —Agai Rich Powder R1 NRC-0091-1
NRC-0062 - Black Currant Rich R1 NRC-0062-1
NRC-0009 —Black Raspberry Extract R2 NRC-0009-2
NRC-0062 —Black Currant Rich R2 NRC-0062-2 h
NRC-0028 —Raspberry Rich R1 o NRC-0028-1
NRC-0009 - Black Raspberry Extract R1 o NRC-0009-1 —
NRC-0059 — Cranberry Fruit RawR1 . NRC-0059-1 _|
NRC-0027 —Cranberry Powder R1 .. . NRC-0027-1
NRC-0018 —Elderberry Rich R1 oo . NRC-0018-1
NRC-0018 — Elderberry Rich R2 . . NRC-0018-2
NRC-0059 — Cranberry Fruit RawR2 . . NRC-0059-2 g
NRC-0027 —Cranberry Powder R2 * . 7] NRC-0027-2 s i s N ) A f
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Figure 4. (A) Chemical barcodes and dendrogram (binary HCA), with replicate samples being denoted following their respective sample codes
with a 1, 2, or 3. (B) Number of positive bins in each barcode for the berry sample set. Standards are denoted as std.

0.01 ppm and "*C of 1 ppm spectra, where each spectrum has
dimensions of 1 X 302), chemical barcodes were generated for
each berry-based product (Figure 4).

Similar to Figure 3, the robustness and reproducibility of the
methodology were highlighted in this study because the
duplicate experiments were found to cluster together, which
can be seen in the dendrogram (Figure 4). This is rather
noticeable because the closely related berry-derived products
are expected to display higher similarity in their chemical
compositions (i.e., chemical barcodes) in comparison to the
previous representative data set that displayed a wider
biological and chemical diversity. As described in Table 2,
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samples NRC-0191-NRC-0214 are dried fruit reference
materials that have been authenticated and certified by a
commercial analytical laboratory. Interestingly, these samples
formed one clade on the dendrogram with the addition of the
two juice concentrates NRC-0023 and NRC-0055. Moreover,
the two cranberry reference materials (NRC-0191 and NRC-
0196) are located on two separate subclades that are distinct
from the remaining certified berries and, therefore, suggest that
cranberry fruits can be distinguished among other berries and
potentially further classified between the two cranberry species
Vaccinium oxycoccus and Vaccinium macrocarpon. By visual-
ization of the chemical barcodes, two trends in the chemical
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fingerprints were observed in the data set and resulted in the
formation of the two major clades I and II. From the
interpretation of the chemical shifts attributed to the positive
variables in the barcodes, clade II appears to represent berry-
based products that have been processed using excipients or
fillers in their formulations. Indeed, characteristic chemical
signatures are unique to the clade II samples and are not found
in any of the berry reference materials. As a result, the
cranberry powders NRC-0010, NRC-0043, and NRC-0060
displayed antipodal chemical barcodes when compared to both
reference samples NRC-0191 and NRC-0196. Consequently,
the labeling of these three dietary supplements can be
misleading, especially for sample NRC-0010, because it was
described as milled cranberry. On the other hand, NRC-0090
(organic cranberry rich) was located in the subclade Ib and
showed high similarity in its chemical profile to the two
cranberry reference materials (NRC-0191 and NRC-0196).

It is also worth noting that the dietary supplement NRC-
0083 (Hawthorn berry basic powder) was closely clustering
with the reference berry materials, while the three blueberry-
derived products NRC-0020 (blueberry milled), NRC-0045
(blueberry powder), and NRC-0102 (organic blueberry rich)
were grouping together within clade Ib. On the other hand,
NRC-007 (agai 4:1), NRC-0046 (basic mulberry leaf powder),
and NRC-008S (Schisandra berry powder) produced unique
clades with a significant Hamming distance with adjacent
samples, which are in agreement with the unique chemical
profiles expected for those samples.

Although the total number of samples is limited, it is
conceivable to introduce an unknown berry-derived product
and propose its identity by locating its position on the
dendrogram. With the addition of more reference materials in
replicates, the association of HCA and NMR-based chemical
barcoding would provide a new and relevant analytical method
for the authentication of raw materials and formulated
products with high confidence. Moreover, the proposed
methodology is untargeted and groups botanicals and
formulated products according to their chemical composition
rather than a DNA sequence. Indeed, the cranberry samples
are spread over the entire dendrogram by displaying different
chemical compositions, despite sharing the same genetic
information. This observation also highlights the importance
of creating diverse libraries of authentic plant materials and
known processed and formulated products to allow for direct
comparison between similar types of samples.

Because the nutritional value and health benefits are directly
correlated to chemical composition, the development of a
chemical-based methodology is therefore highly relevant to
characterize the quality of food and functional ingredients. The
proposed methodology leveraged the advantage of NMR as a
reproducible and quantitative analytical technique to accu-
rately capture the composition of chemically diverse samples.
Moreover, the 2D HSQC—-TOCSY experiment greatly
improved the dispersion of the NMR data on a wide chemical
space and provided data sets that are highly suitable for
multivariate statistical methods. Herein, both PCA and HCA
were explored to highlight key features and trends in the data
sets to cluster NHPs according to their chemical composition.
This study also introduced binary normalization and its
benefits for reducing the dimensionality of complex data sets
as well as creating chemical barcodes as unique chemical
signatures for a given sample. The chemical barcoding
approach also provides the advantage of emphasizing chemical
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diversity rather than metabolite abundance while maintaining
enough information to discriminate among classes of samples.

Therefore, NMR chemical barcoding provides a comple-
mentary analytical method to DNA barcoding to qualitatively
highlight the similarities and differences among NHPs. By
building libraries of reference chemical barcodes recorded from
authenticated raw materials and formulated products, the
proposed NMR methodology enables the development of
prediction models for the identification of botanicals, ensuring
the quality of formulated products and highlighting the
presence of potential adulterants. To validate this hypothesis,
additional studies are underway and require access to broader
sample sets with detailed metadata on the vouchers by
developing collaborations with botanical producers and NHP
manufacturers.
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