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Botanical natural medicinal products and dietary supplements are utilized globally for their positive impacts on

health and wellness. However, the effectiveness and safety of botanical products can be compromised by

unintentional or intentional adulteration. The presence of adulterated botanical ingredients in the global

market has been documented in the published literature but a key question, namely what the extent of

adulteration is, remains to be answered. This review aims to estimate the prevalence of adulteration in

preparations made from black cohosh rhizome, echinacea root or herb, elder berry, ginkgo leaf, and

turmeric root/rhizome. According to the information provided in the 78 publications retrieved for this paper,

818 of 2995 samples were reported to be adulterated and/or mislabeled. Ginkgo leaf samples (n = 533) had

the highest adulteration rate with 56.7%, followed by black cohosh rhizome (n = 322) samples with 42.2%,

echinacea root/herb (n = 200) with 28.5%, elder berry (n = 695) with 17.1%, and turmeric root/rhizome (n =

1247) with 16.5%. Products sold as licensed or registered herbal medicines were found to have a lower risk

of adulteration compared to products sold as dietary/food supplements. The data show that the adulteration

rate substantially differs from one ingredient to the other. Due to the significant limitations of the available

data upon which the estimated extent of adulteration is based, and the rapidly changing botanical dietary

supplement market, conclusions from the five herbs examined in this publication cannot be applied to other

botanicals traded in the global market. However, the data clearly show that a substantial portion of the

botanical dietary supplements do not contain what is claimed on their labels.
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1. Introduction

According to the 2022 Global Supplement Business Report of the
Nutrition Business Journal, total global herb and botanical sales
reached $37.506 billion in 2021, representing a 5.6% growth over
2020.1 Annual retail sales of herbal dietary supplements in the
United States alone totalled $12.350 billion in the same year,
according to the American Botanical Council's (ABC's) 2021 herb
market report. This represents the highest recorded annual
This journal is © The Royal Society of Chemistry 2024
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spending on these products in the U.S. and a 9.7% increase from
the previous year.2 These values are also very conservative as they
are limited to sales that are electronically tracked and do not
capture sales by multilevel marketing or health professionals.

While the supplement industry is growing, as is the botan-
ical sector of this industry, so are the number of documented
cases of adulteration of herbal medicine and dietary supple-
ment ingredients and nished products. In fact, the recent
industry growth and increased popularity of these products may
be placing additional strain on supply chains, exacerbating the
adulteration problem.
1.1. Terminology and history of adulteration

Adulteration has multiple denitions. For this paper, adultera-
tion is dened as accidental or intentional deviations in decla-
rations of botanical ingredient identity, strength, composition,
geographic origin, or production methods from the named or
Nilüfer Orhan
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implied claims made for a drug, dietary/food supplement, spice,
or food, or an ingredient to be used in such goods. Failure to
meet the declared strength was not considered as adulteration
unless the ingredient or product contained the declared botan-
ical only in trace amounts. Economically motivated adulteration
(EMA) is dened by the United States Pharmacopeia (USP) as the
fraudulent addition of non-authentic substances or removal or
replacement of authentic substances without the purchaser's
knowledge for the economic gain of the seller. In the vast
majority of cases, the adulterants do not represent a safety risk,
although there are some notable exceptions, such as the adul-
teration of skullcap (Scutellaria lateriora, Lamiaceae) with
hepatotoxic germander (Teucrium spp., Lamiaceae),3 or the
presence of various undeclared colorants in ingredients such as
St. John's wort (Hypericum perforatum, Hypericaceae) or bilberry
(Vaccinium myrtillus, Ericaceae).4 A particularly unfortunate
practice is the addition of lead chromate to turmeric (Curcuma
longa, Zingiberaceae)5,6 or marigold (Tagetes patula, Asteraceae),7

since the presence of elevated blood lead levels is known to
increase the risk of damage to the central nervous system, and is
known to lead to slower growth, decreased learning ability, and
behavior issues in children. Moreover, in 2023 and 2024 the US
Food and Drug Administration (FDA) initiated recalls for various
dietary supplements marketed for weight loss due to intentional
adulteration with yellow oleander (Cascabela thevetia, Apoc-
ynaceae) seeds. These supplements, which were labeled to
contain either Mexican hawthorn (Crataegus mexicana, Rosaceae)
root, candlenut (Aleurites moluccanus, Euphorbiaceae) seeds, or
Brazil seeds (Bertholletia excelsa, Lecythidaceae), reportedly
caused severe adverse effects including nausea, dizziness, and
changes in cardiac rhythm.8 Adulteration is an ancient and
ongoing occurrence that has been described since the rst
centuries by scholars in the history of botany and pharmacy such
as Dioscorides (c. 40–90 AD), Pliny the Elder (AD 23/24 – AD 79),
Theophrastus (c. 371 – c. 287 BC), and Galen (129–216 AD).9
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However, advances in producing herbal medicines and botanical
dietary supplements, particularly the use of extracts instead of
whole, cut, or powdered medicinal plants, as well as the
increased popularity of essential oils from plants, have made the
detection of adulteration more challenging.

1.2. Types of intentional botanical ingredient adulteration

Intentional botanical ingredient adulteration currently occurs
in many ways, such as the mislabeling of a material containing
a lower-cost material, the undeclared admixing of lower-cost
plant parts of a species to the labeled plant part, adding
lower-cost plants or plant extracts with similar chemical proles
to the target plant without indicating them on the label or
certicate of analysis, adding undeclared food colorants, or the
undeclared “fortifying” an ingredient or product with lower-cost
synthetic or nature-identical pure compounds to impart a sense
of higher product quality based on the analysis of chemical
markers.4 Additionally, some producers substitute or dilute raw
plant materials or extracts of plant materials with excessive
amounts of bulking agents such as maltodextrin or starches to
increase the prot margin.10 Another type of adulteration
involves the illegal sale of undeclared pharmaceutical drugs as
botanical food or dietary supplements to create a sense of
effectiveness, even if it is unrelated to the labeled botanical
ingredient. These unethical and illegal practices represent
a substantial challenge for the responsible members of the
global herbal products, dietary supplement, and natural prod-
ucts marketplace and undermine products' effectiveness, safety,
and consumer trust in them.4

1.3. Studies of the botanical adulterants prevention program

Many studies have been published to identify adulterants in
botanical bulk ingredients and commercial nished products
using a variety of analytical laboratory methods.11–13 These
methods, including macroscopic and microscopic examinations,
chemical techniques (including analytical instrumentation
methods), and DNA-based diagnostics, have their benets and
specic strengths, and limitations, in the authentication of
botanical materials.4 Many of these studies have been reviewed
and summarized by the ABC-AHP-NCNPR Botanical Adulterants
Prevention Program (BAPP), a research and educational part-
nership among the nonprot American Botanical Council (ABC),
the American Herbal Pharmacopoeia (AHP), and the University of
Mississippi's National Center for Natural Products Research
(NCNPR). BAPP aims to raise awareness and provide solutions to
adulteration issues to members of the global herb, dietary
supplement, and natural products industries. To date (March
2024), BAPP has published 84 peer-reviewed documents to report
adulteration of specic ingredients, and/or to evaluate laboratory
test methods to authenticate legitimate ingredients, and to detect
the potential presence of undeclared adulterants in botanical
materials, dietary supplements, and other natural products.14

Despite the extensive documentation and conrmation of the
presence of adulterated botanical ingredients in the global
market, one of the key questions that remains to be answered is
the extent of adulteration. Three reviews11–13 attempted to answer
1606 | Nat. Prod. Rep., 2024, 41, 1604–1621
this question. Researchers assessed adulteration frequency by
reporting on studies that used macroscopic and microscopic
examinations, genetic testing or analysis by chromatographic or
spectrometric/spectroscopic means. The overall authenticity of
the microscopically examined commercial products was 59%
(n = 300).13 Of the 5957 commercial herbal products analyzed by
genetic methods, 1611 or 27% were reportedly adulterated.11

Similarly, when chromatographic or spectrometric/spectroscopic
techniques were used, 652 (27%) of the 2386 commercial herbal
products were found to be adulterated.12
1.4. Challenges and limitations of estimating the extent of
adulteration

There are many challenges in determining the accurate number of
adulterated products for a specic market. Results from compre-
hensive testing/analyzing of all products sold in a geographic
region are not available. In fact, in most papers, the names of the
tested products and their respective market shares or importance
in the market are not provided. Therefore, it is not clear if the
products analyzed represent niche products with a small market
share, or if they are among the top-sellers in each market, or both.
Even in cases where the brand names are made available, data on
theirmarket share are usually not provided by the authors,making
an assessment of their impact on the market impractical.

In market tests of botanical dietary supplement products, the
testing entity may sometimes employ methods that are not t-for-
purpose for a specic product or its unique combination of
ingredients. This can make it challenging to detect or identify
certain ingredients in the product or lead to erroneous conclu-
sions. Hence, the assessment of adulteration in each of the 78
publications reviewed is author-specic and depends on the
analytical methods used. The authors of this paper have not
attempted to assess the accuracy of the ndings in the publica-
tions included in this review. As an example, the study on ginkgo
product authenticity published by Little (2014) detected DNA for
Ginkgo biloba in 31 of the 40 samples tested.15 Six of the remaining
nine samples contained rice DNA, while no DNA was obtained for
the other three samples. Since the absence of ginkgo plant DNA in
a highly processed ingredient is not necessarily evidence of adul-
teration, just as the presence of ginkgo DNA does not conrm the
authenticity of a product, the adulteration rate could not be
determined. However, based on the data, between 0 and nine out
of 40 products (0–22%) would be considered adulterated. This is
considerably lower than adulteration rates of similar investigations
using chromatographic methods of analysis, which show an
average of 57% for ginkgo leaf extract (Section 3.4 Ginkgo).

Another factor impacting results is the source of information.
Investigation of the authenticity of elder berry by Gafner et al.16

reported an average adulteration rate of 7% when samples were
analyzed by contract analytical laboratories, while the average
adulteration rate was 40% when samples were analyzed by
manufacturers of elder berry dietary supplements. A proposed
explanation for this apparent discrepancy is that companies that
test ingredients or products through qualied third-party labo-
ratories are likely to be actively engaged in regulatory compliance
and have appropriate supplier qualication protocols. This
This journal is © The Royal Society of Chemistry 2024
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results in higher quality ingredients (i.e., with respect to their
authenticity) which are unlikely to fail the tests. Whereas
manufacturers that analyze competitors' productsmay be subject
to selection bias by more frequently analyzing products that are
suspicious based on low costs or marketing claims and hence at
higher prevalence of adulteration. Furthermore, data from
contract analytical laboratories oen include multiple batches
from the same qualied supplier; hence adulteration results can
be skewed in one direction if a supplier asks to have a high
number of authentic samples tested at a laboratory. Duplicate
analysis of the same products is also an issue when publications
from different authors are summarized. Several of the publica-
tions investigating ginkgo leaf extract adulteration included the
extract EGb 761® (W. Schwabe, Karlsruhe, Germany), the
clinically-tested ginkgo leaf extract that established the market
for ginkgo leaf extracts, as a control for authentic products.

2. Materials and methods
2.1. Selection of botanical ingredients

Although there are numerous challenges in calculating the
frequency of adulteration in the global supply chain, this review
aims to estimate the extent of adulteration based on the available
published literature. To improve the estimate, we limited the
analysis to collect adulteration data on botanicals that are
common in the international supply chain, and for which a rela-
tively large amount of data on identity are available. As a proxy for
commonuse globally, we examined sales data from theU.S. dietary
supplement industry for which a substantial number of products
had been tested, and the results made public. According to
Table 1 Summary of investigations into the authenticity of commercial
ments, and herbal medicinal productsa

Number of
samples

Detection
method

Adulteration percentage (#: number of adulter

Ad. samples%
(#)

Ad. bulk S%
(#)

Ad. extract
S% (#)

A
S

4 Chem 25.0 (1/4) 0 0 (0/2) —
2 Gen 0.0 (0/2) 0.0 (0/1) — —
6 Chem 16.7 (1/6) 0 0.0 (0/3) 0
11 Chem 36.4 (4/11) 0 30.0 (3/10) 0
4 Chem 100.0 (4/4) 0 100.0 (4/4) 0
40 Gen 22.5 (9/40) 0 0 0
4 Gen 25.0 (1/4) — — —
16 Chem, Gen 25.0 (4/16) 0 14.3 (1/7) 0
34 Chem, Gen 38.2 (13/34) 50.0 (8/16) 33.3 (3/9) 0
30 Chem, Gen 40.0 (12/30) 100.0 (5/5) 13.3 (2/15) 6
5 Chem 20.0 (1/5) 20.0 (1/5) 0 0
15 Chem, Gen 13.33 (2/15) 100.0 (1/1) — —
1 Gen 0.0 (0/1) 0.0 (0/1) 0 0
36 Chem 83.3 (30/36) 0 0 9
39 Chem 51.3 (20/39) 0 57.1 (16/28) 0
13 Gen 0.0 (0/13) 0 0.0 (0/6) 0
60 Chem 55.0 (33/60) 66.7 (18/27) 54.5 (6/11) 0
320 42.2 (135/320) 58.9 (33/56) 36.8 (35/95) 5

a Sample details such as material type (herb powder, dry extract) or origin
Ref: reference, S: samples, Ad.: adulterated, Chem: chemical, Gen: genetic
used for investigating the authenticity of one bulk and 14 dietary supplem
them were found to be adulterated. No data were given about the authen

This journal is © The Royal Society of Chemistry 2024
published literature, ve common ingredients that had analytical
testing data available in the public literature – black cohosh (Actaea
racemosa, Ranunculaceae), echinacea (Echinacea angustifolia, E.
pallida, and E. purpurea, Asteraceae), elder berry (Sambucus nigra,
Viburnaceae), ginkgo (Ginkgo biloba, Ginkgoaceae), and turmeric
(Curcuma longa, Zingiberaceae) – were selected for this study.

2.2. Search strategy and study selection

A systematic literature search was conducted on Google Scholar,
PubMed, and ScienceDirect to nd studies on the investigation of
adulteration in commercial bulk ingredients and nished herbal
products. The database search was carried out for papers published
between January 2000–July 2023. Full-text articles, reports, theses,
and posters were examined, and duplicates and studies that did not
report data relevant to the authentication of commercial raw
materials or herbal products were excluded. Additionally, the
publications retrieved were searched for further papers, and when
available, data from investigations by researchers from the private
sector were included. The data collected are summarized in tables
(Tables 1–5) for each plant individually. The extent of adulteration
of each of these ve ingredients is calculated as the total number of
adulterated samples (sum of the numbers of adulterated samples
provided by the authors of each paper) in relation to the total
number of samples analyzed.

2.3. Additional information on the products and analytical
methods included

The term “bulk material” is used for unnished commercial
products sold in large quantities prior to manufacturing.
black cohosh root/rhizome bulk ingredients, finished dietary supple-

ated products/number of total products)

Reference
d. mixed
% (#)

Ad. powdered
S% (#)

Ad. Europe
S% (#)

Ad. North
America S% (#)

0 0 25.0 (1/4) 17 and 18
— 0 0.0 (0/2) 19

.0 (0/1) 50.0 (1/2) 0 16.7 (1/6) 20
100.0 (1/1) 0 36.4 (4/11) 21
0 100.0 (4/4) 0 22
22.5 (9/40) — — 23
— 0 25.0 (1/4) 24

.0 (0/3) 50.0 (3/6) 0 26.7 (4/15) 25

.0 (0/5) 50.0 (2/4) 29.4 (5/17) 47.1 (8/17) 26–28
0.0 (3/5) 40.0 (2/5) — — 29 and 30

0 25.0 (1/4) 0 31
— 0 7.1 (1/14) 32 b

0 0 0.0 (0/1) 33
2.3 (12/13) 78.3 (18/23) — — 34

45.5 (4/11) — — 35
0.0 (0/7) 0 0.0 (0/13) 36
40.9 (9/22) 0 55.0 (33/60) 37

5.6 (15/27) 40.5 (49/121) 32.3 (10/31) 31.9 (53/166) Total

of the samples (Europe or North America) are included when available.
,—: no information. b In this study, genetic and chemical methods were
ents but only six of them could be assessed for authenticity and two of
ticity of the other eight products.

Nat. Prod. Rep., 2024, 41, 1604–1621 | 1607
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Table 2 Summary of investigations into the authenticity of commercial echinacea bulk ingredients, finished dietary supplements, and herbal
medicinal productsa

Number of
samples

Detection
method

Adulteration percentage (#: number of adulterated products/number of total products)

Ref.
Ad. samples%
(#)

Ad. bulk S%
(#)

Ad. extract S%
(#)

Ad. mixed S%
(#)

Ad. powder S%
(#)

Ad. Europe S%
(#)

Ad. North America S%
(#)

55 Chem 43.6 (24/55) — — — — 0 43.6 (24/55) 38
9 Chem 0.0 (0/9) 0 0.0 (0/9) 0 0 0 0.0 (0/9) 39
3 Chem 66.7 (2/3) 0 66.7 (2/3) 0 0 0 0 40
20 Chem 50.0 (10/20) — 100 (3/3) 0.0 (0/1) 36.4 (4/11) — — 41
19 Chem 36.8 (7/19) — — — — 0 36.8 (7/19) 42
53 Chem, Gen 9.4 (5/53) — 14.3 (1/7) — 5.9 (1/17) 11.1 (5/45) 0.0 (0/7) 43
18 Chem 33.3 (6/18) 23.1 (3/13) — — 60.0 (3/5) 0 33.3 (6/18) 44
23 Chem 13.0 (3/23) 0 13.6 (3/19) (1/3) 0.0 (0/1) 13.0 (3/23) 0 37
200 28.5 (57/200) 23.1 (3/13) 22.0 (9/41) 25.0 (1/4) 23.1 (8/34) 11.8 (8/68) 34.3 (37/108) Total

a Sample details such as material type (herb powder, extract) or origin of the samples (Europe or North America) are included when available. S:
samples, Ad.: adulterated, Chem: chemical, Gen: genetic, —: no information.
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Preparations in tea bag form are counted as powdered herbs and
added to the tables as such. Products containing both powdered
plants and extracts are listed as mixed products. The number of
adulterated samples was based on the study authors' assessment
and, in rare cases, by the authors of this review. The investigated
commercial products were purchased from pharmacies, grocery
stores, mass market retailers, health food stores, markets, online
retailers, or in some cases directly from the producers in various
countries. When information was provided, herbal products were
grouped as “bulk,” “powdered plant,” “extract”, and “mixed
products”.

The methods used for the investigation of adulteration were
also provided and grouped under genetic and chemical titles.
Chemical methods of analysis included chromatographic (TLC,
HPTLC, HPLC, UHPLC) methods with various detector systems,
spectrometric (MS), and spectroscopic (IR, NIR, NMR) methods.
The data collected on the ve selected plants are provided in
adulteration report summary tables (Tables 1–5). Studies that
used the same datasets by the same/different research groups
are given in the same row in Table 1.
Table 3 Summary of investigations into the authenticity of commercial
medicinal productsa

Number of
samples

Detection
method

Adulteration percentage (#: number of adulte

Ad. samples%
(#)

Ad. bulk S%
(#)

Ad. extract S%
(#)

30 Chem 30.0 (9/30) — —
73 Chem 24.7 (18/73) 14.6 (6/41) 38.7 (12/31)b

532 Chem, Gen 10.9 (58/532) — —
11c Chem 81.8 (9/11) 0 81.8 (9/11)
31 Chem 67.7 (21/31) — 77.8 (7/9)
18 Chem 22.2 (4/18) 0 44.4 (4/9)
695 17.1 (119/695) 14.6 (6/41) 53.3 (32/60)

a Sample details such as material type (powder, extract) or origin of the sam
Ad.: adulterated, Chem: chemical, Gen: genetic, —: no information. b Syr
group. c Samples in this study were purchased from Türkiye; despite Tü
Asia, these products were added to Europe in the table.

1608 | Nat. Prod. Rep., 2024, 41, 1604–1621
3. Results of the adulteration studies
on selected botanical ingredients
3.1. Black cohosh (Actaea racemosa L., syn. Cimicifuga
racemosa (L.) Nutt.)

The dried rhizome and root of black cohosh are used as an aid
in the management of premenstrual discomfort, dysmenor-
rhea, and climacteric symptoms such as hot ashes, profuse
sweating, sleeping disorders, and nervous irritability.93 The
roots and rhizomes are sold in whole, chopped, or powdered
forms, and their liquid or dried extracts are available mainly as
tinctures, tablets, or capsules.94 Between 2011 and 2017, black
cohosh was consistently one of the 10 top-selling herbs in the
mainstream market and has ranked among the 30 top-selling
herbs in the natural foods sector in the U.S.95–104 According to
data from the market research company SPINS, at least 76 black
cohosh dietary supplements (this number includes stock
keeping units [SKUs] from the same brand sold under different
sizes or into special markets if the SKU number is different)
have reported sales in the 52 weeks prior to October 18, 2022 in
elder berry bulk ingredients, finished dietary supplements, and herbal

rated products/number of total products)

Ref
Ad. powder S%
(#)

Ad. Europe S%
(#)

Ad. North America S%
(#)

100.0 (1/1) 0 30.0 (9/30) 45
0.0 (0/1) — 37.5 (6/16) 46
— 0 10.9 (58/532) 16
0 81.8 (9/11) 0 47
63.6 (14/22) 0 67.7 (21/31) 48
0 (0/9) 0 22.2 (4/18) 49
45.6 (15/33) 81.8 (9/11) 15.6 (98/627) Total

ples (Europe or North America) are included when available. S: samples,
ups (10) and liquid (4) commercial products are included in the extract
rkiye's being a transcontinental country spanning across Europe and
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Table 5 Summary of investigations into the authenticity of commercial turmeric bulk ingredients, finished dietary supplements, and herbal
medicinal productsa

Number of
samples

Detection
method

Adulteration percentage (#: number of adulterated products/number of total products)

Ref.
Ad. samples%
(#)

Ad. bulk S%
(#)

Ad. extract S%
(#)

Ad. mixed S%
(#)

Ad. powder S%
(#)

Ad. Asia S%
(#)

Ad. Europe S%
(#)

Ad. NA S%
(#)

3 Gen 100.0 (3/3) 0 0 0 100.0 (3/3) 100.0 (3/3) 0 0 78
712 Chem 14.8 (105/712) 0 0 0 14.8 (105/712) 14.8 (105/712) 0 0 79
6 Gen 66.7 (4/6) 0 0 0 66.7 (4/6) 66.7 (4/6) 0 0 80
6 Chem 0.0 (0/6) — — — — 0 0 0.0 (0/6) 81
22 Chem 54.6 (12/22) 40.0 (2/5) 100 (7/7) 66.7 (2/3) 14.3 (1/7) 33.3 (4/12) 100.0 (5/5) 60.0 (3/5) 82
12 Chem 33.3 (4/12) 0.0 (0/2) 44.4 (4/9) 0 0.0 (0/1) 0 0 33.3 (4/12) 83
35 Chem 14.3 (5/35) 0 15.8 (3/19) 14.3(2/14) 0.0 (0/2) 0 0 14.3 (5/35) 84
45 Chem 24.4 (11/45) 0 33.3 (4/12) 41.2 (7/17) 0.0 (0/16) — — — 85
16 Chem 25.0 (4/16) 0 25.0 (4/16) 0 0 25.0 (4/16) 0 0 86
18 Chem 38.9 (7/18) 0 31.3 (5/16) 100.0 (1/1) 100.0 (1/1) 0 38.9 (7/18) 0 87
2 Chem 100.0 (2/2) 0 100.0 (2/2) 0 0 0 100.0 (2/2) 0 88
316 Chem,

Gen
10.8 (34/316) 0 0 0 0 0 10.8 (34/316) 0 89

14 Chem 35.7 (5/14) 0 50.0 (1/2) 40.0 (4/10) 0.0 (0/2) 0 0 35.7 (5/14) 90
36 Chem 61.1 (9/36) 50.0 (1/2) 27.3 (6/22) 0.0 (0/1) 18.2 (2/11) 83.3 (5/6) 13.0 (3/23) 0.0 (0/7) 91
4 Chem 25.0 (1/4) 0 25.0 (1/4) 0 0 0 25.0 (1/4) 0 92
1247 16.5 (206/1247) 33.3 (3/9) 42.2 (46/109) 34.8 (16/46) 15.2 (116/761) 16.8 (125/746) 14.1 (52/368) 21.5 (17/79) Total

a Sample details such as material type (powder, extract) or origin of the samples are included when available. S: samples, Ad.: adulterated, Chem:
chemical, Gen: genetic, NA: North America, —: no information.
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the combined US natural and multi-outlet channels (personal e-
mail from Haleigh Resetar, October 18, 2022, SPINS).

To determine the frequency of adulteration in black cohosh
bulk ingredients and dietary supplements containing them,
investigations into their authenticity published between 2000
and 2023 were reviewed, including 21 studies with data on
ingredient and product authenticity. Several studies17,18,26–30

used the same set of black cohosh samples for their research.
The results of the studies that used the common sample sets are
given in the same row in Table 1.

Chromatographic methods were used in 10
studies,17,18,20–22,27,31,34,35,37 while genetic methods to detect adul-
teration were reported in six publications including a total of 68
samples.19,23,24,26,33,36 Five studies with 155 samples used both
chemical and genetic methods to determine the authenticity of
products.25,28–30,32DNA could not be found in 14 samples out of all
the materials submitted to genetic testing. These 14 samples
were not classied as adulterated, as it is well-known that highly
processed herbal materials oen do not yield extractable DNA.
The main adulterants of black cohosh were determined as Actaea
species originating from Asia: A. asiatica, A. brachycarpa, A.
cimicifuga, A. dahurica, A. heracleifolia, and A. simplex. In the case
of black cohosh, the primary constituents of interest are the 9,19-
cycloartenol type triterpene glycosides (actein [1], 23-epi-26-
deoxyactein [2], cimiracemoside A [3], etc.) along with phenolic
acids, tannins, fatty acids, and nitrogen-containing compounds
such as alkaloids.94 The adulterating Asian Actaea species
reportedly also contain 9,19-cycloartenol type triterpene glyco-
sides and some of the same phenolic acids as black cohosh.105,106
1610 | Nat. Prod. Rep., 2024, 41, 1604–1621
However, these Asian species reportedly lack 1 and 2, or have
them present at substantially lower concentrations compared to
authentic North American black cohosh. In addition, the pres-
ence of dihydrofurochromones, such as cimifugin (4) and
cimifugin-3-O-glycoside (5), is indicative of adulteration.105,106

According to the data summarized in Table 1, 320 products
labeled as containing “black cohosh” were investigated in total;
these included 56 bulk root and rhizome samples, 95 dietary
supplement extracts, and 121 products containing powdered
root and rhizome. Twenty-seven of the black cohosh dietary
supplements were labeled as containing black cohosh extract
with root powder. These products were listed in a different
column under the mixed samples title. Eight of the investigated
products were licensed as an herbal medicinal product (herbal
drug, a regulatory designation in the EU and/or elsewhere) and
175 commercial samples were sold as a dietary supplement.
Information about the regulatory category (herbal drugs or
dietary supplements) for the remaining products was not
provided by the authors.

Adulterated or mislabeled products were found to represent
42% (i.e., 135 of 320 samples). The percentage of adulterated
ingredients sold in bulk (59%) was higher than of nished
products sold as mixed products (56%), extracts (37%), or
powdered root and rhizome (41%). In almost half of the
samples tested, the authors did not specify the origin of the
bulk ingredients or nished products. Of the samples for which
the purchasing country was indicated (n = 205), 166 were from
North America (USA, Canada), 31 were from Europe (Germany,
UK, Bulgaria), 6 were from Asia (Japan, China), and 2 were from
This journal is © The Royal Society of Chemistry 2024
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Australia and New Zealand. Except for North America (32% of
166 samples adulterated), the sample numbers were too low to
calculate a meaningful adulteration percentage. One study from
2022 included data on 60 black cohosh dietary supplements
sold on the U.S. market, of which 33 products were deemed to
be adulterated. Considering that SPINS recorded 57 black
cohosh SKUs sold in the US, the 60 samples analyzed by
Frommenwiler et al.37 represent a substantial part of the U.S.
black cohosh market and hence provide a good estimate of
black cohosh product authenticity in this country.

All the tested products sold as licensed or registered herbal
medicines (n = 8) were found to be authentic, while for dietary
supplements, the frequency of adulteration was calculated as
This journal is © The Royal Society of Chemistry 2024
21% (36 out of 175). This is an expected result since herbal
medicines are licensed as herbal medicinal products in the
European Union and they are produced according to stricter
rules, including premarket approvals (for authenticity,
claims, etc.) with quality control and quality assurance docu-
mentation, than those that are required for food supplements
in the EU.
3.2. Echinacea (Echinacea spp.)

Preparations containing aerial parts and/or roots of Echinacea
purpurea (Asteraceae) and roots of E. angustifolia or E. pallida
are commonly used by consumers to prevent or manage
symptoms of colds and infections of the upper respiratory
tract (and, in some cases, lower urinary tract) due to their
documented immunomodulatory effects.107,108 They are sold
as dry herb (whole, cut and si, or powdered), liquid or dry
extracts, tinctures, and dried or fresh-pressed juice in various
pharmaceutical forms such as liquid preparations, pastilles,
lozenges, tablets, or capsules.107,108 Echinacea is one of the
most popular herbs in the U.S. and recently experienced one
of the strongest sales growth (36.8% in 2020 over 2019 sales)
in the mainstream retail channel.95–101,103,104,109 SPINS data
show that 457 echinacea dietary supplement SKUs were sold
over the 52 weeks period (from October 15, 2021 to October 15,
2022) in the combined natural and multi-outlet channels in
the U.S. (personal e-mail from Haleigh Resetar, October 18,
2022, SPINS).

The echinacea adulteration report summary is shown in
Table 2. The investigations conducted on echinacea bulk
ingredients, dietary supplements, or licensed or registered
herbal medicines published between 2000 and 2023 were
reviewed, and eight studies37–44 were qualied for inclusion in
this review. To detect adulteration, various chemical methods
such as thin-layer chromatography (TLC) or high-performance
thin-layer chromatography (HPTLC), high-performance liquid
chromatography (HPLC) with charged aerosol detection (CAD),
ultraviolet spectroscopy (UV-vis) detection, or mass spectro-
metric (MS) detection, hyperspectral imaging, or ow-injection
mass spectrometry (FIMS) were used in eight studies along with
a genetic method in one study.

Data summarized in Table 2 show that 200 echinacea products,
collected from different continents (Europe= 68, North America=
108, Australia and New Zealand = 3, Asia = 1) were investigated.
No commercial products were purchased from South America and
Africa. Most of the commercial nished products (n = 138) were
collected from pharmacies and health food shops and only one
product was purchased from online retailers. Eleven of the prod-
ucts were licensed as traditional herbal medicinal products and 93
of them were dietary supplements. Although roots of Parthenium
integrifolium (Asteraceae), Lespedeza capitata (Fabaceae), Eryngium
aquaticum (Apiaceae), Rudbeckia nitida (Asteraceae), Helianthus
annuus (Asteraceae), Liatris aspera (Asteraceae) and Cistanche
species (Orobanchaceae) have been documented as adulterants of
“Radix Echinacea”, none of these adulterants were detected in the
studies summarized here.4,9
Nat. Prod. Rep., 2024, 41, 1604–1621 | 1611
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The main problems observed were the sale of products
containing little or no echinacea material, partial or entire
substitution with echinacea species other than the declared
species, and blending of large amount of the aerial parts with
roots (and vice versa) without declaration of both plant parts.

It is not clear if echinacea adulteration is done on purpose or
accidental, as cases of inaccurate seed labeling or species
confusion are known from this genus. Admixture of the wrong
plant part or species can be detected using the ngerprints of
the alkylamides (]alkamides) or phenolic constituents.110

Larger concentrations of chichoric acid (6) and caaric acid
(7) are characteristic for E. purpurea, while high amounts of
echinacoside (8) are indicative of E. angustifolia or E. pallida.
Cynarin (9) is reportedly present in E. angustifolia, but not in the
roots of the other two species in commerce.111,112 Adulteration
with echinacoside-containing Cistanche species, possibly C.
deserticola, has been reported in 2023.4 Cistanche deserticola
contains substantial amounts of verbascoside (10), which can
help in the detection of adulteration.

More than 20 alkylamides have been reported from the roots of
echinacea species; the highest concentration is in E. angustifolia,
followed by E. purpurea, with E. pallida having the lowest amounts.
They are also found, albeit less abundantly, in the aerial parts of E.
purpurea. According tomost authors, themain alkylamides consist
of a mixture of isomeric dodeca-2E,4E,8Z,10E/Z-tetraenoic acid
isobutylamides (11a/b).39,43,44,108 Binns et al. reported dodeca-2E,4Z-
diene-8,10-diynoic acid isobutylamide (12) as the most abundant
alkylamide in wild harvested E. purpurea.112 Additionally, undeca-
2E-ene-8,10-diynoic acid isobutylamide (13) is described as
a marker compound for E. angustifolia roots.113,114

In total, 57 of the bulk ingredients and nished products
were found to be adulterated and/or mislabeled (29%). The
results of a study combining DNA metabarcoding with HPTLC
showed the presence of Echinacea spp. in 34 out of 38 sequenced
samples, while the number of investigated samples was 53 in
total.43 Even though echinacea is one of the best-known and
most highly consumed herbs, the number of samples analyzed
represents the smallest sample size among the ve selected
herbs in this review. Additionally, in some of the publications
mentioned in Table 2, the product label information of the
adulterated samples was not given in detail and therefore not
included in Table 3 (marked with “–”). Hence, the extract and
powdered dietary/food supplement adulteration percentages
probably do not reect the actual market situation. The extent
of echinacea adulteration in North America (34%, 37 of 108
samples) appears to be higher than in Europe (12%, 8 of 68
samples). However, compared to the total number of SKUs sold
in the U.S. (n = 457), the number of echinacea dietary supple-
ment samples tested from the U.S. and Canadian markets is
relatively low (n = 108) and therefore results may not be
representative of the overall quality of products marketed in
North America.
3.3. Elder berry (Sambucus nigra L.)

Sambucus nigra (Viburnaceae), also known as black elder or
European elder,115 is distributed throughout most of Europe
1612 | Nat. Prod. Rep., 2024, 41, 1604–1621
and has been introduced to the Americas and Oceania. Elder
berries are mostly used in the form of capsules, gummies, and
tablets, or as fruit juice or syrup to prevent or treat symptoms of
the common cold and u, for general immune health, or for
respiratory support.16
This journal is © The Royal Society of Chemistry 2024
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In 2020, elder berry was the top-selling herbal dietary
supplement ingredient in mainstream retail outlets in the
United States. Elder berry sales in this channel more than
doubled each year from 2018 to 2020, and the increase in
popularity moved the herb from the 25th top-selling ingredient
in 2015 to the top spot in 2020.95–101,103,104,109

For elder berry retail sales over the 52 weeks ending on
October 18, 2022, in the combined natural and multi-outlet
channel in the US, 152 unique commercial products contain-
ing elder berry were sold according to SPINS (personal e-mail
from Haleigh Resetar, October 18, 2022, SPINS).

Based on the search of publications between 2000 and 2023,
six analytical studies on elder berry commercial samples were
found. The summary of investigations into the authenticity of
commercial elder berry bulk ingredients and nished dietary
and herbal medicinal products is given in Table 3. Samples (n
= 695) were procured mainly from North America (n = 627),
with a small number also from Europe (n = 11) and the
remainder of unknown provenance, and the exact region of
harvest or manufacturing was not detailed in most of them.
Authenticity was assessed using predominantly chromato-
graphic (HPTLC, TLC, HPLC-UV/Vis, and HPLC-MS) methods,
which are listed as chemical methods in Table 3. Only two bulk
ingredients were evaluated by a genetic method and they were
both found to be authentic.16 Sixty of the investigated
commercial products were labeled to contain elder berry
extracts while the number of powdered elder berry commercial
products was 33 and of bulk samples was 41. Ninety of the
products were classied as dietary supplements. Since the
European Medicines Agency's assessment report on elder berry
concluded that the available information was insufficient to
use elder berry as a registered herbal medicine or under the
traditional herbal medicinal use regulation, there are no
registered herbal medicinal elder berry products available in
Europe;116 they are mainly sold as food supplements, medical
devices, or as food or beverage products. Eleven products were
collected from pharmacies and health shops, and 49 products
were purchased from online sources.

Elder berries are rich in anthocyanins, avonoids, organic
acids, and caffeoylquinic acids. The anthocyanins in European
elder berry are dominated by cyanidin-3-O-glucoside (14) and
cyanidin-3-O-sambubioside (15). Total anthocyanins, measured
by UV/Vis spectrophotometry, is oen the sole chemical speci-
cation for marketed extracts.117 Hence elder berry adulterants
generally consist of ingredients that have compounds
absorbing at the same wavelengths in the visible range, such as
extracts from lower-cost anthocyanin-rich plants, like black rice
(Oryza sativa, Poaceae). Black rice extract adulteration can be
detected by the presence of peonidin-3-O-glucoside (16).117,118

Other reports have evidenced adulteration with purple carrot
(Daucus carota, Apiaceae) extract or rutin-rich extracts, and
owers of elder berry. In rare cases, berries of other Sambucus
spp. (S. ebulus and S. canadensis) have also been detected.
European elder berry can be distinguished by American elder
berry by the absence of acylated anthocyanins, particularly
cyanidin-3-O-[6-O-(E)-p-coumaroyl]sambubioside-5-O-glucoside
This journal is © The Royal Society of Chemistry 2024
(17), which is the main anthocyanin in American elder
berry.117,118

The total number of adulterated elder berry products was
calculated as 119 (17%), and 32 of 60 (53%) commercial prod-
ucts labeled to contain elder berry extract were found to contain
undisclosed other ingredients. The main adulterant of Euro-
pean elder berry was determined as black rice. Additional
adulterants detected included purple carrot, other Sambucus
spp. (S. ebulus and S. canadensis), and undeclared synthetic
colorants such as Brilliant Blue FCF and Amaranth.117

The only data on elder berry food supplement quality in
Europe come from a publication by Turkish researchers, which
determined nine of 11 products (82%) did notmeet the ingredient
label claims.47 In the U.S., the adulteration rate was calculated as
Nat. Prod. Rep., 2024, 41, 1604–1621 | 1613
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16% based on 627 samples tested. None of the samples listed
under “North America” in Table 4 were from Canada or Mexico.

The lowest adulteration percentage was found in the study
with the highest number of products analyzed.16 A possible
explanation for the low adulteration rate is that the products
were tested by a third-party analytical lab; these were submitted
by lab clients and not necessarily randomly selected from the
market. In this study, 470 of 532 samples were analyzed by
contract analytical laboratories. The samples included multiple
batches from the same vendor, and tested ingredients and
products are more likely from a sector of the dietary supplement
industry that is actively in compliance with regulations. Hence,
the likelihood of adulteration was expected to be low. Omitting
these 470 samples, of which 34 were listed as adulterated, would
raise the overall adulteration rate (85 samples out of 225) to
38%. Regarding the results from the U.S. market of products
tested in this study, a total of 82 elder berry dietary supplements
were evaluated, and of these, 38 (46%) were reportedly adul-
terated. Compared to the 152 SKUs sold on the U.S. market in
2022, the data in Table 4 may represent about half of the
products marketed in the U.S., considering that some samples
of the samemanufacturer may have been analyzed inmore than
one study.
3.4. Ginkgo (Ginkgo biloba L.)

Ginkgo biloba (Ginkgoaceae) leaf standardized extracts are used
for the symptomatic treatment of cerebrovascular insufficiency,
dementia, difficulties in concentration, tinnitus, headache,
vertigo, and to improve pain-free walking distance in people
with peripheral arterial occlusive disease.119

In addition to the standardized leaf extracts, upon which
most of the clinical evidence is based, whole, cut, and powdered
dry leaf, liquid leaf extracts are used to produce coated tablets,
capsules, and liquids for oral administration.119

In the United States, ginkgo has ranked among the top 25
best-selling dietary supplements from 2011–2020 in the main-
stream multi-outlet channel.95–101,103,104,109 However, SPINS data
show that over 245 items containing ginkgo have been sold over
the 52 weeks before October 18, 2022 in the U.S. (personal e-
mail from Haleigh Resetar, October 18, 2022, SPINS).

Ginkgo is one of the most popular medicinal herbs world-
wide and adulteration of ginkgo products is well documented in
the literature. In 28 studies published between 2000–2023,50–77

26 of them used chemical methods (HPLC, HPTLC, LC-MS/MS,
FTIR, and NMR), one study used a genetic method and one
study examined the adulteration by using both chemical and
genetic methods and a total of 533 ginkgo commercial products
were examined for their authenticity. Most of the products were
collected from European countries (n = 245), while the number
of samples from North America was 152, followed by Asia (n =

43), South America (n = 26), and Australia and New Zealand
(combined, n = 14). According to the declared sample speci-
cations, 445 of the samples contained leaf extracts. The number
of bulk products tested was 47 and the number of products
containing powdered ginkgo leaves was 20. Seven of the inves-
tigated products were classied under mixed products that
1614 | Nat. Prod. Rep., 2024, 41, 1604–1621
contain ginkgo extracts with powdered leaves. Of the products
where the regulatory category was indicated, most were labeled
as dietary supplements (n = 160), while 30 were sold as licensed
or registered herbal medicinal products.

Ginkgo leaf extracts are standardized to avonol glycosides
and terpene lactones, and ginkgo products are mainly adulter-
ated by the undeclared addition of pure avonoids (e.g., rutin
[18], quercetin [19], kaempferol [20]) or extracts from other
botanicals which are rich in avonol glycosides such as ower
and fruits of Japanese sophora (Styphnolobium japonicum, syn:
Sophora japonica, Fabaceae) and possibly buckwheat (Fag-
opyrum esculentum, Polygonaceae).120 The isoavone genistein
(21) is proposed as a marker compound for the detection of
ginkgo leaf extract adulteration with Japanese sophora. None of
the reported adulterants of ginkgo are considered harmful.

According to data obtained from the studies summarized in
Table 4, the overall frequency of adulteration was calculated as
57% (301 of 533 samples). Among 36 ginkgo samples, 34 were
found to have ginkgo DNA sequences, and 9 were found to have
Sophora japonica DNA sequences using the recombinase poly-
merase amplication assay.71 The extent of adulteration based on
the available data was similar in Europe (64%, 157 of 245
samples) and North America (57%, 86 of 152 samples). The
number of samples from other geographic areas was too small
for an accurate adulteration frequency determination. All the
tested products licensed as registered herbal medicinal products
were found to be authentic, while the adulteration rate for dietary
supplements was 73% (n= 116). Of note, products containing the
extract EGb 761® were used as a control in several of the publi-
cations investigating ginkgo leaf extract adulteration; therefore,
this extract was tested and counted multiple times. Since
a substantial number (n = 152) of ginkgo products sold in the
North American markets (USA and Canada) were evaluated, the
numbers presented here may be indicative of the authenticity of
ginkgo leaf dietary supplements sold in the U.S. and Canada.
This journal is © The Royal Society of Chemistry 2024
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3.5. Turmeric (Curcuma longa L.)

The deep orange-yellow powder known as turmeric is prepared
from peeled, boiled, and dried rhizomes of Curcuma longa (Zin-
giberaceae). Turmeric-based products have seen a steady increase
in popularity and turmeric has been the top-selling herbal dietary
supplement ingredient in natural retail stores in the United
States between 2013 and 2018.95–101,103,104,109 According to SPINS
data, over 263 SKUs containing turmeric have reported sales over
the 52 weeks ending onOctober 18, 2022 in the combined natural
and multi-outlet channel (personal e-mail from Haleigh Resetar,
October 18, 2022, SPINS).

The rhizomes of turmeric are used as a fresh root, as powder, as
herbal tea, or aer extraction, as oleoresin, dry extract, or tincture.
The rhizome of turmeric is used as a spice, a natural coloring agent,
and as an ingredient in herbal medicines and dietary supplements.
The benecial effect of turmeric on the treatment of excessive
gastric acid production, atulence, or dyspepsia is supported by
human clinical data. Additionally, it is used in the treatment of
peptic ulcers, pain, and inammation due to rheumatoid arthritis,
amenorrhea, dysmenorrhea, diarrhea, epilepsy, skin diseases, and
as a cholagogue in traditional medicine systems.121

For turmeric extracts, adulteration schemes vary depending
on the region. In South Asian countries such as India and Ban-
gladesh, undeclared synthetic colorants such as Sudan I, metanil
yellow, lead chromate, or tartrazine may be added to improve the
visual aspects of the root or rhizome. Sudan I, metanil yellow, and
lead chromate are known to be toxic to humans and their use to
color turmeric rhizomes represents a potentially serious public
health safety issue.79,89,122 In Europe and North America, synthetic
curcuminoids, predominantly curcumin (22), are the primary
adulterants detected in commercial turmeric products.122

Fieen publications78–92 were found reporting evaluations of
the authenticity of commercial turmeric products sold as either
a spice or a dietary supplement (Table 5). Twelve of these
studies used chromatographic, spectrometric, or spectroscopic
techniques, such as HPLC, HPTLC, UPLC/MS, and NMR, to
detect adulteration and two studies used only genetic
methods78,80 while one study89 combined both chemical and
genetic methods. According to selected studies published
between 2000–2023, 1247 commercial samples collected from
Asia (n = 746), Europe (n = 368), and North America (n = 79)
were investigated. Most of the tested products were in powdered
rhizome form (n = 761) while the number of products con-
taining extracts was 109 and mixed products was 46. Only
a small number of test samples (n = 9) were sold in bulk. One
hundred twenty-two samples were sold as dietary supplements,
while one of the tested products was licensed as an herbal
medicinal product. Most of the commercial products (n = 1113)
were purchased from pharmacies and health stores, and 43
products were bought from online retailers.
This journal is © The Royal Society of Chemistry 2024
Turmeric root, powdered root, and turmeric extracts are
reportedly adulterated with yellow colorants such as lead
chromate and metanil yellow, and synthetic curcumin. In rare
instances, adulteration with other species of the genus Cur-
cuma, in particular with zedoary (Curcuma zedoaria, Zingiber-
aceae), has been described. Additionally, previously extracted
(spent) underground parts of turmeric may be sold instead of
genuine turmeric root and rhizome without proper declaration.
According to data from these publications, the frequency of
adulteration was calculated as 17% with 206 adulterated or
mislabeled products. Publications using genetic methods re-
ported the presence of C. zedoaria and C. malabarica in seven of
nine samples.78,80 According to Maquet et al.,89 DNA of non-
declared plant material, mostly paprika (Capsicum spp., Sol-
anaceae), and starch-containing species was detected in 24 of
316 samples. The highest adulteration rate was 42% (46 of 109
samples) in the turmeric extract group followed by mixed
products (35%, 16 out of 46), bulk samples (33%, 3 of 9
samples), and powdered turmeric root/rhizome (15%, 116 of
761). The small sample size for bulk ingredients, however, does
not allow for a robust evaluation of the authenticity of turmeric
products sold in bulk. The adulterated sample percentage was
highest in the North American group (21%, 17 of 79) while it
was 16% for the Asia group (125 of 746) and 14% for Europe (52
of 368). Compared to the 263 turmeric dietary supplement SKUs
sold in the U.S. market, the small sample set (n = 79) from
North America evaluated to date is insufficient to generalize
about the extent of product adulteration in this region.
4. Discussion

Adulteration of plant-based medicinal products and dietary
supplements is a global problem that is well documented. This
review aims to estimate the frequency of adulteration based on
the analysis of public data on ve commonly sold herbs. The
available data on botanical adulteration is limited and includes
heterogeneous studies that use different sample collection and
different analytical methods, which restricts the ability to
generalize these results to the global botanical supply chain.

The analysis of adulteration data on common botanicals
demonstrates that adulteration of botanical products that are
regulated as registered or licensed as medicinal products are
considerably less adulterated than products regulated as food
or dietary supplements.
4.1. Discussion on the ndings

In the present review, 78 studies published between 2000 and
2023 were reviewed and adulteration summary reports of ve
selected botanical ingredients were presented. Among these, 47
studies employed a single method for analyzing adulterants,
while 31 utilizedmultiple methods. Genetic methods (including
qualitative and digital PCR, DNA barcoding, DNA metabarcod-
ing, whole genome sequencing, recombinase polymerase
amplication (RPA) assay, randomly amplied polymorphic
DNA, and sequence characterized amplied region marker
analysis) were featured in 18 studies. Liquid chromatography
Nat. Prod. Rep., 2024, 41, 1604–1621 | 1615
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(LC), i.e., high-performance or ultrahigh-performance liquid
chromatography, was used in 58 studies in conjunction with
different ultraviolet (UV) detectors including xed wavelength
or photodiode array detectors (LC-UV) in 30 studies. Mass
spectrometry (MS) served as the detector in liquid chromatog-
raphy (LC-MS) in 16 studies. Seven studies combined UV and
MS with LC (LC-UV-MS), while ve studies employed different
detectors with the LC system (LC-Other), such as charged
aerosol detection, uorescence detector, evaporative light scat-
tering detector, or pulsed amperometric detection. Planar
chromatography was used in 19 studies with 15 implementing
HPTLC and four utilizing TLC. In one study, gas chromatog-
raphy coupled with tandemmass spectrometry (GC-MS/MS) was
utilized, while two studies featured inductively coupled plasma
mass spectrometry (ICP-MS). Additionally, mass spectrometry
alone or combined with other techniques (MS-Other) such as
accelerator, easy ambient sonic-spray ionization (EASI-MS),
electrospray ionization (ESI-MS), ow injection, was used in
six studies. Other methods included nuclear magnetic reso-
nance (NMR, n = 5), ultraviolet-visible spectrophotometry (UV/
Vis, n = 3), infrared spectroscopy (IR, n = 2), and hyperspectral
imaging (HSI, n = 2). Fig. 1 illustrates the distribution of
methods used in the reviewed studies.

The advantages and disadvantages of each analytical method
have been discussed elsewhere.105,120,122,123 For most botanicals,
a number of orthogonal methods may be necessary to detect all
types of adulteration, with each of them having its strengths
and its limitations. This can be demonstrated using turmeric
adulteration as an example. Genetic identication methods
may help with the detection of other Curcuma species or the
presence of starches as bulking agents in turmeric spice
samples if DNA of sufficient quality is present. However, genetic
tests will not provide information about adulteration with
colorants or synthetic curcuminoids. For metanil yellow, a spot
test using water yields a bright yellow color immediately. It can
also be detected with HPTLC or HPLC/UHPLC methods
specically targeting food dyes. Detection of lead chromate
adulteration is more challenging due to the poor solubility in
water and organic solvents.122 However, this lack of solubility
enables its detection by microscopy, allowing to see the lead
chromate crystals. Microscopy is also helpful to detect the
undeclared addition of starches to bulk turmeric powder.
Alternatively, ICP-MS is a suitable method for lead chromate
detection. In addition, Forsyth et al. reported the use of
Fig. 1 The distribution of methods used to detect adulteration.

1616 | Nat. Prod. Rep., 2024, 41, 1604–1621
handheld X-ray uorescent detectors by inspectors of the Ban-
gladeshi Food Safety Authority for nding turmeric samples
adulterated with lead chromate.124 Liquid chromatography
methods are helpful to detect adulteration with other Curcuma
species or the presence of spent turmeric, i.e., turmeric from
which the therapeutically important curcuminoids have been
removed. The detection of spiking with synthetic curcumin is
quite challenging, although absence of demethoxycurcumin
and bisdemethoxycurcumin, or unusually high relative curcu-
min amounts in turmeric extracts are a good indication of
synthetic curcumin being used.90 Girme et al. proposed (1E,4Z)-
5-hydroxy-1-(3-hydroxy-4-methoxyphenyl) hexa-1,4-dien-3-one
as a marker compound for synthetic curcumin, although this
marker may not be present in all adulterated samples.86 This
byproduct of the curcumin synthesis can be detected by HPLC-
UV/Vis or HPTLC. Direct detection of the presence of non-
biobased curcuminoids can be achieved with 14C-isotope
mass spectrometry.

The highest total sample number was 1247 for turmeric
while echinacea is found at the other end of the scale with 200
products evaluated. The most frequently investigated plant was
ginkgo with 28 analytical publications whereas there were only
six studies on the quality control and ingredient authentication
of elder berry products. The results of this review showed esti-
mated adulteration percentages for black cohosh, echinacea,
elder berry, ginkgo, and turmeric-based commercial products of
42%, 29%, 17%, 57%, and 17%, respectively. The total number
of adulterated or mislabeled commercial products was 818 out
of 2995 resulting in an average frequency of adulteration of 27%
for these ve botanicals.

As outlined in the introduction, it is impossible to make an
accurate projection of the frequency of adulteration from the
limited number of studies reporting adulteration of botanicals
since the investigated products may not represent the reality of
the market in a specic geographic location and of adulteration
worldwide. Additionally, the focus of this review has been on
top-selling botanicals in the US market; hence the number of
investigated samples in studies is oen larger in North America
and Europe since this is where these ingredients are popular. In
this review, the highest number of commercial products
collected was from North America (n = 1132). The number of
Asian products was 796, followed by European products (n =

723), 26 from South America, and 19 from Australia and New
Zealand (Table 6). There were no products from Africa. The
origin of a total of 299 investigated products is unknown. These
samples are not included in Table 6, leaving 2696 samples for
the assessment. The calculated adulteration percentages are
also shown by bar graphs with standard errors in Fig. 2.

The data gathered in this review allow for comparing the
effect of product type on the frequency of adulteration.
According to Table 6, the highest adulteration percentage was
calculated for nished products containing botanical extracts
(51%) or mixed products (45%), followed by bulk ingredients
(40%). Finished products containing the plant in powdered
form had the lowest rate of adulteration (20%). The sample
sizes of these four groups were not homogeneous, so it is
difficult to determine the effect of product type on adulteration.
This journal is © The Royal Society of Chemistry 2024
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Table 6 Frequency of adulteration in terms of source and type of the producta

Plant name

Number of adulterated products/number of total products

Asia Europe N America S America ANZ Bulk Extract Mixed Powder Ad/Total

Black cohosh 1/6 10/31 53/166 — 0/2 33/56 35/95 15/27 49/121 135/320
Echinacea 0/1 8/68 37/108 — 2/3 3/13 9/41 1/4 8/34 57/200
Elder berry — 9/11 98/627 — — 6/41 32/60 — 9/33 119/695
Ginkgo 9/43 157/245 86/152 20/26 6/14 21/47 258/445 6/7 8/20 301/533
Turmeric 125/746 52/368 17/79 — — 3/9 46/109 16/46 116/761 206/1247
Total 135/796 236/723 291/1132 20/26 8/19 66/166 380/750 38/84 190/969 818/2995
Adulteration% 17.0 32.6 25.7 76.9 42.1 39.8 50.7 45.2 19.6 27.3

a ANZ: Australia + New Zealand, N: North, S: South, —: no data, Ad: adulterated.
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However, powdered plants may be less likely to be adulter-
ated since the ingredient costs are lower, decreasing the
nancial incentive to cheat, and adulteration in some cases may
be more easily detected using relatively low-cost analytical tests
such as microscopic evaluation.

Another question oen raised is if products available only
from online sellers are more prone to adulteration than the
products sold in retail pharmacies, grocery stores, and health
food shops (many of which are also available online). Since the
retail outlet of the products was mentioned only in a few studies
and the results were not discussed with the market channel in
mind, the available information does not permit the authors of
this article to make any conclusions regarding this question.

The impact of the regulatory category on adulteration is
another factor to consider, but the lack of sufficient data
hinders making denitive conclusions on this matter. Never-
theless, a few studies have examined products registered as
herbal medicinal products in the European Union to assess
their authenticity, and all these products were conrmed to be
authentic. Given that herbal products are subject to more
stringent regulations compared to food and dietary supple-
ments, necessitating the submission of robust dossiers that
validate the quality, safety, and efficacy of a product, it's
Fig. 2 Adulteration percentages with standard error bars according to l

This journal is © The Royal Society of Chemistry 2024
reasonable to assume that manufacturers are motivated to
ensure the consistent quality and authenticity of their products.
This, in turn, should result in a lower frequency of adulteration
for herbal medicinal products compared to food and dietary
supplements.

4.2. Comparison of the ndings with the previous reviews

Previous assessments of the extent of adulteration in the
botanical dietary supplement and herbal medicine trade are
rare, but three reviews related to the detection of adulteration in
botanical materials and dietary supplements may be useful as
they contain additional information regarding the extent of
adulteration in the global market.11–13 However, all of these
reviews are subject to the same limitations as this present study.

Ichim et al.13 reviewed 28 publications reporting the use of
hand lenses, light, stereo, and scanning electron microscopes
for the microscopic authentication of 508 commercial herbal
products from South America (n = 167), Asia (n = 164), North
America (n = 128), and Europe (n = 49), while the number of
products from Africa and Australia was zero. In 20 papers, at
least one additional technique (DNA or/and chemistry-based
methods) was used to test product authenticity. Overall, 59%
of the commercial products (n = 300) were found to be
ocation, product type, and ingredient of the products.

Nat. Prod. Rep., 2024, 41, 1604–1621 | 1617
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authentic, while the rest (41%, n = 208) were deemed adulter-
ated. Almost half (49%) of the total products microscopically
authenticated in Asia were reported to be adulterated, with
lower adulteration rates in South America (40%), Europe (39%),
and North America (33%). In the U.S. (n = 128) a substantial
part of the samples (>30%) did not comply with the labeled
ingredient declaration.13

A review of 206 publications that used DNA-based methods
to detect adulteration was reported by Ichim.11 Commercial
herbal products (n = 5957) from six continents were investi-
gated in this review. A substantial number (27%) of the herbal
products reviewed was found to be adulterated when their
content was tested to verify the authenticity of the labeled
ingredient(s). The percentages of adulterated products varied
signicantly among continents, being highest in Australia
(79%) and South America (67%), lower in Europe (47%), North
America (33%), Africa (27%), and lowest in Asia (23%). However,
the number of products investigated per continent was low in
some cases, allowing only a very limited assessment of these
markets. For nine countries (Brazil, Taiwan, India, the U.S.,
Malaysia, Japan, South Korea, Thailand, and China), more than
100 products were authenticated successfully by DNA-based
methods. From these countries, the highest percentage of
adulterated products was reported for Brazil (68%, 104 out of
154), and the adulteration percentage for the U.S. was found to
be 29% (134 out of 465).11 Although DNA-based methods for
ingredient identication in botanicals is a highly dependable
and promising tool under specic conditions, they also have
limitations: They cannot detect adulteration with other (usually
lower-cost) plant parts of the same species, undeclared food
colorants and dyes, or pure chemical compounds. In addition,
genetic testing of some botanical extracts can be inadequate to
determine proper identity due to the occasional or frequent
degradation of the DNA in the sample resulting from process-
ing, e.g., extraction steps that include heat and/or some specic
solvents. These limitations have been reviewed by several
authors.4,11,43,125,126

Ichim and Booker12 reviewed the studies on different
chemical techniques used for the authentication of 2386
commercial herbal products. More than a quarter of the
analyzed products were found to be adulterated (27%). Again,
the number of products and the adulteration percentages varied
very widely according to the country. Yet, the adulteration re-
ported for four countries, from which more than 100 commer-
cial products were investigated, was 37% (United Kingdom),
31% (Italy), 27% (U.S), and 21% (China).12

5. Conclusion

The extent of adulteration was found to be ingredient-dependent,
with some botanicals being less prone to adulteration than
others. Furthermore, the estimated percentages should be viewed
in the context of the specic products tested in the referenced
studies. There may be a greater risk of intentional economic
adulteration in expensive or high-demand products compared to
relatively niche products sold at low cost. This trend is particu-
larly evident in the spice and seasoning industry, where the most
1618 | Nat. Prod. Rep., 2024, 41, 1604–1621
expensive spices are oen more susceptible to adulteration for
economic gain. The extent of adulteration determined as a result
of this review of ve popular botanicals is in line with previous
studies using chemical and genetic methods of authentication
conducted by Ichim and Ichim and Booker, both of whom re-
ported adulteration rates of 27%.11,12 Contrary to products regu-
lated as food or dietary supplements labeled to contain black
cohosh root/rhizome, echinacea root or herb, elder berry, ginkgo
leaf, or turmeric root/rhizome, products regulated as registered
or licensed herbal medicinal products had no incidence of
adulteration. This highlights the importance of regulatory
frameworks that mandate quality control and proper identity
analysis to ensure the effectiveness and safety of botanical
products (although safety concerns have not been documented in
most of the published literature with respect to these ve
botanicals). Quality control methods used by suppliers, manu-
facturers, researchers, and regulators need to be sufficiently
specic to detect possible adulterants in botanical ingredients
and produce high-quality authentic products. There are
numerous examples where some analytical methods used in
industry quality control or government regulatory laboratories
have been shown to be inadequate to detect adulteration and
properly authenticate the botanical material(s). For this reason,
BAPP has published a series of extensively peer-reviewed Labo-
ratory Guidance Documents that evaluate the tness for purpose
of various analytical methods employed for some botanicals that
BAPP has determined are subject to adulteration.4,16,94,105,120,127

There were notable constraints in establishing an accurate esti-
mate of botanical adulteration within the global supply chain.
For a more precise evaluation of adulteration, forthcoming large-
scale trials should adopt uniform t-for-purpose methods and
encompass products from all continents. Furthermore, these
studies should dene consistent specications to discern when
a product is considered adulterated. For instance, deviations in
the chemical ngerprint might stem from processing anomalies
rather than adulteration. Additionally, future research needs to
dene what constitutes an acceptable level of unlabeled excipi-
ents in botanical raw materials.

6. Author contributions

Conceptualization: NO, SG, MB, data curation: SG, MB, formal
Analysis: NO, SG, funding acquisition: MB, investigation: NO,
SG, methodology: NO, SG, MB, project administration: SG, MB,
resources: NO, SG, MB, supervision: SG, MB, visualization: NO,
SG, writing – original dra: NO, SG, writing – review & editing:
NO, SG, MB.

7. Conflicts of interest

The authors declare that they have no conict of interest.

8. Acknowledgments

This study was nanced by the ABC-AHP-NCNPR Botanical
Adulterants Prevention Program (BAPP). ABC is the American
Botanical Council, a nonprot, tax-exempt research and
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4np00014e


Review Natural Product Reports

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/3

/2
02

5 
6:

21
:3

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
education organization in Austin, Texas USA; AHP is the
American Herbal Pharmacopoeia, a nonprot, tax-exempt
organization in Scotts Valley, California, USA; NCNPR is the
National Center for Natural Products Research at the Univer-
sity of Mississippi in Oxford, Mississippi, USA. BAPP is
nancially supported by members of the herb, medicinal
plant, dietary supplement, tea, and natural product industries
in the United States and internationally. BAPP also receives
nancial support from nonprot research and standard-
setting organizations. Funders and supporters of BAPP are
not responsible for its publications. The authors would like to
express our sincere gratitude to Onur Toka, PhD from the
Department of Statistics at Hacettepe University (Ankara,
Türkiye) for his help with the statistical analysis conducted in
this manuscript, and to Haleigh Resetar from SPINS (Chicago,
Illinois, USA) for providing the number of dietary supplement
SKUs sold in the U.S. of the ve botanicals assessed in this
review.

9. References

1 Herbs and botanicals meet blended demands of traditional
wellness and validated efficacy – analysis, https://
www.naturalproductsinsider.com/herbs-botanicals/herbs-
and-botanicals-meet-blended-demands-traditional-
wellness-and-validated, accessed 03/20/2024, 2022.

2 T. Smith, H. Resetar and C. Morton, HerbalGram, 2022, 136,
42–69.

3 S. Foster, HerbalGram, 2012, 93, 34–41.
4 S. Gafner, M. Blumenthal, S. Foster, J. H. Cardellina, II,
I. A. Khan and R. Upton, J. Nat. Prod., 2023, 86, 460–472.

5 W. K. Forsyth JE, K. Maher, M. Saiful Islam, R. Raqib,
M. Rahman, S. Fendorf and S. P. Luby, Environ. Sci.
Technol., 2019, 53, 11429–11436.

6 N. S. Forsyth JE, I. S. Sahiful, M. Baker, D. Yeasmin,
M. Saiful Islam, M. Rahman, S. Fendorf, N. M. Ardoin,
P. J. Winch and S. P. Luby, Environ. Res., 2019, 179, 108722.

7 A. K. Forsyth JE, M. Jintcharadze, E. Nash, P. Sharov,
A. Temnikova and C. Elmera, Environ. Res., 2024, 250,
118504.

8 S. Gafner, HerbalEGram, 2024, vol. 21, https://
www.herbalgram.org/resources/herbalegram/volumes/
volume-21/issue-5-may/news-and-features-2/yellow-
oleander-adulteration/, accessed 08/02/2024.

9 S. Foster, HerbalGram, 2011, 92, 42–57.
10 S. Gafner, L. Loffredo, J. Kababick, S. M. Wise and R. Upton,

HerbalGram, 2024, 140, 44–51.
11 M. C. Ichim, Front. Pharmacol, 2019, 10, 1227.
12 M. C. Ichim and A. Booker, Front. Pharmacol, 2021, 12,

666850.
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