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ABSTRACT

Rationale: Caffeinated drinks and supplements are popular products, many of which claim to use naturally derived caffeine.
The availability of less expensive synthetic caffeine can motivate adulteration. Additionally, the caffeine content of these products
can be inaccurately labeled, raising health concerns. As a result, effective testing methods are required to distinguish synthetic
and natural caffeine and to test caffeine content in complex matrixes. In this study, a stable isotope method for natural caffeine
authentication is described and applied to commercial samples. The accuracy of labeled caffeine content of products is evaluated.
Methods: Samples containing exclusively natural caffeine (i.e., coffee, tea, guarana, yerba mate) and synthetic caffeine were
selected. Commercial products claiming to contain natural caffeine including supplements, energy drinks, and guarana products
were also tested. Caffeine was extracted by incubation with a water-ammonium hydroxide mixture and phase separation with
dichloromethane. Its carbon and nitrogen stable isotope composition was determined using GC-C-IRMS. Caffeine content was
determined by HPLC-DAD.

Results: Natural and synthetic caffeine could be distinguished, with some limitations, based on carbon (8'3C) and nitrogen
(8"°N) isotopes. Based on this distinction, 15 of the 75 commercial samples labeled as containing natural caffeine were adulter-
ated. The rate of apparent adulteration was high in guarana products (~78%) and supplements (~22%). Caffeine content deviating
from label claim by more than +20% was observed in 46% of the 86 samples tested, ranging from 57% to 217% of the labeled
content.

Conclusions: Carbon and nitrogen isotope ratio analysis by gas chromatography-combustion-isotope ratio mass spectrometry is
an efficient method for distinguishing natural and synthetic caffeine in commercially available products. Such testing is impor-
tant given the significant number of apparently mislabeled products on the USA market. The prevalence of inaccurate caffeine
content labeling may raise health concerns, highlighting the need for better production quality control and increased testing.

1 | Introduction

Caffeinated products including drinks and supplements are
widely consumed in many parts of the world [1], with the di-
etary supplement market estimated at roughly 30 billion dollars
[2]. While caffeine occurs naturally in plants such as coffee, tea,
guarana, and yerba mate, cheaper synthetic caffeine is often

© 2026 John Wiley & Sons Ltd.

added to food and beverage products. Distinguishing between
natural and synthetic caffeine is important for consumer pref-
erences and for regulatory reasons, as current Food and Drug
Administration regulations require labeling added caffeine but
not naturally occurring caffeine, as it is Generally Regarded As
Safe (GRAS) [3]. Following recent public concern over the safety
of caffeinated products, legislative efforts are in progress in the
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United States to impose stricter labeling requirements on such
products, including labeling of caffeine source [4]. Such legisla-
tion would increase the need for caffeine testing.

Of particular interest are pre-workout dietary supplements,
roughly 86% of which contain caffeine [5]. These products may
be at higher risk for adulteration and poor production quality
control because the regulation of supplements differs from other
food or medicinal products [3]. For example, investigation of
popular pre-workout supplements sold in Australia found signif-
icant discrepancies between labeled and measured caffeine con-
centrations and variable concentrations between batches of the
same product [6]. Given these findings, there is reason to believe
that some products claiming to contain natural caffeine may
also be mislabeled. These concerns highlight the need for effi-
cient methods for ensuring that products are properly labeled.

Several methods have been used to determine the source of
caffeine in food products. Discrimination of natural and syn-
thetic caffeine has been demonstrated using both radiocarbon
dating [7] and stable isotope ratio analysis [8-11]. Studies using
elemental analyzer combustion/pyrolysis Isotope Ratio Mass
Spectrometry (IRMS) measured carbon, nitrogen, oxygen, and
hydrogen isotope ratios in caffeine finding distinct values for
natural and synthetic samples [10]. Subsequently, carbon and
oxygen isotope ratios were used to distinguish natural and syn-
thetic caffeine in commercial products [8]. However, as with
radiocarbon, the analytical method was time-consuming and
labor-intensive. More recently, a faster liquid chromatography
IRMS system has been used [9] and a significant difference be-
tween the carbon isotope composition of natural and synthetic
samples was demonstrated. The method was particularly suit-
able for liquid samples but is limited to carbon isotope analysis.
These studies demonstrated the potential of stable isotope ratio
analysis as a tool for identifying natural and synthetic caffeine,
and even for distinguishing different natural caffeine sources
[10]. However, as new analytical techniques emerge and new
products reach the market, an updated study is called for. Dietary
supplements, for instance, were not previously examined.

Here, we used a compound specific Gas Chromatography-
Combustion-IRMS method (GC-C-IRMS) for carbon and nitro-
gen stable isotope ratio analysis of caffeine. We first analyzed
92 caffeine samples extracted from purely natural or synthetic
sources. Using the results, we established an isotopic range for
natural and synthetic caffeine. In addition, we compared the
isotopic composition of naturally occurring caffeine with that
of the bulk plant material from which it was extracted. We then
tested the label claims of 88 caffeinated products. Finally, we
measured the caffeine concentrations of 86 products including
pre-workout supplements, energy drinks, and guarana products
and evaluated label claims.

2 | Methods
2.1 | Sample Collection and Preparation
We collected a wide range of caffeine containing samples to

establish the isotopic composition of natural and synthetic caf-
feine. For natural caffeine, samples of coffee beans (whole green

beans=15, whole roasted beans n=1, ground roasted beans
n=3), tea (n=21), guarana seeds (n=2), and yerba mate (n=4)
were used (Table 1). For synthetic caffeine, we analyzed pure
caffeine powders purchased from Sigma Aldrich and the USGS
(originally from Alpha Aesar) (n =2) and caffeine extracted from
supplement powders and energy drinks labeled as containing
synthetic caffeine (n =44) (Table 2).

In addition to samples containing distinctly natural or synthetic
caffeine, we analyzed multi-ingredient products to assess the
validity of label claims. These included solid samples claiming
to contain tea powder or extracts (n=24), coffee powder or ex-
tract (n=11), and guarana powder or extract (n =9). In addition,
pre-workout supplements labeled as containing natural caffeine
(n=26) and mixtures of natural and synthetic caffeine (n=13)
were analyzed. Energy drink samples labeled as containing
natural (n=5) and mixed source (n=1) caffeine were also ana-
lyzed. Besides isotope ratio analysis, the caffeine content of sup-
plements, energy drinks, and guarana products was determined
and compared with the labeled caffeine content.

Liquid samples and fine powders were analyzed directly using
the method described below. Coarse samples such as loose-leaf
tea, guarana seeds, and whole coffee beans were homogenized
using a stainless-steel coffee grinder prior to extraction.

2.2 | Bulk EA-IRMS Isotope Analysis

The carbon and nitrogen stable isotope composition of bulk
powders was determined by EA-IRMS. Powdered samples were
weighed into tin capsules and analyzed using a Delta Plus XL
IRMS (Thermo-Finnigan, Bremen, Germany) coupled to a
Nitrogen Analyzer 1500 elemental analyzer (Carlo Ebra in-
strumentze, Milan, Italy) by a ConFlo III interface (Thermo-
Finnigan, Bremen, Germany).

2.3 | Caffeine Extraction

All extractions and analyses were performed at IEH Analytical
Laboratories. Caffeine was extracted from solid and liquid sam-
ples in the following manner. Between 0.45 and 0.55g of each
solid sample and 4-5g of each liquid sample were placed in
50mL centrifuge tubes. Five milliliters of 1:2 ammonium hy-
droxide: HPLC water solution was added to each sample fol-
lowed by vortex mixing. Samples were then incubated for 5min
at 100°C in a dry heat block, removed from the heat block and
allowed to cool to room temperature. If solid residue was present
after incubation, samples were centrifuged at 2000-3000 rpm for
10min after which the liquid was transferred to a clean 50mL
centrifuge tube. Five milliliters of dichloromethane (DCM) were
subsequently added to each sample, and samples were vortexed
for >20s. After mixing, samples were centrifuged for 10min at
3000-4000rpm to achieve phase separation. The lower DCM
phase was then transferred into 15mL centrifuge tubes, and the
samples were dried under nitrogen gas at 40°C. After drying, the
caffeine was reconstituted in 1-2 mL of methanol, depending on
the caffeine concentration of the sample. Samples were vortexed
and 300 L of each sample were transferred to 300 uL glass in-
sert vials for analysis.
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TABLE1 | Isotopic composition of natural products.

Bulk §15N Bulk §13C Caffeine 81N Caffeine §'3C
ID Country/Region Brand AIR (%o) VPDB (%o) AIR (%o) VPDB (%o)
Coffee beans
1764489- Tanzania c1 2.0 -27.4 1.4 —26.4
204842
1764489- Honduras C1 2.1 -29.7 0.1 -29.5
204843
1764489- Indonesia C1 2.9 —27.7 0.8 —28.2
204844
1764489- Dominican Republic C1 1.4 -31.0 -0.3 —29.8
204846
1764489~ Costa Rica C1 2.0 -28.5 -0.2 -28.5
204845
1764489- Bali C2 0.3 -29.7 -17 -29.2
204847
1764489- Ethiopia C2 5.5 -26.5 3.7 -26.9
204848
1764489- Brazil Cc2 2.6 —28.2 0.3 -28.1
204849
1764489- Dominican Republic Cc2 2.2 -30.9 0.1 -30.3
204850
1764489- India C2 2.9 -28.0 0.3 —-27.8
204851
1764489- Colombia C3 2.0 -29.7 0.4 -29.1
204853
1764489- Dominican Republic C3 1.3 —28.6 -0.7 -29.6
204852
1764489- Nicaragua C3 4.5 -28.4 24 277
204854
1764489- Mexico C3 1.7 -27.6 -1.2 —28.7
204856
1764489- Peru C3 4.6 -29.0 1.7 —28.6
204855
1761002- Central America C4 3.8 —-29.0 0.9 —-29.0
193821
1764489- C5 0.7 —-29.5 -1.3 —-29.9
204859
1764489- Ethiopia Cé6 2.2 —-27.2 0.9 —-28.3
204857
1764489- Colombia Co6 4.2 —-28.3 3.6 -294
204858
Green tea
1760678- Japan T1 1.7 —28.5 -0.7 -32.6
192708
1760123- Japan T2 5.5 -29.4 2.8 —-34.4
190532
(Continues)
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TABLE1 | (Continued)

Bulk §°N Bulk §13C Caffeine §°N Caffeine §13C
ID Country/Region Brand AIR (%o) VPDB (%o) AIR (%o) VPDB (%o)
1760123- Japan T3 7.8 -30.4 5.4 -36.2
190543
1760123- Japan T4 7.7 -30.1 5.1 -354
190522
1760123- Japan T5 7.2 -29.0 4.8 —-34.3
190530
1760123- Japan T6 4.6 —-29.5 2.0 —-34.8
190523
1760123- Japan T7 6.1 -29.2 3.6 —-34.4
190545
1760863- Japan T8 3.7 —-28.9 1.3 —-34.4
193325
1760863- Japan T8 6.5 —28.8 3.8 -33.9
193326
1760863- Japan T8 2.1 -29.2 —-0.8 -35.6
193327
1760563- Japan T9 6.2 —28.6 4.1 —33.8
192123
1760864- Japan T10 5.0 -30.6 2.6 —35.8
193354
1760863- Japan T11 8.2 —28.2 6.3 -31.4
193324
1763460- Japan T12 5.5 -29.4 2.7 -35.0
201695
1764130- Japan T13 6.2 -29.5 3.9 -35.9
203588
Other tea
1764489- Turkey T14 1.2 -29.5 -2.0 -36.2
205012
1764489- India T15 2.6 ~28.6 -0.2 -30.2
205009
1764489- Taiwan T16 3.5 -28.1 1.0 —33.8
209567
1764489- India T17 1.6 -28.6 -0.5 -29.3
209566
1764489- India T17 0.5 -28.0 -1.9 —-29.8
209564
1764489- India T17 1.1 —27.7 -1.3 -29.5
209565
Guarana seeds
1764489- Gl 5.0 —28.5 5.2 —-28.0
208950
1764489- Brazil G2 4.0 -28.4 4.2 -28.0
208951

(Continues)
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TABLE1 | (Continued)
Bulk §'°N Bulk §3C Caffeine §1°N Caffeine §13C

ID Country/Region Brand AIR (%o) VPDB (%o) AIR (%o) VPDB (%o)
Yerba mate
1764489- Argentina Y1 1.9 -31.0 -0.7 -28.0
205013
1764489- Argentina Y2 3.4 -30.2 0.6 =277
204862
1764489- Argentina Y3 3.3 -30.8 0.3 -28.0
204861
1764489- Turkey Y4 3.3 -30.3 0.7 -27.6
205010

Between 20 and 30 samples were extracted in each batch. Quality
control samples added to each batch included a blank (deionized
water), spike (deionized water spiked with 1mL of a caffeine
solution with a known isotopic composition), a control sample
(supplement powder containing caffeine with a known isotopic
composition), and a duplicate of one of the samples in the batch.

2.4 | Caffeine Concentration Determination by
HPLC-DAD

Prior to extraction, supplement powders were reconstituted in
250mL HPLC water (x50 dilution). Caffeine was then extracted
using the process described above excluding the DCM phase
separation step. After incubation with 1:2 ammonium hydrox-
ide: HPLC water, samples were diluted with HPLC water and
loaded into 2mL sample vials for analysis following AOAC
method 979.11 [12]. Ten microliter samples were injected into
an Agilent 1260 Infinity II Liquid Chromatograph (Agilent
Technologies, United States) consisting of a quaternary pump,
online degasser, column heater, autosampler, and diode array
detector. Chromatographic separation was achieved using a
ZORBAX Eclipse Plus C18 analytical column (4.6X150mm,
5um particle size; Agilent Technologies, United States) preceded
by a guard column with the same packing.

The mobile phase consisted of 25:75 (v/v) of methanol/water at
a flow rate of 1.0mL/min, and the column compartment was
heated to 30°C. These conditions were held isocratically for
10min, with caffeine eluting at around 6.7 min. The eluted caf-
feine was detected using a DAD set to a wavelength of 272nm,
following Agilent Application Note 5991-2851EN.

Two calibration curves for caffeine were used for quantification.
One included seven levels ranging from 0.125 to 25ug/mL (0.125,
0.50, 1.0, 2.5, 5.0, 12.5, 25 ug/mL) and the other included six levels
ranging from 5 to 500 ug/mL (5.0, 12.5, 25, 100, 250, 500 ug/mL).

Caffeine content (concentration) is reported as percent caffeine.
The deviation from label claim is calculated as:

% Caffeine(observed)
% Caffeine (labeled)

%100

A result of 100% indicates no deviation.

2.5 | Compound Specific GC-C-IRMS Isotope
Analysis

A Trace GC 1310 with a TriPlus RSH autosampler coupled to
an Isolink II device, Conflo IV interface and Delta V Plus iso-
tope ratio mass spectrometer (Thermo Fisher) was used with a
TG-5MS GC column, 30m, 0.25mm, 0.25um (Thermo Fisher).
A liquid nitrogen trap was used to remove CO, during nitrogen
isotope analysis.

For each analysis, 1L of sample was injected into the GC in
splitless injection mode, with a splitless time of 1.5min, a con-
stant column flow rate of 1.2mL/min, a split flow rate of 40 mL/
min and a purge flow of 5mL/min. The initial GC temperature
of 80°C was held for 1 min, followed by an increase to the final
temperature, 270°C, at a rate of 15°C/min. The final tempera-
ture was held for 6 min. The total GC run time was 20min. The
backflush was turned off between 500 and 1000s, and the re-
tention time was approximately 738s. The isotope ratio of each
sample was measured relative to a working reference gas. Three
reference gas peaks were measured before and after each sample
peak. Data was acquired by Isodat 3 software.

Each extraction batch was analyzed in an individual analytical
sequence. An initial concentration run was conducted to esti-
mate the caffeine concentration of the samples, which included
a single injection of each sample and each standard. The caffeine
peak amplitude was used to estimate concentration. If neces-
sary, samples were then diluted with methanol to produce peak
amplitudes approximately equal to those of the standards.

After the concentration was adjusted, two calibration runs were
performed, one for carbon isotope composition and one for nitro-
gen isotope composition. In these runs, samples were analyzed
in duplicate. Standard caffeine solutions with accepted §'3C and
815N values (prepared from USGS61, USGS62, USGS63 caffeine
powders) were analyzed at the beginning and end of each run
and after every five samples (every 10 injections). A pure caffeine
solution (prepared from Sigma-Aldrich C0750 ReagentPlus) was
run alongside the standard solutions as a quality control.

Rapid Communications in Mass Spectrometry, 2027

50f 17



(senunuo))
L'Sg— 4 [eInieN OLL SSEEHT-S9809LT
TLE— Tr— [eanyeN OTL TSEE6T-S9809LT
0LE— ve— [einieN 0TL €SEE6T-19809LT
'se— 9°C [eInleN 6.L LYSO06T-€CTT09LT
g ce— 8¢ [eInieN 6L YTIT6T-€9S09LT
6'cE— 0t [eInieN 6.L STIT6T-£9S09LT
€pE— 80 [eInieN vdL 669T6T-8L90ILT
She— S0 [eInleN vdL 00LT6T-8L909LT
8he— 8 [eInjeN €dlL 625061-EZT09LT
0°se— 0¢C [eInieN zdlL 0LEE6T-79809LT
LyE— 80 [eInieN 1dL 06£€6T-S9809LT
mHUSUOuQ €3] UsalH)
6'97— 12 [eInjeN LdD 99€€61-79809LT
6'97— €T [eInIeN 94D £6£€61-S9809LT
S'97— ST [eInieN Sdd 6STT6T-S9S09LT
S9C— € [eInleN ¢dO IPIT6T-S9S09LT
6'9C— 'c [einjeN ¢dO OVIC61-S9S09LT
98— 90 [eInIeN ¥dD 87S06T-£TT09LT
TLT— 81 [eInieN €dD 12S061-ETT09LT
S'LT— L'C [einleN €dD 61S061-€CI09LT
S'LT— 8°C [einleN €dD 0ZS06T-€CT09LT
987~ 80 [eInIeN Tdd 6£S06T-ECTO9LT
T6T— S0 [eInieN 1dD 6TLT6T-8L909LT
muoSﬁoHQ 99JJ0D
(%) wrep 12qey (%) punoy (%) pawrep (%) dadA (%) a1V ad£) suroyyes pueiq 1
WO} uoreIAdq QuIdjJed [elo0], QuIdJjed [elo0], D¢ dUIdjIe) Ng© duIdjye) pareqe1
I v, o[qeidesde

) ‘%07 F Uel) I93Ie] WIBO [9qL] WI0IJ UOHBIASP PeY P[Oq UT JUIUOD dUTJJed YIim sajdures "aurejjed onoyjuks urejuod o) readde 1nq surejjed [einjeu SUTUIBIUOD SB PIA[oqe] 9IoMm P[oq Ul sonjea 9dojost yirm
S9[dWES "UOIIBIASP OU S)BIIPUI %(00T JO WIR[D [9qL] WOIJ UOIIRIAID Y "s1onpold pajeurajjed ul SWIed [9qe] 0) JUSJUOD dUIRJJEd PaAIdsqo Jo uosLredurod pue aurdjjed jo uonisoduwod o1dojos] | ¢ ATAV.L

Rapid Communications in Mass Spectrometry, 2027

6of 17




(sonunuo))
L1T TL0°0 €€0°0 vze— 0°c— [eanjeN T4 0v780T-68Y19LT
syuLip AS1oug
6S €1 r&4 €1E— €1 [eanjeN 6dD ¥0260T-68719LT
89 ST ra4 8°8C— 1 [ernieN 8dD 29560T-68719LT
LS 19°'6 26'91 Legs— S'0— [eanjeN LdD €9S60T-68719LT
[44 8'€E— €0— [ernjeN 9dD 90260C-68VVILT
vIT ree (44 0'veE— T [einjeN SdO 09810C-68V19L1
S20'0> [eanjeN ¥dD S0T60T-68719LT
8¢ Tey— - [eanjeN €dD LETLOT-68Y1ILT
601 144 [44 €eE— 9°¢— JernjeN ZdD 800S0C-68%¥9LT
LO'T T'Le— (% [einjeN IdD TT0S0C-68¥¥9L1
sjonpoid eueIEND
¥'6C— 1 [einjeN vIdL ¥ZS061-€CTI09LT
S0e— 00 [einjeN €1dL 80S061-CZI09LT
L've— [ [einjeN 6d.L LTSO6I-€CI09LT
e L0o— [ernieN ¢1dL 90LT6T-8L909LT
sjonpoid o) yoe[g
17445 (4! [ernijeN T1dL 88€E€6T-S9809LT
vee— 0 [einjeN 0TdL 29€¢61-79809LT
Spe— T0 [eInjeN 0Td.L €9€€6T-79809LT
8 ve— L0 [emieN 6d.L SZS06T-CCTO9LT
TzE— ¥'C [ernjeN 8d.L LSEE6T-79809LT
€'Ge— I'C [einjeN LdL 8€C06I-CCI0ILT
[4 4% 1% [einjeN 9d.L 891061-TCT09LT
0ve— (43 [ermnieN SdL 8S¢E6T-79809LT
6ve— 80— [ernieN O0TL 9S€€6T-¥9809LT
(%) wirepd 1aqeg (%) punoy (%) pawirep (%) dadA (%) a1v ad£y suragyes pueiq 1
WIOIJ UOTIRIA(Q QuIdJJed [B10], QuIdJJed [B10], D10 dUIdR) Ng9 duIadjye) pareqeT

(ponunuo)) | ATAVL

7 of 17

Rapid Communications in Mass Spectrometry, 2027



(sonunuo))
491 L't 88°1 LT S0 [einjeN otS 1E120T-165£9LT
€L vS'v ST'9 L'8T— €0 [eIneN 6€S 08600T-6STEILT
08 o'l YLT 18— €0 [eInjeN 8¢S 8CTT66T-YELTILL
szt 0€'1 ¥0'1 I'1e— S0 [einjeN 8TS Y1LT61-8L909LT
vl AN+ © 0'LT— 80 [einjeN LTS LLIY6T-¥6019LT
611 0zT'1 10T 9°0v— S'0— [einyeN €Ts 860S6T-LTYTILT
911 16°0 8L°0 SIE— 61— [exnyeN 91S ¥8850C-+¥8¥9LT
18 8L1 61°C 0'LT— 60 [einjeN STS TIT661-HELTILT
vl SS°1 ST L'8T— 60 [einjeN 1S ¥8TH0T-6TEYILL
1441 681 €51 Tv— 91— [einjeN 0TS TLLT61-58909L1
8.1 L1 96°0 L0g— L0— [eInjeN 8S 61120T-T65SE9LT
SL 10°€ 00'¥ 0'TE— 90 [einjeN 9S LEO00T-€96TILT
801 65°€ €€ ¥'0e— 90 [einjeN S S£000Z-£96T9LI
111 78’1 ¥9'1 11— €0 [eInjeN €S T8LT61-S8909L1
LLY LT €51 11— 80 [eInjeN €S 18LZ6T-S8909LT
sjuowa[ddng
T'se— 6T RISEI VAN sosn (2:10)
1'Cs— o onRYIuAS OLIp[Y BwSIS 8D
STed1rwayd auIrdjjen
911 LEO'0 T€0°0 ree— 0v— onayIukS 8 L¥680T-68¥¥9LT
yIl 9¢0°0 7£0°0 S1e— 97— onRYIuAS L4 €7807-68YY9ILL
8 900 950°0 9 1g— 9¢— XIN 94 THT80T-68¥+9LT
99— 0T [eInjeN | 676807-68¥¥9LL
9'8C— 10— [eInjeN | 81680C-68719L1
494 1€0°0 ¥20°0 ARt I'- [einjeN €d SHT80T-68YY9ILL
1 74 00 ¥£0°0 T8 €0 [eInjeN f4c T4T80T-68t9LT
(%) wirepd 1aqeg (%) punoy (%) pawirep (%) dadA (%) a1v ad£y suragyes pueiq 1
WOoIJ uoneradq QUIdJJed [el10], QUIdJJed [el10], D¢18 dUIdjJe)D Ng© durajyen paraqe1

(ponunuo)) | ATAVL

Rapid Communications in Mass Spectrometry, 2027

8of 17




(sonunuo))
LTT 08'T vST 0¢e— vy onayiuis 1 9L910T-65¥E€9LT
601 9¢'T ST1 v Te— Se- oneYIuAs 1S LLITOT-6S¥E9LT
8¢€T 0z'1 L8°0 89¢— 61— XIN ¥9S TP9E0T-TETHILT
L6 €5°C 19 8 e~ Se- XTI Sss LLLT6T-S8909LT
6 95T e Tee— Se— XTI (49 TEEE6T-€809LT
9.1 88’1 L0T 0TE~ v1- XTI 8% 9L600T-6STEILT
201 61°C €1'C 9°0¢— 91~ XIN 6€S 6L600C-65T€9LT
6 80°C 81'C Lee— 01— XTI €S 12T661-1ELTILT
1t 691 ST Tee— ve— XTI 0€S T8Y061-TCI09LL
8 e~ 81— XTI TS 969102-09%€9LT
06 90°L 98°L 80¢— T XIN 7es 9L8661-T06C9LT
19 61T 19°€ €Ie— S1- XTI 61S 0ST66T-SELTILT
€Ie- 8T~ XTI 81S T0T661-7ELTILT
Tee- (e XTI 1S 189T0T-09t€9LT
€11 ST €e'T TLE- 97— XIN S €L6002-65TE9LT
971 L1 se'1 SLT— 10 [eInjeN 89S LTIT6I-£9S09LT
481 e L6'T €L~ 90 [eInjeN L9S 98600C-65TEILT
087~ 90 [eanjeN $9S 876007-8STEILT
671 6v°'c 0Lz 90— L0— [einjeN €98 TTHS6T-LESTILT
Y01 91'C 80°C €L~ L0 [eInjeN 298 ¥89T0T-09t€9LT
60T 1 It STE— 0€— [eanjeN 198 1L9T0T-6SE9LT
172 8¢'T v6'L 6T~ 90 [eanjeN SSS YLLTOT-S8909LT
1t 20T 8’1 v'8e— €1- [einjeN 0SS 0T9€0T-TETHILT
811 v6'C 0SC €87~ 90 [eInjeN 6¥S 6£T661-SELTILT
(441 vv'e 00'C 78T S0 [eInieN L¥S 9¥LT6T-C8909LT
01T 9L'C 0S'C 697~ 0T [eanjeN €¥S OLTF6T-+60T9LT
(%) wirepd 1aqeg (%) punoy (%) pawirep (%) dadA (%) a1v ad£y suragyes pueiq 1
WOoIJ uoneradq QUIdJJed [el10], QUIdJJed [el10], D¢18 dUIdjJe)D Ng© durajyen paraqe1

(ponunuo)) | ATAVL

9o0f 17

Rapid Communications in Mass Spectrometry, 2027



(sonunuo))
6v1 6v'C L9°'T 8 e~ 97— onayyuis StS €ET661-SELTILY
611 LET 00T €e— €e- oneYIuAS v¥S 00LT0Z-09t€9LT
6 €T Sv'e €IE— SI- oaYIUAS €¥S 89TH6T-+60T9LT
(441 61T 08’1 ree— €¢— onRYIuAS (478 €L910T-65¥E€9LT
oIt L1'T L6T ree— €¢- onayiuis s TELTOT-T8I09LT
48t 61 0L'T 9°0¢— e oneYyIuks LES THT661-SELTILT
80T €6'T 6L'T STe— Le~ onaYIuAS 9¢S T€T661-SELTILT
(441 6L'T 86°0 66— S1- nRYIUAS ses $STT6T-S9S09LT
61T 6€°C 00T vee— €¢— onayyuis €€s LLIT61-99S09LT
€71 65°C e TTe— T'v— RISELEAN (43 1LSE€0Z-0ETHILT
LOT vLE 0S°€ 8TE— e onaYIuAS €S €806 1-TCT09LT
601 e v6'1l ree— 8¢~ RISELRLIAN 153y 987061-TCT09LT
ree— v1- REE LN 6<S 6L706T-TCTO9LT
0€T 9T Se'T See— €1- onayiuks 62S 8L¥061-TCTO9LT
671 6v°'€ e Tee- 6'C— oaYIuAS 9tS S81061-1CT09LT
0zZ1 v9'1 9¢'1 Tee— 0€— oAYIUAS 54 SLITOT-6SPEILT
61T 08'C 9¢T LT~ 9T~ REE LN s Y0T66T-¥ELTILT
605~ v1- onayiuis 0cS 6YC66T-SELTILT
671 se'1 SO'T €Ie— ST— onaYIuAS LIS T89102-09%€9LT
L1T L6T ¥S'C 6'CE— 6'€— oAYIUAS €1S 8STZ61-S9S09LT
STL 6v'1 6T'L 70€— €T~ REEELEIN 1S LOT66T-+ELTILT
1t 86T €1 1T~ e onayyuks 6S S¥600C-85TEILT
6L 06'T e 6'7E— e oneyIuAS LS 169102-09€9LT
121 09°C 14 &4 0zE— 6'C— oaYIUAS LS T69102-09%£9LT
ver vl 9IT'L L0g— (e RIEELEIN SS SEEEHT-€9809LT
68 €r'8 606 e (e onayyuis s ¥L600C-65TEILT
(%) wirepd 1aqeg (%) punoy (%) pawirep (%) dadA (%) a1v ad£y suragyes pueiq 1
WOoIJ uoneradq QUIdJJed [el10], QUIdJJed [el10], D¢18 dUIdjJe)D Ng© durajyen paraqe1

(ponunuo)) | ATAVL

Rapid Communications in Mass Spectrometry, 2027

10 of 17



(81 or't 00T €ee— ve— onayiuis 99S 0LT661-9ELTILL
(441 e wi 8T~ e onayIuAs 09S EYTH6T-€60T9LT
sot v8'T SLT €e— 8¢~ oaYIuAS 6SS 85910C-6S+€9LT
1541 61T 8L'T Tee- e oAYIUAS 8SS SSLT61-T8909LT
811 $9'C vTT 0'TE- v1- RIEELELA LSS S09€0T-TETHILT
szt 65°C L0C €ee— LT~ onayIuAs 9SS L8LT6T-S8909LT
LOT 8¢'1 671 STh— €T onaYIuAS 9SS $8LT6T-S8909LT
€11 0T1 LOT 9Th— - oAYIUAS 9SS ¥8LT61-S8909LT
L1 (A 90'T STE— 6'€— onayiuis SS 786007-65TEILT
481 e 88°1 TIE- e onayIuAs €SS $88661-T06CILT
(441 0€°C 68’1 Tee— T'v— onayyuis zss 8TEE6T-€9809LT
€11 LO'S 8t 9'TE— 7e— oaYIUAS ss 0£€€61-€9809LT
(491 €8°'T 0Z'T 8 e~ 6'€— onayiuis 1SS €LLT6T-S8909LT
sz1 S8°'C 62°C LTe~ 6'C— RIEERETN 9%S €YLT6T-T8909LT
(%) wirep 1aqeg (%) punoy (%) pawirep (%) dadA (%) a1v ad£y suragyes pueiq 1
WO} UuonerAdq QUIdJJed [e10], QuIdJJed [el10], D¢18 dUIdJJeD Ng© durajyen paraqe1

(ponunuo)) | ATAVL

11 of 17

Rapid Communications in Mass Spectrometry, 2027



2.6 | Isotope Ratio Calculation and Calibration

Carbon and nitrogen isotope ratios were calculated using ac-
cepted conventions and reported in permil notation using the
equation:

sC = [1*C/'2C]sample

= | ———  — 1] %1000
[3C/12C]standard

and an equivalent equation for 1’N/!*N ratios. §'3C values are re-
ported in the Vienna Pee Dee Belemnite scale (VPDB) and §'°N
value are reported in relative to air nitrogen (AIR).

2.7 | Method Validation

The method for caffeine quantitation by HPLC-DAD was val-
idated in terms of linearity, reproducibility, recovery, selec-
tivity, matrix effect, and limits of detection and quantitation.
Linearity was evaluated across both stated calibration ranges.
Both demonstrated acceptable linearity: the low-level calibra-
tion range (0.125-12.5ug/mL) demonstrated a correlation co-
efficient (R?) of 0.9993 and the high-level range (5.0-500 ug/
mL) demonstrated an R? of 0.9999. Intra-day repeatability was
assessed by extracting and analyzing six replicate prepara-
tions of an energy drink mix, yielding an RSD of 0.26%. Inter-
day repeatability was evaluated using replicate extractions
performed by two separate analysts on two separate days
and yielded an RSD of 1.03%. Recovery was evaluated using
representative complex matrices, including pre-workout and
drink mix powders. Recoveries ranged from 96.3% to 98.0%,
demonstrating good accuracy of the method across these rep-
resentative sample matrices. Matrix effect was evaluated by
calculating the matrix factor using the peak areas of caffeine
spiked into pure solvent and an extract of caffeine-free pre-
workout powder at three different concentrations (1.0, 5.0, and
25ug/mL). The average matrix factor of the three concentra-
tions was 1.01, indicating minimal matrix effect. The limit of
detection (LOD) was calculated by performing seven low-level
spikes at 6.25ug/g. The standard deviation of the replicates
was multiplied by 3.14, corresponding to the Student's t-value
for seven replicates where 1—a=0.99. The limit of quantitation
(LOQ) was calculated by multiplying the standard deviation
of the replicate measurements by 10. From these calculations,
the LOD is 2.4ug/g and the LOQ is 7.7 ug/g.

A method validation study was also conducted to verify the suit-
ability of the GC-C-IRMS method. First, a single supplement
powder was extracted 30 times and analyzed to evaluate reproduc-
ibility. The 30 extractions had a 8§'3C standard deviation of 0.08%o
and a 8°N standard deviation of 0.15%.. These standard deviations
were equal to or lower than the standard deviation of caffeine stan-
dard solutions analyzed in the same run, demonstrating that the
extraction was highly reproducible.

Second, a set of blank and spike samples were extracted to rule
out contamination and isotopic fractionation during the ex-
traction process. Six blanks did not produce measurable caffeine
peaks, indicating no contamination during the extraction. In
addition, 18 spike samples were prepared by adding a 4-mg/mL

caffeine-standard solution with a known isotopic composition to
deionized water. Spikes were added at three different volumes,
0.5, 1.0, 1.5mL. The caffeine was then extracted and samples
were analyzed. All samples had 813C values between +0.04%.
and +0.40%o. of the known value (average absolute difference of
0.2%0) and 8N values between —0.37%. and +0.52%o (average
absolute difference of 0.2%0) of the known value, demonstrat-
ing that caffeine did not significantly fractionate during the ex-
traction process.

To further verify the lack of fractionation during the extraction
a caffeine recovery test was conducted. Three solutions of caf-
feine in deionized water were prepared at concentrations of
0.043, 0.106, and 0.137mg/mL. Caffeine was extracted in du-
plicate from 0.5g aliquots of the solutions and the caffeine
content was measured by HPLC-DAD. The caffeine content
of the initial solutions was also measured by HPLC-DAD and
compared with the extracts, such that the instrument response
was directly comparable. During the extraction, 4 of the 5mL of
DCM were collected to avoid inadvertent mixing of the aqueous
phase. As the DCM layer is well mixed, this should not induce
fractionation. Adjusting for this partial collection factor, the re-
covery rates were 87.6%-90.9% (average 89.4%). These high rates
further demonstrate the suitability of the method for isotope
analysis. As discussed above, any caffeine loss did not result in
significant fractionation.

3 | Results
3.1 | Isotopic Composition of Natural Samples

Caffeine extracted from coffee beans had §'3C and 8'°N val-
ues of —26.4%o to —30.3%0 and —1.7%o to 3.7%o, respectively
(Table 1, Figure 1). The 8'3C values of bulk coffee beans and
extracted caffeine were within 1.2%. of each other, showing
no systematic offset (Figure 2), indicating little to no fraction-
ation. Caffeine extracted from tea had 8§'3C and 8'°N values
of —29.3%0 to —36.2%0 and —2.0%o. to 6.3%., respectively. The
difference in 8'3C values between bulk tea and caffeine ex-
tracted from the same sample was variable, but caffeine from
Japanese green tea had consistently lower values relative to
the bulk material compared with other plants, averaging 5.3%o
lower. Caffeine from ground guarana seeds had 8'3C and §'°N
values of —28.0%0 and 4.1%o to 5.2%o, respectively, with nearly
identical values for the bulk material. Yerba mate derived caf-
feine had 8'3C and 8'°N values of —28%o to —27.6%o and 0.7%o
to —0.7%o, respectively. The 8!3C values of yerba mate de-
rived caffeine were 2.6%0-3.0%0 higher than bulk yerba mate.
Interestingly, all natural samples showed a similar, strong cor-
relation between bulk and caffeine 8'°N values (Figure 2). In
all plants, except for guarana, caffeine §1°N values were ~2.1%o
lower than the those of the bulk material.

The isotopic values of bulk coffee, yerba mate, guarana, and
caffeine extracted from these samples are generally consistent
with the results of previous studies [8, 9, 11]. However, the val-
ues of caffeine extracted from green tea, particularly Japanese
matcha, are lower than previously reported for tea-derived caf-
feine despite having bulk isotopic values consistent with previ-
ous studies.
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FIGURE1 | Isotopic composition of natural and synthetic caffeine. Triangles are caffeine extracted from natural products. Diamonds, X symbols

and stars are pure caffeine chemicals and caffeine extracted from supplements and energy drinks labeled as containing synthetic caffeine.
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FIGURE 2 | Correlation between the isotopic composition of bulk leaves and beans and caffeine extracted from the same natural samples. (A)

Carbon isotope values. (B) Nitrogen isotope values. Dashed lines represent equal values indicating no fractionation between the bulk material and

caffeine. The blue line in (B) is a least squares regression on all data points except for guarana seeds. The line's equation and coefficient of determi-

nation (R?) are below the line.

3.2 | Isotopic Composition of Synthetic Samples

The two pure synthetic caffeine samples had 8'3C values of
—32.07%0 and —35.05%. (value from USGS) and 8'°N values of

—2.28%o and —2.87%o (value from USGS) (Table 2). Supplements
and energy drinks labeled as containing only synthetic caffeine
had 8'3C values between —42.5%0 and —30.4%o and 8'°N values of
—4.4%o to —1.1%o. The 8'3C values of synthetic caffeine samples
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had a bimodal distribution, with three samples returning dis-
tinctly low 8'3C values (< —39%o), lower than all other synthetic
and natural samples (Figure 1).

3.3 | Isotopic Composition of Caffeinated Products

Caffeine extracted from samples labeled as containing coffee
powder returned 8'3C and 8'°N values of —29.2%o to —26.5%0 and
0.5%o to 2.8%o, respectively (Table 2), entirely within the range
of coffee bean-derived caffeine (Figure 3). Similarly, caffeine ex-
tracted from samples labeled as containing black tea powder or
extract (not including supplements) had 8§'3C and 8'°N values of
—34.7%0 to —29.4%0 and —1.2%o to 1.2%o., respectively. The values
are in the range of caffeine extracted from black tea and other
natural samples. Of the 20 samples labeled as containing green
tea powder, 18 had 8'3C and 8'°N values of —35.7%o0 to —32.1%o
and —0.8%o to 4.8%o, respectively, consistent with the values of
pure green tea samples. The two remaining samples had §'3C
values < —37.0%. and 8'°N values < —3.4%o, lower than any green
tea caffeine sample or any other natural caffeine in the dataset
(Figure 3).

Supplement powders claiming to contain natural caffeine or
mixtures of synthetic and natural caffeine had §3C and 8N
values of —41.1%o to —26.1%0 and —3.5%o to 1.0%., respectively
(Table 2). Of the 26 pre-workout samples labeled as containing
only natural caffeine, six returned isotopic values overlapping
those of synthetic caffeine (Figure 3). The energy drinks la-
beled with natural or mixed caffeine had 8'3C and 8N values

of —26.6%0 to —31.6%0 and —3.6%o to 2.0%., respectively. One
sample labeled with natural caffeine had values in the range of
synthetic caffeine.

Of the nine guarana samples analyzed, two returned plausible
values for guarana caffeine, with 8'3C values of —28.8, —27.1%o
and 8N values of 1.2, 4.9%o. The rest returned much lower 8'3C
values (—42.1%o to —31.3%o0) and 8'°N values (—3.6%o to —0.3%o).
Six of the products were labeled as pure guarana powder or ex-
tract and were additionally analyzed for bulk isotope composi-
tion. A single product, which also returned plausible caffeine
isotopic ratios, had bulk values of —27.9%0 and 4.5%. for &'3C
and 8N, respectively. The remaining five had 8'3C values of
—12.6%o to —17.9%. and 8'°N values of —3.3%o to —0.43%o, incom-
patible with guarana or any C3 plant. One of these had no mea-
surable caffeine or nitrogen.

3.4 | Caffeine Content of Supplements, Energy
Drinks, and Guarana Products

Significant deviations from label claims were found in all caf-
feinated product types (Figure 4, Table 2). Caffeine content in
supplements was between 60.6% and 178% of the labeled content
and 33 of the 75 samples tested (44%) had caffeine content not
within +£20% of the labeled content. Half of the energy drinks
tested (n=6) had a caffeine content not within +20% of the
labeled content, one sample containing more than double the
labeled concentration (217%). Several guarana product labels
were also inaccurate, with three of five samples containing only
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FIGURE 3 |
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Isotopic composition of caffeine extracted from caffeinated products, natural samples and synthetic caffeine. Blue shaded areas are

er limit of the low 8'3C shaded area (bottom left) is cut off arbitrarily as
d regions are likely adulterated. Supplement and energy drinks labeled
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56.8%-68.2% of the labeled concentration. One product con-
tained no caffeine, but its label did not explicitly state caffeine as
an ingredient, so it is not technically mislabeled.

4 | Discussion

4.1 | Isotopic Discrimination of Natural
and Synthetic Caffeine

The main objective of this study was to evaluate the use of car-
bon and nitrogen isotope ratios to distinguish natural and syn-
thetic caffeine. Our results indicate that such discrimination is
possible but is not as clear-cut as suggested by previous studies.
We find that 8'3C values alone are nearly sufficient for distin-
guishing caffeine extracted from coffee beans, guarana, and
yerba mate from synthetic caffeine, as previously argued [9].
However, synthetic caffeine can have higher 8!3C values than
previously reported (> —33%o0) and tea derived caffeine can have
lower 8'3C values than previously reported (< —32%o), overlap-
ping with those of synthetic caffeine. Considering the lowest
measured 8'3C value of caffeine from tea, only samples with
values < —36.2%o can be identified as synthetic based on carbon
isotopes alone.

The combined use of carbon and nitrogen isotopes provides a
more robust method of discrimination. The 8'°N values of syn-
thetic caffeine are generally lower than those of natural caffeine
(< —1.3%o), as previously reported [10]. However, tea and coffee-
derived caffeine samples returned values as low as —2.0%o, so
only samples with 8N values <—2.0%0 can be identified as

synthetic based on nitrogen isotopes alone. Despite the overlap
in values when carbon or nitrogen isotopes are considered sep-
arately, we find no overlap between natural and synthetic caf-
feine in combined 8'"N-8'3C space (Figure 1). The few natural
samples with low 8'°N values have 8'3C values outside of the
ranges of synthetic samples, which have a bimodal carbon iso-
tope distribution. For example, a coffee bean sample with a §1°N
value of —1.7%o could be mistakenly identified as synthetic based
on nitrogen alone, but it is 8'3C value of —29.2%o is inconsistent
with synthetic caffeine. This separation allows identification of
synthetic caffeine but limits the ability to detect adulteration of
natural caffeine with small amounts of synthetic caffeine. Also,
certain combinations of natural caffeine can, theoretically, pro-
duce values that could be interpreted as synthetic and vice versa.

These observations lead to a somewhat complicated framework
for distinguishing natural and synthetic caffeine. Based on this
dataset, caffeine can be classified as synthetic based on §'°N
values < —2.0%o, 813C values <—36.2%o or 8'°N values < —1.3%
and 8'3C values between —35.1%0 and —30.4%. (Figure 3), the lat-
ter option being more susceptible to incorrect interpretation in
case of mixtures of caffeine sources. It is difficult, based on our
dataset, to determine the exact maximum possible 8'°N value
for synthetic caffeine. As with any classification, it is only as
comprehensive as the dataset it is based on, so these values may
change with additional data. For example, caffeine §'°N values
as low as —3%o have been reported for coffee [10], lower than
any natural sample in our dataset. Despite these limitations, we
found that most of the products we analyzed fell clearly within
the natural or synthetic ranges (Figure 3), allowing classifica-
tion while taking a conservative approach. It is possible that
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ly deviating from the correlations observed for guarana seeds are likely adulterated. The blue and dashed lines are the same as in Figure 3.

measuring oxygen isotopes, as well as position specific isotope
analysis in addition to carbon and nitrogen could enable better
discrimination of synthetic and natural caffeine, as previously
suggested [8, 10, 11].

It is often desirable to establish thresholds for the percent adul-
terant that can be added to an unadulterated sample before the
adulteration is detectable by a given method. However, the sim-
ilarity in isotopic composition between natural and synthetic
caffeine in our dataset makes such a calculation largely imprac-
tical. The two most similar natural and synthetic caffeine sam-
ples have 8'3C values of —29.8%o and —30.4%. and 8'°N values of
—1.9%0 and —2.3%o, respectively. Given the small differences, a
relatively large proportion of synthetic caffeine could be added
to a natural caffeine product before it was detected. In a worst-
case scenario, where the pure natural product has a §'3C value
of —26.9%0 and a 8'°N value of 3.7%o (sample 1764489-204848)
and the synthetic caffeine had the composition described above,
~83% synthetic caffeine could be added before the §'3C value
was outside the natural range and ~93% could be added before
the 85N value would be outside the natural range. As such, the
method is more appropriate for distinguishing purely natural
and purely synthetic caffeine. Adulteration of specific types of
natural caffeine that have a narrower 8'3C value range, such as
caffeine derived from coffee, yerba mate, or guarana, may be
more readily detected.

The correlation between the isotopic composition of bulk cof-
fee beans, tea leaves, yerba mate leaves, and guarana seeds and
caffeine extracted from these materials provides a secondary
authentication tool for single ingredient products labeled as
powders or extracts of these plants. In such samples, the isoto-
pic composition of the bulk powder should correlate with the
composition of caffeine. A large deviation from the correlations
observed in this study (Figure 2) could indicate adulteration.

For example, the isotopic composition of bulk guarana seeds
and caffeine extracted from the same seeds is nearly identical
(Figure 2). Of the four samples labeled as pure guarana powders
and extracts analyzed in this study, one follows this expected
trend while the other three have very different bulk and ex-
tracted caffeine 8'3C values, supporting the interpretation that
they are adulterated (Figure 5). Interestingly, the 8'5N values
of bulk powder and caffeine extracted from these sample are
nearly identical. This is likely because caffeine is the only sig-
nificant nitrogen source in these samples. They appear to be C4
plant powders, such as corn cellulose, to which synthetic caf-
feine has been added.

4.2 | Prevalence of Adulteration in
the USA Market

Using the combined carbon-nitrogen isotope approach de-
scribed above, we assessed the authenticity of samples labeled
as containing naturally derived caffeine. All products labeled
as containing coffee or black tea powder (and other ingredients,
n=15) returned caffeine isotopic values consistent with the label
claim (Figure 3). Two of the 20 samples labeled as containing
Japanese matcha green tea powder, both from the same brand,
had caffeine isotopic values indicating adulteration. Overall,
these results suggest a low prevalence of fraud for samples con-
taining coffee and tea powders.

Given that supplement powders and energy drinks often have
high concentrations of purified caffeine, they may be more
susceptible to adulteration. Based on our results, ~22% of the
supplement samples labeled as containing only natural caf-
feine appeared synthetic (Figure 3), constituting a substantial
adulteration rate. The labeled caffeine content of these products
was also frequently inaccurate, indicating an overall lacking
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quality control system in the production of many of them. One
of the five energy drinks labeled as containing natural caffeine
had isotopic values inconsistent with natural caffeine and its
caffeine content was more than twice the labeled content. Two
others contained significantly higher caffeine than labeled.
The energy drink dataset may be too small to assess the overall
prevalence of adulteration in the United States market but does
suggest some mislabeling of natural caffeine and common mis-
labeling of caffeine content.

Previous studies found a high rate of fraud in guarana products
[8]. Our results strongly support this finding. Only two of the
nine samples of guarana powder or extract had isotopic values
consistent with guarana seeds, implying an alarming ~78%
fraud rate. In addition, three of the samples contained signifi-
cantly less caffeine than labeled, one containing no caffeine at
all. A larger dataset is needed to more accurately evaluate the
prevalence of mislabeled guarana products on the market, but
our findings and those of previous researchers point to a long-
standing, serious adulteration problem with these products. The
inaccurate caffeine content labeling is particularly concerning
in these products considering the very high caffeine concentra-
tion, especially in guarana extract samples.

5 | Conclusions

The results of the study demonstrate that a combined carbon-
nitrogen isotope approach can distinguish natural and synthetic
caffeine, with some limitations. For pure powder or extract
products, comparison of bulk and extracted caffeine isoto-
pic composition may also be useful for identifying adulterated
products. Using this isotope analysis approach, we found that a
significant number of products including supplements, energy
drinks, and guarana products appear to contain mislabeled
synthetic caffeine. Nearly half of the products tested also had
significantly mislabeled caffeine content. These results suggest
that better production quality control and more rigorous testing
are required to ensure the authenticity and safety of caffeinated
products.
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