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Graphical abstract 

 

New high throughput method for the quantification of flavanols and procyanidin nutritional 

biomarkers and methylxanthines in plasma. 
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Abstract 

Nutritional biomarkers are critical tools to objectively assess intake of nutrients and other 

compounds from the diet. In this context, it is essential that suitable analytical methods are 

available for the accurate quantification of biomarkers in large scale studies. Recently, 

structurally-related (–)-epicatechin metabolites (SREMs) and 5-(3ʹ,4ʹ-dihydroxyphenyl)-γ-

valerolactone metabolites (gVLMs) were identified as biomarkers of intake of flavanols and 

procyanidins, a group of polyphenol bioactives. This study aimed at validating a high 

throughput method for the quantification of SREMs and gVLMs in plasma along with 

methylxanthines (MXs), dietary compounds known to interact with flavanol and 

procyanidin effects. To accomplish this, a full set of authentic analytical standards were 

used to optimize a micro solid phase extraction method for sample preparation coupled to 

HPLC-MS detection. Isotopically-labelled standards for all analytes were included to correct 

potential matrix effects on quantification. Average accuracies of 101%, 93% and 103% 

were obtained, respectively, for SREMs, gVLMs and MXs. Intra- and inter-day repeatability 

values were <15%. The method showed linear responses for all analytes (>0.993). Most 

SREMs and gVLMs had limits of quantifications <5 nM while limits of quantification of MXs 

were 0.2 µM. All analytes were stable under different tested processing conditions. Finally, 

the method proved to be suitable to assess SREMs, gVLMs and MXs in plasma collected 

after single acute and daily intake of cocoa-derived test materials. Overall, this method 

proved to be a valid analytical tool for high throughput quantification of flavanol and 

procyanidin biomarkers and methylxanthines in plasma.  
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1 Introduction 

Flavanols, including (−)-epicatechin, and their related oligomers, the procyanidins, are a 

group of polyphenol bioactives that occur widely in the diet 1-3. Accumulating 

epidemiological and intervention studies suggest that the intake of these bioactives 

mediates beneficial effects on cardiovascular health and cognitive performance 4-10. 

Following ingestion, flavanols and procyanidins are metabolized extensively by phase II 

reactions as well as by the gut microbiome 11-13. It has recently been established that a 

combination of structurally-related (−)-epicatechin metabolites (SREMs) formed in the 

upper gastrointestinal tract is a specific biomarker of (−)-epicatechin intake, while a 

combination of 5-(3ʹ,4ʹ-dihydroxyphenyl)-γ-valerolactone metabolites (gVLMs) is a 

biomarker of both flavanol and procyanidin intake (Fig. 1) 14, 15. A number of the main 

dietary sources of flavanol also contain methylxanthines, such as caffeine (Caf) in tea, and 

theobromine (Tb) in cocoa-derived products 16, 17. Among the various biological effects 

mediated by methylxanthines, they have been shown to mediate interactions with flavanols 

18. The quantification of methylxanthines in biofluids has also been used to assess their 

habitual intake 19-21, and to assess compliance of test material intake in dietary intervention 

studies with flavanol-containing cocoa products 5, 22. In this context, there is a need for high 

throughput analytical methods that can quantify the recently validated flavanol and 

procyanidin biomarkers, as well as methylxanthines, in an accurate, precise, and reliable 

manner. These methods would be valuable tools to further investigate the absorption and 

metabolism of flavanols and procyanidins and their interaction with methylxanthines, and 

also to respond to the demands of sample analysis derived from large clinical trials.  
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Analytical methods for the quantification of metabolites derived from polyphenols 

bioactives have undergone significant improvements over the years, and LC-MS is now the 

preferred approach to the quantitative analysis of polyphenol metabolites 23-26. However, 

substantial inaccuracies can be incurred when inappropriate analytical standards are used 

with LC-MS methodology for the quantification of polyphenol metabolites 27. Recently, a 

rapid LC-MS method for the quantification of SREMs and gVLMs in urine was validated 14, 15 

and methods for the quantification of methylxanthines in different biofluids have also been 

validated 28. However, single platform methods for the targeted analysis of flavanol and 

procyanidin biomarkers and methylxanthines in plasma have, to date, not been developed.  

This study aimed at developing and validating a LC-MS method for high throughput 

quantification of SREMs, gVLMs and methylxanthines in plasma. To accomplish this a 

micro-solid phase extraction (µSPE) approach for sample preparation based on HLB resin 

was utilized 29, 30. Samples were analyzed via UPLC-MS using appropriate authentic 

reference compounds and isotopically labeled standards to correct for matrix effects.  

2 Materials and methods 

2.1 Analytical standards 

De novo chemically synthesized analytical standards for SREMs and gVLMs were obtained 

from Analyticon (Analyticon Discovery, Rockville, MD) based on previously described 

methods 31-35. SREMs and gVLMs included (−)-epicatechin-3ʹ-glucuronide (EC-3ʹGlcUA), 

(−)-epicatechin-3ʹ-sulfate (EC-3ʹS), 3ʹ-methoxy-(−)-epicatechin-5-sulfate (3ʹMe-EC-5S), 5-

(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate (4′OH-VL-3ʹS), and 5-(4′-hydroxyphenyl)-γ-

valerolactone-3ʹ-glucuronide (4′-OH-VL-3ʹ-GlcUA). Stable isotopically labeled standards 
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(ISTDs) of SREMs and gVLMs were also obtained by de novo chemical synthesis from 

Analyticon and included: [2H2/2H3](−)-EC-3ʹGlcUA, (50:50 mix) and [13C2,2H2]4′OH-VL-3ʹS. 

Analytical standards for Tb and Caf were obtained from MilliporeSigma (Millipore Sigma, 

St. Louis, MO, USA). ISTD for MXs were obtained from Toronto Research Chemicals (North 

York, ONT, Canada) and included [2H6]Tb and [13C3]Caf. Nomenclature for the 

valerolactones is based on the proposals of Kay et al. (2020) 36 and chemical structures of 

selected analytes and ISTD are presented in Fig. 1. 

2.2 Stock solutions 

Stock solutions of EC-3ʹS, EC-3ʹGlcUA, and 3ʹMe-EC-5S were prepared by dissolving ~10 mg 

aliquots in 70% ethanol in water to obtain individual 10 mM solutions. 4′-OH-VL-3ʹS and 

4′OH-VL-3ʹG were similarly prepared to obtain individual 20 mM solutions. Tb, and Caf 

were prepared by dissolving approximately 5 mg of material in 80% methanol in water 

slightly heated to help dissolution, yielding 10 mM solutions. ISTD solutions were prepared 

by dissolving approximately 5 mg aliquots in 70% ethanol in water to obtain 10 mM 

solutions for [2H2/2H3]EC-3′-GlcUA and [13C2,2H2]4′-OH-VL-3′S. Solutions for [2H6]Tb and 

[13C3]Caf  were prepared by dissolving pre-weighed material with 80% methanol in water 

to yield 10 mM  solutions. All stock solutions were stored at −80°C prior to use. 

2.3 Accuracy assessment 

Stock solutions were diluted to prepare 5 working solutions (WS1-5) ranging from 0.1 to 

10 µM for SREMs and gVLMs and from 10 to 1000 µM for MXs (see Table S1 in on-line the 

Supplementary Information). These concentrations were chosen to represent potential 

concentrations of SREMs and gVLMs found in fasting plasma following daily intake of 
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flavanols and procyanidins, and after acute flavanol and procyanidin intake 13, 22, 37. All 

working solutions were prepared in an aqueous solution of 0.1% formic acid on the day of 

use.  

Plasma samples using EDTA as anticoagulant were collected from apparently healthy 

male adults (n = 7) after 24 h on a low-flavanol diet and following a 12 h fast to minimize 

the presence of SREMs and gVLMs following a study protocol approved by the Institutional 

Review Board at the University of California Davis in accordance with the Helsinki 

Declaration of 1975 as revised in 1983 (Further details on the study are presented in 

Supplementary Study Design). Informed consent was obtained from all participants. All 

samples were combined to generate a single pooled plasma sample, divided into aliquots, 

and stored at −80°C prior to use. Pooled plasma samples were analyzed for the presence of 

SREMs, gVLMs and MXs. While SREMs and gVLMs were absent in the pooled plasma, MXs 

were detected mainly as Cf. To assess accuracy, SREM- and gVLM-free pooled plasma 

samples (350 µL) were added to 10 µL of WS1-5 (n = 4 per level) to generate plasma 

samples (PS1-5) with SREM and gVLM concentrations  ranging from 2.86 to 286 nM for and 

MX concentrations ranging from 0.286 to 28.6 µM (Table S2). A blank plasma sample (P0) 

was included to correct for the possible presence of MXs.  

Plasma samples were quantified using standard curves prepared in SREM- and gVLM-

free pooled plasma samples that had previously taken through the sample µSPE 

preparation process. In addition, a second standard curve was prepared using the µSPE 

elution solvent (dimethylformamide [DMF]:methanol, 7:3, v/v) as a matrix to assess if it 

would be possible to dispense with the use of plasma for standard curve preparation. The 
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comparison of the signal of the analytes from these two standard curves was also used to 

calculate the matrix effect on the quantification of analytes as Matrix effect (%)=(signal std 

curve in plasma/signal std curve in solvent –1)x100%. In this context, 0% represents no deviation due 

to matrix effect, positive percentages show ion enhancement, and negative percentages 

show ion suppression. 

2.4 Precision assessment 

Plasma samples (n = 60) were collected 1-6 h after intake of different cocoa flavanol-

containing test materials from healthy male adults. These plasma samples were pooled and 

then spiked with urine collected between 12-24 h after intake of cocoa test materials by 

healthy male adults (n = 2) to prepare three sets of quality control (QC) plasma samples. 

SREMs, gVLMs and MXs were quantified in these three QC samples and the results obtained 

are presented in Table S3.  

Intra-day precision (repeatability) was determined by relative standard deviation on 

concentrations (%RSDintra-day) of analytes in the three QC samples analyzed in triplicate. 

Inter-day precision (repeatability) was determined by relative standard deviation on 

concentrations (%RSDinter-day) of analytes in the three QC samples analyzed on three days, 

spanning 25 total days between analyses. Analyte quantification was carried out as 

described in Sections 3.7-3.10, using standard curves prepared in SREM- and gVLM-free 

plasma. 

2.5 Linearity, limit of quantification and limit of detection assessment 

Linearity was measured through the coefficient of determination of nine individual 

calibration curves prepared in a SREM- and gVLM-free plasma matrix (Table S4). Limit of 
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quantification (LoQ) was determined for individual analytes by the ratio of 10 times the 

standard deviation of <LoQ samples. 

2.6 Stability assessment 

Plasma samples (n = 36) were collected between 1-6 h after intake of different cocoa 

flavanol-containing test materials from apparently healthy male adults. These samples 

were randomly divided into three groups (n = 12 per group) to test stability of analytes in 

samples under three different conditions, including storage of samples i) in the 

autosampler for 2 and 4 h at 4°C (n = 12), ii) on the benchtop for 6 h at 23°C (n = 12), and 

iii) for 14 days at −80°C (n = 12). Each sample was divided in two aliquots. One aliquot was 

analyzed immediately by UHPLC-MS/MS, while a second aliquot of the same sample was 

analyzed after completing the storage conditions described above. Stability was assessed 

by comparing the concentration of analytes before and after storage by paired t-test (two-

tailed, significance p<0.05). Data were expressed as the relative change to the 

concentration determined before storage. 

2.7 Method application 

Method application was tested under two different scenarios. The first scenario evaluated 

applicability of the method in the context of studies aiming at assessing absorption and 

metabolism of flavanols, procyanidins and methylxanthines after acute single intake of test 

materials. To accomplish this, plasma samples were collected from apparently healthy 

volunteers (n = 7) before and 2 h and 6 h after single intake of a cocoa-derived test drink 

containing 624 mg of flavanols and procyanidins, including 76 mg of (–)-epicatechin, 140 

mg of Tb and 20 mg of Caf. For this study, volunteers followed a low flavanol diet for 24 h 
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prior intake of test material. The second scenario evaluated applicability of the method in 

the context of studies aiming at investigating daily/habitual intake of flavanols, 

procyanidins and methylxanthines. To accomplish this, plasma samples were collected 

from apparently healthy volunteers (n = 7) before and 3 weeks after daily intake of cocoa-

derived test material delivered in cellulose capsules (n = 2) format and containing 829 mg 

of flavanols and procyanidins, including 110 mg of (–)-epicatechin, 88 mg of Tb and 19 mg 

of Caf. For this study, volunteers followed their regular diet before study commencement. 

Content of flavanols and procyanidins reported in test materials corresponded to cocoa 

flavanols and procyanidins with a degree of polymerization up to 7, according to Bussy et 

al. 38-40. Both study protocols were approved by the Institutional Review Board at the 

University of California Davis in accordance with the Helsinki Declaration of 1975 as 

revised in 1983. Informed consent was obtained from all participants (Further details on 

the study are presented in Supplementary Study Design). 

2.8 Sample preparation method 

Plasma samples were thawed and centrifuged for 5 min at 8,000 g at 4°C. Next, 400 µL of 

plasma was placed in a 2 mL 96-well collection plate and 400 µL of 4% phosphoric acid was 

then added to each plasma sample and mixed thoroughly. Separately, in a vacuum 

manifold, a µHLB 96-well plate and a 2 mL 96-well collection plate were conditioned by 

adding 50 µL of 0.1% formic acid in methanol and passing it through with a −250 mm Hg 

vacuum for 5 min. This was then followed by 200 µL of 0.1% formic acid in water again 

with a −250 mm Hg vacuum for 5 min. Next, 700 µL of the plasma/phosphoric acid mixture 

and 10 µL of the ISTD solution were added to the µHLB plate and passed through the 
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cartridge with a −250 mm Hg vacuum for 10 min. If needed, an additional 5 min at −400 

mm Hg was applied until the entire sample had passed through the cartridge. The washing 

step that followed consisted of adding 100 µL of 0.1% formic acid in water and applying a 

−400 mm Hg vacuum for 5 min. For sample preparation validation, different volumes of 

washing solution were also used. Next, the 2 mL collection plate was exchanged for a 350 

µL collection plate to which 30 µL of 0.1% formic acid in water had already been added. 

Finally, the elution was performed by adding 70 µL of elution solvent and applying a −700 

mm Hg vacuum for 5 min. For development of the sample preparation method, elution 

solvents tested were: i) methanol, ii) acetonitrile and iii) DMF:methanol, (7:3, v/v).  Method 

validation was subsequently conducted using DMF:methanol (7:3, v/v)  as the elution 

solvent. 

2.9 UPLC-MS parameters 

Aliquots, 30 µL, of each processed plasma sample was loaded into the system for 10 µL 

injections into an Acquity binary solvent manager and Acquity sample manager (Waters, 

Milford, MA) and Kinetex 1.7 µm C18 100 x 2.1 mm column (Phenomenex, Torrance, CA) 

with column temperature of 25°C and a sample temperature of 4°C. An 8 min gradient was 

implemented with solvent A consisting of 2.5 mM ammonium formate in water and solvent 

B consisting of acetonitrile:methanol (9:1, v/v) (Table S5). HPLC eluate was passed to a 

Quattro Micromass MS via an electrospray interface (Waters, Milford, MD). The system was 

set to detect via multiple reaction monitoring (MRM) in both negative (SREMs and gVLMs) 

and positive ionization modes (MXs). Specific tune parameters are detailed in Table S6 and 
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MRM parameters can be found in Tables S7 and S8.  A depiction of a chromatogram of all 

analytes detected is presented in Fig. S1. 

2.10 Standard curve 

Stock solutions were diluted to prepare eight working standard solutions of SREMs, gVLMs, 

and MXs as well as one ISTD mixture. These working standard solutions were diluted to 

prepare a suitability test solution and a seven point standard curve by combining 10 µL of 

the corresponding working standard solutions, 10 µL of ISTD solution, 10 µL of 0.1% 

formic acid in water, and 70 µL of SREM- and gVLM-free plasma samples previously taken 

through the sample preparation process. The concentration of suitability test solution and 

standard curve points are detailed in Table S4. Standard curves were processed at the 

beginning and at the end of the injection sequence. Suitability test solution was used to 

determine if SREMs and gVLMs were detectable. In case analytes were not detectable, a MS 

cleanup was performed.  

2.11 Data analysis 

Analytes were integrated using QuaLynx (Waters). All concentrations were calculated as 

the ratio of the area counts of each analyte relative to their corresponding ISTD, as follows: 

i) 4′OH-EC-3ʹGlcUA, 4′OH-EC-3ʹS, and 3ʹMe-EC-5S were expressed as a ratio to 

[2H2/2H2](−)-EC-3ʹGlcUA, ii) 4′OH-VL3ʹS and 4′-OH-VL-3ʹGlcUA were expressed as a ratio to 

[13C2,2H2]4′OH-VL-3ʹS; and iii) Tb and Caf were expressed as a ratio to [2H6]Tb and [13C3]Ca, 

respectively. 
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3. Results and discussion 

3.1 µSPE method development 

Development of the µSPE sample preparation method included the evaluation of different 

elution solvents including i) methanol, ii) acetonitrile, and iii) a DMF:methanol (7:3, v/v) 

mixture. The results obtained showed that methanol was not strong enough to elute all 

SREMs and gVLMs present in the sample from the HLB resin (Table 1). Slightly improved 

recoveries were obtained with acetonitrile, but the overall values were still low. The use of 

DMF:methanol (7:3, v/v) as elution solvent yielded much better recoveries, and thus was 

the selected solvent for further development and validation. These results were consistent 

with a previously developed sample preparation method also based on HLB resin that 

required a combination of DMF:methanol for optimal elution 29, 30. HLB resin presents 

polyvinylpyrrolidone structures that are known to establish strong H-bond interactions 

with polyhydroxylated compounds such as flavanols and procyanidins 41. DMF can disrupt 

H-bonds interactions between analytes and polyvinylpyrrolidone structures 41, which 

would explain the higher recoveries of SREMs and gVLMs achieved with HLB resin and 

DMF compared to other solvents such as methanol 42.  

Recoveries of MXs were also investigated. Analysis of the solvents resulting from the 

washing steps of the sample preparation method provided evidence of the presence of Tb, 

suggesting that the interaction of Tb and HLB resin was milder than with other analytes, 

including Caf. It could be argued that the lower hydrophobicity of Tb compared to Caf, and 

the inability of Tb to establish strong H-bond interactions with the resin bed, unlike 

flavanols and procyanidin metabolites, explains the lower recoveries of Tb under the 
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conditions tested. As a result, the washing conditions for the sample preparation method 

were optimized to minimize possible losses of Tb during these steps, using different 

volumes of washing solvents (Fig. 2). While omitting the washing step yielded the highest 

recoveries for Tb, the cleanup of the sample was not optimal as evidenced by HPLC-UV 

trace of chromatograms (Fig S2). The 100 µL washing solvent proved to be an acceptable 

compromise between Tb recoveries and sample cleanup. Thus, the method was 

successfully optimized to maintain recoveries of Tb close to 60%, supporting the notion 

that the performance of the method regarding Tb quantification is an acceptable tradeoff 

for the high recoveries and cleanup of the samples achieved for the quantification of 

SREMs, VLMs and Caf. 

3.1 Accuracy and matrix effect 

The accuracies determined showed respective average values of 101%, 93% and 103% for 

SREMs, gVLMs and MXs when using a standard curve prepared in post-extracted SREM- 

and gVLM-free plasma (Table 2). Similar accuracies values were observed when using a 

standard curve prepared in elution solvent (Table 3). These results suggest that, different 

from the previously validated methods for polyphenol metabolite quantification 24, 25, 42, the 

assessment of SREMs, gVLMs and MXs in plasma using the current method could be done in 

elution solvent, and that the set of ISTD used effectively corrected any potential deviations 

in the quantification. The possibility of preparing standard curves in elution solvent 

represent a significant benefit of the current method as this further supports a high 

throughput performance by allowing a higher number of samples analyzed per plate in 

exchange of adding blank samples for standard curve preparation. 



   

 15 

To specifically assess the matrix effect on the quantification of analytes, the signal of 

the analytes in standard curves prepared in post-extracted plasma and elution solvent 

were compared (Fig. 3). Overall, average matrix effect on SREMs and gVLMs was below 5%, 

further suggesting an efficient sample cleanup through the µ-SPE method of these analytes. 

The quantification of MXs, however, showed a more pronounced matrix effect with ion 

enhancement between 10%-25%.  

3.2 Precision 

Precision was investigated as the intra- and inter-day repeatability in three different QC 

samples, showing values <15% (Table 4). Importantly, the precision of Tb showed levels 

similar to the other analytes, suggesting that the lower recoveries for this analyte did not 

affect precision. 

3.3 Linearity and limits of detection and quantification 

The coefficient of determinations for the analysis of all analytes in standard curves 

prepared in a plasma matrix showed values >0.993 (Table 5). LoQs for SREMs and gVLMs 

were lower than 5 nM in plasma, except for 3ʹMe-EC-5S, with a value of 8 nM (Table 5). LoQ 

for MXs were set at 0.2 µM (Table 5). 

3.4 Stability 

Stability was assessed considering three different conditions: i) autosampler for 2 and 4 

hours at 4°C (n = 12), ii) benchtop for 6 hours at 23°C (n = 12), and iii) freezer for 14 days 

at -80°C (n = 12). While there was a statistically significant changes in the levels of SREMs 

(mainly driven by 3ʹMe-EC-5S) in samples stored in the autosampler for 4 h and of MXs in 

samples stored on the benchtop for 6 h, this reduction only represented 4% and 3 %, 
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respectively (Table 6). Thus, the results obtained showed that all analytes were highly 

stable under the conditions tested (Table 6).  

One limitation of this stability assessment is that randomization of samples to the 

different conditions tested was not effective. While there were significant differences in 

average concentration of analytes among the set of samples selected for assessing stability 

under the different conditions (Table 6), the range of concentrations were still comparable. 

Furthermore, as these samples were obtained from volunteers after consuming cocoa 

flavanol-containing test materials, these results are representative for stability under 

expected concentration of these analytes in plasma. Thus, the results obtained suggest that 

the differences in the concentration of analytes due to ineffective randomization do not 

affect the notion that SREMs, VLMs and MXs are stable under the conditions tested. 

3.5 Method application 

The method was initially tested in plasma samples collected before and after single intake 

of a cocoa-derived test drink in healthy volunteers that followed a low-flavanol diet for 24 

h prior initiation of the study. Consistent with this study design, SREMs and gVLMs 

concentrations were below LoQ in baseline plasma samples (Fig. 4A). Tb and Caf were 

present in baseline samples as no dietary restrictions were included for the intake of 

methylxanthine-containing foods and beverages. After single test drink intake, SREM, 

gVLM, Tb and Caf significantly increased compared to baseline levels (Fig 4A.). Concurring 

with previous studies 11-13, SREM and gVLM concentrations reached the highest 

concentrations in plasma 2 h and 6 h after single test drink intake, respectively. Tb 
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concentrations were higher than Caf, which was expected given the higher content of Tb 

than Caf in the test drink (Fig. 4B).  

The method was also tested for the analysis of plasma samples collected from healthy 

volunteers following their regular diet and after daily intake of a cocoa-derived test 

material for 3 weeks. In this context, SREMs, gVLMs, Tb and Caf were detected in baseline 

samples, suggesting that volunteers regularly consumed flavanol-, procyanidin- and 

methylxanthine-containing foods and beverages as part of their diet. SREMs, gVLMs, Tb and 

Caf concentrations significantly increased after 3 weeks (Fig. 4C and 4D), suggesting 

compliance of volunteers with the daily intake of the test material during this period. Taken 

together, these results demonstrate the suitability of the method to assess plasma 

concentration of SREM, gVLM, Tb and Caf in the context of studies following different test 

material intake paradigms. Furthermore, while the method was tested with plasma 

samples obtained from healthy volunteers, it is anticipated that this methodology could be 

applied to assess SREMs, gVLMs and MXs in plasma from patients. 

4 Conclusion 

In this study, a method for the simultaneous quantification of SREMs, gVLMs and MXs in 

plasma was developed and validated. Along with high accuracy, the method showed very 

good precision, linearity, limits of detection and stability. One of the key strengths of the 

protocol lies in the use of appropriate authentic analytical standards as well as a series of 

isotopically-labelled reference compounds 27 that permitted a reliable assessment of 

accuracy. The method proved to be suitable to assess SREMs, gVLMs and methylxanthines 

in plasma. As such, it is expected that it will be useful for advancing investigations into the 
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absorption and metabolism of flavanols and procyanidins as well as quantifying SREMs, 

gVLMs and MXs as biomarkers to assess habitual intake in epidemiological studies. In the 

context of large clinical trials, the method represents a critical tool to determine 

compliance with the intake of flavanols and procyanidins in test materials, proof of 

absorption and strengthening causality assessments between the effects investigated and 

the intake of test materials. This information will be essential to continuing to build data on 

the nutritional relevance of flavanols and procyanidins and thus, support the development 

of dietary recommendations for the general public. 
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(4ʹ-OH-VL-3ʹ-GlcUA), methylxanthines (MX); theobromine (Tb), caffeine (Caf); stable 

isotopically labeled standards (ISTD); limit of detection (LoD); limit of quantification (LoQ); 

quality control (QC), micro-solid phase extraction (µSPE) 
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Tables 

Table 1: Recovery of structurally- related (−)-epicatechin metabolites (SREMs) and 5-(phenyl)-γ-
valerolactone metabolites (gVLMs) in plasma using different elution solvents. Data are expressed 
as mean values ± SD in percentages (n=4). 

SREMs/gVLMsa 
Recovery (%) 

Methanol Acetonitrile DMF:MeOH 
(7:3. v/v) 

EC-3ʹS 0 ± 0 21 ± 18 84 ± 8 

EC-3ʹGlcUA 35 ± 9 34 ± 22 92 ± 9 

3ʹMe-EC-5S 5 ± 2 41 ± 23 91 ± 9 

4′OH-VL-3ʹS 13 ± 5 43 ± 32 99 ± 7 

4′OH-VL-3ʹGlcUA 87 ± 7 32 ± 30 101 ± 10 
a(−)-epicatechin-3′-sulfate (EC-3′S); (−)-epicatechin-3′-glucuronide (EC-3′-GlcUA); 3ʹ-methoxy-(−)-
epicatechin-5-sulfate (3ʹ-Me-EC-5S); (4′-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate (4′OH-VL-3ʹS);  
5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-glucuronide (4′-OH-VL-3ʹ-GlcUA) 
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Table 2: Accuracy for the quantification of structurally- related (−)-epicatechin metabolites 
(SREMs), 5-(phenyl)-γ-valerolactone metabolites (gVLM)s and methylxanthines (MXs) in plasma 
using a standard curve prepared in SREMs- and gVLMs-free plasma. Data are expressed as mean 
values ± SD in percentages (n=4). 

Spike levela 
Accuracy (%) 

PS5 (High) PS4 (Mid) PS3 (Low) PS2 (>LLOQ) PS1 (<LLOQ) 
SREM/gVLM 
concentration 286 nM 143 nM 28.6 nM 14.3 nM 2.86 nM 

EC-3ʹS 107 ± 4 101 ± 4 105 ± 3 105 ± 8 97 ± 6 
EC-3ʹGlcUA 91 ± 7 92 ± 6 89 ± 4 105 ± 5 97 ± 5 
3ʹMe-EC-5S 103 ± 6 103 ± 4 109 ± 6 103 ± 2 104 ± 4 
4′OH-VL-3ʹS 89 ± 10 93 ± 10 91 ± 6 90 ± 4 96 ± 5 
4′OH-VL-3ʹGlcUA 91 ± 4 91 ± 5 92 ± 6 94 ± 4 100 ± 4 
MX 
concentration 28.6 µM 14.3 µM 2.86 µM 1.43 µM 0.283 µM 

Tb 70 ± 16 89 ± 12 101 ± 5 100 ± 2 110 ± 8 
Caf 103 ± 5 103 ± 5 96 ± 3 106 ± 2 n.d. 

a(−)-epicatechin-3′-sulfate, (EC-3′S); (−)-epicatechin-3′-glucuronide (EC-3′-GlcUA); 3ʹ-methoxy-(−)-
epicatechin-5-sulfate (3ʹ-Me-EC-5S);  5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate (4′OH-VL-
3ʹS)  5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-glucuronide (4′OH-VL-3ʹ-GlcUA); theobromine, (Tb); 
caffeine (Caf) 

n.d.: not determined as baseline levels of MX in SREM- and gVLM-free plasma prevented 
assessment. 
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Table 3: Accuracy for the quantification of structurally- related (−)-epicatechin metabolites 
(SREMs), 5-(phenyl)-γ-valerolactone metabolites (gVLMs)sand methylxanthines (MXs) in plasma 
using a standard curve prepared in elution solvent. Data are expressed as mean values ± SD in 
percentages (n=4). 

Spike Level 
Accuracy (%) 

PS5 (High)* PS4 (Mid)* PS3 (Low)* PS2 (>LLoQ)* PS1 (<LLoQ)* 
SREMs/gVLMs 
concentration 286 nM 143 nM 28.6 nM 14.3 nM 2.86 nM 

EC-3ʹS 102 ± 4 110 ± 5 99 ± 3 110 ± 9 86 ± 6 
EC-3ʹGlcUA 89 ± 7 86 ± 6 98 ± 4 109 ± 5 100 ± 5 
3ʹMe-EC-5S 102 ± 6 105 ± 4 110 ± 6 98 ± 2 93 ± 4 
4′OH-VL-3ʹS 88 ± 10 87 ± 9 82 ± 6 87 ± 4 98 ± 5 
4′OH-VL-3ʹGlcUA 89 ± 4 93 ± 5 80 ± 5 94 ± 4 82 ± 4 
MXs 
concentration 28.6 µM 14.3 µM 2.86 µM 1.43 µM 0.283 µM 

Tb 85 ± 20 95 ± 13 93 ± 5 105 ± 2 111 ± 8 
Caf 116 ± 6 118 ± 6 104 ± 4 125 ± 3 n.d. 

a(−)-epicatechin-3′-sulfate (EC-3′S) (−)-epicatechin-3′-glucuronide (EC-3′-GlcUA) 3ʹ-methoxy-(−)-
epicatechin-5-sulfate (3ʹ-Me-EC-5S);  5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate (4′OH-VL-
3ʹS)  5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-glucuronide (4′-OH-VL-3ʹ-GlcUA); theobromine, (Tb); 
caffeine (Caf). 

n.d.: not determined as baseline levels of MX in SREM- and gVLM-free plasma prevented 
assessment. 
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Table 4: Intra-day and inter-day precision of analyte quantification. Data are expressed as 
percentage relative standard deviation (RSD) (n = 3). 

Analytesa 

QC-α QC-β QC-ɣ 
Intra-day 

RSD 
Inter-day 

RSD 
Intra-day 

RSD 
Inter-day 

RSD 
Intra-day 

RSD 
Inter-day 

RSD 
(%) (%) (%) (%) (%) (%) 

EC-3ʹS 11 14 9 9 3 6 
EC-3ʹGlcUA 6 6 5 6 8 8 
3ʹMe-E-5S 4 11 4 7 4 9 
SREMs 7 10 6 7 5 8 
4′OH-VL-3ʹS 6 7 3 12 4 12 
4′OH-VL-3ʹGlcUA 4 6 2 9 7 12 
gVLMs 5 6 3 11 6 12 
Tb 1 4 3 6 3 13 
Caf 4 6 4 6 5 9 
MXs 3 5 4 6 4 9 

a(−)-epicatechin-3′-sulfate (EC-3′S); (−)-epicatechin-3′-glucuronide (EC-3′-GlcUA), 3ʹ-methoxy-(−)-
epicatechin-5-sulfate (3ʹ-Me-EC-5S); structurally-related (−)-epicatechin metabolites (SREMs),  5-
(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate (VL-3ʹS);  5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-
glucuronide (VL-3ʹ-GlcUA); 5-(phenyl)-γ-valerolactone metabolites (gVLMs); theobromine, (Tb); 
caffeine (Caf); methylxanthines (MX). 
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Table 5: Linearity, limit of quantification (LoQ) and limit of detection (LoD) for targeted 
structurally-related (−)-epicatechin metabolites (SREMs), 5-(phenyl)-γ-valerolactone metabolites 
(gVLMs) sand methylxanthines (MXs). Data are expressed as plasma concentrations, after 
correcting for the concentration factor resulting from the sample preparation method. 

SREMs/gVLMsa Range (nM) Linearity (R2) LoQ (nM) LoD (nM) 
EC-3ʹS 7.14−714 0.997 4 1 
EC-3ʹGlcUA 7.14−714 0.993 3 1 
3ʹMe-EC-5S 14.3−714 0.994 8 3 
4′OH-VL-3ʹS 7.14−714 0.994 1 1 
4′OH-VL-3ʹGlcUA 7.14−714 0.993 2 1 
 MXsb Range (µM) Linearity (R2) LoQ (µM)  LoD (µM)  
Tb 0.57-57 0.995 0.2 0.1 
Caf 0.57-57 0.993 0.2 0.1 

a(−)-epicatechin-3′-sulfate (EC-3′S); (−)-epicatechin-3′-glucuronide (EC-3′-GlcUA), 3ʹ-methoxy-(−)-
epicatechin-5-sulfate (3ʹ-Me-EC-5S).  5-(4ʹ-hydroxyphenyl)-γ-valerolactone-3′-sulfate, 4ʹOH-VL-3ʹS; 
5-(4′-hydroxyphenyl)-γ-valerolactone-3-glucuronide (4′OH-VL-3ʹ-GlcUA).  
btheobromine, Tb; caffeine, Caf. 
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Table 6: Concentration of structurally- related (−)-epicatechin metabolites (SREMs), 5-(phenyl)-γ-
valerolactone metabolites (gVLM)s and methylxanthines (MXs) in processed plasma samples before 
and after storage in different conditions. 

a Paired t-test was performed comparing concentration of analytes before and after 
incubation under the different conditions tested. 

  

  Autosampler (4°C) Bench (room temp. 23°C) Freezer (-80°C) 

  0 h 2 h 4 h 0 h 6 h 0 h 14 days 

SREMs               
Average 
concentration 
(nM; max-min) 

169 
(338-33) 

168 
(326-32) 

164 
(324-32) 

58 
(108-9) 

59 
(110-9) 

92 
(198-10) 

91 
(201-9) 

Relative 
concentration 
(%, ± SD) 

− 99 ± 5 96 ± 3 − 101 ± 5 − 99 ± 8 

p (Paired t-
test)a − 0.287 0.003 − 0.375 − 0.798 

gVLMs        

Average 
concentration 
(nM; max-min) 

580 
(1002-252) 

569 
(906-253) 

557 
(986-229) 

517 
(2072-18) 

516 
(2226-19) 

302 
(1263-21) 

301 
(1300-19) 

Relative 
concentration 
(%, ± SD) 

− 99 ± 5 99 ± 5 − 101 ± 6 − 92 ± 7 

p (Paired t-
test) a − 0.265 0.636 − 0.943 − 0.434 

MXs        

Average 
concentration 
(µM; max-min) 

16.2 
(34.2-1.0) 

16.2 
(33.4-1.1) 

16.4 
(34.3-1.0) 

29.3 
(73.7-2.4) 

30.2 
(76.4-2.6) 

23.2 
(43.6-1.4) 

22.6 
(42.0-1.4) 

Relative 
concentration 
(%, ± SD) 

− 101 ± 4 101 ± 4 − 103 ± 3 − 99 ± 9 

p (Paired t-
test) a − 0.958 0.286 − 0.019 − 0.471 
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Figures 

 

 

Fig. 1. Chemical structure of selected analytes and labelled internal standard., [2H3](−)-

epicatechin-3ʹ-glucuronide ([2H3]EC-3ʹGlcUA); (−)-epicatechin-3ʹ-sulfate (EC-3ʹS); 3ʹ-methoxy-

(−)-epicatechin-5-sulfate (3ʹMe-EC-5S), [13C2,2H2](5-(4ʹ-hydroxyphenyl)-γ-valerolactone-3ʹ-

sulfate ([13C2,2H2]4ʹ-OH-VL-3ʹS); 5-(4ʹ-hydroxyphenyl)-γ-valerolactone-3ʹ-glucuronide (4ʹ-OH-

VL-3ʹ-GlcUA); 5-(3ʹ-hydroxyphenyl)-γ-valerolactone-4ʹ-glucuronide (3ʹ-OH-VL-4ʹ-GlcUA); 

[2H6]theobromine ([2H6]Tb) and [13C3]caffeine ([13C3]Caf). 
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Fig. 2. Recovery of theobromine (Tb) from plasma using different volumes in the washing 

step. Data are expressed as mean values ± SD in % (n = 6). 
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Fig. 3. Calculated matrix effect of processed plasma across the five calibration 

concentrations. Data are expressed as mean ± SD (n = 2). (−)-epicatechin-3′-sulfate (EC-

3′S); (−)-epicatechin-3′-glucuronide (EC-3′-GlcUA); 3ʹ-methoxy-(−)-epicatechin-5-sulfate 

(3ʹMe-EC-5S); 5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate (4′OH-VL-3ʹS);  5-(4′-

hydroxyphenyl)-γ-valerolactone-3ʹ-glucuronide (4′OH-VL-3ʹ-GlcUA); theobromine (Tb); 

caffeine, (Caf). 
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Fig. 4. Plasma concentration of structurally related (−)-epicatechin metabolites (SREMs), 5-

(phenyl)-γ-valerolactone metabolites (gVLM,) theobromine (Tb) and caffeine, (Caf) after 

single acute intake (A, B) and daily intake (C, D) of cocoa flavanol-and methylxanthine-

containing test materials in healthy volunteers. Data are expressed as mean ± SEM (n = 7). 

*p<0.05 vs. baseline; ANOVA repeated measures, Bonferroni post hoc; #p<0.05 vs. baseline, 

Paired t-test.  
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Supplementary Study design 

Healthy male and female adults were recruited by public advertisement in the city of Davis 
and surrounding areas (California, USA). Exclusion criteria included a body mass index (BMI) 
higher than 30 kg/m2, blood pressure (BP) higher than 140/90 mmHg, allergies to peanut 
or cocoa, avoidance of caffeinated food products and beverages, a history of cardiovascular 
disease (CVD), stroke, renal, hepatic, or thyroid disease, gastrointestinal (GI) tract disorders, 
previous GI surgery (except appendectomy), the current intake of herbal-, plant- or 
botanicals-containing dietary supplements, persons following a vegan/vegetarian diet, and 
those adhering to an uncommon diet or a weight loss program. To determine eligibility, 
participants were asked to complete health and lifestyle questionnaires, have their height, 
weight, and in-office BP determined, and to provide a blood sample for complete blood count 
(CBC), liver panel, lipid panel and metabolic panel assessments. Enrolled participants 
commenced the study protocol between 1-3 weeks after eligibility was determined. 
Participants characteristics are shown in Table S0. 

Volunteers were recruited for three different studies that aimed at collecting plasma 
samples for method validation and application. These studies included: i) sample collection 
for method validation; ii) Sample collection for method application after single acute intake 
of flavanol- and methylxanthine-containing material; iii) Sample collection for method 
application after daily intake of flavanol- and methylxanthine-containing material. A 
summary of the procedures involved in each study is provided in Scheme I. 

Table S0: Characteristics of volunteers participating in the different studies 

Parameters 

Studies 

i. Method 
validation 

Method application 
ii. Single acute intake of 

flavanol- and 
methylxanthine-

containing material 

iii. Daily intake of 
flavanol- and 

methylxanthine-
containing material. 

n (f/m) 7 (4/3) 7 (4/3) 7 (3/4) 
Age (y) 37±7 33±6 46±9 

Weight (Kg) 69±9 74±12 79±13 
Body-mass index 

(Kg/m2) 
23±1 26±3 26±3 

Systolic blood pressure 
(mmHg) 

120±11 124±10 122±9 

Diastolic blood pressure 
(mmHg) 76±7 80±7 78±10 

Heart rate (bpm) 62±14 61±10 64±5 
Total cholesterol 

(mg/dL) 
151±29 188±36 202±40 

HDL (mg/dL) 56±13 54±54 52±9 
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In the case of studies for method validation and for method application after single 
acute intake of flavanol- and methylxanthine-containing material, volunteers were asked to 
follow a low flavanol diet 24 h prior sample collection. To accomplish this, volunteers were 
instructed on how to follow a low-flavanol and procyanidin diet, receiving a list of suggested 
foods containing low or negligible amounts of flavanols and procyanidins. Volunteers were 
allowed to consume one 8 oz-cup of coffee the morning prior to the study day but refrained 
from consuming coffee or other methylxanthine-containing beverages during the rest of the 
day prior and during study visits. Given that recruited volunteers per inclusion/exclusion 
criteria were regular consumers of caffeine/theobromine-containing foods and beverages, a 
longer dietary restriction was deemed unnecessary given the inconvenience this would 
represent to volunteers. Finally, volunteers were asked to refrain from consuming alcohol 
the day prior to and during the study visit to. Volunteers were asked to fast for 12 h before 
each study day (water ad libitum). 

 
Scheme I: description of study designs for the sample collection for method validation and 
application.  
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Table S1: Composition and concentration of working solutions.  

 Concentration of working solutions (µM)  
Analytes in each working solution WS1 WS2 WS3 WS4 WS5 

SREMs (EC-3ʹS, EC-3ʹGlcUA, 3ʹMe-EC-5S)a 0.1 0.5  1 5  10 

gVLMs (4ʹOH-VL-3ʹS, 4′OH-VL-3ʹGlcUA)b 0.1 0.5 1 5  10 

MXs (Tb, Cf)c 10 50 100  500  1000 
a(−)-epicatechin-3′-sulfate, EC-3′S; (−)-epicatechin-3′-glucuronide, EC-3′-GlcUA, 3ʹ-methoxy-(−)-epicatechin-
5-sulfate (3ʹ-Me-EC-5S)   
b5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate, 4′OH-VL-3ʹS;  5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-
glucuronide (4′OH-VL-3ʹ-GlcUA). ctheobromine, Tb; caffeine, Caf. 
 

Table S2: Concentrations of individual structurally- related (−)-epicatechin metabolites (SREMs), 
5-(phenyl)-γ-valerolactone metabolites (gVLM) and methylxanthines (MXs) in plasma samples 
after mixing SREM- and gVLM-free pooled plasma samples with working solutions WS1-5a. 

Analytes 
Concentration of analytes in plasma samples (n=4) 

P0 
PS1 

(<LLoQ)* 
PS2 

(>LLoQ)* 
PS3 

(Low)* 
PS4 

(Mid)* 
PS5 

(High)* 
Individual SREMs (nM) − 2.86 14.3 28.6 143 286 
Individual gVLMs (nM) − 2.86 14.3 28.6 143 286 
Individual MXs (µM) − 0.286 1.43 2.86 14.3 28.6 

*Concentrations selected based on the levels of SREMs and gVLMs expected in plasma samples 
collected after overnight fasting; Lowest Level of Quantification (LLoQ).  
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Table S3: Concentration of structurally- related (−)-epicatechin metabolites (SREMs), 5-(phenyl)-
γ-valerolactone metabolites (gVLM) and methylxanthines (MXs) in quality controls samples used 
to assess precision of the method. 

SREMs/gVLMsa 

Concentration 
QC-α QC-ß QC-γ 
(nM) (nM) (nM) 

EC-3ʹ-GlcUA 17 570 451 
EC-3ʹS 57 2870 1933 
3′Me-EC-5S 371 2809 1492 
4′OH-VL-3ʹS 2931 4499 3149 
4′-OH-VL-3′GlcUA 286 313 263 
 QC-α QC-ß QC-γ 
MXsb (µM)  (µM ) (µM)  
Tb 8.09 9.57 4.13 
Caf 18.4 18.6 16.4 

a(−)-epicatechin-3′-sulfate (EC-3′S); (−)-epicatechin-3′-glucuronide (EC-3′-GlcUA); 3ʹ-methoxy-(−)-
epicatechin-5-sulfate (3ʹ-Me-EC-5S);  (4′-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate (VL-3ʹS);  5-(4′-
hydroxyphenyl)-γ-valerolactone-3ʹ-glucuronide (VL-3ʹ-GlcUA) 
btheobromine (Tb); caffeine (Caf) 
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Table S4: Composition and concentration of structurally- related (−)-epicatechin 
metabolites (SREMs), 5-(phenyl)-γ-valerolactone metabolites (gVLM), methylxanthines 
(MXs) and internal standards (ISTD) in standard curve and suitability test solution. 

Analytes in each 
working solutiona 

Concentration of standard curveb 

Suitability 
test 

solution 

Level 
1 

Level 
2 

Level 
4 

Level 
5 

Level 
6 

Level 
7 

Level 
8 

ISTD 
solution 

SREMs (EC-3ʹS, EC-3ʹG, 
3ʹMe-EC-5S; nM) 10 25 50 100 250 500 1000 2500 600 

gVLMs (4′OH-VL-3ʹS, 
4′OH-VL-3ʹGlcUA; nM) 10 25 50 100 250 500 1000 2500 600 

MXs (Tb, Caf; µM) 0.8 2 4 8 20 40 80 200 6 
a(−)-epicatechin-3′-sulfate (EC-3′S); (−)-epicatechin-3′-glucuronide (EC-3′-GlcUA); 3ʹ-methoxy-(−)-
epicatechin-5-sulfate (3ʹMe-EC-5S);  5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate (4′-OH-VL-3ʹS)  
5-(4′-hydroxyphenyl)-γ-valerolactone-3ʹ-glucuronide (4′OH-VL-3ʹ-GlcUA); theobromine (Tb); caffeine 
(Caf) 

bWorking solutions used for preparing standard curve had a 10x concentration compared to 
concentration of the standard curve listed in the Table. Given the concentration of the sample during 
sample preparation, the concentrations of the analytes in the standard curve represent 3.5x the 
concentration detected in plasma (e.g. 25 nM = 7.14 nM) 
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Table S5    UPLC settings and mobile phase gradient. 

Time Mobile phase A Mobile phase B Flow rate 
(min) (%) (%) (ml/min) 

0.0 95 5 0.5 
2.0 95 5 0.5 
3.5 85 15 0.5 
6.5 80 20 0.5 
6.6 5 95 0.5 
7.1 5 95 0.5 
8.0 95 5 0.5 
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Table S6: Mass spectrometer tune parameters for positive and negative ionization modes. 

Parameter Positive Mode Negative Mode 
Capillary (kV) 4.0 3.1 
Extractor (V) 3 3 
RF Lens (V) 3.0 2.0 
LM Resolution 1 13.0 11.0 
HM Resolution 1 8.0 10.0 
Ion Energy 1 0.5 0.5 
LM Resolution 2 10.0 10.0 
HM Resolution 2 8.0 8.0 
Ion Energy 2 2.0 2.0 
Source Temperature (°C) 150 150 
Desolvation Temperature (°C) 500 500 
Desolvation Flow (L/h) 1000 1000 
Cone Flow (L/h) 0 0 
Multiplier 900 900 
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Table S7: Negative ionization MRM transitions, dwell time, cone energy, collision energy, 
time interval for data collection, and retention time of analytes. 

Compounda Parent Daughter Dwell Cone Collision 
Time 

Interval 
Retention 

Time 

(m/z) (m/z) (s) (V) (V) (min) (min) 

EC-3ʹGlcUA 465.5 289 0.25 22 20 3.8 – 4.6 4.2 

EC-3ʹS 369.4 289 0.25 25 20 4.1 – 6.5 4.6 

3ʹMe-EC-5S 383.5 303 0.25 25 22 4.1 – 6.5 4.9 

4′OH-VL-3ʹS 287.1 207 0.005 20 17 3.8 – 4.6 4.2 

3ʹ-OH-VL-4ʹGlcUA 383.5 207.1 0.05 25 25 3.8 – 4.6 3.8 

4′OH-VL-3′GlcUA 383.5 207.1 0.05 25 25 3.8 – 4.6 4.1 

[2H2/2H3]EC-3′-GlcUA 468 291 0.25 22 18 3.8 – 4.6 4.2 

[13C2,2H2]4′-OH-VL-3′S 291.5 211 0.01 25 20 3.8 – 4.6 4.2 
a(−)-epicatechin-3′-sulfate, EC-3′S; (-)-epicatechin-3′-glucuronide, EC-3′-GlcUA, 3ʹ-methoxy-(−)-
epicatechin-5-sulfate (3ʹ-Me-EC-5S).  
b5-(4′-hydroxyphenyl)-γ-valerolactone-3′-sulfate, 4′OH-VL-3ʹS;  5-(4′-hydroxyphenyl)-γ 
valerolactone-3′-glucuronide (4′OH-VL-3ʹ-GlcUA); 5-(3′-hydroxyphenyl)-γ-valerolactone-4′-
glucuronide (3′OH-VL-4ʹ-GlcUA). 
 
 
Table S8: Positive ionization MRM transitions, dwell time, cone energy, collision energy, 
time interval for data collection, and retention time of analyte(s). 

Compounda 
Parent Daughter Dwell Cone Collision Time Interval Retention Time 

(m/z) (m/z) (s) (V) (V) (min) (min) 

Tb 181.2 134.9 0.4 25 15 1 – 2.25 1.6 

Ca 195.2 138 0.005 18 15 3.5 – 4.2 3.8 

[2H6]Tb  187.2 141.1 0.2 25 18 1 – 2.25 1.6 

[13C3]Caf  198.5 139.9 0.005 20 15 3.5 – 4.2 3.8 

atheobromine, Tb; caffeine, Caf. 
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Figure S1: Chromatogram traces of a mixture of analytical standards, including (−)-epicatechin-3ʹ-
glucuronide (EC-3ʹGlcUA); (−)-epicatechin-3ʹ-sulfate (EC-3ʹS); 3ʹ-methoxy-(−)-epicatechin-5-sulfate 
(3ʹMe-EC-5S), 5-(4ʹ-hydroxyphenyl)-γ-valerolactone-3ʹ-sulfate (4ʹ-OH-VL-3ʹS); 5-(4ʹ-
hydroxyphenyl)-γ-valerolactone-3ʹ-glucuronide (4ʹ-OH-VL-3ʹ-GlcUA), 5-(3ʹ-hydroxyphenyl)-γ-
valerolactone-4ʹ-glucuronide (3ʹ-OH-VL-4ʹ-GlcUA), theobromine (Tb) and caffeine (Caf). The mixture 
of analytical standards contained SREMs and and gVLMs at 1 µM an MXs at 80 µM, volume of injection 
was 5 µL. 
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Figure S2: UV-chromatogram traces of plasma samples prepared with different volumes of 
washing solution. The differences among these chromatogram traces depict the amount of material 
loaded to the column and removed with the different washing conditions tested.  
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