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Abstract
Introduction Mass spectrometry and computational biology have advanced significantly in the past ten years, bringing the 
field of metabolomics a step closer to personalized medicine applications. Despite these analytical advancements, collection 
of blood samples for routine clinical analysis is still performed through traditional blood draws.
Objective TAP capillary blood collection has been recently introduced for the rapid, painless draw of small volumes of 
blood (~ 100 μL), though little is known about the comparability of metabolic phenotypes of blood drawn via traditional 
venipuncture and TAP devices.
Methods UHPLC-MS-targeted metabolomics analyses were performed on blood drawn traditionally or through TAP devices 
from 5 healthy volunteers. Absolute quantitation of 45 clinically-relevant metabolites was calculated against stable heavy 
isotope-labeled internal standards.
Results Ranges for 39 out of 45 quantified metabolites overlapped between drawing methods. Pyruvate and succinate 
were over threefold higher in the TAP samples than in traditional blood draws. No significant changes were observed for 
other carboxylates, glucose or lactate. TAP samples were characterized by increases in reduced glutathione and decreases 
in urate and cystine, markers of oxidation of purines and cysteine—overall suggesting decreased oxidation during draws. 
The absolute levels of bile acids and acyl-carnitines, as well as almost all amino acids, perfectly correlated among groups 
(Spearman r ≥ 0.95).
Conclusion Though further more extensive studies will be mandatory, this pilot suggests that TAP-derived blood may be a 
logistically-friendly source of blood for large scale metabolomics studies—especially those addressing amino acids, glycemia 
and lactatemia as well as bile acids, acyl-carnitine levels.
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1 Introduction

The past decade has been characterized by significant tech-
nological advancements in the field of mass spectrometry 
(MS)-based metabolomics (Crutchfield et al. 2016; Dett-
mer et al. 2007) and computational methods to process data 
generated through metabolomics platforms (Uppal et al. 

2016). Methods like flow-injection Time of Flight (Fuhrer 
et al. 2011) or isocratic/gradient-based high-throughput 
Ultra-High Pressure Liquid Chromatography (UHPLC)-
MS-metabolomics (Lewis et al. 2016; Nemkov et al. 2017) 
have made it possible to process samples by the hundreds/
thousands per day for routine screening of metabolites of 
clinical interest or discovery-mode research studies. This 
level of throughputness brought the field a step closer to 
personalized medicine applications, paving the way for 
the introduction of clinical metabolomics applications 
(D’Alessandro et al. 2012) and precision medicine (Beger 
et al. 2016). Despite these analytical advancements, collec-
tion of blood samples for routine clinical analysis is still 
performed through traditional blood draws. In the past few 
years, metabolomics analyses have informed on the impact 
of pre-analytical variables (Yin et al. 2015), such as drawing 
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methods (Jobard et al. 2016; Townsend et al. 2016), col-
lection tubes (López-Bascón et al. 2016), sample storage 
(refrigerated vs. frozen) on the reproducibility of metabolic 
phenotypes. In this view, notable was the introduction of 
dried blood spots as a logistically-friendly method to collect, 
store and ship blood samples for subsequent omics analyses, 
including metabolomics (Wang et al. 2016; Wilson 2011; 
Zukunft et al. 2013). Similarly, volumetric absorptive micro-
sampling (VAMS) has been introduced over the past few 
years for the sampling of biological fluids and, particularly, 
whole blood, on a porous hydrophilic tip. A comprehensive 
overview of this technology and its applications has been 
recently provided by Kok and Fillet (2018).

More recently, the introduction of TAP (originally Touch-
Activated Phlebotomy, now simply TAP) capillary blood 
collection device (Blicharz et al. 2018) has been welcomed 
as an innovative and user-friendly (i.e. no medical training 
required) strategy for the rapid and painless draw of small 
volumes of blood (~ 100 μL) for clinical analysis. This 
single-use sterile device is claimed to be superior to tradi-
tional blood draw by venipuncture or other methods such 
as fingerstick, owing to the totally painless experience they 
provide to the donor and the ease of use for untrained per-
sonnel. While the technology has quickly cleared Food and 
Drug Administration certification and attracted a significant 
degree of positive press, to the best of our knowledge no 
direct metabolomics comparison has been performed on 
blood drawn through traditional venipuncture methods and 
TAP devices on matched healthy volunteers. Though limited 
by the numbers of prototype available to perform this study, 
here we document for the first time that absolute quantitative 
profiles of whole blood drawn traditionally or through TAP 
are substantially comparable for most classes of small mol-
ecule compounds. The promising results reported here are 
based on the absolute quantitation of a defined set of targeted 
metabolites (45 total), including amino acids, glycolytic and 
Krebs cycle intermediates, acyl-carnitines and bile acids. 
As the panel of metabolites we selected here includes small 
molecules relevant to most of the basic science and clini-
cal studies performed through the University of Colorado 
Denver Metabolomics Cores, we anticipate a potential wide-
spread application of the TAP technology for blood-metab-
olomics related studies. Caveats are noted with respect to 
some carboxylates [e.g. succinate—relevant marker of mor-
tality in the trauma population (DʼAlessandro et al. 2017; 
Lusczek et al. 2017)] and amino acids (e.g. arginine, valine 
and cystine), whose measurements in traditional blood draws 
differ significantly from the values determined in whole 
blood obtained through TAP. Finally, we noted decreased 
levels of oxidative markers (higher succinate and reduced 
glutathione—GSH, lower urate and cystine) in TAP-derived 
whole blood, potentially suggestive of decreased redox stress 
for blood drawn through this novel procedure.

2  Materials and methods

2.1  Blood collection

Commercial reagents were purchased from Sigma-Aldrich 
(Saint Louis, MO) unless otherwise noted. Blood was drawn 
from 5 fasting healthy donor volunteers (three females, 2 
males, age 29 ± 4) at 9:00 a.m., in agreement with the Dec-
laration of Helsinki and after signing of informed consent 
in conformity with the University of Colorado institutional 
review board regulations, both through traditional venipunc-
ture (purple cap—EDTA tubes) or TAP (non-commercial 
investigational-use prototypes kindly provided by Seventh 
Sense Biosystems, containing EDTA anticoagulant—Sev-
enth Sense Biosystems, Medford, MA, USA).

2.2  Quantitation and biofluids

Stable heavy isotope labeled standards (complete list, con-
centration and vendor information included in Supplemen-
tary Table 1) were diluted in 50 mL of a metabolite extrac-
tion solution consisting of methanol, acetonitrile and water 
(5:3:2, v/v/v). Whole blood aliquots (25 µL) were extracted 
in 225 µL (1:10 dilution) of ice cold extraction solution 
with described standards by vortexing for 30 min at 4 °C, as 
reported (D’Alessandro et al. 2017). Insoluble proteins were 
pelleted by centrifugation at 4 °C for 10 min at 18,213 g and 
supernatant extracts (100 µL) were collected for MS analysis 
as detailed below. Technical mixes were prepared by pooling 
extracts from each of the 5 venipuncture donors and 5 TAP 
device donors and injected every 5 runs with an additional 
two pre- and post-sample injections and blanks. Technical 
mixes were analyzed to ensure intraday technical variabil-
ity, expressed as coefficients of variation (CV = standard 
deviation/mean) < 10%.

2.3  UHPLC‑MS metabolomics and absolute 
quantitation against stable heavy‑isotope 
labeled standards

Analysis was performed using a Vanquish UHPLC system 
(Thermo Fisher Scientific, San Jose, CA, USA) coupled to 
a Q Exactive mass spectrometer (Thermo Fisher Scientific, 
San Jose, CA, USA). Samples were resolved over a Kinetex 
C18 column, 2.1 × 150 mm, 1.7 µm particle size (Phenom-
enex, Torrance, CA, USA) equipped with a guard column 
(SecurityGuard™ Ultracartidge—UHPLC C18 for 2.1 mm 
ID Columns—AJO-8782—Phenomenex, Torrance, CA, 
USA) at 45 °C using a gradient elution over 5 min, flow-
ing at 450 µL/min. The Q Exactive mass spectrometer was 
operated independently in positive or negative ion mode, 
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scanning in Full MS mode (1 µscan) from 65 to 975 m/z at 
70,000 resolution with 4 kV spray voltage, 45 sheath gas 
and 15 auxiliary gas. In addition, samples were resolved at 
45 °C for 5 min using a gradient elution over 5 min, flowing 
at 450 µL/min. Mobile phase A was 0.1% formic acid in 
water; mobile phase B was 0.1% formic acid in acetonitrile. 
95% A and 5% B was held from 0.00 to 0.50 min. From 
0.5 to 1.10 min, A was decreased to 5% A and 95% B. This 
condition was held from 1.10 to 2.75 min. From 2.75 to 
3.00 min, A was increased to the initial condition of 95% A 
and 5% B. This condition was held from 3.00 to 5.00 min. 
The Q Exactive mass spectrometer was operated in positive 
ion mode, scanning in Full MS mode (1 µscan) from 65 to 
975 m/z at 70,000 resolution with 4 kV spray voltage, 45 
sheath gas and 15 auxiliary gas. For negative ion mode, sam-
ples were resolved at 45 °C for 5 min using a gradient elution 
over 5 min, flowing at 450 µl/min. Mobile phase A was 5% 
acetonitrile and 95% water with 5 mM ammonium acetate; 
mobile phase B was 95% acetonitrile and 5% water with 
5 mM ammonium acetate. 100% A and 0% B was held from 
0.00 to 0.50 min. From 0.5 to 1.10 min, A was decreased 
to 0% A and 100% B. This condition was held from 1.10 to 
2.75 min. From 2.75 to 3.00 min, A was increased to the 
initial condition of 100% A and 0% B. This condition was 
held from 3.00 to 5.00 min. The Q Exactive mass spectrom-
eter was operated in negative ion mode using electrospray 
ionization, scanning in Full MS mode (1 µscan) from 65 to 
975 m/z at 70,000 resolution with 4 kV spray voltage, 45 
sheath gas and 15 auxiliary gas.

Acquired data was then converted from .raw to .mzXML 
file format using Mass Matrix (Cleveland, OH, USA). 
Metabolite assignments and heavy isotopologue detection 
for absolute quantitation against internal standards were 

determined against in house standard libraries and KEGG 
database searches performed using MAVEN (Princeton, 
NJ, USA). Technical reproducibility (CVs) was assessed 
by monitoring internal heavy labeled standard mixes, as 
reported (Nemkov et al. 2017).

Calculation of absolute quantification for measured 
metabolites was performed using the following formula: 
[light] = (abundance light)/(abundance heavy) × [heavy 
corrected] [dilution factor], where [light] = concentra-
tion of non-isotopic metabolite, (abundance light) = total 
area abundance of non-isotopic metabolite, (abundance 
heavy) = total area abundance of isotopic metabolite, [heavy 
corrected] = known concentration of isotopic metabolite 
diluted according to amount of extraction solution used, as 
previously described (Nemkov et al. 2017).

Graphs, heat maps, statistical analyses (including t test, 
ANOVA, linear regression and Spearman correlations) and 
heat maps were prepared using GraphPad Prism 5.0 (Graph-
Pad Software, Inc., La Jolla, CA, USA) and GENE-E (Broad 
Institute, MA, USA).

3  Results

A total of 45 metabolites were quantified in whole blood col-
lected from 5 healthy donor volunteers through paired draws 
(same subjects, minutes apart between draws) via traditional 
venipuncture or TAP device (Fig. 1a). A complete list and 
raw measurements and absolute quantification—as deter-
mined against spiked in heavy isotope-labeled internal stand-
ards (Fig. 1b)—are reported in Supplementary Table 1. None 
of the subjected reported any bruise (only a minor mark 
in the drawing area, visible for < 24 h) or adverse reaction 

Fig. 1  An overview of the experimental workflow (a) and a representative spectrum and formula for the absolute quantitation of taurocholate (b) 
against the deuterated internal standard 2,2,4,4-taurocholate (formula is shown in the indent)
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to either procedure, though all five participants referred to 
the TAP draw as comparably painless. Amino acid analy-
sis revealed comparable trends for both traditional and 
TAP blood draws (Fig. 2a–c), all within micromolar ranges 
consistent with those reported in the human metabolome 
database—HMDB (Wishart et al. 2018)—and our previous 
studies on whole blood and plasma (Gehrke et al. 2017). 
Median biological variability for all metabolites in blood 
drawn via traditional draws or TAP was 27.9 and 26.8%, 
respectively—showing substantial comparability across 
both drawing strategies (Supplementary Table 1). Signifi-
cant changes were observed between drawing methods with 
respect to valine (fold-change TAP/traditional draw = 0.78; 
p = 0.01 paired T Test) and arginine (fold-change = 1.49; 
p = 0.02). Tryptophan and its metabolite kynurenine were 
extremely comparable between paired drawing methods 
(Fig. 2d), as were dimethylglycine and trimethylamine oxide 
(Fig. 2e). On the other hand, significantly lower levels of the 
oxidized cysteine dimer, cystine and higher levels of reduced 
glutathione (GSH) were observed in samples drawn through 
the TAP device (Fig. 2f).

Absolute quantitative measurement ranges of glucose 
and lactate were extremely comparable between drawing 
methods, though blood drawn through the TAP device was 
characterized by higher levels of pyruvate (fold-change 2.9, 
p-Value < 0.001—Fig. 3a). Similarly, comparable levels 
of adenosine but lower levels of urate were determined in 
matched samples drawn from the TAP device when com-
pared to the traditional venipuncture approach (Fig. 3b). Cit-
rate and 2-oxoglutarate levels were not significantly different 

between drawing methods, while significantly higher levels 
of succinate (fold-change = 4, p < 0.01) were detected in the 
TAP samples (Fig. 3c). Blood obtained via TAP had higher 
biological CVs for alpha-ketoglutarate (131%) in compari-
son to traditionally drawn blood (58%—Supplementary 
Table 1).

Bile acids—either unconjugated or taurine and glycine 
conjugated—were extremely comparable between blood 
draws (Fig. 4), with median Spearman correlation coeffi-
cient > 95%. Still, traditionally drawn blood showed biologi-
cal CVs as high as 138% for taurocholate, which instead 
had 52.5% biological CVs in blood drawn via TAP. Similar 
considerations could be made for free carnitine and acyl-
conjugated carnitines, (Fig. 5), as well as palmitate and 
sphingosine 1-phosphate, averaging median correlations of 
0.94.

Finally, in Fig. 6a and Supplementary Table 1 we provide 
a correlation matrix summarizing the results from Spear-
man correlations of matching measurements of the same 
compound in each one of the five subjects between tradi-
tional and TAP device blood draws. Median correlations 
across blood draws for all the tested metabolites was > 0.7. 
Representative correlation curves are shown for metabolites 
showing the highest linear correlations between drawing 
methods, carnitine (r = 0.984—Fig. 6b) and taurodexycho-
late (r = 0.991—Fig. 6c), and the lowest, palmitate, histidine 
and aspartate—(Supplementary Figs. 1, 2, Supplementary 
Table 1). Of note, concentration ranges for metabolites 
showing poor correlations were comparable between the 
two drawing strategies and only in the case of aspartate 

Fig. 2  Absolute quantification of amino acids (essential—a, condi-
tionally essential—b and nonessential—c), tryptophan metabolites 
(d), metabolites involved in choline and microbiome metabolism (e), 

redox homeostasis mono- and tripeptides like reduced glutathione 
(GSH) (f) in traditionally drawn blood (red circles) or matched blood 
drawn via TAP (white). Paired T Test p-Value *<0.05; **<0.01
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were impacted by increased CVs in TAP draws owing to 
two major outliers among the tested samples (Supplemen-
tary Table 1).

4  Discussion

TAP devices afford an easy, painless, logistically-feasible 
alternative to routine blood draws through venipuncture for 
collection of blood for metabolomics studies. However, lit-
tle is known about the comparability of whole blood meta-
bolic phenotypes following either drawing strategy. Here 
we provide a preliminary characterization of paired blood 
samples from five healthy donor volunteers. The study was 
limited by the availability of non-commercial prototypes of 
the TAP device tested in here. Despite the exploratory nature 
of the present analysis, we decided to focus on metabolites 
of relevance to the majority of the studies performed in our 
facility. In this view, we focused on amino acids, energy-
related metabolites (including glycolytic and Krebs cycle 
intermediates), redox-related metabolites (including reduced 
glutathione), acyl-carnitines and bile acids. We report that 
results from either drawing strategy were comparable, with 
overall median correlation coefficients > 0.7 for all the tested 
metabolites and, for bile acids and acyl-carnitines r > 0.95.

Blood amino acid analysis (Nemkov et al. 2015) is a 
critical research endeavor in many fields, from biomedical 
research—e.g. serine and glycine in cancer research (Mad-
docks et al. 2016), tryptophan/kynurenine and arginine in 
“inflammaging” (Mondanelli et al. 2017), glutamine/gluta-
mate/alanine in hemorrhagic hypoxia (Reisz et al. 2017), 
etc—to foodomics analysis—e.g. to potentially predict the 
outcome of muscle to meat conversion for meat tenderiza-
tion processes (Herrero et al. 2012; Lana et al. 2015). Of 
note, the levels of most amino acids, except for valine and 
arginine (still quantified within a reasonable micromolar 
range), were comparable between blood draws strategy, sug-
gesting an overall suitability of TAP-derived whole blood for 
amino acid-determination strategy.

Of note, metabolites related to redox homeostasis, such 
as cystine and reduced glutathione, but also succinate and 
urate differed significantly between blood drawing strategies. 
Of note, lower urate and higher succinate are observed in 
ischemic/hemorrhagic hypoxia prior to reperfusion-induced 
oxidation (Chouchani et al. 2014; D’Alessandro et al. 2015), 
suggesting an overall decreased level of oxidation for TAP-
drawn blood. However, this introduces caveats about the 
potential need to recalibrate predictive ranges for clinical 
outcomes [e.g. succinate and mortality in critically injured 
trauma patients (DʼAlessandro et al. 2017; Lusczek et al. 

Fig. 3  Absolute quantification of glycolytic (a), purine (b), and Krebs cycle intermediates (c) in traditionally drawn blood (red circles) or 
matched blood drawn via TAP (white). Paired T Test p-Value *<0.05; **<0.01
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Fig. 4  Absolute quantification of bile acids in tradiationally drawn blood (red circles) or matched blood drawn via TAP (white). No significant 
changes were observed between groups

Fig. 5  Absolute quantification of acyl-carnitines, fatty acids and sphingolipids (palmitate and sphingosine 1-phosphate) in traditionally drawn 
blood (red circles) or matched blood drawn via TAP (white). Paired T Test p-Value *<0.05; **<0.01
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2017)] in case blood draws were to be routinely performed 
through TAP-device based approaches. On the other hand, 
comparable measurements were obtained for glycemia and 
lactatemia, two key biochemical parameters of clinical rel-
evance, for example in the diabetic population [e.g. fasting 
and non-fasting levels of circulating glucose—(Avignon 
et al. 1997)] and, in like fashion to succinate, in the criti-
cally ill and septic patient populations (DʼAlessandro et al. 
2017; Krishna et al. 2009).

Our mechanistic understanding about the interconnec-
tion between host and microbiome metabolism has recently 
expanded (Palau-Rodriguez et al. 2015). Emerging concepts 
in this research endeavor highlighted the relevance in health 
and disease (e.g. inflammation) of blood metabolites like the 
choline-catabolite dimethylglycine, TMAO and bile acids, 
which can only be deconjugated by the gut microbiome and 
play a key role in inflammation and cholestasis (Kurbegov 
et al. 2003). Notably, these metabolites were comparably 
quantified in either blood drawing strategies, with correla-
tion coefficients > 95%. Similar considerations can be made 
for circulating acyl-conjugated carnitines, key metabolites 
in the study of athletic performances and obesity (McCurdy 
et al. 2016). It is indeed in sports (e.g. outdoor) scenarios 
that a technology as versatile and easy to use as the TAP 
device would likely find its best application.

This study holds several limitations. First, a limited 
number of replicates were tested (five, limited by the avail-
ability of the hitherto not-commercially available prototype 

device—kindly and gratuitously offered by Seventh Sense). 
Further follow-up studies will be necessary to expand the 
metabolic coverage to other metabolites than those tested in 
this study, as well as to further verify the findings reported 
herein with orthogonal quantitative technology than the 
UHPLC-MS approach employed here. Discrepancies 
between some of the metabolites quantified (6 out of 45) 
may be due to biological rather than technical issues, such 
as the site of blood draw and potential stress on the drawn 
blood cells when forced through the TAP device microcap-
illaries. Furthermore, even though we carefully selected 
blood drawing areas as close as possible (spatially and tem-
porally—i.e. paired blood draws on the same subjects were 
performed only minutes apart and in very close spots), it 
is likely that some of the observed differences were more 
attributable to blood source (e.g. vein vs. capillary blood). 
Finally, since the main focus of this study was to compare 
metabolic phenotypes of whole blood samples for potential 
streamlined clinical application, we did not sort plasma from 
cellular blood components. It is indeed worth noting that 
most of the metabolites quantified here are usually dosed 
in plasma/serum in most common databases (e.g. HMDB), 
which limits the comparability of the present findings with 
published repositories. In keeping with this consideration, 
we recently commented on the caveats associated with com-
parability between the metabolic phenotypes of plasma, 
whole blood and cellular components (e.g. red blood cells) 
(Gehrke et al. 2017). On the other hand, whole blood is a 

Fig. 6  Correlation matrix of metabolite levels from absolute quanti-
fication measurements performed in blood drawn traditionally or via 
TAP (a). High positive correlations were observed form most metab-
olites (average r > 0.7) amino acids, carnitines (Spearman correlation 

r = 0.984) (b) and bile acids (r = 0.991) (c). A vectorial version of a 
with metabolite names is provided in Supplementary Fig. 1. Raw data 
and analyses are included in Supplementary Table 1
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“richer” matrix that also informs on the levels of metabolites 
of cellular origin, such as oxidative stress markers like GSH.

5  Conclusion

Overall, with all the caveats and limitations pointed out 
above, our results indicate that the TAP device may be a 
viable strategy to perform routine blood draws in a pain-
less, easy and logistically-friendly fashion. Blood obtained 
through the TAP device appears to be suitable for routine 
analysis of acyl-carnitines and bile acids, as well as glyce-
mia, lactatemia and measurements of most amino acids of 
basic science or clinical relevance. For current clinical tests 
based on the analysis of small molecule compounds, large 
scale studies may be necessary to cross-validate existing 
ranges calibrated on traditional venipuncture-drawn blood 
or to prospectively validate new ranges calibrated directly 
on TAP device-drawn blood.
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