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Abstract

Global metabolic profiles of dried blood microsamples (BuS) were studied in
comparison to conventional plasma and blood samples using Gas Chromatography-
Mass Spectrometry (GC-MS). Venous blood from 10 healthy, overnight-fasted
individuals was collected and used to produce dried microsamples on Whatman cards,
Capitainer and Mitra devices. In parallel paired plasma samples were collected. The
metabolite extraction protocol was optimized and methanol was selected as the
extraction solvent. Twenty uL of the venous BuS and plasma were analyzed using the
Fiehn GC-MS protocol which includes methoximation and trimethylsilylation
derivatization steps. In an additional study, three paired finger capillary BuS (Mitra),
liquid venous blood, and plasma metabolic profiles were evaluated. BuS devices,
mainly the Mitra, provided equivalent or greater information than plasma, considering
it had the highest mean abundance of features and most annotated metabolites (37) with
highest abundance. Additionally, in the last study, 14 metabolites had statistically
higher abundance in the capillary blood Mitra BuS compared to liquid venous blood
and plasma. Overall, the results suggest that BuS is a viable alternative for untargeted
blood metabolomics, providing comparable information. Since the different BuS
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devices capture different metabolic profiles, the choice of device for a researgh, stud
should be carefully considered depending on one’s goals.

1. Introduction

In recent decades, omics disciplines, which comprehensively profile endogenous
molecules in biological specimens, have emerged as rapidly advancing fields within
bioanalysis. Among these, metabolomics, the systematic study of small-molecule
metabolites involved in biochemical pathways, has attained significant prominence as
a critical tool for elucidating cellular phenotypes and metabolic states.'> Metabolomic
blood analysis holds great promise for clinical laboratory applications by enhancing
diagnostic efficiency and enabling more comprehensive disease risk assessment, areas
where current diagnostics often fall short. Thanks to advances in analytical and
computational methods, a mere microliter of blood (<1 uL) is now sufficient for
comprehensive metabolic profiling. This renders blood microsampling (BuS)
techniques an attractive asset in metabolomics as they also offer many other advantages.
It is a minimally invasive, cost-effective approach allowing sample collection outside
clinical settings, including at home.>=

Dried Blood Spots (DBS), the oldest form of BuS, have been applied for decades in
numerous analyses 68 with a main focus on diagnosing infections and the screening for
inborn errors of metabolism.® However, recently, new and innovative BuS technologies
have emerged overcoming some of the DBS drawbacks, such as hematocrit bias.!® New
quantitative BuS devices offer higher accuracy in collection volume and analytical
precision, both critical features for metabolic profiling studies and targeted
metabolomics.

Since the first use of GC-MS to measure derivatized fatty acids in DBS,!' GC-MS
analysis of BuS has evolved within the field of metabolomics.!> However, even though
GC-MS delivers broad metabolite coverage across central metabolism - offering both
high separation quality and rich identification capacity - mostly LC-MS-based
metabolic profiling has been applied in BuS.13"!7 To date only a few GC-MS
metabolomics studies have been conducted on BuS,'®2? and just three of these have
been focused on the comparison of BuS to conventional blood sample metabolic
profiles.?%22 The latter aimed to investigate if BuS could reliably substitute for whole
blood and plasma, in GC-MS-based untargeted metabolomic profiling, offering
benefits in stability, convenience, and biomarker detection. In general, comparable
detection and identification numbers were observed with only some specific
metabolites showing different trends. Kong et al. reported as an example that some
metabolites are underrepresented in DBS and that lysine, citric acid and Adenosine
monophosphate (AMP) were uniquely detected in plasma or blood.?? In another study
applying GC-MS to compare metabolic profiles of DBS from finger prick, DBS from
venous blood, whole blood and plasma from sixteen healthy volunteers, it was found
that the number of detected metabolites was similar with only less than 15% differential
metabolite detection specific to each matrix.?! Similar observations have been reported
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z also when DBS and Mitra GC-MS metabolic profiles were compared with that gf blogd’ 25 coasoe
5 in a case study of breast cancer patients. The data provided comparable results in terms

6 of metabolite detection capabilities and suggested that BuS was effective in detecting

; disease-related metabolic changes.?°

?o Although previous studies have highlighted valuable insights into the potential of these

11 sampling approaches, they completely overlook critical technical aspects, particularly

12 how the choice of extraction protocol influences metabolic coverage. This lack of

1 i detailed methodological information has limited our understanding of the true

capabilities and limitations of BuS, underscoring the urgent need for systematic
evaluation, which is what the present study addresses.

In the present study, the untargeted GC-MS profiles of different devices under different
extraction conditions were tested, aiming to obtain the most comprehensive profile
possible. Finally, the profiles obtained from capillary blood collected using the Mitra
BuS device and the paired plasma and whole blood from three individuals were studied.
To the best of our knowledge, this is the first comprehensive study comparing global
metabolic profiles from three different BuS devices against plasma and venous liquid
blood using GC-MS, broadening the coverage of LC-MS metabolome obtained as a
continuation of our previous work.!6

2. Materials & methods
2.1 Chemicals and reagents

All solvents used were of LC-MS grade. Acetonitrile (ACN) and methanol (MeOH)
were acquired from VWR BDA Chemicals (Radnor, PA). Myristic-d,7 acid, fatty acid
methyl esters (FAME) standard mix, pentadecane, methoxyamine hydrochloride, and
pyridine were purchased from Sigma Aldrich (St Louis, MO, USA). N-Trimethylsilyl-
N-methyl trifluoroacetamide (MSTFA) was obtained from Restek corporation (PA,
USA) and trimethylchlorosilane (TMCS) from Alfa Aesar (Leicestershire, UK).
Ultrapure water was produced using a Hydrolab demineralizer (Straszyn, Poland).
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4
jg Twenty-microliter (two 10-uL spots per card) Capitainer® B cards were purchased
47 from Capitainer (Solna, Sweden). 20-uL Mitra devices were acquired from Neoteryx
48 (Torrance, CA). Whatman protein saver cards, each containing five collection spots,
gg were obtained from Sigma-Aldrich (St. Louis, MI).

g; 2.3 Blood sample collection & handling

gi Venipuncture blood was collected by a trained phlebotomist from ten (five men and
55 five women) healthy overnight-fasted individuals. The collection was undertaken after
56 written informed consent. All experiments were performed in accordance with the
;73 guidelines of the Declaration of Helsinki. The study was approved by the Research and
59 Ethics Committee of the Aristotle University of Thessaloniki (#306272/2022).
60 Antecubital venipuncture blood from each individual was collected in two 6-mL EDTA
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tubes. 20 uL of the blood was pipetted onto Whatman DBS cards. A drop of the, blogd 2 Soost
was applied on each of the two spots of the Capitainer B cards using a Pasteur pipette.

For Mitra collection, the tip was partially dipped in the EDTA tube for ~6 seconds. A

portion of the venipuncture blood was also separated for plasma collection. The BuS

samples were left to dry at room temperature for 3 hours (hrs) before storage at -80 °C

in desiccant pouches until analysis; plasma and liquid venous blood were also stored at

-80 °C until analysis. A schematic diagram of the study design is illustrated in Fig. 1.
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& E AcN-MeOH (7:3, viv)
Whatman Plasma
§§$ PCA Plsmaand BuS devices
: - Comparison ‘
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Fig. 1 Schematic of the study design
2.4 Analytical sample preparation and derivatization
2.4 Preparation of reagents and standards

Myristic-d,7 acid stock solution was prepared by dissolving 1 mg of the standard in 1
mL of pyridine and diluting tenfold to make a 100 mg/L solution. Methoxyamine
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z (MEOX) stock solution was prepared by dissolving 40 mg in 1 mL of pyriding, 4055 coosot
5 prepare a 40 mg/mL solution. Pentadecane solution was prepared by dissolving 130.2

6 uL of pentadecane in 1 mL of pyridine and diluting sixteenfold to make a 6.25 mg/L

; solution. MSTFA was prepared with 1% chlorotrimethylsilane (TMCS); for a 10 mL

9 stock solution, 0.1 mL of TMCS was added to 9.9 ml MSTFA.

:(1) 2.4.1 Sample preparation and derivatization

E 2.4.1.1 Liquid venous blood

14

Liquid venous blood samples from the ten individuals were left to thaw at 4 °C. The
samples were vortexed and 50 uL was transferred to separate Eppendorf tubes. 10 pL
of the internal standard (ISTD) myristic-d,; acid was added to each sample followed by
140 pL of ACN-MeOH 70:30 (v/v). This derivatizable internal standard was added
prior to the derivatization step to correct for variations in extraction, derivatization
efficiency, and injection, ensuring accurate quantification of target metabolites. The
samples were briefly vortexed for 10 min. Afterwards, the samples were centrifuged at
6,720 x g for 10 min at 4 °C. All the supernatant was transferred to glass vials and
evaporated using a speed vacuum concentrator.

The Fiehn methoxymation-trimethylsilylation derivatization protocol was applied 23>
as follows. First, 10 pL of methoxyamine (MeOX) (40 mg/mL in pyridine) was added
- to protect ketone groups - and the samples were briefly vortexed and incubated for 90
mins at 30°C. In the second step, 90 puL of 1%-TMCS in MSTFA was added, the
samples were vortexed and incubated for 30 mins at 37°C. The MSTFA reacts with
molecules containing acidic protons which are common in carboxyl, hydroxyl, amino,
imino, and sulfuryl groups thus making them non-polar and reducing their boiling
point.?* As a final step, 10 uL of 6.25 mg/L pentadecane was added as a second internal
standard, to assess analytical precision. It is used to assess the quality of the data and
correct for variations in injection and signal abundance if necessary. The samples were
loaded on the autosampler and left for six hrs before injection in order to ensure
complete derivatization.>> QC samples were prepared using pooled liquid venous blood
from the ten individuals. The QC samples were prepared using the same protocol
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4

45 detailed above and injected five times within the run, after every two injections. Initial
46 trials on extraction optimization were performed in a pool sample.

47

48 2.4.1.2 BuS extraction optimization

49

50 Four different extraction solvents were evaluated, i.e. MeOH, ACN, MeOH-H,0 60:40
g; (v/v), and ACN-MeOH 70:30 (v/v) on each device, in triplicate. Either one Mitra tip
53 (20 pL), one Whatman spot (20 pL) or two Capitainer discs (each 10 pL), prepared
54 with pooled blood were placed in 1.5-mL Eppendorf tubes and hydrated using 20 pL
gg of H,0. 10 uL of the ISTD myristic-d,; acid was added to the Eppendorf, followed by
57 300 pL of one of the extraction solvents. The samples were briefly vortexed and

sonicated for 10 minutes (min). Afterwards, the devices were removed with tweezers,
and the tubes were centrifuged (6,720 x g for 10 min at 4 °C). The supernatants (290
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puL) were transferred to clean glass vials and evaporated using a speed yacy
concentrator (Eppendorf Concentrator plus, Stevenage, United Kingdom).

The samples were derivatized by applying the same protocol as previously described.
2324 The samples were loaded on the autosampler and left for six hrs before injection in
order to ensure complete derivatization.”> QC samples were prepared by mixing
aliquots of the final extract from all the samples and injecting one QC after every five
samples.

2.4.1.3 Venous BusS vs plasma comparison

Samples from the ten individuals collected using the three BuS devices and plasma (20
uL) were extracted using the procedures described above with 320 pL of the extraction
solvent selected as optimum, namely MeOH. After extraction, 85 uL of supernatant
from each sample was aliquoted into three separate vials (n = 3 technical replicates).
An additional 45 pL of supernatant from each sample was collected and mixed to
prepare within-run QC. 85 pL (equal volume as the samples) of the QC mix was
aliquoted into separate QC vials (same volume as the samples). The samples were
evaporated and stored at -80 °C before derivatization. Derivatization was performed on
the day of analysis based on randomized sequence. The derivatization protocol was as
previously described albeit with one-third of the reagent volumes, given the reduced
sample volume per replicate/vial. Accordingly, double the amount (20 pL) of the check
standard pentadecane (diluted fourfold) was added after the derivatization before
loading on the instrument. Like previously, injection was delayed for six hrs to ensure
derivatization was complete.

2.4.1.3 Capillary BusS vs blood and plasma comparison

Plasma, venous blood and BuS with capillary blood were collected from 3 individuals.
Plasma and venous blood were acquired through phlebotomy, while capillary blood
was collected from a finger prick using Mitra tips, following manufacturer’s
instructions. 20 pL of plasma, whole blood and the Mitra tip were added to the
Eppendorf tubes and extracted as described above. QC samples were also prepared as
described in section 2.4.1.2. Derivatization was performed on the day of analysis based
on randomized sequence. Derivatization and addition of the internal standard
(pentadecane) were carried out as described in session 2.4.1.2. Likewise, injection was
delayed for six hrs to ensure derivatization was complete.

2.5 GC-MS analysis

A Bruker EVOQ-456 GC-MS coupled with a PAL RSI autosampler was used.
Separation was performed using a non-polar DBS-5 capillary column (5% - phenyl-
methyl-polysiloxane) with helium as the carrier gas. The flowrate was 1.1 mL/min. A
PTV injector was used with the inlet temperature initially held at 110 °C for 1 minute
(min), then ramped to 250 °C at 720°C/min; the temperate was held at 250 °C for 12
mins before being decreased back to 110 °C at 720 °C/min; where it was maintained
until the end of the run. Injection was set in spitless mode from 0 to 5 min and then in
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z split mode from after 5 mins with a 10:1 split ratio. A solvent delay of 6.8 mun Was i rcoost
5 applied.

? The oven temperature program was as follows: the initial temperature was held for 1

8 min at 60 °C, then ramped to 320 °C with 10 °C/min rate; it was then held at 320 °C for

?o 10 min and then dropped to 60 °C, where it was held for 1 min until the end of the run.

1; The GC-MS was operated in full scan in MS mode at a 50 - 600 m/z scan range with a

13 500 ms scan time. Electron (EI) ionization was applied with a source temperature at

14 230 °C and the transfer line temperature at 250 °C.

2.6 Data analysis

For the solvent optimization and device comparison, pre-processing of the data was
performed using MSDIAL (version 4.9.221218). The comparison of capillary BuS
devices with whole blood and plasma was pre-processed in XCMS (version 4.3) in R
(version 4.3.0), following the “Metabonaut” workflow.?® In MS-DIAL, raw data files
were processed directly, whereas in XCMS, data were first converted to the .mzml
format using Proteowizard MSConvert (version 3.0.23129). Detailed parameter
settings for all data processing steps are provided in the Supplementary Information.

Identification of features (a detected metabolite with a specific paired m/z and rt) was
performed using multiple software in order to optimize the number of annotations and
for confirmation purposes. AMDIS (version 32), MSDIAL (version 4.9.221218). For
AMDIS analysis, the raw data were first converted to .cdf files using NetCDF software
and the spectra were matched against the NIST spectral library. The results were later
manually curated using application “GAVIN3” under MATLAB (version R2024a). For
the deconvolution parameters a minimum matching factor of 80 was used for all
detected features. On MSDial, two libraries, Fiehn BinBase DB (Rtx5-Sil MS, FAMEs-
based RI) and RIKEN DB (Rtx5-Sil MS, predicted Fiehn RI) were used for annotations.
To perform Retention Index (RI) matching, a FAMEs mixture was injected during the
analytical sequence. Retention times (RT) of the FAMEs were fitted to their reference
RI values from the NIST library using a polynomial function. This calibration curve
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4 was then applied to assign RI values to the annotated compounds for identity
22 confirmation (Supplementary Table 1).
e 2.7 Statistical Analysis
gg Deconvoluted data were first analyzed in MS Excel (version 2405) and normalization
51 was performed using a linear model based on QC response at QC MXP software.?’
52 Principal component analysis (PCA) and supervised orthogonal partial least-square
g i discriminant analysis (PLS-DA) were performed using Simca (version 14.1). Data for
55 the multivariate analysis was normalized and filtered for imprecision (QC features with
56 > 30% CV excluded). Data were log transformed, pareto scaled and missing values
;73 were imputed using the k-nearest neighbors (kNN) method (k=3). Univariate data
59 analysis was performed using MS Excel (version 2405) on log-transformed features
60 abundance (peak area) with < 30% coefficient of variance (CV) in QCs. Multiple


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5an00937e

oNOYTULT D WN =

14

& 5 pOpendcegssirtigedbublisged on @3 Novembes 2025 Pawnigaded pi $1/8(2025 1:51:56 AM
wm\fh% afici&istieded uriter € CRative Soriindis iﬂtrﬁﬁuﬁb‘ngoﬂn&rtﬁﬂ Teette:

S bDA D DD
O 00 NO U b

(S BN C, BNV, RO, RO, BV, BV, RV, |
NoubhwN-=0

o L1
o O

Analyst

hypothesis testing was performed using the two-stage linear step-up procedyrg,of;
Benjamini, Krieger, and Yekutieli (BKY) with a false discovery rate (FDR) of 0.5% in
Prism - GraphPad (version 10). 27,28

3. Results and discussion

3.1 Liquid venous blood analysis

Based on the analysis of liquid venous blood from ten individuals, a library of identified
metabolites was built with the aim of serving as a reference and to identify and annotate
metabolites from the study cohort. Fifty-seven metabolites were identified including
amino acids and their derivatives, organic acids, sugars, and long chain fatty acids as
can be seen in the Supplementary Table S2, which provides the list of annotated
metabolites in blood and El-generated fragments matching those in the reference library
for each compound. Annotation confidence levels were assigned adapted from Sumner
et al.? Level 1 identifications were confirmed by matching both retention time and
electron ionization (EI) spectra with authentic standards, while level 2 annotations were
based solely on EI spectral similarity. To further enhance annotation confidence,
retention index (RI) matching was also performed, as shown in Supplementary Table
S1. The El-generated fragments that matched those in the reference library are listed in
Supplementary Table S2.

A particular challenge in the GC-MS analysis of carbohydrates is the formation of
multiple derivatives during trimethylsilylation, resulting from the various tautomeric
forms of sugars.>® Additionally, the presence of multiple structural isomers often leads
to highly similar fragmentation patterns, making their differentiation difficult.
Consequently, the level 2 annotations of sugars reported in this study should be
interpreted with caution.

3.2 BusS solvent extraction selection

To explore the most appropriate solvent for metabolite extraction from the dried blood
samples, a pooled sample was extracted using two pure solvents, MeOH and ACN; and
two solvent mixtures, MeOH-H,O 60:40 (v/v) and ACN-MeOH 70:30 (v/v). These
were chosen based on our group’s earlier publications.???? To evaluate the efficiency
of the extraction solvents for this type of analysis, we considered the total number of
extracted features, the overall features abundance, and the precision of analysis per
extract.

BuS devices containing pooled blood extracts using the four different solvents were
analyzed by a single run in a randomized order. Evaluation of the QC’s precision using
R? correlation of QC features intensities revealed no significant signal variation across
the run. As well as that, IS signals (Myristic acid d-27 and pentadecane), were checked
to address signal drifts. Therefore, no normalization protocol was applied for this
experiment. Additional evidence to support such an approach can be found in
Supplementary Table S3.

Page 8 of 24

w Article Online
/D5AN0O0937E


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5an00937e

Page 9 of 24 Analyst

1

2

i For the evaluation of the number of features, only those with signal detected in at least’2xcoose
5 two out of three replicates were considered. Based on these data, it was found that the
6 highest number of features was detected using MeOH in two out of the three cases (149
; in Whatman and 193 in Capitainer). For the Mitra device, the solvent yielding the
9 highest number of features was ACN-MeOH 70:30 (v/v) (216 features) followed
10 closely by MeOH (187 features). ACN-MeOH 70:30 (v/v) yielded the second highest
1; number of features for Whatman (125 features), and MeOH-H,O 60:40 (v/v) was the
13 second best for Capitainer (156 features). A graphical illustration of the number of
14 detected features per extraction solvent and BuS is shown in Fig. 2 where abundance

in color corresponds to increase in the number of detected features. As can be seen,
Whatman yielded fewer features than the two other devices, regardless of the solvent
used. Venn diagrams displaying how many features were unique and common between
the solvents in each BuS device are shown in Fig. S1.

ACN

ACN-MeOH

MeOH

MeOH-H20

Fig. 2 Number of detected features corresponding to metabolic information obtained
from each BuS device using different extraction solvents: ACN, ACN-MeOH 70:30
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42 (v/v), MeOH, and MeOH:H,O 60:40 (v/v). abundance in color (white to red)
j? corresponds to increase in the number of detected features.

48 Regarding the overall abundance of the detected features (signals detected in at least
:g two out of three replicates), MeOH appeared to be the most efficient. A comparison of
51 the features abundance per solvent extract and BuS device can be seen in Fig. 3. In the
52 figure the color represents the sum abundance of all features in a given solvent, after
gi averaging the values found in the triplicates. In addition to producing the highest
55 number of extracted features, MeOH also yielded the greatest total abundance across
56 all three devices. MeOH-H,0 60:40 (v/v) followed and then ACN-MeOH 70:30 (v/v)
;73 with extracted features of the highest abundance in the Mitra and Capitainer. ACN was
59 the least effective solvent for all the BuS devices. It should be noted that apart from the
60

lowest number of features, Whatman yielded also lower features intensities than both
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Mitra and Capitainer, regardless of the solvent used which could limit the coverage
metabolite information.

As a means to examine characteristics of precision per extraction condition if any,
features intensities RSDs in the triplicate injections were calculated per solvent. The
RSD distribution of the different solvents in all the BuS devices were not vastly
different. However, there were slight differences. For Whatman, ACN-MeOH 70:30
(v/v) had the lowest mean RSD (35.28%), followed by MeOH (49.17%), ACN
(45.26%) and MeOH-H,0 60:40 (v/v) (51.89). MeOH-H,0 60:40 (v/v) was the most
reproducible solvent for Capitainer (RSD = 34.51%), followed by ACN (40.57%),
MeOH (47.08%) and ACN-MeOH 70:30 (v/v) (51.71%). Likewise, MeOH-H,0 60:40
(v/v) provided the lowest RSDs for Mitra (RSD = 38.57%), closely followed by ACN
(42.65%), MeOH (44.14%) and ACN-MeOH 70:30 (v/v) (49.14%). Thus, no specific
trend was observed per extraction solvent regarding reproducibility of the acquired
metabolic fingerprint. The mean features RSD per solvent and device is represented
with a color gradient scale in Fig. 3.
Intensity

- @ @ @ O
! 5 (log scale)
| i 31.0
Capitainer + |

32.0

33.0

Whatman - Q ! . ! .
ACN ACN-MeOH MeOH MeOH-H:0
34 36 38 40 42 44 46 48 50
RSD %

Fig. 3 Summed intensities of the features per extract and microsampling devices and
mean RSD in the triplicates. The size of the nodes represents the total abundance of all
features in logarithmic scale, whilst the color abundance represents the mean RSD per
condition.

Summarizing, MeOH proved to be the most appropriate extraction solvent for the
different BuS devices, as it yields the largest features abundance, high number of
features, and comparable RSD distribution with the other solvents. ACN-MeOH 70:30
(v/v), which also showed good results, was a close second. Neat ACN and MeOH-H,0
60:40 (v/v) showed the poorest performing results when evaluating all the

Page 10 of 24
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1

2

i aforementioned criteria. Therefore, MeOH was selected as the optimum extractign’ ;2\ coosos
5 solvent for use in the BuS and plasma comparison study.

6

7 3.3 Venous BusS in different devices versus plasma

8

9 3.3.1 Metabolic coverage

10 . . .

11 For practical reasons standardized surrogates of BuS were used by applying a defined
12 volume of venous whole blood onto Whatman cards or devices. By this way a higher
13

number of BuS, collected under controlled sampling could be studied, to compare the
global metabolic profiles between the three BuS and the most widely used blood type
in metabolomics studies, namely plasma. A set of 10 venipuncture blood samples
collected on the three BuS devices and the paired plasma samples were extracted using
the defined optimum extraction solvent (MeOH). After the data was normalized using
a QC-based linear model in the QC MXP software, they were examined under
comparison criteria between the four matrices (three BuS devices and plasma)
including total number of features detected, features mean abundance, and number and
abundance of annotated metabolites.

After normalization was performed, no significant signal variation was present, as
shown by the QC’s correlation value (R?= 0.994). The variation of IS pentadecane and
Myristic acid d27, together with other quality assurance analysis can be found in
Supplementary Table S4. Regarding the number of features detected per matrix after
being processed separately, all four presented a very similar features count: plasma
yielded 118, Whatman 119, Mitra 117, and Capitainer 112.

Tredhed uriter € CRRative Soriindis At Bution 20 GnSBried ch‘ceh'&e.E

The intensities of the features were also quite similar between the different types of
samples. Mitra had the highest mean abundance while plasma had the lowest. Boxplots
in Fig. 4 displaying the log2 average peak area of each feature in each matrix show a
very similar distribution of features intensities per sample type extracts.

Log2(Values) by Device (Boxplot with Jitter)
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Fig. 4 Boxplots showing the mean log2 peak areas of each feature detected inthe, fout; - 000t
different matrices after extraction with methanol. The lines in each box represent the
median peak area, while the dots represent the features.

Next, we evaluated the peak area (abundance) of the annotated metabolites per extract.
The results of the abundance of the annotated metabolites per condition can be seen in
Fig. 5 in the form of a heatmap, where the median of each annotated metabolite across
the ten healthy individual samples in each device and plasma is illustrated. Mitra
showed to have the highest median abundance in most compound classes (amino acids,
fatty acids, organic acids and others), followed closely by Capitainer, which presented
higher abundance for the sugars. Overall, Whatman displayed lower abundance for
most annotated metabolites compared to the other BuS devices with the exception of
isoleucine, glycerol monostearin, and palmitoyl glycerol.

Glyceral <
Myo-Inositol
5-Oxoproline
Asparagine
Aspartic acid
Glutamic acid -
Glutamine =
Glycine
N-Methyl-Alanine
and Omithine -
derivatives Proline
Serine -

Threonine

Tyrasine -

Valine

f-Alanine

Ethanolamine -

1-Monomyristin

10,12-Trecosadiynoic acid

Adipic acid, 2-decyl tridecyl ester 4
Arachidonic acid -

Fatty Glyceral monostéarnn
Lincleic acid

Oleic acid
Palmitic acid
Palmitoyl glycerol
Steanc acid 4
2-Oxoglutanic acid
Erythryonic acid
Fumaric acid
Glycolic acid
Organic Malic acid
acids Malonic acid
Oxalic acid

Succinic acid
a-Hydrexybutyric acid
B-Hydroxybutync acid
Urea

Alcohols

Amino acids

acids

= 0.3

- D4

7-Ketocholesterol 4

Sterols Cholesterol

1,5-Anydroglucitol -

Fructose

Galactose

Glucose [saomer A -

Sugars Glucose Isomer B -
Glucose Isomer C -

Lactulose -

Rabrital

p-D-allopyranose =

a-Tacopherol

=03

=02

Capitainer Mitra Whatman Plasma

Fig. 5 Median abundance of each metabolite in the extracts from four different types
of samples. Color indicates increase in abundance (yellow to red: lowest to highest).

3.3.2 Metabolic information acquired
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1

2

2 The obtained metabolic fingerprints were analyzed by multivariate technigues, 055 cooss
5 explore major trends among the different sampling approaches and understand the
6 potential of the BuS to provide information on a biological question.

7

8 After excluding features with > 30% CV in the QCs from the normalized data
?O (normalized raw data was log2-transformed and average of the individual triplicates
11 was used) an unsupervised principal component analysis (PCA) of the four matrices
12 was performed with pareto scaling. Missing values were imputed using the k Nearest
12 Neighbors (kNN) method (k=3). The PCA showed clear discrimination between the

four matrices as can be seen in Fig. 6. The R? value of the model was 0.702 and the Q>
value was 0.351. Hoteling’s T2 test identified one sample (Capitainer, individual 7), as
an outlier. To assess this outlier’s influence on the data, the model was repeated
excluding this measurement, which rendered no significant alteration on the clustering
of the groups, or on the R?and Q? values. Plasma showed to clearly differ from the BuS
matrices as seen on principal component 1 (R?X [1] 0.293) indicating the different
information captured. Mitra device also showed to have a more distinct profile in
comparison to the other two BuS matrices as seen on principal component 2 (R?X [2]
0.169). Capitainer and Whatman clusters had an overlap indicating similarity in their
metabolic profiles, something that can be expected due to the same nature of the
material used. Further inspection of m/z over RT features plots (see Fig. S2) of the four
matrices confirmed the PCA results shown in Fig. 6.
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:g Fig. 6 PCA plot projecting metabolic profiles of plasma and the paired BuS extracts.
51 BuS provide different profiles when compared to plasma. Mitra also exhibits distinct
52 profiles away from Capitainer and Whatman while the latter two had some overlap. R?
- = 0.702 and Q2= 0.35.
gg These findings differ in certain aspects from our previous results.!¢ In our earlier similar
57 work where the extracts were analysed using a LC-QTOF platform, plasma was also

clustered separately from BpuS, illustrating the inherent differences between the
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o O

matrices. However, Mitra and Whatman had more similar profiles to each other, while
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Capitainer's Metabolic profiles were clearly different. This evidence shows how, GG 205 oasms

MS reveals different facets of metabolic information compared to LC-based
approaches.

Another factor that may contribute to the differentiation between the groups is variation
in matrix composition. In this study, blank subtraction was performed to remove
potential contaminants originating from the BuS devices. Evaluating and accounting
for contaminant signals from BuS devices is crucial when applying these technologies
in real-world analyses.

To identify the contributing metabolites in the differentiation among plasma and BuS,
supervised partial least squares discriminant (PLS-DA) analysis was performed. The
PLS-DA models showed clear discrimination between plasma and every BuS device,
confirming significant differences in the metabolic profiles. All PLS-DA models were
valid with an ANOVA p < 0.05, R?> (model goodness) > 0.5 and Q? (model
predictability) and R? > Q2. (see Fig. S3)

From each of the PLS-DA models (plasma vs Mitra, plasma vs Whatman, and plasma
vs Capitainer) features with variable importance projection (VIP) scores > 1, p
(correlation) > 10.51 and p [1] (covariance) < 10.05] were found. Next, T-TEST analysis
was performed (2-tailed and assuming unequal variance) and the p values were adjusted
for multiple hypothesis testing using the BK'Y method with a desired FDR rate of 0.5%.
Features with q (adjusted p values) < 0.004 were matched with those that passed the
first three criteria detailed above and were, therefore, determined to be statistically
significant in the discrimination of the matrices.

Based on these models it was found that 22 metabolites differed significantly between
plasma and Capitainer. From these, 7 could be annotated. Asparagine, mannose,
galactose, glutamine, -alanine and 7-ketocholesterol had higher abundance in plasma,
while 10,12-Tricosadiynoic acid was higher in Capitainer. In the other case between
plasma and Mitra, 25 features were significantly different and of these, 10 were
annotated. Glutamic acid, cholesterol and 7-ketocholesterol were higher in plasma,
while erythronic acid, malic acid, malonic acid, glutamine, aspartic acid, myo-inositol
and B-alanine were higher in Mitra. Lastly, between plasma and Whatman, there were
18 discriminant features, from which 6 could be annotated. Cholesterol, malic acid,
erythronic acid, B-alanine and 7-ketocholesterol had a higher median in plasma, while
10,12-Tricosadiynoic acid acid was higher in Whatman. When comparing all these
metabolites that differentiate between plasma and the various BpuS, six of those
metabolites, B-alanine, 7-ketocholesterol, and four unknowns were common in all three
pair comparisons. In the upset plot shown in Fig. S4 the number of common annotated
metabolites that differed in the three pair comparisons (plasma vs various BuS) are
summarized.

These results are not fully aligned with those published in a similar study by Drolet et
al ', where all annotated metabolites were detected in plasma, but some were missing
in venous DBS including adenosine triphosphate (ATP), 5-methyltetrahydrofolic acid,
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1

2

z iso-citrate, and other phosphates. In the current study the reported as missing.in DBS’ 2 xcoosot
5 extract in comparison to plasma were not detected, though the extraction solvent was
6 the same. In contrast, the captured information was very similar in all four extracts, all
; annotated metabolites were identified in all four matrices albeit at different abundance.
9 Most of the unknowns were present in all the matrices, as it can be seen on the similar
10 features number of each BuS device. Given that in the previous study no storage time
1; was defined, this may have had an impact on the results as the samples of the current
13 study had been in storage at -80°C for more than 6 months.

14

Lastly, we evaluated the ability of each of the matrices to capture sex-oriented
metabolites using PCA. No clear classification based on sex was observed in any of the
matrices as seen in Fig. S5, however there is a slight separation in Mitra and plasma in
the first two components R?[X1] =0.293 and R?2[X2] =0.169. In previous works where
Volani et al. '* had compared sex metabolic profiles using capillary blood collected on
Mitra, venous blood collected on Mitra and plasma, differences were seen. In that study,
gluconic acid, an intracellular metabolite’! showed significantly higher concentrations
in males in Mitra compared to plasma. Other metabolites including citrulline, aspartic
acid, and s-adenosyl-homocysteine, though not at a significant abundance, after
multiple hypothesis testing, showed the same trend.

3.4 Capillary BusS device vs whole blood and plasma

The findings presented above are based on the analysis of venous BuS extracts, due to
the inherent limitation to acquire multiple samples from fingertips to study
experimental parameters. Although this does not fully replicate the clinical conditions
of fingerstick sampling, venous BuS serves as a practical and standardized surrogate
for early-phase studies. The findings provide information on the effect of the material
used and the drying step and knowledge on the differences in abundance seen in plasma
versus whole blood at given conditions in healthy individuals. Further analysis was
therefore conducted to compare the overall untargeted profile obtained by capillary
blood sampled with the BuS over liquid whole blood and plasma. Given that Mitra

wm\fh% afici&istieded uriter € CRative Soriindis iﬂtrﬁﬁuﬁb‘ngoﬂn&rtﬁﬂ Teette:

provided satisfactory results in terms of both data richness and its ability to explain
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4 biological variation, further study was conducted using Mitra devices in a “real-world
jg application” by collecting blood from fingertips.
j; Unlike the previous analyses, this dataset was processed using XCMS due to data
49 format incompatibilities. It is important to note that, as this was an independent
50 analysis, the use of a different software platform does not affect the interpretation of
g; the results. A PCA model that was constructed and is provided in Fig. S6 showed that
53 the three matrices differ to a considerable extent across t1 with an explained variation
54 of 57% (R*X [1]=0.57).
gg As it was expected, greater difference was observed between BuS and plasma, whereas
;73 whole blood is in between. The metabolic profiles of the Mitra for all three individuals
59 is however still distinct from their paired venous liquid blood. Differences due to
60 variation of some metabolites abundance in capillary blood when compared to venous
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blood but also due to instability or stability of metabolites after the drying stepshoul
be considered. The effect of EDTA anticoagulants used in whole blood and plasma
should also not be disregarded as it may alter the acquired metabolic profiles.*?

Univariate analysis was performed in pairs for all three individuals to compare the
signals in the three different matrices. Features were considered when the ratio to blank
was higher than 20 and statistically significant metabolites were considered when the p
value was below 0.05 and if they passed the Benjamini, Krieger and Yekutieli False
Discovery Rate test. Based on these criteria, 23 metabolites were found statistically
relevant for the separation between whole blood and Mitra in two out of the three tested
individuals.

Out of these, 14 metabolites were found at higher abundance in Mitra in all 3
individuals compared to blood or plasma (see Fig. 7). These include seven aminoacids
and derivatives such as serine, valine, asparagine, aspartic acid, glutamic acid, ornithine
and threonine, fatty acids such as palmitic, oleic and stearic acids as well as cholesterol
and glycerol. 1,5-anhydroglucitol and myo-inositol were also found at higher
abundance in the Mitra extracts compared to the other blood samples.
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plasma samples.
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1

2

z In some other cases such as the B-allopyranose and glycerol, the abundance wag found’: 25 coosoe
5 lower in Mitra extracts.

7 Among the significantly different signals revealed by the statistical analysis was also

8 EDTA which was absent in Mitra and present in both blood and plasma (much lower

?O in whole blood).

1; There were also metabolites that did not show a constant trend in all three individuals,

13 such as glucose, urea, oxalate and monomystirin.

14

The observed differences between venous blood and BuS profiles apart from artifacts
induced by the BuS device itself, may also arise from inherent biological differences
between venous and capillary blood. Indeed, capillary blood, which bridges arterial and
venous circulation, has a composition distinct from both—though more similar to
arterial blood. As well as that, interstitial and intracellular components are also
inevitably acquired when collecting capillary blood, and might also interfere with the
overall metabolic profiles.

Overall, capillary blood remains a relatively underexplored matrix compared to
conventional specimens such as plasma and venous blood, particularly with respect to
global metabolite profiling. Reference concentration ranges of metabolites in capillary
blood are less well established. There are reports of specific cases of metabolites such
as glucose which is found in higher concentrations in capillary blood compared to
liquid venous blood;** urea was reported to have similar concentration levels in
capillary and venous serum.?3 However no bridging data in large cohorts for various
metabolites exist.

The glucose trend found in our study agrees with the previous report, while urea did
not show a constant trend among the three individuals as can be seen in Fig. 7.

A notable difference was observed for a few metabolites eg. glutamate, aspartate,
valine, serine and myoinositol whose abundance was double or even more in Mitra (in
all three individuals) compared to blood. This could be explained by the similarity of
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capillary to arterial blood which often contains higher concentrations of certain
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42 metabolites, such as amino acids. In a paired arterial and venous plasma study from 20
46 healthy individuals, arterio-venous differences from fold change 1 (valine, serine) to up
j; to 3 (glutamate) have been shown for amino acids.?¢ In addition, as myo-inositol is also
49 taken up by peripheral tissues such as muscle and skin, it is expected to be lower in
50 venous blood—collected downstream of these tissues. It should be noted that when
g; venous Mitra was compared with plasma above (paragraph 3.3), some of these
53 metabolites were not found to differ, while eg. for glutamate the opposite trend was
54 observed (lower in venous Mitra than in plasma).

gg In general, differences were also observed between blood and plasma for the
;73 aforementioned metabolites, varying by individual. This indicates that metabolite
59 abundance is influenced by both individual metabolite state and metabolite function.

(o))
o
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Studies with larger cohorts of healthy individuals are therefore essential to drayyrobus
conclusions.

When comparing plasma and Mitra, 67 compounds were found to be statistically
different in the three pair comparisons of the individuals. As expected, the number of
differentiating metabolites for these two matrices was greater in comparison to whole
blood comparison which was besides shown by PCA (Fig. S5).

In an upcoming study involving more than 20 healthy individuals, where paired plasma
and fingertip Mitra samples are being collected, we plan to further evaluate and validate
the findings reported here.

4 Conclusions

Our study demonstrates that BuS represents a robust and practical surrogate for blood
and plasma in GC-MS metabolomic profiling, achieving a remarkably comparable
metabolite coverage with only minimal losses. This establishes BuS as a viable and
powerful alternative, particularly given its substantial advantages in ease of collection,
reduced invasiveness and simplified logistics. Yet, it should be noted that certain
metabolites may be underrepresented in dried matrices, highlighting the importance of
careful validation when specific compounds are critical to a study.

Importantly, next-generation microsampling devices such as Mitra and Capitainer have
proven capable of delivering information equal to, or in some cases surpassing, that
obtained from conventional plasma samples. While these devices inevitably generate
data that differ from plasma and whole blood profiles, owing both to the dried versus
liquid matrix and the inclusion of cellular metabolites, they open new analytics
windows that extend beyond the scope of traditional sampling.

These findings underline a key message: BuS is not merely a substitute for plasma but
a distinct and highly valuable matrix that can transform metabolomics workflows. With
careful, application-specific validation, BuS could reshape clinical and translational
research, expanding metabolomics into settings where traditional sampling is
impractical or impossible.
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