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Abstract
Dried blood spot (DBS) analysis is a sample collection strategy that requires
minimal volume of blood while providing practical advantages such as a simple
collection procedure, enhanced sample stability, and efficient transport and
storage. Due to these benefits, DBS has been applied in newborn screening,
therapeutic drug monitoring, and pharmacokinetic studies for clinical and life
sciences. Recently, the potential of DBS has gained attention for antidoping;
therefore, the World Anti-Doping Agency (WADA) has advanced the introduc-
tion and application of DBS-based analytical approaches as a complementary
strategy to conventional urine and venous blood samples. Consequently, vari-
ous studies have been conducted for the development of high-sensitivity ana-
lytical methods for prohibited substances, evaluation of DBS sampling devices,
and the advancement of sample preparation focused on overcoming matrix-
related challenges. The development of DBS analysis and its clinical applica-
tions are overviewed, followed by a discussion of the rationale for its adoption
in antidoping analysis and WADA’s strategy. The challenges in DBS sampling
and instrumental analysis were also investigated comprehensively, and recent
advances in addressing limitations were also investigated. The analysis of ste-
roid esters and other methods for substances in WADA technical documents
was mainly focused on, and emerging approaches for erythropoietin and its
markers in blood doping. Perspectives for the DBS analysis in antidoping oper-
ation in the large sports events were discussed.

INTRODUCTION

Dried blood spot (DBS) is a novel sampling strategy for
practical and clinical purposes and originated from
population-scale newborn screening, where a few drops
of capillary blood enabled reliable detection of inborn
errors of metabolism at an unprecedented scale.1 This
legacy is relevant to antidoping research because it dem-
onstrates that collection, drying, storage, and analytical
workflows are standardized. DBS could support robust
information under practical conditions, often outside con-
trolled clinical settings.

Over the last two decades, DBS has been expanded
beyond screening programs into quantitative bioanalysis,

therapeutic drug monitoring, infectious disease diagnos-
tics, and multi-omics research.2–6 Methodologically, DBS is
now connected to liquid chromatography–mass spec-
trometry (LC–MS) and high-resolution MS (HRMS) plat-
forms because these techniques can compensate for
limited sample volume and enable multiresidue detection
with high selectivity.2,3 At the same time, many
researchers showed that DBS was not simply “small-
volume whole blood”: hematocrit (Hct)-driven spot
spreading, punch-position effects, variable deposited vol-
ume, and heterogeneous drying could introduce pre-
analytical variability that has to be actively controlled or
overcome.4 These considerations have been addressed in
wide healthcare contexts, including viral hepatitis and HIV
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testing, where DBS logistics such as remote collection and
ambient shipment can be transformative when stability
and chain-of-custody expectations could be clarified.5

Likewise, in protein quantification and proteomics, DBS
has been positioned as an enabling tool for longitudinal
or decentralized sampling, with clear recognition that
extraction efficiency, adsorption to cards, and matrix
effects require fit-for-purpose validation.6

In parallel, antidoping science has entered an era in
which analytical scope, sensitivity, and interpretive rigor
continue to increase, driven by both evolving prohibited
lists and increasingly sophisticated doping practices.7

Recent perspectives highlight how next-generation anti-
doping can benefit from microscale separation,
advanced MS workflows, and integrated data interpreta-
tion approaches, including metabolomics and machine
learning.8,9 Within this landscape, DBS provides a practi-
cal bridge between conventional venous blood and
urine testing by increasing access to blood-based
markers while reducing logistical burdens and enabling
more frequent or strategically timed collections that are
difficult to implement with phlebotomy.10–12 This posi-
tioning has been emphasized in antidoping-oriented
DBS reviews and commentaries, which frame DBS not as
a replacement for urine or venous blood, but as a

complementary matrix that expands what is feasible
operationally.13

From collecting DBS samples from a finger or upper
arm, a lancet or TASSO® device is used as illustrated in
Figure 1, which reduces athlete burden. From an
operational standpoint, DBS is attractive because capillary
collection can be performed rapidly with minimal equip-
ment, reducing barriers associated with venipuncture
(staffing, cold chain, and sharps handling).14 Emerging
collection devices have further expanded this concept by
enabling more standardized volumetric deposition or
alternative anatomical collection sites (e.g., upper arm),
aiming to reduce variability while maintaining the practi-
cal advantages of microsampling.15 In the antidoping set-
ting, such device innovation is directly linked to the need
for laboratory and results-management confidence that
DBS findings can be supported with the same level of
defensibility expected for established matrices. Achieving
this confidence requires both analytical performance and
explicit operational rules for sample adequacy, documen-
tation, storage, reanalysis, and confirmation testing.16

DBS could provide additional detection opportunities
for substances such as anabolic agents, steroid esters,
peptide hormones, and emerging biologics, and more
direct physiological properties than urine.10–12 Studies of

F I G U R E 1 The schematic diagram of DBS collection methods. DBS, dried blood spot.
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comparison evaluated collection devices and DBS sam-
ples with urine for anabolic–androgenic steroid (AAS) and
steroid esters detection, underestimating both the prom-
ise and the matrix-specific constraints, such as limited
sample volume and the need for highly sensitive work-
flows.17 Comprehensive reviews about AAS detection
across biological matrices further support the role of
blood-based samples as a complementary matrix to urine,
which enables different detection windows, metabolite
patterns, and analytical targets.18 At the instrumental
analysis, sensitivity can be significantly influenced by ioni-
zation efficiency and sample preparation, which has
driven interest in approaches to chemical derivatization
to enhance steroid sensitivity by LC–MS.19 Because DBS
typically provides only tens of microliters of whole blood
per spot, stability and storage behavior of key analyte
classes, including steroid hormones, become a central
enabling factor rather than an ancillary consideration.20

Similarly, work comparing quantitation of endogenous
steroids across blood-related matrices reinforces that
matrix definitions are analytically and physiologically con-
sequential: whole blood, plasma/serum, and DBS differ in
composition and behavior, which affects both method
validation and downstream interpretation.21

An antidoping application depends on reliable iden-
tity, integrity, and the robustness of results. DBS has been
studied for personal identification using associated sam-
ples, which has sparked interest in strengthening identity
assurance through sampling scenarios.22 In addition, the
enlarged analytical scope of antidoping tests, providing
backgrounds for multi-class, high-throughput, and scal-
able strategies, is regarded as important.7 Communica-
tions from testing and results-management stakeholders
noted a shift in testing patterns and an increasing empha-
sis on blood-based intelligence, aligning with the wide
move toward matrices having more information.23

In order to harmonize, World Anti-Doping Agency
(WADA) has announced DBS implementation through
official technical documents (TDs). The TD-DBS has pre-
sented various standards for collection devices, sample
suitability, storage conditions, analytical pathways, and
the interfaces between laboratories and results manage-
ment authorities. In TD2023DBS, a core expectation was
established for DBS as a new matrix for routine testing.24

Furthermore, TD2026DBS emphasized and defined a min-
imum requirement of device and sample spot, confirma-
tion from independent aliquots, clarifying how limited
spot resources interact with multiple analysis requests,
and introducing minimum DBS testing menus including
associated performance.25

Consequently, we summarized DBS technology in
antidoping through an integrated point of view: (i) how
DBS sample properties influence analytical variability and
chain-of-custody, (ii) how modern analytical workflows
enabled multi-class detection under the constraints of
microsampling, (iii) what substance classes and analytical
strategies have been demonstrated in DBS including

steroids, steroid esters, small molecules, and peptides,
and (iv) how WADA’s TD-DBS requirements shape valida-
tion, confirmation, and routine applications. By aligning
the methodological documents with the TD2023DBS and
TD2026DBS expectations.24,25

CURRENT CHALLENGES AND
METHODOLOGICAL ADVANCES IN DBS
ANALYSIS

Although DBS sampling offers advantages for logistics
and operations in antidoping activities, some technical
challenges should be resolved for reliable analytical char-
acteristics. Limitations of DBS are mainly associated with
Hct variability, bias based on blood matrix, inaccurate
sampling, material-derived interferences, or workflow
constraints. Recent developments demonstrated that vari-
ous issues could be remarkably mitigated through tech-
nological and procedural optimization.

Hct-dependent bias and volume variability

Hct variation became one of the most significant sources of
bias in DBS analysis. Differences in red blood cell counts
affect viscosity and spreading behavior on collecting mate-
rial such as cellulose, therefore altering the distribution of
the target analyte in a sample aliquot. Hct effect can lead to
both bias in areas and recoveries, ultimately affecting accu-
racies of the results. Abu-Rabie et al. demonstrated that Hct-
based bias in recovery could be reduced significantly by the
application of an internal standard spray combined with
whole-spot extraction and an automated elution proce-
dure.26 This strategy could compensate extraction related
variability and represents a practical solution.

For chemical compensation approaches, nondestructive
Hct estimation using an image analysis has also been pro-
posed. Barroso et al. reported a grayscale scanning method
capable of estimating Hct with acceptable precision, provid-
ing the identification and exclusion of samples with extreme
Hct values prior to quantitation.27 Those approaches were
particularly relevant in antidoping purposes where inter-
individual hematological variation will be common.

The development of certified reference material also
contributed to harmonization efforts. Woo et al. reported the
importance of whole-spot sampling to minimize heteroge-
neity among the spots and bias in sampling.28 Their findings
highlighted discrepancies between punching and whole-
spot analysis, underscoring the importance of a standardized
volumetric sampling strategy in practical situations.

Matrix effects in analysis and automation

Whole blood introduces significant matrix complexity
compared to plasma or urine. Ion suppression or
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enhancement affects during liquid chromatography–
tandem mass spectrometry (LC–MS/MS) analysis and has
been a main concern for mass spectrometric approaches
in antidoping. Studies comparing coated/uncoated cellu-
lose cards have demonstrated observable differences in
recoveries and matrix effects, which means substrate
selection could impact significant quantitation perfor-
mance.29 Contaminants from collection devices repre-
sented an additional but often insufficiently considered
challenge. Feng et al. reported false-positive screening
results caused by benzene derivatives originating from
printed ink on collection devices.30

Manual extraction of DBS could introduce variability
and limit throughput, which could be a major issue in
large-scale testing events. Recent advances in automated
extraction systems have significantly enhanced reproduc-
ibility and efficiency in antidoping laboratories. Based on
the hardware setup illustrated in Figure 2, Luginbühl et al.
demonstrated a fully automated LC–MS/MS workflow for
tramadol using robotic sample preparation, achieving
high accuracy in approximately 4 min per single sample.31

Similarly, Tretzel et al. reported the implementation of an
online solid phase extraction approach, including LC–MS
for the detection of nicotine and its metabolites, with
fewer manual steps and improved consistency.32

Automation was also applied to large molecules such
as antibodies. Knoop et al. demonstrated successful auto-
mated extraction of antibodies from DBS samples with
reproducible results over extended storage periods.17

RECENT ADVANCES AND EXPANDING
ANALYTICAL SCOPE OF DBS IN ANTIDOPING

This section describes an overview of recent technological
progress in DBS analysis, focusing on the development of
sample preparation and instrumental procedures and the
expanding scope of target analytes for antidoping.

Summary of multiplex DBS techniques introduces the
methods for multiple prohibited substance classes listed
in WADA TDs, supporting the transition of DBS from feasi-
bility studies. In addition, developments of extending
beyond the current coverage of TDs, including applica-
tions related to erythropoietin (EPO) and blood doping, or
protein-based analytes such as biomarkers combining
immunoassays, were introduced.

Advances in steroid ester analysis

Steroid esters have been complex and challenging sub-
stances in antidoping analysis. Esterified forms of testos-
terone, nandrolone, and boldenone are typically
administered intramuscularly or transdermally, then circu-
late in the blood. However, rapid hydrolysis, extensive tis-
sue distribution, and relatively short detection windows
cause difficulties for identification from urine samples.
While these challenges were already proposed in blood
testing, the limited volume and whole-blood matrix inher-
ent to DBS further increase analytical complexity, requir-
ing highly sensitive and selective instrumental strategies.

Early investigations established the viability of moni-
toring steroid esters in DBSs using LC–MS/MS, demon-
strating that various esters could be identified with
acceptable sensitivity despite ion suppression effects
caused by the matrix.33 In parallel, pharmacokinetic or
pharmacodynamic studies of DBS sampling were vali-
dated for depot steroid preparations, confirming that
quantitative time-course profiling is also available.34 Fur-
thermore, earlier work demonstrated that administration
of testosterone could be monitored in DBS samples
through assessment of glucuronidation patterns,35 illus-
trating that DBS supports both parent compound detec-
tion and metabolite-based interpretation.

Methodological expansion subsequently included
adaptation of gas chromatography–tandem mass

F I G U R E 2 The hardware scheme of online-connected, fully automated DBS extraction to an LC–MS/MS system (reprinted from Reference 31,
Copyright 2020, with permission from the Wiley-VCH). DBS, dried blood spot; LC–MS/MS, liquid chromatography–tandem mass spectrometry.
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spectrometry (GC–MS/MS) platforms. GC–MS/MS methods
combined with microsampling enabled reliable quantifica-
tion of anabolic steroids in dried blood and were success-
fully applied to testosterone gel administration studies.36

This demonstrated that DBS analysis can be integrated into
established chromatographic infrastructures within antidop-
ing laboratories, provided that extraction and derivatization
steps are carefully optimized.

Recent advances have focused on improving sensitivity
and separation efficiency. Derivatization strategies have dem-
onstrated enhancing ionization efficiency for poorly ionizing
steroid esters. Among them, charged-tag derivatization using
Girard’s reagent P significantly enhanced signal intensity and
enabled detection of various types of steroid esters from DBS
samples by coupling with HRMS, as described in Figure 3.37

Complementary approaches implementing LC–MS3 configura-
tions provided additional structural information, reducing
interference from isobaric or ester analogues with similar
structures and improving analytical robustness.38 These devel-
opments demonstrated the transition from simple targeted
detection toward reliable information about structures.

The development of automation in DBS sample prepa-
ration has further improved reproducibility and through-
put. Online extraction systems integrated with LC–MS/MS
have been introduced for steroid ester detection, which
minimizes human errors and offers high throughput.39

Following studies demonstrated simultaneous detection
of testosterone, nandrolone, boldenone, methyltestoster-
one, and testosterone propionate esters within a single
LC–MS run.40,41 Such integration of various ester targets
within a single method suggested increasing analytical
advances and operational suitability.

DBS has also proven valuable for interpretative appli-
cations as well as the presence of target substances. Com-
bined analysis of urine and DBS showed differences
between oral and transdermal administration routes of a
steroid, highlighting the complementary information
based on blood-based matrices for interpretation.42 Stud-
ies for sample stability have ensured the detection ability
of testosterone esters in DBS with intramuscular injection,
supporting appropriate storage and transport conditions
for routine antidoping operations.43 These data could pro-
vide an essential dataset for defining pre-analytical han-
dling requirements to collect practical samples.

Comparison studies among WADA laboratories have
supported reliability in DBS methodology. Comparing
serum and DBS analyses of testosterone esters demon-
strated promising reproducibility and analytical consen-
sus across multiple laboratories.44 Investigations of
alternative analytical workflows have also characterized
key factors that could affect robustness and harmoniza-
tion.45 Additionally, studies about longitudinal monitoring
for comparison of whole blood and DBS matrices for
androstenedione, testosterone, and insulin-like growth
factor-1 (IGF-1) have supported the suitability of DBS for
endocrine monitoring related to the athlete biological
passport (ABP).46

In endogenous AAS profiling, technological progress
was achieved by using DBS platforms. Ultra-high perfor-
mance liquid chromatography (UHPLC)–MS/MS-based
steroid profiling workflow demonstrated sufficient sensi-
tivity to detect physiologically relevant changes leading
to testosterone administration.47 Combining volumetric
absorptive microsampling (VAMS) devices and LC–MS/MS
showed improved analytical capabilities, allowing quanti-
fication of endogenous AAS and phase II metabolites in a
limited volume of blood.48 These developments could
reduce Hct-related issues and provide information for the
harmonization of steroid profiling.

The ambiguity in interpretation by structure isomer-
ism has induced an important analytical challenge for ste-
roid ester analysis. Investigations focusing on ultraviolet
spectral properties and computational modeling of E/Z
steroid isomers in DBS have provided applicability for iso-
mer differentiation.49 These techniques might become
more important for identifying designer or structurally
modified designer steroids that present out of current
screening criteria.

Development of analytical methods for
substances listed in WADA technical
documents

The analytical scope of DBS testing in antidoping has been
expanded rapidly from early feasibility demonstrations toward
validated, operationally realistic methods that address multiple
substance classes referenced in WADA TDs. This expansion
has been driven by (i) the need for minimally invasive blood
collection compatible with frequent testing, (ii) improvements
in LC–MS/MS and LC–HRMS sensitivity in complex whole-
blood matrices, and (iii) the emergence of automation and
high-throughput workflows that reduce pre-analytical and
analytical variability. Early conceptual and technical work
established DBS as a complementary matrix for both in-
competition and out-of-competition strategies, emphasizing
practicality while acknowledging whole-blood specific con-
straints such as Hct effects and limited sample volume.50

Evolution from targeted assays to broad initial
testing procedures

A notable trend is the transition from single-analyte or
single-class assays to multi-class initial testing procedures
(ITPs). Fully automated DBS sample preparation has been
shown to enable sensitive detection of lower molecular
mass compounds and to support high-throughput pro-
cessing, strengthening the feasibility for routine antidop-
ing operations.51 In parallel, comprehensive DBS ITPs
have been designed and validated specifically for doping
control, integrating automated workflows to reduce oper-
ator dependence and to standardize extraction and analy-
sis.52 These approaches are complemented by
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HRMS-based screening methods capable of retrospective
interrogation of full-scan data, which is particularly rele-
vant as prohibited substances and reporting require-
ments evolve.53

Technology development has also addressed the
identification demands of antidoping screening: high-
resolution Orbitrap-based configurations demon-
strated early capability for sensitive detection and

F I G U R E 3 The fragment ions spectra of girard’s reagent P-derivatized testosterone esters, nandrolone esters, and dehydroepiandrosterone
acetate and the predicted structure of fragment ions (reprinted from Reference 37, Copyright 2022, with permission from the Elsevier.)
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confirmatory-quality identification in DBS, supporting
both targeted inclusion-list workflows and broader
screening paradigms.54 More recent studies further
emphasize the value of comparing volumetric vs. non-
volumetric spotting devices for large-panel screening in
capillary blood, strengthening confidence that device
selection can be aligned with analytical performance and
operational constraints.53

Peptide hormones, protein biomarkers, and
macromolecules

A major challenge for DBS in anti-doping is the extension
from small molecules to peptides and proteins, where
matrix complexity, adsorption, and stability can be limit-
ing. Nonetheless, several studies reported meaningful
progress. A multitarget screening method for small pep-
tides in DBS indicates that optimized extraction and
HRMS strategies can support broader peptide coverage
within a single analytical framework.55 This is comple-
mented by DBS analysis workflows for growth hormone
(GH) misuse detection, confirming that a single DBS can
support the determination of recent GH abuse.56

Development of diverse analytical approaches
focuses on targeting peptide therapeutics and ana-
logues relevant to sports doping. Analysis of synacthen
in DBS by LC–MS/MS showed a focused peptide assay
with dried matrices.57 Similarly, a mass spectrometric
method for peginesatide in DBS demonstrated

feasibility for erythropoiesis-related peptide targets,
extending the applicability of DBS to EPO-relevant
domains beyond small molecules.58 Similarly, comple-
mentary LC–HRMS methods for sotatercept detection
in DBS reported how targeted macromolecular
approaches can be studied for doping control needs.13

Related biomarker-oriented work examined IGF-1 and
GH axis markers using DBS. Quantification of insulin-like
growth factor-1 in DBS provides the foundation for
GH-related detection strategies, particularly when longitu-
dinal interpretation may benefit from repeated microsam-
pling.59 Additional work on capillary dried blood for
quantification of intact IGF-I by LC–HRMS further rein-
forces its feasibility for the detection of intact proteins in
dried matrices.60 Additional studies evaluating water-
soluble DBS using insulin as a model protein provide
broader insight into how DBS chemistry and substrate
properties can be optimized to improve recovery and
robustness for macromolecules.61

DBS applied to GH isoform testing using capillary
DBSs. The dose of the substance administration and
large-scale field collections are critical factors to define
detection windows for the reliability of analyses under
realistic scenarios.62 For erythropoiesis-stimulating agents,
a rapid screening method of continuous erythropoietin
receptor activator in DBS concluded that even challeng-
ing biologic targets can be approached with DBS-
compatible strategies when assay design is appropriate.
Similarly, DBS-focused administration studies for peptide
doping agents such as growth hormone-releasing

F I G U R E 3 (Continued)
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peptide 2 (GHRP-2) showed that DBS can provide action-
able detection windows, whereas also emphasizing differ-
ences between venous and capillary DBS and the
importance of sampling-site considerations.63

β2-agonists and other small molecules relevant
to WADA TDs

DBS has also been used to address substances where blood
detection windows may be shorter than urine, but still oper-
ationally meaningful. For example, clenbuterol administra-
tion was shown to be detectable in DBS following a single
dose, with stability and detection window assessments sup-
porting practical utility.53 Such work is particularly relevant
for antidoping contexts where confirmatory identification
and stability during shipment/storage are critical.

Analytical methods have also been developed for spe-
cific prohibited or monitored therapeutic agents, includ-
ing trimetazidine. A DBS-based doping control method
targeting trimetazidine demonstrates that robust quantifi-
cation can be achieved even for compounds with chal-
lenging interpretative contexts, helping expand finding
coverage beyond classical stimulant/opioid domains.64

In addition, paired DBS and urine sampling provides
an important bridge between matrices, showing how DBS
can be integrated with conventional urine testing to gen-
erate complementary evidence in practical doping-
control settings and to refine interpretation alongside
established urine-based decision frameworks. In the Dan-
ish fitness-center paired-sample study, DBS findings mir-
rored urine result patterns across multiple substance
classes, including S1 anabolic agents (e.g., boldenone,
nandrolone, trenbolone, stanozolol, and ostarine), clenbu-
terol, and S4 modulators such as anastrozole/letrozole
and tamoxifen/clomifene.65

Stimulants and specified stimulants

Stimulants remain a key target class where blood-based
information can complement urine findings, especially for
in-competition-only substances. DBS feasibility for ephed-
rine has been demonstrated with attention to the rela-
tionship between DBS concentrations and conventional
venous plasma measurements, supporting the interpreta-
tion of blood concentrations during competition.31 Earlier
comparative work examining urine analysis vs. DBS analy-
sis for ephedrine also contributed to defining how DBS
may support or refine detection strategies for threshold
or short-acting stimulants.66

Beyond classical stimulant agents, DBS and other
microsampling techniques have also been implemented
for the analysis of emerging specified stimulants such as
synthetic cathinones. LC–MS/MS methods coupled with
volumetric absorptive VAMS enable the quantitative bioa-
nalysis of cathinone analogues in dried matrices,

facilitating the monitoring of such compounds in sports-
related contexts.67 In the broader context of continuously
evolving drug markets, UHPLC–HRMS–Quadrupole time-
of-flight workflows validated for large panels of new psy-
choactive substances in blood-based matrices provide a
relevant methodological foundation since similar HRMS
principles and validation approaches can be adapted for
DBS-centric antidoping screening.68

Narcotics, opioids, and analgesics

Opioids and analgesics represent another class where DBS
offers operational advantages for event testing while main-
taining analytical reliability. Tramadol has been investigated
extensively: field-relevant DBS detection in cycling competi-
tions illustrates practical sample collection and analytical
implementation under competition conditions.69 Comple-
mentary high-throughput approaches have enabled auto-
mated analysis of tramadol and its active metabolite
(O-desmethyltramadol) in DBS, supporting scalable workflows
that can be deployedwhen testing volume increases.31

More broadly, a fully automated LC–MS/MS method
with on-line DBS extraction was implemented for opioid
analysis in complex matrices without conventional DBS
punching.70 For the analysis of oxycodone and its metabo-
lites, dried micromatrices, such as DBS and VAMS, are com-
pared with classic doping samples, such as plasma and
urine. Considering the stability of samples and the sensitiv-
ity, dried micromatrices can also be used when designing
fit-for-purpose anti-doping assays.71 Dried micromatrices
can also be employed for cannabinoid analysis. Comparing
DBS and VAMS, VAMS was less affected by Hcts than DBS;
complementary application of both microsampling
approaches enables their extension to cannabinoid and
broader narcotics analysis.72 Together, DBS-based methods
for narcotics analysis balance operational simplicity with rig-
orous quantification/identification requirements.

Interpretation, matrix behavior, and emerging
directions

As analysis of DBS is widely adapted to several analytical
fields, considerations in interpretation and matrix compa-
rability are crucial. Comparative work of liquid vs. dried
blood matrices in longitudinal monitoring emphasized
that whole-blood drying and matrix complexity should be
understood when applying plasma/serum practices to
DBS.46 The studies on analyte metabolism and distribu-
tion across matrices (urine, DBS, plasma) in controlled set-
tings supported the idea that pharmacokinetics of
substances can inform doping-control interpretation.73

To facilitate direct comparison across the 44 studies
cited in this section, we summarized the targeted ana-
lytes, sampling method, instrumentation, and the
reported analytical sensitivity in Table 1. Cellulose-based
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T A B L E 1 The summary of analytical characteristics including instrumental methods, collecting devices, and limits of detection.

Prohibited list group Substances Methods Sample type LOD (ng/mL) References

S0: Non-approved
substances

AdipoR-agonists LC–HRMS DBS 5–10 74

SIRT1 activating compounds LC–HRMS, LC–MS/MS DBS 10–50 73

S1: Anabolic agents AAS GC–MS VAMS 0.1–0.78 36

AAS LC–MS/MS VAMS 0.02–20 48

AAS LC–MS/MS DBS — 34

AAS LC–MS/MS DBS 0.02–50 (LLOQ) 47

AAS LC–HRMS DBS — 49

AAS LC–HRMS DBS, TASSO® 0.03–2.25 65

AAS LC–HRMS DBS 0.05–0.5 54

Clenbuterol LC–MS/MS DBS 0.03 75

Methyltestosterone LC–MS/MS DBS — 42

Stanozolol, DHCMT LC–MS/MS DBS 0.02–0.8 50

Steroid esters (testosterone,
nandrolone, boldenone)

LC–HRMS DBS 0.2–0.5 39

Steroid esters (testosterone,
nandrolone, boldenone)

LC–MS/MS DBS 0.05–1.0 45

Steroid esters (testosterone,
nandrolone,
androstanolone, boldenone)

LC–HRMS DBS 0.03–125 37

Steroid esters (testosterone,
nandrolone, boldenone)

LC–MS/MS DBS, TASSO® 0.05–0.25 38

Steroid esters (testosterone,
nandrolone, boldenone)

LC–MS/MS DBS, TASSO® <0.1–0.9 41

Steroid esters (testosterone,
nandrolone)

LC–MS/MS DBS 0.1–0.5 33

Testosterone LC–HRMS DBS 0.05–0.2 43

Testosterone LC–MS/MS DBS 0.1 40

Testosterone LC–MS/MS DBS 0.06–0.08 46

S2: Peptide hormones,
growth factors, related
substances, and mimetics

GHRP LC–MS/MS DBS 0.05 63

hGH Immunoassays DBS 24–228 56

Ibutamoren LC–HRMS DBS, TASSO® 0.25–0.5 65

IGF-1 LC–MS/MS DBS 25–47 46

IGF-1 LC–MS/MS DBS 50 (LLOQ) 59

IGF-1 LC–HRMS VAMS 50 (LLOQ) 60

Peginesatide LC–MS/MS DBS 10 58

Recombinant and pituitary GH Immunoassays TASSO® 0.041 62

SERA ELISA DBS, VAMS 0.01462 76

Small peptides LC–MS/MS DBS 0.5–20 51

Small peptides LC–HRMS DBS, TASSO® 1–10 55

Tetracosactide LC–HRMS DBS 0.05 64

S3: β2-agonists β2-agonists LC–HRMS DBS 0.5 54

Terbutaline LC–HRMS DBS, TASSO® 0.75–0.93 47

S4: Hormone and
metabolic modulators

Aromatase inhibitor LC–HRMS DBS 0.05–0.125 54

Hormones LC–HRMS DBS, TASSO® 0.2–1.9 65

Insulin LC–MS/MS DBS 30 61

Trimetazidine LC–HRMS DBS 0.05 64

S5: Diuretics and
masking agents

Diuretics LC–HRMS DBS, TASSO® 0.2 65

Hydrochlorothiazide LC–HRMS DBS 0.25 54

S6: Stimulants Cathinone analogues LC–MS/MS VAMS 10 67

(Continues)
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DBS cards, including DMPK-C cards and Whatman
903 protein saver cards, were used as sample-collecting
devices, and volumetric microsampling devices such as
TASSO® and VAMS, which are less susceptible to the Hct
effect, were also applied. No significant differences in sen-
sitivity were observed across sample types (38, 41, 63).
According to WADA TD2026DBS, steroid esters are
assigned a low Minimum Required Performance Levels of
1 ng/mL, and correspondingly, methods targeting this
class tend to achieve low LODs. In contrast, small pep-
tides such as GH-releasing peptides are subject to a
higher MRPL of 20 ng/mL, which is reflected in the gener-
ally higher LODs reported for S2 group analytes. Although
GC, immunoassays, and ELISA have also been employed,
LC–MS-based methods were adopted for the DBS analy-
sis. This overview enables rapid assessment of the analyti-
cal methods and performances of a substance class.

Emerging DBS applications beyond WADA
TDs for novel antidoping analyses

DBS applications are increasingly extending beyond the small-
molecule LC–MS/MS workflows, showing that DBS can serve
as a practical platform for biologics, biomarker-driven research,
and emerging gene-doping surveillance. A clear example is
the adaptation of EPO receptor agonist (ERA) testing to low-
volume DBS, where electrophoresis-based workflows met
serum/plasma minimum performance expectations using a
single DBS spot with conserved analytical stability under practi-
cal storage conditions.81,82 Subsequent field and
administration-oriented studies further strengthened the case
by showing analysis of endogenous EPO using different micro-
sampling formats, including comparisons with matched urine

samples and evaluation of confounding biological patterns
that can complicate interpretation.83 Furthermore, controlled
micro-dosing of a recombinant EPO and testosterone illus-
trated how DBS can be integrated with established urine-
based approaches and confirmatory tools such as IRMS,
emphasizing that sampling volume and format can influence
practical sensitivity.84

Genetic characterization of the EPO c.577del variant
addressed a potential ambiguity in electrophoretic EPO
testing caused by non-specific binding. Moreover, DBS-
based DNA analysis showed sequencing-based resolution,
including systematic evaluation of DNA yield thresholds
in the analysis of urine and DBS.85,86 These approaches
shift DBS from a replacement matrix to a problem-solving
matrix that can accelerate decision-making when atypical
patterns appear in analyses. Similarly, DBS has also been
assessed for high-throughput sample authentication
using single nucleotide polymorphism panels with
matrix-assisted laser desorption Ionization-time-of-flight
mass spectrometry. The risk of substitution or swapping
was evaluated, and the guidelines for analysis of a routine
steroid profile were established.87 Such identity and inter-
pretation tools will be essential if DBS expands into
remotely supervised or decentralized collection models.

Emerging blood-doping surveillance likewise benefits
from DBS but increasingly relies on longitudinal bio-
marker detection rather than single detection. As shown
in Figure 4, complementary work using sodium N-
lauroylsarcosinate polyacrylamide gel electrophoresis
(SAR-PAGE) indicated that mRNA biomarkers are promis-
ing targets for micro-dose EPO treatment by generating
passport-like monitoring even under altitude exposure,
which causes variations in hematological status.88 Addi-
tionally, mass-spectrometry-based targeted proteomics

T A B L E 1 (Continued)

Prohibited list group Substances Methods Sample type LOD (ng/mL) References

Cocaine and metabolites LC–MS/MS VAMS 0.3–0.8 77

Ephedrine LC–HRMS DBS, TASSO® 1 78

Ephedrine and methylephedrine LC–MS/MS DBS 5 79

Pseudoephedrine LC–MS/MS DBS 0.8 50

Pseudoephedrine LC–MS/MS DBS 0.5 68

Stimulants LC–HRMS DBS 0.05–0.5 54

S7: Narcotics Opioids LC–HRMS DBS 1.3–6.3 68

Opioids LC–MS/MS DBS, VAMS 0.1–1 (LLOQ) 70

Oxycodone and metabolites LC–MS/MS DBS 0.15 71

Tramadol LC–MS/MS DBS 2 31

Tramadol LC–MS/MS DBS 5 69

S8: Cannabinoids Synthetic cannabinoids LC–MS/MS DBS, VAMS 0.03–0.1 72

THC LC–HRMS DBS 0.25 54

S9: Glucocorticoids Corticosteroid LC–HRMS DBS 0.125–0.25 54

P1. Beta blockers Beta blockers LC–HRMS DBS 0.05–0.125 54

Propranolol LC–MS/MS DBS 0.5 80

Note: Each target or group was separated according to its corresponding references. Anabolic androgenic steroids (AASs) include androsterone, epitestosterone,
etiocholanolone, testosterone, 5α-androstanediol, and 5β-androstanediol.
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from capillary DBS established individualized blood pro-
tein reference using dense sampling methods.89 It con-
firmed that DBS could be a suitable matrix for
high-frequency omics with a moderate workload for
quantitative analysis. Related proteomic and peptide-
centric strategies also extended to manage longitudinal
DBS workflows with estimation in the time since sampling
using time-dependent targeted peptide ratios.90

DBS also provides a meaningful insight into gene-
doping detection, where the analytical target is nucleic acid
rather than a conventional small molecule. Previous work
showed that EPO transgene targets can be detected from
DBS using real-time polymerase chain reaction (PCR), which
enables reanalysis with simple sample handling.91 More
recent method development focused on improving sensitiv-
ity, highlighting the better performance of polymeric volu-
metric devices than cellulose cards regarding transgene
recovery and detection robustness, even at low concentra-
tions.92 Therefore, DBS has been recognized as an alterna-
tive matrix to fresh blood for illicit genetic targets. Related
studies applied gene-doping concepts into animal and
model systems, such as equine DBS testing using quantita-
tive PCR and digital PCR, and mouse models coupled to
next-generation sequencing workflows in automated labo-
ratory settings.93,94

Extending analyses of protein and peptide, DBS was
reported for biomarkers of recombinant human growth
hormone exposure and for protein targets such as human
chorionic gonadotropin using smart sampling, which is
the integration of sample preparation into the sampler
itself to simplifyworkflows.95,96 Meanwhile, mass spectro-
metric workflows were introduced for complex biological
targets, including myostatin-targeting monoclonal anti-
bodies using affinity purification and field-asymmetric ion
mobility spectrometry to mitigate interferences, expand-
ing the range of molecular weight of target analytes.97

Followed by the expansion of targets, toxicology in DBS,
including simultaneous detection of cocaine and opiates
by tandem MS and routine screening of exercise mimetics
such as adiponectin receptor agonists in urine and DBS,
further underscores that DBS method design hinges on
optimizing sensitivity, extraction recovery, and matrix
effects under realistic constraints.98

Blood doping detection using DBS-based
biomarkers and multi-omics approaches

Blood doping is commonly understood as the illicit
manipulation of an athlete’s blood to increase red blood

F I G U R E 4 Detection of erythropoietin receptor agonists (ERAs) and endogenous erythropoietin (hEPO) using sodium N-lauroylsarcosinate
polyacrylamide gel electrophoresis (SAR-PAGE) and immunodetection. (a) ERAs and hEPO signals vs. the number of DBS spots from 60 μL whole blood.
(b) ERAs and hEPO signals vs. volume (from 20 μL to 75 μL) of whole blood on a single dried blood spot (DBS) (reprinted from Reference 87, Copyright
(2022), with permission from the Wiley-VCH).
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cell mass and thereby enhance oxygen delivery to work-
ing muscle, improving endurance performance. In prac-
tice, this is most often achieved through autologous or
homologous blood transfusions. The detection of these
molecules is challenging since the performance advan-
tage can persist, while direct analytical traces are limited,
and the detection window depends on timing, individual
physiology, and hydration status. A DBS-based LC–MS/MS
assay that quantifies the CD71/Band3 ratio showed
improved sensitivity over conventional reticulocyte per-
centage to identify autologous transfusion effects for
DBS-compatible longitudinal blood-doping surveillance.99

As it can enhance oxygen transport while leaving lim-
ited direct chemical traces, making biomarker-based strat-
egies is vital. Building on DBS microsampling workflows,
DBS offers a practical bridge between field collection and
laboratory confirmation with a strong chain-of-custody.
Recent approaches aimed at analysis of erythropoiesis
stimulation through transcriptomic signatures from DBS
using RNA panels extracted in an automated system,
which is suitable for routine screening.100 In particular,
the RNA-based 50-aminolevulinate synthase 2 has been
proposed as a distinguished DBS biomarker for longitudi-
nal monitoring of stimulated erythropoiesis.101 Comple-
mentary to RNA markers, protein-level assays were
studied to identify physiology related to blood doping in
DBS, including mass-spectrometric analysis of membrane
proteins regarding erythroid maturation and doping-
related adaptations.102 Targeted evaluation of homolo-
gous blood transfusion detection in vivo further reported
how analysis of DBS would be employed for confirmatory
testing beyond conventional matrices.103 A genetic
approach comparing mitochondrial and nuclear markers
has also been explored to strengthen individual identifi-
cation from the collected sample.22 Finally, quantitative
analysis of immature reticulocyte–related features in DBS
by mass spectrometry offers an additional orthogonal axis
for detecting erythropoietic manipulation.104

Evolution of DBS implementation at the
Olympic Games: From pilot validation to
operational integration

The Tokyo 2020 Olympic Games marked the first struc-
tured application of DBS analysis within the Olympic anti-
doping environment. Although capillary DBS sampling
was not yet performed on site, 69 steroid ester analyses
were conducted using EDTA whole blood that was sam-
pled by DBS cards in the laboratory. To evaluate the ana-
lytical sensitivity and specificity under major event
conditions, this method served as a transitional validation
phase. Rather than an independent matrix, DBS serves as
a complementary tool for conventional blood testing
workflows, and has established the technical foundation
for future implementation.105,106

A significant milestone was achieved at the Beijing
2022 Winter Olympic Games, where DBS was officially
introduced as an independent analytical matrix within
the antidoping program. Unlike ABP, a total of 105 DBS
samples were analyzed under a testing menu that
focused on six testosterone esters. HRMS (LC–HRMS, Q
Exactive HF) was employed, and results were provided
within a 24–48 h reporting framework. This implementa-
tion demonstrated that capillary dried blood sampling
was not only analytically reliable but also operationally
feasible for a mega sporting event.107,108

By the time of the Paris 2024 Olympic Games, DBS
had transitioned from innovation to consolidation. A
total of 196 DBS samples were analyzed, focusing on
the presence of steroid esters, including testosterone,
boldenone, and nandrolone esters. With fully inte-
grated traditional blood and urine testing strategies,
DBS analyses were conducted without significant
reporting delays. This development, starting from
laboratory-based validation in Tokyo, to official field
implementation in Beijing, and ultimately to opera-
tional consolidation in Paris, revealed the maturation of
DBS as a sustainable matrix within the Olympic anti-
doping framework.109

The operational viability of DBS-based strategies
has also been demonstrated outside of the Olympic
context. Large-scale events such as the FIFA World Cup
reported successful blood-based antidoping testing
under limited turnaround timelines, indicating the scal-
ability and robustness of advanced blood-derived ana-
lytical approaches in major sporting events.110

Global implementation of DBS testing based
on WADA annual reports (2022–2024)

According to the WADA Testing Figures, the implementa-
tion of DBS analysis has significantly increased over the
past 3 years. In 2022, a total of 2748 DBS samples were
analyzed worldwide. In 2023 and 2024, this number
increased to 4242 and 5214, respectively. The 54%
increase between 2022 and 2023 was followed by an
additional 23% rise in 2024, resulting in a twofold expan-
sion over the course of 3 years. These data suggest that
DBS testing is progressively being integrated into the
global antidoping testing framework.111–113

Although the absolute number of adverse analytical
findings (AAFs) from DBS increased from 4 cases in 2022 to
11 in 2024, the overall AAF rate remained relatively low. This
should be considered in the context of the current analytical
scope of DBS testing. Compared with urine analysis, DBS
currently covers a limited range of prohibited substances,
which inherently reduces the total number of probable
AAFs. Nevertheless, the AAF rate increased gradually from
0.15% in 2022 to 0.21% in 2024. This expanding trend
implies that laboratories are progressively broadening the
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range of target analytes in DBS workflows to improve their
analytical coverage and practical relevance.

The number of WADA-accredited laboratories that
perform DBS analysis also evolved during this time period.
In 2022, only 5 laboratories reported DBS testing, but this
number doubled to 10 in 2023. In 2024, nine laboratories
conducted DBS analyses. Notably, apart from the participa-
tion of the laboratory in the Olympic host country, no addi-
tional structural expansion was observed in 2024, which
implies that broader laboratory adoption remains technically
challenging. Method development, compliance with WADA
TDs, and ISO/IEC 17025 accreditation requirements remain
major barriers to wider implementation.

Overall, DBS testing has evolved from an exploratory
initiative to a complementary matrix in antidoping prac-
tice, and further standardization and infrastructure devel-
opment will be critical for its continued expansion.

CONCLUSION

Analysis of DBS has evolved from a clinical microsampling
tool into an increasingly operational matrix for antidoping
testing. Even though DBS enables minimally invasive collec-
tion and simplified transport with blood-based information
on a large scale, it is not a simple substitution for liquid
blood or urine. Inherent sources of variability, including Hct
effect, volume uncertainty, substrate effects, and whole-
blood matrix effects, must be managed. Recent literature
reported that these limitations can be mitigated through
strategies such as sampling, automated extraction, internal
standardization, and sensitive LC–MS workflows tailored to
small sample mass. Improved DBS-based analytical methods
may confirm the possibility not only for antidoping analysis
but also for diverse biomedical and analytical contexts. In
forensic toxicology, DBS sampling has shown utility in the
analysis of post-mortem specimens, where analyte stability
in the dried matrix is a practical advantage over conven-
tional liquid samples.114 Environmental pollutants monitor-
ing can also employ DBS. The DBS-platform combined with
the LC–MS/MS method was validated for the analysis of pes-
ticide monitoring in rat and human blood samples115 (envi-
ronmental pollutants). For therapeutic drug monitoring, LC–
MS/MS-based simultaneous quantification of seven antiepi-
leptic drugs from DBS and dried plasma spots was validated
and applied clinically, indicating that home-based sampling
is analytically feasible.116

Importantly, analytical progress has been made with
regulatory clarity. WADA’s TDDBS framework strengthens
consistency in data interpretation, and method develop-
ment is increasingly aligned with these requirements
through reproducible, standardized workflows. Analytical
improvements are evident for challenging targets such as
steroid esters. Furthermore, applications of DBS beyond
current technical coverage, such as ERAs-related testing
and biomarker approaches, emphasize broader future
utility. DBS is recognized as a complementary matrix for

next generation antidoping and depends on continued
harmonization of devices, automated workflows, and
interlaboratory standardization.

ACKNOWLEDGMENTS
This research was supported by KIST intramural grants
(2V10481).

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets
were generated or analysed during the current study.

ORCID
Chi Hwan Lee https://orcid.org/0000-0002-4868-7054
Ki Hun Kim https://orcid.org/0000-0002-0962-1837

REFERENCES
[1] R. Guthrie, A. Susi, Pediatrics 1963, 32, 338.
[2] B. G. Keevil, Clin. Biochem. 2011, 44, 110.
[3] W. Li, F. L. S. Tse, Biomed. Chromatogr. 2010, 24, 49.
[4] R. Zakaria, K. J. Allen, J. J. Koplin, P. Roche, R. F. Greaves, EJIFCC

2016, 27, 288.
[5] E. Tuaillon, D. Kania, A. Pisoni, K. Bollore, F. Taieb, E. N. Ontsira

Ngoyi, R. Schaub, J.-C. Plantier, A. Makinson, P. Van de Perre, Front.
Microbiol. 2020, 11, 11.

[6] S. Lehmann, A. Picas, L. Tiers, J. Vialaret, C. Hirtz, Crit. Rev. Clin. Lab.
Sci. 2017, 54, 173.

[7] M. Thevis, T. Kuuranne, H. Geyer, Drug Test. Anal. 2026, 18, 458.
[8] S. Cui, S. Wang, R. Chen, Microchem. J. 2025, 215, 114516.
[9] M. N. AbuHaweeleh, A. Hamdan, J. Al-Essa, S. Aljaal, N. Al Saad, C.

Georgakopoulos, F. Botre, M. A. Elrayess, Metabolites 2025,
15, 696.

[10] A. Thomas, H. Geyer, S. Guddat, W. Schänzer, M. Thevis, Drug Test.
Anal. 2011, 3, 806.

[11] Y. Yuan, Y. Xu, J. Lu, Bioanalysis 2021, 13, 587.
[12] ADLM, Dried blood spots and beyond. https://myadlm.org/cln/

articles/2022/september/dried-blood-spots-and-beyond (accessed:
February 4, 2026)

[13] WADA, With dried blood spot analysis, anti-doping science is
pushing the boundaries at Beijing 2022 and beyond. https://www.
wada-ama.org/en/news/dried-blood-spot-analysis-anti-doping-
science-pushing-boundaries-beijing-2022-and-beyond (accessed:
January 26, 2026)

[14] M. Thevis, K. Walpurgis, A. Thomas, Crit. Rev. Clin. Lab. Sci. 2023,
60, 41.

[15] S. A. Solheim, T. K. Ringsted, N. B. Nordsborg, Y. Dehnes, M. C. S.
Levernæs, J. Mørkeberg, Drug Test. Anal. 2021, 13, 1783.

[16] M. Thevis, T. Kuuranne, J. Dib, A. Thomas, H. Geyer, Drug Test. Anal.
2020, 12, 704.

[17] T. Suominen, J. von Walden, L. Harju, A. Pohanka, J. Schulze, M.
Lehtihet, L. Ekström, Drug Test. Anal. 2025, 17, 2374.

[18] R. L. Harries, G. De Paoli, S. Hall, L. A. Nisbet, WIREs Forensic Sci.
2024, 6, e1504.

[19] I. Athanasiadou, Y. S. Angelis, E. Lyris, C. Georgakopoulos, I.
Athanasiadou, C. Georgakopoulos, TrAC Trends Anal. Chem. 2013,
42, 137.

[20] A. Olthof, J. J. Hillebrand, W. V. Wickenhagen, A. Boelen, A. C.
Heijboer, Clin. Chem. Lab. Med. 2024, 62, 2469.

[21] J. M. Goodrum, K. Peek, C. Moore, D. Eichner, G. D. Miller, Drug
Test. Anal. 2025, 17, 365.

[22] K. Akiyama, A. Momobayashi, M. Okano, Drug Test. Anal. 2025,
17, 311.

[23] ITA (International Testing Agency), Highest Ever Proportion of Par-
ticipating Athletes Tested: The ITA Summarises Its Anti-Doping

YOON ET AL. 13BULLETIN OF THE

KOREAN CHEMICAL SOCIETY

 12295949, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bkcs.70167 by C

hi H
w

an L
ee - Purdue U

niversity (W
est L

afayette) , W
iley O

nline L
ibrary on [28/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-4868-7054
https://orcid.org/0000-0002-4868-7054
https://orcid.org/0000-0002-0962-1837
https://orcid.org/0000-0002-0962-1837
https://myadlm.org/cln/articles/2022/september/dried-blood-spots-and-beyond
https://myadlm.org/cln/articles/2022/september/dried-blood-spots-and-beyond
https://www.wada-ama.org/en/news/dried-blood-spot-analysis-anti-doping-science-pushing-boundaries-beijing-2022-and-beyond
https://www.wada-ama.org/en/news/dried-blood-spot-analysis-anti-doping-science-pushing-boundaries-beijing-2022-and-beyond
https://www.wada-ama.org/en/news/dried-blood-spot-analysis-anti-doping-science-pushing-boundaries-beijing-2022-and-beyond


Program for Paris, International Testing Agency, Lausanne, Switzer-
land 2024 https://ita.sport/news/highest-ever-proportion-of-
participating-athletes-tested-the-ita-summarises-its-anti-doping-
program-for-paris-2024/ (accessed: January 26, 2026)

[24] WADA, TD2023DBS. https://www.wada-ama.org/en/resources/lab-
documents/td2023dbs (accessed: February 25, 2026)

[25] WADA, TD2026DBS. https://www.wada-ama.org/en/resources/lab-
documents/td2026dbs (accessed: February 25, 2026)

[26] P. Abu-Rabie, P. Denniff, N. Spooner, B. Z. Chowdhry, F. S. Pullen,
Anal. Chem. 2015, 87, 4996.

[27] M. G. Barroso, L. Gustafsson, V. Barclay, C. Linder, Bioanalysis 2023,
15, 331.

[28] L. Tretzel, C. Görgens, H. Geyer, A. Thomas, J. Dib, S. Guddat, V.
Pop, W. Schänzer, M. Thevis, Int. J. Sports Med. 2016, 37, 500.

[29] N. G. Jager, H. Rosing, J. H. Schellens, J. H. Beijnen, Bioanalysis
2014, 6, 2999.

[30] S. Feng, J. Mei, L. Yang, P. Luo, X. Wang, Y. Wang, J. Yao, L. Cui, L.
Pan, Z. Wang, L. Xin, Int. J. Neonatal Screen. 2020, 6, 14.

[31] M. Luginbühl, S. Angelova, S. Gaugler, A. Längin, W. Weinmann,
Drug Test. Anal. 2020, 12, 1126.

[32] L. Tretzel, A. Thomas, T. Piper, M. Hedeland, H. Geyer, W. Schänzer,
M. Thevis, J. Pharm. Biomed. Anal. 2016, 123, 132.

[33] L. Tretzel, A. Thomas, H. Geyer, G. Gmeiner, G. Forsdahl, V. Pop, W.
Schänzer, M. Thevis, J. Pharm. Biomed. Anal. 2014, 96, 21.

[34] G. K. S. Singh, L. Turner, R. Desai, M. Jimenez, D. J. Handelsman,
J. Clin. Endocrinol. Metab. 2014, 99, 2592.

[35] S.-H. Peng, J. Segura, M. Farré, X. de la Torre, Clin. Chem. 2000,
46, 515.

[36] W. C.-W. Chang, D. A. Cowan, C. J. Walker, N. Wojek, A. D.
Brailsford, J. Chromatogr. A 2020, 1628, 461445.

[37] Y. Yuan, Y. Xu, J. Lu, J. Chromatogr., B 2022, 1213, 123535.
[38] A. Thomas, J. Thelen, P. Sakellariou, M. Thevis, J. Mass Spectrom.

2025, 60, e5188.
[39] J. Jing, Y. Shan, Z. Liu, H. Yan, P. Xiang, P. Chen, X. Xu, Drug Test.

Anal. 2022, 14, 1040.
[40] A. Miyamoto, M. Okano, M. Ota, M. Sato, Drug Test. Anal. 2025, 17,

2045.
[41] A. Miyamoto, M. Ota, M. Sato, M. Okano, Drug Test. Anal. 2025,

17, 42.
[42] M. Okano, Y. Watanabe, A. Miyamoto, M. Ota, M. Sato, Drug Test.

Anal. 2026, 18, 24.
[43] S. A. Solheim, M. C. S. Levernæs, J. Mørkeberg, A. Juul, E. N.

Upners, N. B. Nordsborg, Y. Dehnes, Drug Test. Anal. 2022, 14,
1926.

[44] T. Langer, A. Musenga, B. Stojanovic, D. Pecher, G. Gmeiner, L.
Harju, T. Suominen, C. Mongongu, M. Ericsson, S. Grabherr, T.
Kuuranne, R. Nicoli, Drug Test. Anal. 2025, 17, 1817.

[45] M. Mazzarino, W. Van Gansbeke, A. D. Albertsd�ottir, L. Steen, P.
Van Eenoo, J. Pharm. Biomed. Anal. 2025, 265, 117048.

[46] M. Mazzarino, H. Al-Mohammed, S. K. Al-Darwish, S. Salama, A.
Al-Kaabi, W. Samsam, S. Kraiem, F. Botré, A. Beotra, V.
Mohamed-Ali, M. Al-Maadheed, J. Pharm. Biomed. Anal. 2024,
242, 116007.

[47] O. Salamin, R. Nicoli, C. Xu, J. Boccard, S. Rudaz, N. Pitteloud, M.
Saugy, T. Kuuranne, J. Pharm. Biomed. Anal. 2021, 204, 114280.

[48] F. Ponzetto, M. Parasiliti-Caprino, L. Leoni, L. Marinelli, A. Nonnato,
R. Nicoli, T. Kuuranne, E. Ghigo, G. Mengozzi, F. Settanni, Clin.
Chim. Acta 2024, 557, 117890.

[49] X. Yan, S. Yan, W. Chang, C. Wen, L. Zhang, Z. Wang, S. Yang, Drug
Test. Anal. 2024, 16, 661.

[50] L. Tretzel, A. Thomas, H. Geyer, V. Pop, W. Schänzer, M. Thevis,
Anal. Methods 2015, 7, 7596.

[51] T. Lange, A. Thomas, K. Walpurgis, M. Thevis, Anal. Bioanal. Chem.
2020, 412, 3765.

[52] A.-M. Garzinsky, A. Thomas, S. Guddat, C. Görgens, J. Dib, M.
Thevis, Biomed. Chromatogr. 2023, 37, e5633.

[53] M. Mazzarino, L. Di Costanzo, F. Comunità, C. Stacchini, X. de la
Torre, F. Botrè, ACS Omega 2022, 7, 31845.

[54] A. Thomas, H. Geyer, W. Schänzer, C. Crone, M. Kellmann, T.
Moehring, M. Thevis, Anal. Bioanal. Chem. 2012, 403, 1279.

[55] G. Boschetti, T. Langer, C. Medana, S. Grabherr, T. Kuuranne, O.
Salamin, R. Nicoli, C. Mumenthaler, A. Musenga, Drug Test. Anal.
2026, 18, 393.

[56] G. Reverter-Branchat, J. Bosch, J. Vall, M. Farré, E. Papaseit, S.
Pichini, J. Segura, Clin. Chem. 2016, 62, 1353.

[57] L. Tretzel, A. Thomas, H. Geyer, P. Delahaut, W. Schänzer, M.
Thevis, Anal. Bioanal. Chem. 2015, 407, 4709.

[58] I. Möller, A. Thomas, H. Geyer, W. Schänzer, M. Thevis, Anal. Bioa-
nal. Chem. 2012, 403, 2715.

[59] H. D. Cox, J. Rampton, D. Eichner, Anal. Bioanal. Chem. 1949,
2013, 405.

[60] C. Mongongu, E. M. Moussa, F. Semence, I. Roulland, M. Ericsson,
F. Coudoré, A. Marchand, C. Buisson, Bioanalysis 2020, 12, 737.

[61] C. Rosting, C. Ø. Sæ, A. Gjelstad, T. G. Halvorsen, Bioanalysis 2016,
8, 1051.

[62] G. D. Miller, J. Husk, A. K. Crouch, D. Eichner, Drug Test. Anal. 2022,
14, 1255.

[63] G. Reverter-Branchat, J. Segura, O. J. Pozo, Drug Test. Anal. 2021,
13, 510.

[64] M. Okano, A. Miyamoto, M. Ota, S. Kageyama, M. Sato, Drug Test.
Anal. 2024, 16, 766.

[65] M. C. S. Levernæs, S. A. Solheim, L. Broderstad, E. Zandy, J.
Mørkeberg, Y. Dehnes, Drug Test. Anal. 2024, 16, 1510.

[66] L. Petrick, H. Guan, G. P. Page, G. Dolios, M. M. Niedzwiecki, R. O.
Wright, R. J. Wright, Environ. Int. 2024, 187, 108663.

[67] L. Mercolini, M. Protti, M. C. Catapano, J. Rudge, A. E. Sberna,
J. Pharm. Biomed. Anal. 2016, 123, 186.

[68] M. Massano, C. Incardona, E. Gerace, P. Negri, E. Alladio, A.
Salomone, M. Vincenti, Talanta 2022, 241, 123265.

[69] O. Salamin, A. Garcia, V. Gonz�alez-Ruiz, F. Rossi, X. Bigard, J.
Déglon, Y. Daali, R. Faiss, M. Saugy, S. Rudaz, Drug Test. Anal. 2020,
12, 1649.

[70] R. Verplaetse, J. Henion, Drug Test. Anal. 2016, 8, 30.
[71] M. Protti, M. C. Catapano, B. G. Samolsky Dekel, J. Rudge, G. Gerra,

L. Somaini, R. Mandrioli, L. Mercolini, J. Pharm. Biomed. Anal. 2018,
152, 204.

[72] M. Protti, J. Rudge, A. E. Sberna, G. Gerra, L. Mercolini,
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2017, 1044–
1045, 77.

[73] S. Höppner, P. Delahaut, W. Schänzer, M. Thevis, J. Pharm. Biomed.
Anal. 2014, 88, 649.

[74] J. Dib, L. Tretzel, T. Piper, A. Lagojda, D. Kuehne, W. Schänzer, M.
Thevis, Clin. Mass Spectrom. 2017, 6, 13.

[75] S. A. Solheim, S. Jessen, J. Mørkeberg, M. Thevis, Y. Dehnes, K.
Eibye, M. Hostrup, N. B. Nordsborg, Drug Test. Anal. 2020, 12,
1366.

[76] A. Rocca, L. Martin, T. Kuuranne, M. Ericsson, A. Marchand, N.
Leuenberger, Drug Test. Anal. 2022, 14, 820.

[77] R. Mandrioli, L. Mercolini, M. Protti, Molecules 2020, 25, 1046.
[78] S. A. Solheim, A. Thomas, T. K. Ringsted, M. Thevis, A. B. Andersen,

H. Holm-Sørensen, N. B. Nordsborg, J. Mørkeberg, Drug Test. Anal.
2022, 14, 1685.

[79] A. Kojima, Y. Nishitani, M. Sato, S. Kageyama, M. Dohi, M. Okano,
Drug Test. Anal. 2016, 8, 189.

[80] A.-M. Garzinsky, A. Thomas, M. Thevis, Rapid Commun. Mass Spec-
trom. 2022, 36, e9262.

[81] L. Requena-Tutusaus, I. Anselmo, �E. Alechaga, R. Bergés, R.
Ventura, Bioanalysis 2023, 15, 1235.

[82] H. Bauhaus, T. Möller, S. Keller, A. Thomas, H. Braun, P. Wahl, M.
Thevis, Front. Sports Act. Living 2025, 7, 1600714.

[83] C. E. Heiland, L. Martin, X. Zhou, L. Zhang, M. Ericsson, A.
Marchand, Drug Test. Anal. 2024, 16, 650.

[84] C. Heiland, O. Hopcraft, M. Johanson, A. Pohanka, M. Lehtihet, L.
Ekström, Drug Test. Anal. 2025, 17, 2220.

[85] N. Leuenberger, N. Jan, T. Kuuranne, V. Castella, Drug Test. Anal.
2024, 16, 1225.

14 YOON ET AL.BULLETIN OF THE

KOREAN CHEMICAL SOCIETY

 12295949, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bkcs.70167 by C

hi H
w

an L
ee - Purdue U

niversity (W
est L

afayette) , W
iley O

nline L
ibrary on [28/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://ita.sport/news/highest-ever-proportion-of-participating-athletes-tested-the-ita-summarises-its-anti-doping-program-for-paris-2024/
https://ita.sport/news/highest-ever-proportion-of-participating-athletes-tested-the-ita-summarises-its-anti-doping-program-for-paris-2024/
https://ita.sport/news/highest-ever-proportion-of-participating-athletes-tested-the-ita-summarises-its-anti-doping-program-for-paris-2024/
https://www.wada-ama.org/en/resources/lab-documents/td2023dbs
https://www.wada-ama.org/en/resources/lab-documents/td2023dbs
https://www.wada-ama.org/en/resources/lab-documents/td2026dbs
https://www.wada-ama.org/en/resources/lab-documents/td2026dbs


[86] F. Donati, L. Concetti, X. de la Torre, X. Zhou, L. Zhang, F. Botrè,
Front. Anal. Sci. 2023, 3, 3.

[87] N. Naumann, K. Walpurgis, A. Rubio, A. Thomas, A. Paßreiter, M.
Thevis, Drug Test. Anal. 2023, 15, 1521.

[88] C. E. Heiland, M. Ericsson, A. Pohanka, L. Ekström, A. Marchand,
Drug Test. Anal. 2022, 14, 1377.

[89] V. R. Richard, G. Mitsa, A. Eshghi, D. Chaplygina, Y. Mohammed,
D. R. Goodlett, R. P. Zahedi, M. Thevis, C. H. Borchers, J. Proteome
Res. 2024, 23, 1779.

[90] L. Brockbals, A. Thomas, T. D. Schneider, T. Kraemer, A. E. Steuer,
M. Thevis, Drug Test. Anal. 2024, 16, 792.

[91] A. Marchand, I. Roulland, F. Semence, M. Ericsson, Drug Test. Anal.
1888, 2021, 13.

[92] A. Marchand, I. Roulland, M. Ericsson, Drug Test. Anal. 2026,
18, 230.

[93] K. Maehara, A. Hirokawa, H. Watanabe, N. Otani, J. Wan, T. Shirai, T.
Takemasa, K. Watanabe, T. Nishi, K. Sato, S. Shimmura, K. D. M.
Nguyen, Y. Takahashi, T. Sugasawa, Int. J. Mol. Sci. 2025, 26, 6129.

[94] J. Maniego, C. Harding, J. Habershon-Butcher, P. Hincks, G.
Stewart, C. Proudman, E. Ryder, Drug Test. Anal. 2025, 17, 626.

[95] P. Ferro, R. Ventura, C. Pérez-Mañ�a, M. Farré, J. Segura, Drug Test.
Anal. 2017, 9, 1011.

[96] A. Mrsa, M. Matijevic, Y. Dehnes, T. G. Halvorsen, L. Reubsaet, Drug
Test. Anal. 2025, 17, 2390.

[97] H.-J. Lee, J. Hwang, Y. Seo, G. Lee, H. J. Lee, H. Min, J. Pharm.
Biomed. Anal. 2025, 252, 116518.
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