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Introduction

In the ever-evolving field of biomolecular analysis, the quest for precision, efficiency, and
specificity has led to the development and refinement of various chromatographic techniques.
They stand out as critical tools for the separation and analysis of complex biological samples.
Advanced chromatography techniques, in particular, have revolutionized the way scientists
approach biomolecular studies, enabling high-resolution and high-throughput analyses that
were previously unattainable. They are as versatile as they are powerful, capable of tackling the
separation of small metabolites to large proteins and nucleic acids.

With the advent of advanced chromatographic methods,
researchers can now delve into the intricacies of
biological samples with unparalleled precision. This
precision is critical when it comes to the development
of new pharmaceuticals, understanding metabolic
pathways, and the detection of biomarkers for diseases.

One of the key aspects of advanced chromatography is
its ability to maintain the integrity of the biomolecules
during analysis. This is especially important for the
study of intact proteins and monoclonal antibodies,
where maintaining their native state is crucial for
accurate characterization. Hydrophobic interaction
chromatography is one such technique that has been
optimized for this purpose, offering a non-denaturing
environment that preserves the structure and function
of these large biomolecules.

Moreover, the integration of chromatography with

mass spectrometry has opened new frontiers in
bioanalytical applications. The hyphenation of microflow
chromatography with electrospray ionization mass
spectrometry, for instance, provides a powerful tool

for the analysis of low molecular weight compounds.
This combination enhances sensitivity and specificity,
enabling the detection of minute quantities of analytes
within complex biological matrices.

In the context of sports science, advanced
chromatography plays a critical role in anti-doping
efforts. The detection of anabolic androgenic steroids
and other performance-enhancing substances requires
highly sensitive and selective analytical techniques.
Chromatography, coupled with mass spectrometry,
allows for the comprehensive screening and
confirmation of these substances, contributing to the
integrity of sports and the health of athletes.

This Article Collection compiles three pivotal research
papers that underscore the significance of advanced
chromatography in the analysis of biomolecules.
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Each article presents a unique perspective on the
application of these techniques, from setting up robust
chromatographic systems to the nuances of bioanalytical
approaches and the challenges of detecting doping
substances in athletes.

The first article by Ewonde et al. (2022; page 5-13) offers
a detailed protocol for establishing robust hydrophobic
interaction chromatography tailored for analyzing
intact proteins and monoclonal antibodies. The authors
meticulously outline the steps for setting up the
instrumentation, preparing samples, and optimizing
chromatographic conditions. They demonstrate the
method'’s effectiveness and reproducibility, highlighting
its potential as a standard in protein analysis.

Girel et al. (2024; page 14-34) present a comprehensive
tutorial review on the hyphenation of microflow
chromatography with electrospray ionization mass
spectrometry, focusing on bioanalytical applications for
low molecular weight compounds. The review discusses
the theoretical and practical considerations for micro-
chromatography, guiding readers through the workflow
and emphasizing the importance of ionization source
design for enhancing sensitivity.

Lastly, the study by Borjesson et al. (2020; page 36-45)
examines the biomarkers and clinical parameters in
male and female users of anabolic androgenic steroids
and other doping agents. The research provides insights
into the substances used by athletes, the gender-specific
differences in their effects, and the need for additional
biomarkers, especially for female athletes. This study
underscores the complexity of doping detection and the
necessity for advanced chromatographic techniques in
this field.

Dr. Christina Poggel
Wiley Analytical Science
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INTRODUCTION TO HYDROPHOBIC

NicoLingg? | Daniel ERer® | Sebastiaan Eeltink?!

Abstract

Hydrophobic interaction chromatography (HIC) is a chromatographic technique that
mainly targets the separation of biomolecules (intact proteins, monoclonal antibodies,
etc.) based on the difference in surface hydrophobicity while applying non-denaturing
conditions. This protocol paper provides guidelines for setting-up robust HIC analy-
sis and considers the instrument configuration, mobile-phase and sample preparation,
as well as chromatographic conditions and settings. The separation of a mixture of
intact proteins and monoclonal antibodies is demonstrated by applying conventional
HIC conditions, that is, using a mildly hydrophobic (C,) stationary phase in combi-
nation with an inverse ammonium sulphate gradient dissolved in agueous phosphate
buffer. The effect of sample-preparation conditions on sample breakthroughs is pre-
sented. Finally, good run-to-run repeatability (relative standard deviation < 2%) is
demonstrated for five different columns obtained from three different column lots,

considering chromatographic retention, peak width, peak area and column pressure.

KEYWORDS
biopharmaceuticals, HPLC method development, native liquid chromatography, protein profiling

non-denaturing conditions are applied, the protein 3D conformation

INTERACTION CHROMATOGRAPHY

In 1948, Tiselius reported on a separation experiment where proteins
adsorb to a stationary phase in the presence of a salt concentra-
tion that is only slightly lower concentration than is required for
their precipitation.! It was observed that adsorption was reversible
and could be mediated by the salt concentration. Tiselius referred
to this technique as ‘adsorption separation by salting out’, which was
later renamed by Hjertén to hydrophobic interaction chromatography
(HIC).2 Similar to reversed-phase liquid chromatography, HIC sepa-
rates biomacromolecules based on their hydrophobicity. However, as
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and hence biological activity is (largely) maintained.3
Hydrophobic interactions between analytes and the mildly
hydrophobic stationary phase in an aqueous environment are driven
by the change in entropy. In an aqueous environment, the stationary-
phase surface and proteins containing both hydrophilic (displayed in
blue) and hydrophobic (displayed in red) moieties are shielded by
ordered water layers, see Figure 1A. The high ionic strength applied
at the start of the gradient disrupts the ordered water layers in the
immediate vicinity of the protein and the stationary-phase ligands, as
salt ions are preferentially hydrated in an agqueous environment, see
Figure 1B. As the entropy (AS) increases, while the enthalpy (AH)
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FIGURE 1 Retentionmechanism for hydrophobic interaction
chromatography, (&) At aqueous conditions, ardered-water layersare
formed shiclding the proteinand stationary phase surface. [B) At high
salt concentrations the ordered-water lavers are disrupted, exposing
hvdrephobic surfaces, Preteins and stationary-phase lizand s associate
vla hydraphoble Interactlons dilven by the Increase Inentrogy. 1)

Hyd rophabic interactions gracualyweaken whend=ecraasing the ionic
strenpgth of the mobile phase and proteins elute sequentially according
ta theirsurfzoe verophabicity.
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and temperature [T} remain constant, hydrophobic interactions are

promated by nzgative Gibbs fres energy (aG), 4
AG =aH-T. a5 1

Proteins with more hvdrophobic maieties will undergo stronger inter-
actlors with che hwdrophoble statlonane-phase Hizands chan thosa with
mare hydrophilic maieties and hence display more retention. Upon
decreasing the salt concentration, the hydrophohic interactions grac-
ually wweaken as entropy is no longer 2 driven force. The ordered water
layvers are reformed, and analytes will elute in increasing order of
surface hydrophabicity, see Figure 1

Separations based on hydrophebic interacticn mediotad by salt are
applicable to a wide range of analytes, including some lew maledular-
weight analytes (<2000 Da) and (bio-)macremol coules. Considering
the HIC analysis of low-molecular weight analvtaes (aromatic alcohol
hemaologues, dansylaming aCid) studies are merely limited to retention-
time profiling while varying cclumn ehemistry anc temperature <
Proat-oh-concept to separate peptides and oligonuclaptides with HIC
has heen demonstrated, albeit the achieved resnlving power is cur-
rently lower compared to reversedphase liquid chromatography
(RPLC)TF HIC has been extens ively used for the analysis of biomacro-
malecules such as glabular prateins, including proteafarms, -1 recomr-
binant menceclonal antibedies (mAbs) 2 and antihody-drug conjagates
(ADCS) Y Critical quality attributes of ADCs that have successfully
bean analyred, include the average drug-to-artibody ratio ™ and
drug-lead distribution.}¥ Recently, newr applicability areas have been
explared. induding the HIC purification of virdses!® and the analysis
ot plasmids' and exosocmes. '

2 | DEVELOPMENT QF THE PROTOCOL

Althaugh HIC has been successfully applied for the analysis of a range
of biomolecoles, method robustness is still considered an issue. HIC
invalves U uee of high sall concenbaticns and oproper syslem care
pventuzlly [esds to salt precipitation in the Huidics. Consaguently, this
l2ads to unrepeatable L performance anc o itimately irreversible cal-
urnn and system damage. This protecol focuses on establishing robust
HIC conditions. targeting the analysis of intact proteins and mono-
rlonal antihodies. Figure 2 shows the protace] schame for setting-up
robust HIC, Guidelines far mabile-phase and cample preparation, sys-
tem configaration and concitioning are provided below. The effect
of solvent composition on sample breakthrough B demonstrated.
HIC analyses ware performed using 4.6 » 102 mm (nternal cian-
eter [id] = L) columns packed with 2.3 pm nonporous pareicles
functionalized with butyl moieties and applving corventional elution
conditions definec as aninverse linear ammonium s.lfate pradient dis-
sabvad in S0 mb phosphate buffer (pH 7.C% Finally, ron-to-run and
rolumn-ta-calumn repeatzhility s demonstrated considering retan-
ticn time, peak width and rolumn pressore for three different col uman
hatches,
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3 | CHEMICALS AND MATERIALS

Ammonium sulfate (>99.0%), disodium hydrogen phosphate (>99.0%),
sodium dihydrogen phosphate (>99.0%), sodium hydroxide (high-
performance liquid chromatography [HPLC] grade, 50.0%), sodium
azide, myoglobin (equine heart), ribonuclease A (bovine), lysozyme
(chicken egg white), trypsinogen (bovine pancreas), carbonic anhydrase
(bovine erythrocytes) and a-chymotrypsinogen A (bovine pancreas)
were purchased from Sigma-Aldrich (Bornem, Belgium). Monoclonal
antibodies (adalimumab, trastuzumab and infliximab) were provided
by BOKU (Vienna, Austria). HPLC-grade deionized water was pro-
duced in-house using a Milli-Q water purification system (Millipore,

Molsheim, France).
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Protocol scheme for setting-up conventional analytical hydrophobic interaction chromatography.

4.6 mm i.d. x 100 mm columns packed with 2.3 pm (BioPro HIC
HT) non-porous polymethacrylate particles functionalized with a butyl

chemistry were obtained from (YMC Europe, Dinslaken, Germany).

4 | HPLC INSTRUMENTATION, CONFIGURATION
AND MAINTENANCE

HIC experiments were conducted using an Ultimate 3000 BioRS sys-
tem (Thermo Fisher Scientific, Germering, Germany) composed of
a solvent rack with integrated membrane degassers, a ternary low-
pressure gradient pump, a well-plate autosampler enabling in-line

split-loop (flow-through needle) injections, a forced-air column oven



and a divde-array UN detecter. 180 pm id. tubing was used to con

neck the pump to the injactor. To maintain high separation efficiency
the systemwas configured with 200 umid, tubing between theinjector
and the column. and the calumn and the detector. The injection val-
Jme was set at 5 pl. The ternperature of the wall-plate sampler was
zet at &7C and the columin aven was maintained at 30°C. The flow rate
was set at either 0.5 or 1 mbAmin, see details in the figure coptions, A
2.5 oL UN floww cell was used, and d ata was recorded at 210 and 2800 m,
applying 5 Hz data collection rate and 1 s responss time Chromelean
software [version 7.2.10) was Lsec for system control and data
managenment.

Mahile phase A cansisted of ammaniom sulfate dissolved in phos
phata buffer, mabile phase B cansisted of phosphate buffer and mchile
phase C consisted of deionized water. After installing the HIC col-
Jmminy, the column was equilibrated with water to remowve the storage
splution comprising arganic solvent and to prevent salt precipita
tion, Hereafter, the systam was equilibrated first with buffer \mchile
phase B} for 30 min, followed by mobile phase A for 10 min apply-
ing a fow rata of 0.5 mbmin, which corresponds to 30 and 10
column volumse, respectively. After analysis, the system and column
wiere Flushed with deicnized water to remowve residual salt, and the
colurme was stored in e storage sclulion prescribed by Lhe mano-
[aclurer. Wlwen the sys lem wias lemiporanily nol i ose, il was (oshed
with deipnizead water spiked with 0,05% sodium azide at a flow rate
af 0.05 mlifmin to prevent salt precipitation and Eacteria growth in
the fluidics.

Mote that:

+ Monitering of the swstem pressure is important as an increase in
sysiem pressure may Inclcate salt precipltation. If the pressure
increases signicicantly (=20 bar) it is recammended to Hush the
system with deinnized water,

* Periadic (bi-moenthly! system maintenance is advised, which includes
cleaning the filter frit znd flushing the systern with warm waber
{700 disconnected flow ozl

* In case a significant increase in system pressure is obtained, check
membrane degassers and remave salt crystals within the mambirane,
it ary. Also, apen the pump hesd and ricge and sonicate plunzers and

seals with deianized water,

5 | MOBILE-PHASE PREPARATION

Conmventiznal HIC is perormed applying a linear invarse ammanium
siltate gradient. Makile phase A was composed of 2.9 M ammonium
stlphate dissolved in 50 mk phosphate huffer pH 7.0, Mohile phase
E was 30 mM ag.eous phosphate buffer pH 7.0, As the addition of
ions used contributes to the overall retention, it is recemmended to
apply the Hernderson-Hasselbalch buffer formula and calculate the
axact amaunts of salt needed to establish the requirac buffer capac
ity and pH, while adding 3 minimum of sodium hed rexid e in the case of
a phosphate buffer to reach, for example, pH = 7.0, The recommencded

mobile- phase preparzstion is as follows:
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+ Add S00 m| of deionized water ina 1 L beaker and stir continoously
whila dissalving the weighted salts, that is, 303.60 g ammaniunm sul
fate. 271 g of dibasic sodium phosphate, and 3,71 g of menobasic
sodium phosphace far mobile phase A and 2.7 1 g of dibasic sodium
phosphata and 3.71 £ of manabasic sodium phasphate for maobila
phase B and add water to reach 950 mil.

* Menitar the pH with o calibraced pH meter and add 2 M aquecus
MaOH solution with a dropping pipette until a pH of 7.0 s reached.

» Trarsfer the salitiaon toa 1 Lvolumetric flask and make upto 1.0 L
with ceionized water,

v Filter the soluticns through a C.22 pm filter using a water jet pump,
to remowve microparticles and amy salt clusters. Then transfer the

solutiornto a 1 LHPLC grade solvent battle.

Miate that:

v The purity and hence color of the salt {less or more vellowishy
may vary significantly between manufactures. The use of yellow
ammonium sulfate impacts the UV baseline and reduces tha linear
detection range,

Tiltering the mobile phase reduces the pressure fluctuation and col-
wren de lerivralivie and henoe will advance e sysLem robosLness,

Preparcd mchile phases have limiled shell Lime deperding on Lhe
storage temperaturs, Typically, mobile phases are replaced every

wisek,

& | SAMPLE PREFARATION

Iin the Ideal caze. the sample | s dlssabeed [n the starting moblle phase ta
prevent sample bresk-through, detined as the elution of analyte at the
time of an unretained analyte () rime), Nepending o the salt roneen-
tration and protein, precipitation may cccur, To overceme this problem,
the protein stock solution can be prepared inwater and target salt con

centratian can he reached by dilution with ammeniumn sulfate selution

(miolile phase &), The procedure is.as follows:

* Weigh the appropriate mass of lvophilized sample and transter into
aclean Fppend orf fube and add deionized weater to reach the priotein
stack concentration, Mix gently by vortexing, Proteinstock soluticns
can be stored at -4°C inthe frocezer Far lator use.

Dilute stack sample solution with mohile phase & to the desived
concentration, It is recommended to maintain the ammaonium sul-
phate concentration = 5058 of the starting salt concentration to
achieve on-column taousing and to prevent sample break through

fepe discussion helow).

Mate that,

* Crude extracts deg. cell ysate) can be filtered wia 22 pm filter
memirane to remave solid micropaiticles,

* How long the stock sample can be stored at -4°C is protein specific.
A change in chrematographic peak profile of the analyzed proteins



can be observed after prolonged sample storage {-4°C3 if Ehe protein

stock solution is prepared ina concentrated salt solution instead of
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7 | METHOD-DEVELOPMENT GUIDELINES

Figure 3 shows typical chromatograms of the scparatiors of intact
prateins that cover a wide range in hydrophobicity range applying
conventional HIC conditions, that is, using a column packed with non-
paraus Ca particles and applying a 15 min inwverse agueous ammonium
a1 fate pradiert dissalver in 50 mb phosphate bofferpH 7.0, Figure 34
shows the res lting chromatogram, whereas Figure 3B shows the same
separation a®ter blank subtractian. The correspording pressure trace
is depicted in Figare 3C. In this case, the mabile phase was filtered
priar to use following this pratocol. When omitting maohile-phase fil
tration, significant pressare fluctuation is obtainad, which increases
avet time, negatively affecting retention-time repeatability. As sach,
mobile- phase filiration is strongly recommendedd.
Mast colurnn manufacturers currently target the analysis of mAbs
Jsing C4 column chemistry, The differences in surfaoce coverage of
g chains, and therefore column hyd rophobicity, affect the retention
capacily. amd it ay e necessary L adjast Lhe sall concenlialion
sonrdingh. When analyzing highly hyd rophobic macromolecul es, such
& som2 antibody-drug conjJagates, either the use of a slightly more
myelrcphilic column can be corsidersd, or one can use a less kos-
motropic salt system, such as sodium dhloride. A typical sodium
chloride zradient starts at 4 M of salt. A change in colurmn chemistry
andior salt type may resllt in a change in chromatographic selectiv-
ibw. Thee adudilion of or ganic subvenls w Lhe HIC nobile phase has aglao
heen reported as an alternative approach to redwce the strength of the
hydrophohbic interaction.~” Itisimpartant to realize that this may affect
the 30 confarmation Qar gralp demorstrated that the addition of
anly 2.5% (wiv of IPA tothe HIZ mobile phase already leads to denatu
ratian of a- lactalbumin ¥ This effect is protein specific. The adcition of
significant amouncs of arga nic madifier (up e 505 hetv]) ta HIC mcbile-
phiasie syste s lave been reported 22 1L s quesLionable whelher the 30
conformation and corres panding biological activity <zn be maingained
Jnder these conditions, and this may strorgly depend on type of sample
analyzed [cligonuclectides, plasmids, proteins). The elution of anabytes
is i this case governed by both the salt content [HIC irteraction] and
the amount of arganic solvent {RPLC partitioning} in the mobile phasa.
A large difference in the elution strength between the maobile-phase
starLing condilivns and Lhe sarmple may zive nise Lo somple breofk-
through, which is defined as the sarly alution of analytes. dose to the
column dead time which occurs when analytes experience \almast no
retention and hance is dissclved in a strong solvent. Figure 4 shows
the separation of intact proteins while varying the ionic strength of
the sample solvent. When applyving a sample solution o° low ionic
strength, the peak area of the analytes is lower than when applying
a sample solution of high ionic strangth, Morecver, a breakthrough
peals, marloed with anasterlsk, s observed, that contalns proteinaccous

material. Water is considered a strong salvent in HIC shielding the:
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FIGURE 3 Optinmized separation of a mixture of globular protzins,
before (A) anc atter [B) blank subtraction, and the corresponding
pressure profile (£, Experimental conditicns: the zradient duration
was 15 min and the gradient span Az was 2.3-0 M ammonium sulfate
in S0 mM phasphate buffer at pH = 7.0, Flow rate = 0.5 mL/min and
the column ove n was set at 30°C, Peak identification: (1) myaplabin,
[2) ribonuclease A, (3) lysozyme, (4) carbonic anbydrase, (5
trypuiroeen and (8} a-chwmotrypsinogen &,
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FIGURE 4 Effect of the salt concentration in the sample solution
on chromatographic retention, peak profiles, and sample
breakthrough (marked with an asterisk). The ammonium sulfate
concentration in the sample solutions were adjusted to (A) 1.7 M, (B)
1.2 M, (C) 0.5 M and (D) 0 M. Experimental conditions and peak
identification is similar as in Figure 3. The asterisk represents the
sample breakthrough peak.

hydrophobic sites of the protein and preventing their interaction with
the stationary phase. The mismatch between sample solvent and the
mobile-phase composition compromises the accurate quantification.
By increasing the ionic strength in the sample solution this problem can

be circumvented.

8 | ROBUSTNESS AND COLUMN REPEATABILITY

Column robustness was assessed by measuring retention time, peak
width and peak area for 30 consecutive injections applying a single

column and 7.5 min ammonium sulfate gradients. Figure 5 shows the
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FIGURE 5 Overlay of chromatograms of a mixture of monoclonal
antibodies (mAbs) demonstrating run-to-run repeatability.
Experimental conditions: the gradient duration was 7.5 min and the
gradient span Ac was 1.7-0 M ammonium sulfate in 50 mM phosphate
buffer at pH = 7.0. Flow rate = 1 ml/min and the column oven was set
at 30°C. Peak identification: (1) adalimumab, (2) trastuzumab and (3)
infliximab.
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TABLE 1 Run-to-runrepeatability obtained for adalimumab in
gradient hydrophobic interaction chromatography (HIC) mode.

Retention Peak width at Peak area
n=30 time (min)  half height (s) (mAU min)
Mean 5.272 3.26 77.06
Inferior/superior limit 5.270-5.277 3.24-3.330 75.97-77.15

at 5% risk
Variance 0.000 0.00 3.45
RSD (%) 0.119 1.64 241

resulting overlay of blank-subtracted chromatograms (run #1, #15 and
#30) of the separation of adalimumab, trastuzumab and infliximab. Sta-
tistical identical variances of retention times, peak width and peak
area for adalimumab were confirmed by Fisher tests of variances, see
Table 1. In a next step, the repeatability performance of five different
HIC columns obtained from three different column lots was assessed
following ICH guidelines, which involves comparison of six subsequent
analysis runs on each column. Figure 6 depicts, for each of the columns,
the corresponding mean and statistical deviation for retention time,

peak width recorded at half height, peak area and column pressure
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recorded at the gradient start. The relative standard deviations (RSDs)
for all parameters remain small and do not exceed 2% and hence
remain within the threshold set by the ICH, see Table 2 for quantitative
data.

9 | CONCLUDING REMARKS

The aqueous mobile phase and neutral pH generally employed in HIC
offers the possibility to maintain the 3D structure (and function) of
a protein. Although the HIC conditions are considered to be mild
for proteins, the high salt concentration is problematic for the HPLC
instrumentation. Here, we have established a step-by-step procedure
for setting up HIC for the analysis of intact proteins and monoclonal
antibodies leading to robust performance. To prevent sample break-
through, the salt concentration of the sample solvent must ideally
match the gradient start composition. With the conditions estab-
lished here, good run-to-run repeatability on five different columns
(RSD for retention time, peak width, peak area and pressure < 2%)

was achieved allowing to establish HIC for routine analysis in

QC labs.
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FIGURE 6 Column repeatability for different columns from three different lot numbers. Retention time, peak width and half height and
peak area were determined for adalimumab. Experimental conditions are similar as stated in Figure 5.
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TABLE 2 Column-to-column repeatability data obtained for five different hydrophobic interaction chromatography (HIC) columns originating
from three different lots.

Column no./ Retention
lot no. time (min)

Mean 5.008

1/1 SD 0.001
RSD 0.028
Mean 5.199

2/1 SD 0.002
RSD 0.029
Mean 5.016

3/2 SD 0.002
RSD 0.038
Mean 5.297

4/2 SD 0.003
RSD 0.055
Mean 5.300

5/3 SD 0.002
RSD 0.039
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1 | INTRODUCTION

Electrospray ionization mass spectrometry (ESI-MS) is
widely recognized in modern bioanalytical science as a
key tool supporting drug discovery, biomarker research,
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Gaetan Glauser’ | Serge Rudaz'’

Abstract

Benefits of miniaturized chromatography with various detection modes, such as
increased sensitivity, chromatographic efficiency, and speed, were recognized
nearly 50 years ago. Over the past two decades, this approach has experienced
rapid growth, driven by the emergence of mass spectrometry applications serving
-omics sciences and the need for analyzing minute volumes of precious samples
with ever higher sensitivity. While nanoscale liquid chromatography (flow rates
<1 pL/min) has gained widespread recognition in proteomics, the adoption of
microscale setups (flow rates ranging from 1 to 100 uL/min) for low molecular
weight compound applications, including metabolomics, has been surprisingly
slow, despite the inherent advantages of the approach. Highly heterogeneous
matrices and chemical structures accompanied by a relative lack of options for
both selective sample preparation and user-friendly equipment are usually
reported as major hindrances. To facilitate the wider implementation of
microscale analyses, we present here a comprehensive tutorial encompassing
important theoretical and practical considerations. We provide fundamental
principles in micro-chromatography and guide the reader through the main
elements of a microflow workflow, from LC pumps to ionization devices. Finally,
based on both our literature overview and experience, illustrated by some in-
house data, we highlight the critical importance of the ionization source design

and its careful optimization to achieve significant sensitivity improvement.

KEYWORDS

bioanalysis, electrospray, mass spectrometry, microflow chromatography

routine clinical diagnostics and forensic investigations
(Gika et al., 2014; Kahl et al., 2019; Olesti et al., 2021;

method for the characterization of thousands of ionized
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Shipkova & Svinarov, 2016). The robust performance of
ESI-MS enables a highly sensitive and selective detection
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molecules based on their mass-to-charge (m/z) ratios and
fragmentation patterns. Recent advances in automation,
instrument design and software development have
significantly enhanced the user friendliness of the
technique, enabling stable operation by relatively little
experienced personnel, for example, in point-of-care
testing (Fedick et al., 2017). This development is
particularly noteworthy as mass spectrometry increas-
ingly plays a pivotal role in personalized medicine
approaches, allowing for a comprehensive exploration
of a patient's chemical phenotype to deliver customized
solutions. The integration of machine learning algo-
rithms further improves the practical utility of the
resulting data, transforming it from a mere readout on
several biomarkers to a specific disease pattern with
higher predictive power (Banerjee, 2020; Clarke, 2016).

Hyphenation of liquid chromatography (LC) adds an
orthogonal separation dimension, as the analytes are
sorted before the MS inlet according to their mode of
interaction with mobile and stationary phases. The
resulting multidimensional datasets are further enriched
with information on isomeric and isobaric analytes,
which are often indistinguishable by their m/z ratios and/
or fragmentation patterns. A plethora of LC condi-tions
can be found in terms of selectivity, chromato-graphic
resolution, analysis speed and sensitivity (Gika et al.,
2014; Harrieder et al., 2022). However, the choice of the
LC setup for a particular analytical workflow should be
carefully considered as MS becomes a cornerstone in the
analytical process due to its costs and functionalities
involved. The majority of current LC/ESI-MS applications
use mobile phase flow rates between 200 pL and 1 mL/
min with narrow bore analytical columns of internal
diameters (ID) between 2.1 and 4.6 mm. These columns
are typically connected to pneumatically assisted heated
ionization sources present in nearly every MS instrument
(Plumb et al., 1999; Van Dongen & Niessen, 2012; Want et
al., 2013). Such setup effectively nebulizes the effluent,
allowing these wide-spread platforms to generate reliable
data on relatively abundant and/or easy-to-ionize
analytes, with high throughput (typically 2-10 samples
per hour). By contrast, detection of very low abundant
analytes (pM or low nM) in complex biological matrices,
or those exhibiting lower stability or ionization efficiency,
still requires a considerable effort in this setting (Aubry,
2011; Li et al., 2021).

Miniaturized LC systems with nanoflow chromatog-
raphy and electrospray regimes have historically domi-
nated certain fields such as bottom-up proteomics
(Ishihama, 2005; Prabhu et al., 2020). With such set
ups, the introduction of peptides into the MS inlet at a
flow rate of 50-1000 nL/min leads to a remarkable
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increase in ion generation—up to 500 times more ions
than with classic chromatography. Notably, efficient
bottom-up proteomics methods have been recently
reported even at higher flow rates of up to 50 uL/min).
This approach prioritizes system robustness and through-
put, albeit at the expense of sensitivity and proteome
coverage (Bian et al., 2020). In this work, we focus on the
relatively unexplored field of microflow applications
dedicated to low molecular weight compounds (LMWC).
LMWC are characterized by a molecular weight below
1500 Da, a high degree of structural heterogeneity and,
consequently, an absence of common behaviour in terms
of ionization efficiencies and fragmentation patterns. This
distinguishes them from proteolytic peptides and lipids
(Figure 1).

To measure these more complex and highly hetero-
geneous analytes in various matrices requires a diversity
of sample preparation protocols and chromatographic
strategies compared to typical bottom-up proteomics or
lipidomics analyses. The need to concentrate low
quantities of analytes from large amounts of sample
increases the probability to damage the fragile flow path
of microscale systems, such as valves, fittings and
electrospray emitters, via precipitation and/or clogging
(Chetwynd & David, 2018; Desmet & Eeltink, 2013).
Despite these challenges, low flow techniques overall
provide great benefits when hyphenated to ESI-MS
detector, and bioanalytical applications featuring a wide
variety of LMWC are slowly gaining momentum, thanks
to the increasing availability of diverse sample prepara-
tion methods, microcolumns and user-friendly instru-
mentation. This work aims to present an illustrative guide
for those interested in the implementation of LC/ESI-MS
bioanalytical methods tailored for LMWC using flow rates
from 1 to 100 wL/min.

2 | MINIATURIZED LC/ESI-MS:
THEORETICAL CONSIDERATIONS

The emergence of MS-based metabolomics and proteo-
mics in the early 2000s sparked renewed interest in low
flow setups within the scientific community. In these
fields of application, sample availability is often limited
to a few uL, necessitating the adoption of microfluidic
approaches throughout the entire analysis. This is
because the reduction in column ID increases sample
peak concentration, expressed as Cpax =mN"/2n") »
Vo(1 + k) where m is the absolute mass load of the analyte
at retention factor k on a column with efficiency N and
dead volume V, (Abian et al., 1999). Therefore, a constant
mass load with a reduction in column ID from 2.1 to 0.3
mm can result in an approximately 40-fold
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increase in Cp,,x. To maintain identical chromatographic
performances, the reduction of column diameter inher-
ently leads to a decrease in injection volume and in the
corresponding peak volumes of the separated analytes.
These statements, however, hold true only if the analyte
of interest is located at the column head after injection as
a narrow band (e.g., without overloading, splitting,
diffusion, and so forth; see Section 3.3 for considerations
on injection volumes). The optimal detector volume, in
this context, should not exceed one peak standard
deviation oy. This relationship is defined by the equation
oy = Ve * (1 + k)/N*?, where V,,, represents the column
volume, N is the column efficiency in isocratic mode, and
k> is the apparent retention factor (Desmet & Eeltink,
2013). As ion transport, mass analysis and detection in a
mass spectrometer proceed on a different time scale (ms
to us) compared to chromatographic elution (s), this
requirement is satisfied for LC/ESI-MS (Spaggiari et al.,
2013; Vanderlinden et al.,, 2016). How-ever, mass
spectrometers produce analytically useful (e.g., suitable
for quantitation) signal based on mass flow, specifically
the absolute number of ions hitting the detector. In
theory, it should inevitably lead to a lower signal-to-noise
ratio as the number of analyte ions is limited by a very
small amount of injected material (Desmet & Eeltink,
2013; Poppe, 1997). From this perspective,
chromatographic miniaturization alone may not
necessarily yield the desired sensitivity increase, as the
gain in analyte peak concentration is undermined
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by a decrease in flow. This behavior is typically observed
at very low flow rates (generally <100 nL/min) (Abian
et al., 1999; Bonvin et al., 2012; Marginean et al., 2008).
In practice, a decrease in flow rate demonstrates an
opposite effect for ESI/MS, dramatically increasing the
available signal. This phenomenon is rooted in different
efficiencies of ion production and sampling associated
with various ionization source designs and chemical
properties of the analytes.

2.1 | Electrospray in low-flow regime

An enhanced ESI response and following sensitivity
gains depend both on the ion source design and the
chemical nature of the analyte resulting in different
ionization efficiencies. Emitters of low-flow ion sources
are usually placed closer to MS inlet, thus expanding the
part of the captured ESI plume. In addition, the diameter
of the emitting capillary is reduced to stabilize the Taylor
cone at lower flow rates. Consequently, reduced emitter
dimensions facilitate the production of smaller droplets
with a higher surface-to-volume ratio, enhancing the
desolvation process and increasing the charge available
to analytes (Maxwell et al., 2010; Reschke &
Timperman, 2011; Yuill et al., 2013). The combination
of improved ion sampling and enhanced ion generation
significantly impacts the performance of the ionization
source: for conventional interfaces only 1 out of 2 x 10°
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analyte ions are typically detected by the MS detector. In
contrast, nano-ESI improves this ratio to 1/400, resulting
in a 500-fold better signal (Abian et al., 1999; Plumb
et al, 1999). Actually, it is even possible to achieve
sampling efficiencies close to 100%, using nanoflow
regime and modification of standard ion optics. However,
this is still not the case for microflow and analytical
interfaces (Schneider et al., 2021).

The observed sensitivity gains in low flow regime may
greatly vary between different analytes. It is therefore
essential to briefly understand physico-chemical
consider-ations at play. Differences in ESI efficiency
between molecules are primarily dictated by polarity,
which determine its position within the charged droplets
in the spray (Enke, 1997). Less polar analytes have a
stronger affinity to the highly charged droplet
surface, while solvophilic species preferably reside in the
droplet interior (Gomez & Tang, 1994). Consequently,
the failure to migrate to the surface and participate to
the excess charge will translate to a lack of ESI response.
As an example, peptides with the most hydrophobic
side chains will usually display higher ESI responses
compared to those containing less hydrophobic motifs
(Cech & Enke, 2000; Liang & Paul, 1993). Interested
readers can consult literature on ion production
mechanisms in ESI in detail elsewhere (Cech & Enke,
2001; Konermann et al., 2013).

In the particular case of bioanalytical applications,
mixtures of analytes with different physico-chemical
properties are frequent, leading to an increased competi-
tion for the droplet periphery. Phospholipid species (and
complex lipids in general), a typical interferent in
biofluids or tissues, provide an excellent example. They
usually display a high ionization efficiency and tend to
outcompete other analytes at the droplet surface. It is
thus expected that a low flow regimen will not
dramatically enhance their ionization. In contrast, it
may simply diminish their capacity to interfere at
ionization with other coeluting molecules in the same
polarity range, such as steroids or endocannabinoids. For
instance, Danne-Rasche et al. showed that employment
of nanoflow in lipidomic analysis was able to enhance
the ionization of low abundant co-eluting isomers,
increasing the total number of identified lipid species
up to a factor 4 compared to conventional UHPLC
methods (Danne-Rasche et al., 2018). On the other hand,
solvophilic analytes, such as glycosides, would also
greatly benefit from low flow approaches. Nanoflow
has indeed proven essential for the measurement of
underivatized neutral oligosaccharides in ESI-MS. Bahr
and colleagues demonstrated a better ionization of
maltopentose in nanoflow conditions, where competition
with peptides for the droplet surface was diminished
(Bahr et al., 1997; Karas et al., 2000).
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Categorization of microflow setups

In general, the commonly used approach to categorize
LC/ESI-MS setups is solely based on column ID (Bian
et al., 2022; Saito et al., 2004). Here, we prefer to
emphasize flow rates, which share a strong relationship
with the electrospray capillary ID to obtain maximum
sample utilization efficiency (Bonvin et al., 2012). Flow
rate serves as an immediate indicator for the expected
signal improvement of the method under development
compared to the established approaches (Figure 2).

From Figure 2, it becomes immediately clear that
while the notions of robustness and throughput bear a
certain degree of correlation and are proportional to the
flow rate, they come at the expense of sensitivity. The
primary impact on robustness at lower flow rates stems
from reduced IDs of columns, liquid connections and
emitter in the sample flow path, more prone to clogging
and damage (Hilhorst et al., 2014). Throughput in turn
depends on a careful management of extra-column
volumes in the system, such as injectors, valves and
fluidic connections, which can significantly impact the
run time (Desmet & Eeltink, 2013). We argue that
microflow regimes may represent the best compromises
in terms of overall performances by providing a strategic
combination of high throughput and sensitivity with
acceptable robustness. Moreover, any apparent lack of
robustness can be offset by a scrutinized development of
sample preparation protocols and by following the
equipment operating procedures.

3 | TECHNICAL DETAILS OF
MINIATURIZED LC SYSTEMS FOR
ESI-MS

3.1 | Mobile phase delivery

Accurate, reproducible, stable and pulse-free low flow is
imperative for the functionality of microscale LC/ESI-MS
setup. Such flow can be generated using various devices,
operating in either constant pressure or constant flow
modes. Today, the predominant choice for commercially
available user-friendly systems involves piston-based
binary pumps coupled with a flow controller. In these
setups, the flow controller constantly measures actual
outputs at the outlet of the pumps plus the total flow rate
and establishes a feedback loop for a precise piston
motion control, ensuring a stable flow down to the nL/
min range. In typical microflow working conditions,
between 5 and 30 pL/min for column diameters of 0.3 and
0.5 mm, the resulting smallest flow to be delivered by

one pump will vary from 0.25 to 1.5 uL/min, considering
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5% of strong mobile phase at the run start. The
combination of binary pumps with an active flow
controller is thus crucial to deliver robust gradients
(Figure 3). In addition, the delay volume of these pumps
is extremely reduced to avoid excessive method runtime
and loss of chromatographic resolution. Table 1 provides
a concise overview of the technical specifications for some
commercially available systems designed for microflow
applications. Additional details, including the technical
specifications of discontinued, but still widely used
microflow chromatographs, as well as emerging
technologies, can be found elsewhere (Nazario et al.,
2015; Sesték et al., 2015).

3.2 | Fluidic connections

The impact of band broadening is critical when working
at low flow rates and should be minimized to the greatest
extent possible. Band broadening can be expressed in
terms of variance as a sum of contributions from various
parts of the setup such as ot = column + azinjector +o°
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tubing + O detector (Deridder et al., 2018; Desmet & Eeltink,
2013; Priif} et al., 2003). In case of gradient elution, the
primary significant term is aztubmg, and more specifically
the tubing located between the column and mass detector
(including the electrospray capillary). It can be calculated
using Taylor-Aris equation as o”wping = rITF/384 * Dy,
where r and [ represent the radius and length of capillary,
F is the flow rate and D,, is the diffusion constant of the
analyte in the mobile phase (Bello et al.,, 1994).
Contributions from precolumn volume are effectively
eliminated by gradient focusing effects (see Ch. 3.3),
while mass spectrometric detection exerts no influence as
ion transfer times from the inlet to detector proceed on a
different timescale as outlined in Ch. 2.

Originally, establishing reliable fluidic connections
posed a significant challenge in adopting microflow,
requiring skilled operators to manually produce polished
fused silica capillaries of required dimensions. Nowa-
days, various suppliers offer prefabricated fittings,
ensuring leak-free connections and effectively eliminat-
ing connectivity issues. Table 2 provides a summary of
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TABLE 1 Technical specifications of currently marketed pumping systems for pLC/ESI-MS from major vendors.

Vendor Thermo Fisher Waters Sciex Shimadzu Bruker
Brand Vanquish Neo M-Class M5 MicroLC Nexera Mikros NanoElute 2
Design Serial dual piston Serial linear drive (2x) Air pressure Serial piston Syringe
Gradient delivery Binary

Flow rate, uL/min 0.01-200 0.2-100 1-200 1-500 0.05-2
Active flow control Yes Yes Yes No Yes
Pressure limit, bar 1500 1000 690 800 1000
Operating pH 2-10 2-10 1-10 2-10 2-10
Solvent degassing Wash Wash, A2/B2 channels n/a Separate module n/a
Delay volume <0.5 uL <2uL <3 uL <2uL <2uL
Flow precision calibration Yes Yes No No Yes

currently available fittings to connect the components of
microflow setups in the established 1/16” (10/32 thread)
format. To prolong the life of equipment and ensure
reproducibility of the fluidic connections, it is strongly
advised to wuse torque control while creating the
connection. In our experience, 0.35-0.4 Nm torque
wrench works well with nanoVipers and Waters ZenFit
connectors, requiring only the head piece to be produced
independently by creating a slit for the capillary in a bar
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with a column head geometry. We however advise
against using Marvel XAct fittings with embedded torque
control on fragile parts such as silicon chips or nano-
valves. Of note, a rather strong effort is required with
hard PEEK sealings to produce a haptic response and
leak-free connection (Figure 3). Finally, it is worth
keeping attention to which materials are used for
needles, flow path, valves and other parts coming in
contact with the analytes to avoid nonspecific adsorption.
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TABLE 2 Prefabricated fittings for user-friendly fluidic connections of pLC/ESI-MS setups from major vendors.

Vendor Thermo Scientific Waters IDEX
Brand nanoViper ZenFit Marvel XACT?
Sealing Soft PEEK" Vespel PEEK

Material, pm ID PEEKSII® 20, 50, 75

100 MP35N 100

Length, mm 150, 250, 350, 500,
750, 1000

Backpressure, bar 1200, 1500

Fingertight Yes

Torque limiting Wrench?

pH range 1-10

PEEXKSIl 25, 40, PEEKSIl 25, 50, 75, 100

75, 100 PEEK-lined stainless steel
25, 50, 75, 100

250, 500, 650, 100, 150, 300, 500,

750, 1500 750, 1000

1000 1300

Yes Yes

Wrench! Yes

1-10 1-10

#Same fittings are offered by Phenomenex as SecurityLink™ and Bruker for fluidic connections of NanoElute LC devices.

PPolyether etherketone.
°PEEK-lined fused silica.

9dAvailable from Thermo,3rd party LC/MS equipment vendors or to be produced in-house.

In most cases, MP35N and PEEKsil will be sufficient. The
latter is also used to build prefabricated fittings of
suitable IDs, which should be used to connect all the
parts of the setup.

In practice, it is essential to keep the ID and length of
the tubing as small as possible for the available
backpressure. All connections should be made using
zero dead volume (ZDV) connectors. Typically, 25 um ID
capillaries are suitable for nanoflow and microflow
setups operating up to 5pL/min, 50 um ID capillaries
for the 5-50 uL/min methods and 75um ID for the
higher flow rates. We generally recommend using tubing
lengths of 25-50cm to achieve an optimal balance
between minimizing dead volumes and ensuring ease
of handling. As an example, our Waters M-Class LC
setup typically operating at 2-5uL/min comprises a
50cm 25pum  Marvel XAct fittings for pump-to-
autosampler and valve manager-to-column sections,
and a 35cm piece of the same dimensions for
autosampler-to-valve manager connection. Column and
M3 emitter are, in turn, linked via 25 or 35cm 20 um
nanoViper capillary, as per manufacturer specifications.
For the presented system, the pressure contribution from
the fluidic connections typically ranges between 100 and
300 bars, depending on solvents and flow rates.

3.3 | Sample introduction

Lower flow rates necessitate the reduction of column

dimensions. Consequently, smaller injection volumes are
needed to strictly maintain chromatographic performance
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(Desmet & Eeltink, 2013; Vissers et al., 1997). For instance,
a 300um ID column accommodates 0.04 uL of sample,
equivalent to a 2 puL injection in an analytical setup (2.1
mm ID). However, such volume is already not available on
most of the commercial instruments (typically

min. 0.1 pL injection). In the context of nanoflow
arrangements, equivalent injection volumes become even
less practical. Although it is technically possible to provide
on-column injections in single nanoliter volumes using
specialized valves and/or custom-made injection loops, this
technique is seldom used (Lubin et al., 2017; Vissers et al.,
1996).

Employing relatively large injection volumes becomes
possible as miniaturized bioanalytical applications pre-
dominantly use gradient elution mode. When the analyte
is injected in a solvent corresponding to a weaker
composition than that needed for its isocratic elution,
it's allowed to be focus as a thin band at the column head.
Next, the elution occurs when gradient composition
provides sufficient solvent strength (Ling et al., 1992).
The injection volume for a microflow setup should not
exceed 40% of the effective column volume (V) to avoid
losses in chromatographic efficiency. However, minimal
impact of the injection volume on strongly retained
compounds on a Cig-based 0.3 mm ID column was
observed when the injection band volume reached 160%
of V.. By contrast and as anticipated, a significant
reduction in peak capacity occured primarily for weakly
retained substances or those eluting in the void volume
(Werres et al., 2021).

Commercial instruments commonly employ fixed
split-loop injectors, which aspirate an exactly specified
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aliquot of the sample bracketed by an injection solvent
through a direct connection of a needle, sample loop and
metering device (De Vos et al., 2016). These injectors can
operate in either partial or full loop mode. The latter
employs an overfill technique, ensuring maximal repro-
ducibility, but at the cost of a higher sample consump-
tion, typically 3-6 times the desired injection volume. In
contrast, the partial loop mode sacrifices some accuracy
and precision in favor of increased flexibility in method
development. For microflow applications at 20-100 uL/
min range, where an impact on gradient delay is less
pronounced, flow-through-needle (FTN) injectors may
be employed at a cost of increased band broadening
effects (Broeckhoven et al., 2018; Deridder et al., 2018).

An alternative method of sample loading is related to
the column switching approach. Here, a higher volume
of the sample is introduced at higher flow rates (up to
several hundred pL/min) onto a trapping column
typically packed with large particles featuring high
affinity for the analyte using a separate loading pump.
Subsequently, matrix components, salts and impurities
are either washed out with a loading solvent or selectively
removed from the trap, if chromatographic separation on
the trapping column is technically feasible. Next, analytes
are transferred to the analytical column using a low-
volume switching valve, either in front flush (analyte
travels through the trap) or back flush (analyte eluted
from the trap head) mode. To further increase the
reliability of the system, a filter can be installed between
the injector and the trap to capture particulate matter.
The captured particulates are then flushed to waste in the
backward direction using an additional pump and a
system of switching valves. For microflow configurations,
it is advisable to avoid transferring a single analyte plug
from the trapping column with a strong solvent, as the
volume of such a plug may be significant in comparison to
the volume of the analytical column, potentially causing
breakthrough. In addition, the retentivity of the trapping
stationary phase should be lower compared to that of the
analytical column to prevent excessive band broadening
(Coppieters et al., 2021; Rochat et al., 2021; Rogeberg et
al., 2014). The trap-and-elute configuration thus enables
to make large volume injections (in the range of 10-20 puL
on 0.3- and 0.15-mm ID columns) while minimizing
problems related to particulates and loading capacity. It
however requires the purchase of additional switching
valves and auxiliary pumps.

3.4 | Chromatographic columns

Chromatographic columns for low flow setups can be
categorized into two main groups: packed columns, filled
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with a suitable chromatographic material, and open
tubular columns. In the first group, which is the most
prevalent type in contemporary LC devices, columns are
typically made of stainless steel or supported fused silica
hardware. These columns are equipped with frits and
filled with particles carrying a dedicated chromato-
graphic functionality (C18, phenyl, amino, etc.)
(Perchepied et al., 2022). This design offers high back-
pressure resistance (up to 1500 bars), substantial sample
loading capacity and the flexibility of employing various
modes of interaction to separate different analyte groups
(Kuehnbaum & Britz-McKibbin, 2013). The second
group, encompassing open tubular columns, holds
significant promise in chromatography. These columns
achieve separation either in the porous layer of the
column wall or on the wall coating layer (Mejia-Carmona
et al., 2020). They exhibit characteristics such as high
permeability and extraordinary chromatographic effi-
ciencies in the order of multiple 10° of plates per meter.
Contrary to gas chromatography, where such columns
are regularly employed, only a few applications of those
currently exists for LC, being primarily driven by
fundamental research. These columns typically operate
at extremely low flow rates due to their very narrow ID

(1-5 um) and specific sample loading conditions. Impor-
tantly, they require highly customized instrumentation
for their effective use. Given the special nature of these
columns, we will not cover this topic here, but instead
encourage the readers to the relevant literature for further
exploration (Lam et al., 2019; Mejia-Carmona et al., 2020).

Another design which shows promise for microscale
applications are monolithic columns. Such columns are
prepared in situ by means of polymerization of a mixture
of a suitable monomer and a porogen solvent. Size and
morphology of the pores depend on properties of both
counterparts and polymerization kinetics, whereas selec-
tivity is provided by the type of monomer and
functionalization (Premstaller et al.,, 2001; Urban &
Jandera, 2008). The result is typically a continuous
sponge-like bed, featuring macro- (1-10 um), meso-(5-20
nm), and micropores (<5 nm). Macropores facili-tate
eluent flow-through, whereas mesopores provide a
surface with active adsorption sites to facilitate the
separation process (Moravcova et al., 2003). Although
these columns provide better efficiency for macromole-
cules due to their porosity structure, it is possible to
obtain higher efficiencies also for LMWC. A special
interest of these columns for miniaturization comes from
the ease of preparation in capillary format, absence of frits
and higher permeability. Combined together, these
properties allow for a robust long column with excep-
tional kinetic performance (Ishizuka et al., 2000;
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Minakuchi et al., 1996). Despite these advantages,
monolithic columns, after having gained momentum in
the early 2000s, have become less widespread due to their
lack of batch-to-batch reproducibility and are mainly
available today via in-house synthesis. The only remain-
ing major commercial provider for capillary and uLC
formats is GLSciences (Japan). Interested readers can

refer to the following literature for an in-depth view on
the subject (Svec, 2017; Svec & Lv, 2015; Unger
et al., 2008).

Chip-based columns constitute another prominent
family of separation devices for uLC and can be considered
by extension as silica monoliths. These columns are
produced from silica using a photo-lithographic process
similarly to the production of microprocessors, to create a
channel for subsequent packing (Thurmann et al., 2015;
Yin & Killeen, 2007) or an array of ordered pillars. The
pillars are then etched and modified with a suitable ligand
to form a stationary phase (He & Regnier, 1998;
Vankeerberghen et al., 2023). Such pillar array columns,
initially developed by the group of Desmet (Detobel et al.,
2010) has been commercialized under the brand of
UPAC™ by Thermo
Scientific. The advantages of these columns are lower
flow resistance, excellent reproducibility of retention
times and high efficiencies. The first generation of
MPAC™ featured 5 wum pillars separated by a 2.5 um
distance, whereas these values are halved on the second
generation (Vankeerberghen et al., 2023). Despite their
merits, their widespread adoption in bioanalysis is
constrained by their cost and limited choice of stationary
phase chemistries and dimensions. Nevertheless, suc-
cessful applications of WPAC™ in proteomics and
lipidomics have been reported, with anticipation of more
applications in the future (Rozing, 2021).

In the present review, we focus on packed micro-
columns, due to their well-established technology and
consistent market availability. It is generally admitted
that these columns prove ideal for long-term routine
method development, owing to their user-friendly
nature, robust technology, ample sample loading capac-
ity, and reliable lot-to-lot reproducibility. While pL.C
columns may exhibit lower chromatographic efficiency
than conventional columns, it is worth highlighting that
the primary goal of low flow methods is signal
amplification rather than outstanding chromatographic
performance. Besides, compared to their analytical
counterparts, capillary columns suffer less from frictional
heating and wall effects, which might partially compen-
sate for the lower chromatographic efficiency (Gritti &
Wahab, 2018; Gritti et al., 2016). Although columns with
smaller IDs are more limited in terms of particles
chemistries, the uL.C niche has not been completely
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overlooked by the market, and there is a good offer of
relevant column formats bonded with various ligands.
Table 3 summarizes relevant products offered by major
vendors in a timely and reproducible fashion. The
emphasis is on modern, highly efficient packings with
fully (FPP) or superficially (SPP) porous particles,
featuring standard connections designed to withstand
higher backpressures (Figure 3). Besides, the advantage
of lower flow resistance of superficially porous particles
can be easily exploited in uLC setups, as higher linear
velocities are conveniently accessible with uLC pumps.
This approach proves particularly fruitful for high
throughput methods, minimizing losses in resolution
while enabling shorter analysis time (Gonzalez-Ruiz et
al., 2015; Tanaka & McCalley, 2016). As an illustration,
the transfer from a 2.1 X 150 mm column (2.7 um) at
1mL/min to a 0.5X150mm column would allow for
approximately 60 uL/min flow rates at 850 bars while
maintaining most of the method resolution and greatly
increasing detection limits.

The majority of the presented columns prominently
feature various types of C;g ligands, primarily tailored for
RP separations. This choice aligns with the versatility of
the RP approach and its historical application in the
separation of tryptic digests in bottom-up proteomics
(Lenco et al., 2022). Nevertheless, alternative separation
modes such as hydrophilic interaction liquid chromatog-
raphy (HILIC) are also available in miniaturized formats.
Several vendors, particularly Merck (ZIC), AMT and YMC
(Diol), offer columns tailored for HILIC applica-tions. The
utility of HILIC phases is somewhat limited due to the
absence of readily available hardware with reduced
nonspecific adsorption. Hence the analysis of polar
compounds with increased sensitivity require-ments,
such as certain pesticides, phosphorylated pep-tides/lipids
and oligonucleotides, is hindered by their capacity to bind
to metal surfaces (Guimaraes & Bartlett, 2023). A
monolithic capillary column with embedded amide
functionality in PEEK hardware (GL Sciences; MonoCap
Amide) may represent an interesting commercial option
in this particular case.

Modern pLC columns exhibit robustness enabling
them to withstand frequent pressure fluctuations of
varying frequency and amplitude, as outlined in their
specifications. However, it is strongly recommended to
avoid rapid ©pressure drops and unnecessary
decompression, considering the overall higher fragility of
miniaturized instrumentation. The absolute loading
capacity of microcolumns is significantly lower com-
pared to conventional ones, making matrix build-up
effects more pronounced. To ensure a reliable method
able to handle large batches, a practical rule of thumb is
“to elute everything towards the end of the gradient.”
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Given the constraints of miniaturized systems, rapid
switching between mobile phases is unfeasible. There-
fore, it is advised to employ stronger eluents in
combination with more gentle gradient slopes to provide
column wash of sufficient strength.

3.5 | Ionization sources and mass
spectrometry considerations

The ionization source plays a pivotal role in any
microflow setup, defining the efficiency of ESI and,
consequently, the sensitivity improvement. Furthermore,
the spray characteristics can be significantly influenced
by the material and geometry of the emitter (Maxwell et
al.,, 2010; Reschke & Timperman, 2011). The funda-
mental concept behind the design of any microflow
ionization source is to minimize the extra-column volume
and the dimensionality of the sprayer. In the majority of
cases, sensitivity improvements compared to the classical
approach may be achieved using flow rates between 50
and 100 uL/min on core-shell 0.5 mm or fully

porous 1.0 mm ID columns. In this case, the MS vendor's
microspray option is the most practical and economical
choice (Figure 3). Typically, such options are provided by
the MS instrument vendor as a separate device (e.g.,
Shimadzu, Sciex) or as the possibility to replace the
conventional ESI needle with one of a smaller ID
(usually 50 um needle) in the case of Bruker (Midha
et al., 2023), Thermo Scientific and Waters. For lower
flow rates, a customization of the ionization source is
required by forging the needle insert with the reduced
ID, for example, EASY-Spray Jailbreak (Phoenix S&T;
Thermo), microflow ion source (Prolab GmbH, Switzer-
land; Sciex) and DuoESI (Newomics; Thermo, Bruker,
Agilent, Shimadzu). The latter is of a particular interest,
featuring a unique microfabricated monolithic multi-
nozzle (M3) sprayer, that divides the incoming flow into
multiple streams, transitioning from microflow LC to
nanospray (Kim et al., 2007; Mao et al.,, 2011). This
design has a potential to maximize sensitivity by
combining higher mass loads with the most efficient
ionization. An alternative involves an integrated
approach, combining fluidic connections, a heater, a
column and a sprayer into a single module (Broccardo
et al., 2013). Represented by devices such as ionKey (300
and 150 pm ID; Waters) and EASY-Spray (150 pum ID;
Thermo), this family offers a key advantage with
practically nonexistent extra-column volume. The em-
bedded column is directly connected to a sprayer,
resembling nano-LC setups, and produces sharply
defined chromatographic peaks. Samples are typically
loaded onto such integrated devices via trapping,
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providing additional protection for this otherwise ex-
pensive part.

In all scenarios, some degree of manual optimization
is inevitable. The primary objective is to achieve a stable
spray as close as possible to the sprayer inlet, ensuring
maximum sampling of the stable ESI plume into the
spectrometer (Bonvin et al., 2012). Simultaneously,
efforts are directed towards minimizing adverse effects
such as analyte deposition resulting from sprayer over-
heating, electric discharges, and fouling (or even
blockage) of the ion transfer region with residues of
complex matrices, as demonstrated by Rochat et al.
(2021). These detrimental effects have to be reduced to
the absolute minimum to guarantee a reproducible
analysis of large batches.

Finally, the increased ion currents resulting from the
combination of uL.C with the optimized ionization source
will lead to increased wear of ion optics and detectors
within the mass spectrometer. Logically, a more frequent
cleaning of ion optics may be necessary. In contrast with
triple quadrupole (QqQ) and orbitrap mass spectrometers
which feature spatial separation and management of the
incoming ion current by design, multichannel plate
detectors of time-of-flight (TOF) instruments may be
prone to a quick saturation (Liu et al., 2014; Westman et
al., 1997) and rapid detector wear if ion current control
measures are not enabled or implemented (Ibrahim et al.,
2008; Syka et al., 2004). On the other hand, TOF
instruments feature better analytical coverage compared
to trap-based mass analyzers due to the absence of space
charge capacity limitations.

4|SETTING UP A ROBUST MLC/ESI-
MS WORKFLOW

4.1 | Methodological considerations

As mentioned in Ch. 3.4, the major driver for employing
miniaturized LC/ESI-MS coupling stems from the
necessity to reliably detect low-abundant analytes within
a relatively large sample matrix. Therefore, the evalua-
tion of the applicability of uLC/ESI-MS, beyond equip-
ment availability, hinges on the convergence of the
chemical properties of the matrix/analyte combination
and the desired detection levels of the method. When
dealing with very low-abundant analytes, a systematic
approach should be adopted in designing a prospective
microflow setup. To assist in this decision-making
process, we provide a scheme that succinctly outlines
methodological considerations for microflow setups,
considering the desired sensitivity levels and compatible
sample preparation techniques to handle matrix
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complexity. Our ultimate aim is to achieve the highest
possible sensitivity while maintaining chromatographic
performance. Therefore, it is essential to account for the
total mass load when analyzing biological matrix. Matrix
interferences will inevitably compete for the available
stationary phase adsorption sites thus reducing the
loading of the target analyte compared to injections in
a neat solution. Consequently, biological samples may
require appropriate dilution or adjustment of the
preconcentration factor during sample preparation
(Figure 4).

Importantly, the targeted or nontargeted nature of the
application should be considered. Targeted and semi-
targeted analysis typically focus on a limited number of
analytes, involving specific sample preparation procedure
with extensive cleanup. Conversely, nontargeted studies
aim to encompass a broad sample chemical space,
leading to increased contaminants and matrix com-
pounds due to simplified sample preparation methods,
such as protein precipitation (plasma) or simple dilution
(urine). For nontargeted analyses requiring minimal
sample preparation in complex matrixes, it is preferable to
use 20-80 pL/min flow rates with columns of 0.5-
or 1.0-mm ID. This analytical approach is particularly
effective when paired with stainless-steel emitters of
relatively large ID (50-75 um). This combination mini-

mizes the impact of matrix components during
Analyte * Trap/felute
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o * SPE
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Protein removal

sample amount

Complex
matrix
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analyte
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continuous analysis of large batches, thus increasing
system robustness. Although it is possible to inject
samples prepared in the nontargeted fashion onto
columns of smaller ID at lower flow rates to further
increase the analytical signal, special precautions should
be taken during sample preparation (e.g., suitable solvent
composition to avoid precipitation, avoiding overload,
compulsory filtration before injection, etc.).

We cannot emphasize enough that maximal sample
cleanup should be a continual objective in low and
capillary uLC/ESI-MS measurements. First, it is impera-
tive to eliminate non-volatile compounds such as salts, as
they can undesirably accumulate on the emitter tip.
Second, considering the limited loading capacity of
microcolumns, the ideal sample should exclusively
consist of the analyte to fully occupy the available particle
surface. For complex biological matrices, such as plasma,
serum or seminal fluid, desalting, deproteiniza-tion and
delipidation are crucial. This can be achieved through
salt-assisted liquid-liquid extraction (SALLE)(Liu et al.,
2019), or a carefully designed elution from SPE
cartridge (David et al., 2014; Seidi et al., 2019). To
eliminate protein residues, a protein crush step before
SPE is essential (Thomas et al., 2013). We recommend to
allow for overnight precipitation at a temperature of at
least —20°C and repeat the centrifugation step twice
before injection. Alternatively, LLE is a fast and easy to
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Sample
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FIGURE 4 An approach to a rational selection of miniaturized liquid chromatography/electrospray ionization mass spectrometry

setup based on targeted analyte concentration. [Color figure can be viewed at wileyonlinelibrary.com]
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handle method that typically eliminates salt, protein or
lipid transfer into the sample (Shen et al., 2013;
Souverain et al., 2004; Zardini Buzatto et al., 2020),
although it is less suitable for polar compounds.
Miniaturization works well for LLE, allowing for a
highly favourable solvent-to-sample ratio. For an optimal
cleanup, mixed-mode SPE may provide the best solution
due to the variety of interactions involved (Gilar
et al., 2008; Nadal et al., 2022).

Following the reconstitution step, it is recommended to
filter the sample using a spin filter or a well plate of at
least 0.2 um to prevent particulates in the narrow
channels of the injector and autosampler. Molecular
weight cutoff filters present an even better alternative,
enabling selective deproteinization. However, filtration
times may be prolonged, especially for 3K-cutoff filters
and/or in presence of high viscosity solvents or when
filtering at lower temperatures. Finally, an attention
should be given to potential nonspecific adsorption of
analytes to the filter material and other surfaces.

4.2 | Advantages and pitfalls of pnLC/ESI-MS:
Theory becomes practice

Based on our experience, a substantial 4-10X improve-
ment in peak area can be consistently achieved with
minimal challenges when transitioning from standard
ionization sources to reduced ESI needles adapted to flow
rates <100 uL/min (column ID 0.5-1.0 mm). Such benefit
is illustrated in Figure 5A, where we analyzed the Pierce
peptide mix using columns of identical length (150 mm)
and chemistry, but differing in diameter to assess the
performance of ULC/ESI-MS. The improvement in
sensitivity is evident, albeit with a slight trade-off in
chromatographic performance. For instance, the baseline
width of the Pierce 5 peptide peak was 0.10 min on a 2.1
ID column, while it increased to 0.14 min for the 1.0- and
0.5-mm ID counterparts. Interestingly, for the Pierce 6
peptide, while the first reduction of ID (2.1 > 1.0 mm)
only provides a 1.7-fold increase in peak intensity, the
second reduction (1.0 > 0.5 mm ID) provides an over
threefold increase. This can be unequivocally attributed to
the use of a more suitable ESI emitter for the given

flow rate (50 vs. 100 um needle). Different physico-
chemical properties of both compounds may also
contribute to intrinsic ionization -efficiency, which
explains uneven signal gains. In addition, the enhanced
availability of charges may induce shifts between charge
states in the microflow regime, particularly for analytes
like peptides or natural products with multiple ionisation
sites. Quantitative work should consider the charge state
distribution, as well as the possible presence of newly
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formed adducts and their ratios. Similarly to small
peptides, an eightfold improvement in peak area was
obtained for LMWC in matrix conditions, as illustrated
with cortisol in the course of nontargeted profiling of
human plasma samples (Figure 5B).

From a practical standpoint, we realized that the ion
source design plays a crucial role in the absolute
improvement of the analytical signal and that precise
optimization of ion sampling with original ion sources
was challenging. Y-axis adjustment was absent on the
Waters instrument and HESI II on a Thermo QExactive
machine faced arcing issues. Additionally, neither of
the sources featured a camera and internal lamp to
visualize the spray plume during analysis, hindering
reasonable voltage/gas flow adjustments and emitter tip
observation during analysis. Based on this experience, we
took a significant step forward by employing a 0.3 mm ID
column at a flow rate of 6 uL/min, with a novel M3 emitter
on Orbitrap Exploris 120. This approach allowed us to
simultaneously achieve increased ion yields, observe the
spray and reduce nonspecific adsorption in the system due
to the more inert material of the nozzles. Analyzing a
depleted plasma sample prepared through multiple
filtration and SPE after careful optimization revealed a
remarkable improvement of more than two orders of
magnitude for cortisol. However, an approx. 6x reduction
in chromatographic peak capacity was observed due to the
massive volumetric overload (1 uL on a 0.3 mm ID column
corresponds to 50 uL. on a 2.1 mm ID column) (Figure
5C). This last example shows
all the potential of uLC/ESI-MS compared to standard
analytical conditions.

5 | CURRENT BIOANALYTICAL
APPLICATIONS AND METHODS
FOR LMWC

In this section we present a compilation of studies
spanning from 2018 to 2023 that have employed micro-
flow approaches coupled to mass spectrometry for
bioanalytical applications (Table 4). Despite the relatively
small number of microflow applications focused on
LMWC, several emerging trends can already be
identified.

First of all, it is obvious that these bioanalytical
applications primarily target specific families of com-
pounds and often utilize sample and injection volumes
similar to those in established analytical setups. For
instance, Aydin et al. achieved the analysis of cortisone and
cortisol from saliva by subjecting 700 uL of this biofluid to
an SPE on Oasis PRIME 96-well plate, a widely used
material in steroid analysis. Here, a
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with conventional HESI II source. [Color figure can be viewed at wileyonlinelibrary.com]

relatively large injection volume of 5 uL was made onto a
0.5 mm ID column. Such volume would correspond to a
88 uL injection on a classical 2.1 mm ID column of the
same dimensions, resulting in approx. 17.5x overload
factor (Aydin et al., 2021). Kafeenah et al. detected
estrogens and their metabolites at a level of as low as
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60 pM from 200 uL of serum using a 3 L injection onto a
220 x 0.2 mm column (overload factor 110) via trapping
(Kafeenah et al., 2022). Finally, He et al. worked at the
overload factor of 50, injecting 3 uL of sample onto a 0.3
mm ID column (He et al., 2022). This tendency to use
large overload factors likely arises from the widespread
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need to achieve the highest concentration of minute
quantities of challenging compounds from larger vol-
umes of biological matrix. In addition, these resulis
demonstrate a sufficient loading capacity of both SPP-
and FPP-based stationary phases, given the effort under-
taken at the sample preparation step to eliminate matrix
components.

Another remarkable trend observed across the exist-
ing literature is the use of customized ionization sources
to achieve pLC/ESI-MS analysis. Only 304 of the works
feature 50 pm ID electrospray needles, the most common
and accessible solution to work with lower flow rates.

The remaining setups rely on a customized high-
performance solution, either commercially acquired or
developed in-house (Barricklow et al., 2020; Chen et al.,
2019; He et al, 2022 Jacquet & Hopfgartner, 2022;
Kafeenah et al., 2022; Majewsky et al., 2018; Majuta et al.,
2021; Neef et al., 2023; Rochat et al., 2021; Strmei et al,,
2018, Xiao et al, 2021). These findings are further
supported by our practical experience demonstrated in
Ch. 4 and strongly reinforce the ionization source design
as the most crucial contributor to the wider implement:-
tion of pLC/ESI-MS approaches.

Since sensitivity improvement could be considered as
the primary driver behind employing miniaturization, a
wider occurrence of QqQ systems was expected, espe-
cially given their dominance in quantitative studies
related to LMWC, However, only 6 of 15 works in this
review were performed on such instruments, whereas the
majority relied on high-resolution mass spectrometers
{HRMS). This low amount of uL.C-Qq() applications may
highlight an additional benefit of having HEMS data for
re-exploration while being able tw monitor elusive
analytes once only detectable with more sensitive QqQ
instruments. Notably, HRMS instruments coupled to
pLC  provided lower limits of quantitation due to
enhanced selectivity (Chen et al, 2019) and demon-
strated that quantitation can be achieved with different
scan modes, such as full scan (Rochat et al., 2021),
sequential window acquisition of all theoretical spectra
(SWATH) (Xiao et al, 2021), and alternating all-ion
[ragmentation (Chen et al., 2019). Overall, four of the
discussed studies (Avdin et al., 2021; He et al., 2022;
Eafeenah et al., 2022; Rochat et al, 2021) featured
validated protocols, whereas two were performed with
>100 samples in a batch (Aydin et al, 2021; He
et al., 2022).

Nevertheless, the capability to handle low sample
volumes as a distinguishing feature of the miniaturized
analytical setups still remains unguestionable, as dem-
onstrated by Barricklow et al. (2020} Chen et al. (2019).
Geller et al. exploited this advantage to conduct an
exploratory analysis of mouse brain  homogenates
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investigating urea cycle disorder (Geller et al., 2022).
Notably, their works also illustrated the feasibility of
measuring polar compounds in negative ESI mode using
RLC {Geller et al,, 2021), although the spray in negative
mode tends 1o be less stable in nano-LC-based setups
(McClory & Hikansson, 2017). Microflow HILIC can be a
potent alternative to the mixed-mode chromatography for
polar compounds. Neef et al. used an in-house packed
BEH amide column, demonstrating an 80-fold improve-
ment in bile acid analysis compared to conventional
systems. However, they also noted nonuniform response
to miniaturisation, with 5/N ratio being better in only 50%
of the analytes (Neef et al., 2023). Finally, the

capability of uLC/ESI-MS to produce high ion current for
better fragmentation data was employed in structural
studies of the anthelmintic benzimidazole and its
metabolites in mice (Majewsky et al., 2018).

Owverall, the uL.C approach offers an optimal compro-
mise between sensitivity improvement and metabolome
coverage in nontargeted studies, as demonstrated by Fitz
et al. (2022). Not surprisingly, a rather moderate increase
in overall method performance was obtained at the higher
range of the microflow region (57 pL/min, 1 mm
1Ty eolumn). However, this increase came practically at no
cost, as the microbore column employed and
corresponding flow rates are supported by classical binary
LC systemns, Reducing the flow rate and, consequently,
facilitating the management of smaller effluent volumes,
is also a potent driver for the advancements of LC and MS
technologies. Both emer-ging (Majuta et al., 2021) and
established ionization methods, including atmospheric
pressure chemical ionization (Strmei et al., 2018), exhibit
improved performance when operating under microflow
condi-tions., Introducing additional separation
dimensions, such as orthogonal two-dimensional
chromatography (Orlandi et al,, 2023) or differential ion
mobility (DIMMJacquet & Hopfgartner, 2022) are
accessible to  further improve the selectivity of
miniaturized setups. Moreover, coupling of pLC with DIM
has revealed the influence of eluent on DIM separation
in the analytical flow regimes (Girard et al., 2022).

6 | CONCLUDING REMARKS

The limited utilisation of pLC approaches in bioanalysis
within the existing literature is somehow disheartening,
especially considering that advantages of miniaturized
systems date back from the 1970s. Recent advancements
have propelled analytical instruments towards increased
robustness, accuracy and precision, complemented by
the availability of precision-crafted consumables for

30



microanalysis. As practically demonstrated by specific

examples, reliable measurements using hyphenated
miniaturized chromatography have now become accessi-
ble to a wider audience. The increased sensitivity of
analytical platforms resulting from these advancements
holds the potential to dramatically improve the quantita-
tive results of both targeted and semi-targeted methods.
Moreover, higher ion currents generated by miniaturized
systems prove advantageous for emerging alternative
fragmentation methods, particularly those suffering from
low precursor conversion, such as electron-activated
dissociation (Baba et al., 2021). This opens up new
possibilities to uncover a wealth of structural information
about metabolites, environmental compounds, and xe-
nobiotics that reside in the lower end of an organism's
concentration range. Consequently, this expansion in our
analytical capabilities has the potential to deepen our
understanding of both biological and environmental
processes.
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Abstract

The use of anabolic androgenic steroids (AAS) and other performance enhancing sub-
stances can change over time, so there is a need to constantly update what sub-
stances are used and can be detected. Six women and 30 men anabolic androgenic
steroid users were recruited who filled out an anonymous questionnaire about their
use of performance enhancing substances during the past year. Sampling took place
on a single occasion and included blood and urine collection. Our aim was to identify
which doping agents can be detected in men and women self-reporting AAS use. The
first choice of substances differed between men (testosterone) and women
(oxandrolone). The use of growth hormones was reported among men (10%) and
women (50%). Growth hormone releasing factors/secretagogs were reported by
about ~ 20% in both genders. Nandrolone was the most frequently detected anabolic
androgenic steroid even in those who did not report use in the past year. Of the cur-
rent male testosterone users, 82% exhibited testosterone/epitestosterone (T/E)
ratios of > 4. Men with current testosterone use displayed 4-fold and 6-fold higher
median T/E, respectively, when compared with recent and previous testosterone
users (P = 0.0001). Dermal testosterone use in women (n = 2) was not associated
with a T/E ratio of > 4, but with supra-physiological total serum testosterone concen-
trations. Changes in gonadotropins and hematological parameters were associated
with the time of the last anabolic androgenic steroid intake in men, whereas in
women these biomarkers were within the normal range. This highlights gender spe-

cific differences and indicates the need for additional biomarkers in female athletes.
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anabolic androgenic steroids, athlete biological passport, doping tests, testosterone, urinary

steroid profile
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INTRODUCTION

Anabolic androgenic steroids (AAS) are used both in elite and rec-
reational athletes and considered to be a public health problem
and a concern to society.)® Users of AAS are motivated by gaining
a larger muscle mass, a greater physical appearance, and muscle
strength.*®> The great majority of users are male* AAS are com-
monly used in doses up to 50-100 times higher than those used
for medical replacement therapy.® AAS users, both men’ and
women,* consistently combine other drugs with different types of
AAS. These include other performance enhancing substances (PES)
often used to attenuate the AAS induced side effects, i.e. aroma-
tase inhibitors and stimulants. Even though AAS use is not a new
phenomenon, the practice concerning the substances and doses
used may change over time, and hence, there is a need for contin-
uous knowledge updates.

The detection of AAS is important for fair play, for health protec-
tion, and as a deterrent.? In competitive elite sport, testing is orga-
nized by the World Anti-Doping Agency (WADA), with accredited
laboratories world-wide. The detection of exogenous steroids is per-
formed by mass spectrometry to analyze synthetic steroids and/or
their metabolites in urine. The detection of endogenous anabolic
androgenic steroids (EAAS) intake, i.e. testosterone (T), is based on
longitudinal monitoring of the urinary steroid metabolite ratios includ-
ing the testosterone to epitestosterone (E) ratio, the androsterone (A)
(Etio) the 5a-androstane-3a,17p-diol
(50Adiol) to epitestosterone ratio, the 5aAdiol to 5p-androstane-
3a,17p-diol (5pAdiol) ratio and the A/T ratio in the steroidal module of
the athlete biological passport (ABP). The steroid module of ABP

alone is seldom used to judge an athlete as positive for endogenous

to etiocholanolone ratio,

anabolic androgenic steroids, instead a confirmatory method based on
gas chromatography-combustion-isotope ratio mass spectrometry
(GC-C-IRMS) is used.'® In athletes not previously tested and in foren-
sic samples, population-based cut-offs are used, i.e. a T/E ratio of 4
being indicative of exogenous testosterone use. The T/E ratio is asso-
ciated with a deletion polymorphism in glucuronosyl transferase 2B17
(UGT2B17). Individuals devoid of the UGT2B17 gene (del/del) excrete
negligible amounts of testosterone in the urine and rarely reach the
T/E cut-off value of 4 after testosterone doping.'* Notably, the uri-
nary T/E ratio was not sensitive when supra-physiological serum tes-
tosterone concentrations were detected in female athletes, most
likely induced by testosterone intake.'? Therefore, it may be informa-
tive to include longitudinal serum testosterone levels in the ABP in
the future. Monitoring steroid hormones, e.g. dihydrotestosterone
(DHT), in serum has been discussed since it has been shown to
increase the likelihood of detecting doping with endogenous steroids
in men.?

Luteinizing hormone (LH), follicle stimulating hormone (FSH), and
hemoglobin (HB) are well established biomarkers affected by AAS
abuse. They can be used in health care to get an indication of whether
a person is using AAS.21> Moreover, it is well known that AAS dis-
turb the cholesterol profile, with an increase in LDL and apolipopro-
tein B (ApoB).}® High total cholesterol levels and hematocrit are
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cardiovascular risk factors for atherosclerosis and thrombotic events
in steroid users.'”

The aim of this study was to employ doping analyses, performed
as required by WADA, in male and female volunteers with current,
recent, or previous AAS use and to relate the results with the informa-
tion provided by the subjects concerning their AAS use pattern. More-
over, hematological parameters, cholesterol profile, and endocrine
status were determined and analyzed in relation to the time of the last
AAS intake.

2 | MATERIAL AND METHODS

2.1 | Data collection and study population

Thirty men and six women between 21-66 years of age (Table 1)
were recruited to the study between October 2016 and December
2017. Individuals using performance enhancing substances during the
past year were asked to participate in the study. Recruitment was per-
formed through the Anti-Doping Hot-Line, Karolinska University Hos-
pital, Stockholm, Sweden. The Anti-Doping Hot-Line was established
in 1993 as an anonymous free telephone counseling service for peo-
ple concerned about or affected by their non-medical use of AAS.!
method

populations, was used for enrolment. This method introduced by

“Snowball sampling”, a for studying hard-to-reach
Goodman,*® implies that an initial contact generates new contacts
and thus the sample size grows like a rolling snowball. Participation
was commenced after oral and written informed consent and the
study was approved by the Ethics Review Board in Stockholm. Sam-
pling took place on one single occasion and included the collection of
blood (EDTA and serum) and urine. Height and body weight were
recorded at the study visit and the participants were informed of the

risks of substance abuse. The participants sat down for at least

TABLE 1 Demographic data of the participants. The data are
given as median and ranges
Men (n = 30) Women (n = 6)
Age (years) 33 (21-66) 34 (21-54)
AAS debut age (years) 26 (16-52) 27 (19-50)
AAS duration (years) 4 (0.5-30) 2.5(0.5-10)
Number of AAS cycles (last 2(1-3) 2(1-3)
year)
Number of AAS substances 3(1-7) 2 (1-6)

per cycle (last year)

Systolic blood pressure, 178 (158-200) 184 (176-193)

mmHg
Diastolic blood pressure, 88 (58-128) 97 (83-117)
mmHg
Length (cm) 179 (172-200) 164 (158-173)
Body weight (kg) 91 (80-128) 71 (58-83)
BMI* 28.4(22.8-34.6)  26.1(22.3-29.6)

_ weight (kg) _ ke
~ length xlength (m2)

1Definition Body Mass Index (BMI) =

m2.

37



10 minutes prior to blood pressure measurements and blood sam-

pling. Blood pressure was measured by a study nurse according to
Swedish clinical guidelines. No financial remuneration was given to

the participants.

2.2 | Questionnaire

The participants filled out an anonymous questionnaire about their
use of performance enhancing substances as well as all other drugs
(including pharmaceutical drugs). The information requested was: age,
gender, and number of years that they had used PES. The participants
were further asked about used substances, doses, lengths of cycles,

and the number of different AAS intakes per year.

2.3 | Sample analysis

Performance enhancing substances were analyzed in urine by the
WADA Accredited Anti-Doping Laboratory at the Department of Clin-
ical Pharmacology, Karolinska University Laboratory, Stockholm.
Endogenous steroids were analyzed using GC-MS/MS according to
WADA TD2016EAAS? as described previously.2° Exogenous steroids
and other PES were screened with GC-MS/MS and LC-MS/MS
according to WADA TD2018MRPL?! (non-threshold substances) and
TD2018DL?? (threshold substances).

Whole blood samples were collected in EDTA tubes and analyzed
according to WADA Athlete Biological Passport Operating Guidelines.
All samples were analyzed within 8 hours and if not analyzed within
2 hours the samples were stored at 4°C (i.e. all samples displayed a
blood stability score well below 85) using Sysmex XN-1000 for hemo-
globin, hematocrit (HCT), red blood cell count (RBC), mean corpuscu-
lar volume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), reticulocyte percent-
age, reticulocyte numbers, and immature reticulocyte fraction (IRF).

Whole blood samples were collected in serum tubes and serum
was obtained within 4 hours by spinning the tubes for 10 minutes at
2000 x g and stored immediately at —80°C prior to analyses. Testos-
terone, sex hormone-binding globulin (SHBG), LH, and FSH were
determined with I1SO 15189:2012 accredited methods at Clinical
Chemistry, Karolinska University Laboratory. Total serum testoster-
one was measured using chemiluminescent technology UniCel® DxI
800 Immunoassay System and Access Testosterone Reagent Packs
(Cat #33560) from Beckman Coulter (Brea, CA, USA). Luteinizing hor-
mone and follicle stimulating hormone were determined with an Auto-
DELFIA instrument and 2-site immunoradiometric assays using kits
(PN: BO17-201 and B031-101) from PerkinElmer (PerkinElmer Life
and Analytical Sciences, Turku, Finland).

Serum concentrations of dihyrdotestosterone and testosterone,
as well as the sulfate (S) and glucuronide (G) conjugates were analyzed
by ultra-high performance liquid chromatography coupled to high res-
olution mass spectrometric detection (UHPLC-HRMS) as described.?®

Briefly, the analytes were extracted from serum samples using solid
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phase extraction with HLB cartridges for purification and pre-
concentration of the analytes. The developed method included chro-
matographic separation of the analytes using a YMC-Triart C18 col-
umn 100 x 2.0 mm with 1.9 pm particles with a precolumn YMC-
Triart C18 5 x 2.1 mm (YMC Co. Ltd, Kyoto, Japan). Gradient elution
was applied using a mobile phase consisting of: (A) 10 mM ammonium
acetate adjusted to pH 9.5 using 20% ammonium hydroxide, and (B)
10 mM ammonium acetate adjusted to pH 9.5 and methanol (10: 90%
v/v). The gradient LC run had an initial composition of 50% B for
0.20 min followed by 65% B for 4.8 min, and finally 100% B for 8 min.
The composition of 100% B was held for 9.6 min then decreased line-
arly to 50% B for 9.7 min. Equilibration between runs was set for
2.3 min (total run time 12 min).

The mass spectrometric detection was set to acquire ion signals
during the run time 0.5-9.5 min and operating in both negative and
positive electrospray ionization (ESI) modes. Two scan ranges were
adopted according to the targeted analyte's detection mode. Scan
ranges (300-500 m/z) and (200-400 m/z) were selected in the nega-
tive and positive ESI modes, respectively. The mass spectrometer was
operating in full scan mode with a resolution of 70,000. The limit of
detection for testosterone and dihydrotestosterone were 0.009 ng/mL
and 0.036 ng/mL, respectively.

Growth hormone (GH) was analyzed with the GH isoform test as
described previously.?* The GH releasing peptides/secretagogs were
analyzed according to TD2018MRPL.2?

24 | UGT2B17 genotyping

The UGT2B17 insertion/deletion polymorphism was genotyped using
a premade copy number assay (#Hs03185327_cn, Life Technologies).
The ubiquitously expressed RNase P (#4403326, Control Reagents,
Life Technologies) gene was used as the endogenous reference gene
for reaction quality control. Briefly, the PCR was carried out in a 15 pL
volume including 2 pL genomic DNA, and 2x TagMan Universal Mas-
ter Mix Il (#4440043, Applied Biosystems). Samples with RNase P sig-
nals but no UGT2B17 amplification were identified as del/del. The
del/del genotypes were replicated and confirmed in two separate
experiments. No discrimination between UGT2B17 allele-carriers
(ins/ins and ins/del) was performed.

2.5 | Statistical and data analysis

The results are presented as the median with the ranges in parenthe-
sis if not stated otherwise. The distribution was tested by the
Kolmogorov-Smirnov test, and none of the parameters passed the
normality test (or were too few to allow testing). One-way non-
parametric ANOVA (Kruskal Wallis) followed by Dunn's test were
used to compare the ABP ratios, cardiovascular and endocrine bio-
markers between groups. For comparison of the median values of two
groups the Mann Whitney test was used. Spearman's rank correlation

test was employed for correlation analysis. The significance level was
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set at P = 0.05. Statistical analyses were performed using GraphPrism
Software version 6 from GraphPad (San Diego, CA, USA).

3 | RESULTS

3.1 | Demographic data and screening test results
Demographic data of the participants are presented in Table 1.

Of the participants 83% were male and 17% were female. The
participants were divided into three groups based on their last intake
of anabolic androgenic steroids: current (within past 2 months); recent
(2-6 months ago), and previous (6-12 months ago). Four women
(67%) and 16 men (53%) reported a current AAS use, two women
(33%) and nine men (30%) reported a recent use and five men (17%)
reported a previous use. A current use of dietary supplements was
reported by 36% of the participants. Eighty-three percent practiced
stacking, i.e. used several different AAS agents and in cycles (periods
of use and non-use). Sixteen men and one woman were using AAS
continuously.

3.2 | Self-reported AAS substances

The most common AAS substance reported in women was
oxandrolone followed by stanozolol and testosterone, whereas in men
testosterone was the most popular steroid, followed by trenbolone
and drostanolone, see Figure 1.

Of the 24 male testosterone users, only two reported the use of
testosterone gel, and these two also used injectable testosterone
compounds. The different injectable testosterone esters used con-
sisted of testosterone enanthate (n = 20) and testosterone propionate
(n = 4). Of the females using testosterone, two reported a current use
of testosterone gel (10 and 20 mg/day, respectively), and one
reported a previous use of testosterone enanthate (injection).

Detailed information was collected about the participant's AAS-

schedules (substances, doses, and cycles). Weekly and daily doses
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The most commonly reported AAS substances in men
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were calculated by taking the total used amount of AAS in milligrams
of each substance during the last cycle and dividing it by the number
of weeks/days of the cycle. Men used higher doses (median
1368 mg/week, range 250-3800) than women (median 187 mg/week,
range 70-900), P 0.0036. The weekly total doses of AAS are shown
in Figure 2 and the daily doses are summarized in the supplementary
file.

3.3 | Doping test results in relation with self-
reported AAS use

The distributions of the positive tests are shown in Figure 3. Nandro-
lone and drostanolone were the most commonly detected steroids in
subjects who did not report such use within the past year. Stanozolol
and oxandrolone were the AAS detected in most of the participants

reporting such use within the past 6 months.

3.4 | Urinary steroid profile in relation to
testosterone intake, gender and UGT2B17 genotype

Eleven of the reported 27 T users had a positive urine test based on
the urinary testosterone/epitestosterone ratio (T/E 4) and of those
nine reported current testosterone use. The other two individuals
reported an intake 2-6 months (T/E = 12.5) and 6-12 months ago
(T/E = 5.2), respectively.

The men with a current use displayed 4-fold and 6-fold higher
median T/E, respectively, compared with those reporting intake
within the past year or no reported intake, P = 0.0001 (Figure 4A). For
the other ABP ratios (A/T, A/etio, 5aAdiol/5pAdiol, 5aAdiol/E) no sta-
tistically significant differences between the participants with a cur-
rent testosterone use and previous use were observed, Figure 4B-4E.

When comparing the ABP ratios in the male participants with

females, significant differences were noted for the T/E ratio, whereas
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FIGURE 2 Boxplot of reported weekly doses in mg/week in men

and women P < 0.01**
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FIGURE 3 The number (%) of positive urine tests in relation to
the last intake according to the self-reporting questionnaires

no gender differences in the other ABP ratios were found. Notably
the two women with a current testosterone gel use exhibited T/E
ratios of < 4 (2.4 and 0.6, respectively). Neither of the women's ste-
roid profiles were suspicious following the criteria set by WADA
(TD2016EAAS) but due to low numbers no statistical analyses were
conducted.

Of the 30 male participants, three (10%) were found to be
homozygous for the UGT2B17 deletion polymorphism (del/del)
genotype. None of the female participants displayed the del/del
genotype. One of the males with the del/del genotype reported a
current testosterone enanthate intake and had a T/E ratio of 4.1,
whereas the del/del males with a previous testosterone use had
T/E ratios of 2.4 and 0.14.

3.5 | Detection of other doping substances

Peptide hormones and growth factors (52) were analyzed only in indi-
viduals reporting current or a recent use within the past 2 months.
Use of recGH was more commonly reported among women (50%)
than in men (10%) (OR = 6.8; Cl; 1.0-46.8, P = 0.03), and women
reported doses of 1-6 IU/day and men 1-7 IU/day. The serum sam-
ples from participants with a current recGH use were analyzed with
the Isoform GH test but all returned negative results (data not shown).
Seven participants (six men, one woman) reported the use of GH
releasing factors/secretagogs (Triptorelin, GHRP-2, ibutamoren, and
ipamorelin) of which two reported use within the past 2 months. The
individual reporting ibutamoren was tested positive on ibutamoren,
even though the last intake of nasal droplets had taken place 8 weeks
earlier.

Doping substances not belonging to class 1 and 2 (S1 and S2) on
the prohibited WADA list?> show that hormone and metabolic modu-
lators (S4) and stimulants (S6) were detected in 39% and 27% of the
samples, respectively. Diuretics (S5), cannabinoids (S8), and glucocorti-
coids (S9) were detected in <10% of the samples. Beta-agonists (S3)
and narcotics (S7) were not detected in any of the participants.
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Cardiovascular and endocrine biomarkers

Of the hematological parameters normally included in the hematologi-
cal module of athlete biological passport, hemoglobin, hematocrit, and
reticulocyte % data for men are shown in Table 2. The men with a cur-
rent AAS use displayed higher hemoglobin and hematocrit than those
with a recent or previous use (borderline significance). No differences
between the other hematological parameters (RBC, MCV, MCH,
MCHC, IRF) analyzed were seen (data not shown). Of the lipoproteins
determined, ApoAl was the only lipid that differed between the
groups, being highest in those with reported use 6-12 months earlier.
In men, LH and FSH increased gradually with cessation time.

Due to the small number of female participants, individual data
are presented in Table 3. Testosterone was quantified in women by
both RIA and LC/MSMS. The methods showed a strong correlation
(Rs = 0.98, P = 0.0003), with significantly higher total testosterone
concentrations with RIA (median 2.5 nmol/L) than with LC-MS/MS
(median 0.26 nmol/L), P = 0.03.

In addition to testosterone its metabolite dihydrotestosterone
was also quantified with UHPLC-HRMS as the sulfate conjugate
(DHTS), the main DHT form in the circulation. The women with cur-
rent testosterone gel use showed higher serum testosterone (9.9 and
1.7 nmol/L) and DHTS (560 and 275 ng/mL) concentrations compared
with non-testosterone users (T-range < 0.1-0.29 nmol/L and DHTS-
range 19-237 ng/mL). Due to the low numbers, no statistical analyses

were conducted for females.

4 | DISCUSSION

The results indicated that dermal testosterone use in women is not
detectable with the traditional T/E biomarker, despite supra-
physiological total testosterone serum concentrations. This is in line
with a recent publication showing that elevated serum testosterone
concentrations in two elite female athletes did not result in ele-
vated urinary T/E ratios in their ABPs.2? Since our study and the
study conducted by Handelsman et al are both based on case
observations, there is an urgent need to perform a controlled study
in relation to transdermal testosterone administration in women. It
is possible that longitudinal monitoring of the ABP biomarkers in
our participants rather than single urine sampling would have
resulted in atypical findings. It has been shown that the implemen-
tation of ABP has increased the probability of detecting testoster-
one gel use in men.2?” It is known that basal T/E ratios are

2

higher in men than in women?® and that the administration of

intramuscular testosterone enanthate affects the T/E ratio to a
larger degree in men than in women.'%??

There were no significant differences in the other ABP ratios in
relation to the time of the last testosterone application consistent
with the conclusion that T/E is the major ratio that triggers a confir-
matory GC-C-IRMS analysis. In UGT2B17 del/del men, 5aAdiol/E
ratios may be informative of testosterone injection.*° In our study

population, one man with del/del reported the current use of
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ABP biomarkers in AAS using men and women with the results presented as median with interquartile range. Men are grouped in

three panels; current testosterone use and recent/previous use (within the last 2-12 months) and no testosterone use within the last year.
Women with a current testosterone use are denoted by squares. Dotted lines refer to cut-off ratios, indicative of a suspicious result according to
WADA criteria. Kruskal Wallis followed by Dunn's comparison test was used *P < 0.05, **P < 0.01

testosterone injections and he displayed the lowest T/E ratio (4.1)
among the current users which is in agreement with previous
findings.*

The high circulatory total testosterone level of 9.92 nmol/L

observed in the female participant using solely testosterone gel
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(70 mg/week) is in the same range as that found after 8 weeks
of daily administration of 10 mg topical
healthy women.

testosterone in
Notably, such an increase in testosterone is
associated with performance enhancing effects which further aug-

ments the need to detect transdermal use of testosterone in
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TABLE 2

Clinical biomarkers

males 2 months)

HB, g/dL 16.35 (13.30-19.00)
HCT % 49.10 (39.80-57.60)
RET % 1.46 (0.50-2.15)
Chol, mmol/L 3.95 (2.50-6.60)
APO Alg/L 1.06 (0.55-1.52)
APO B, g/L 0.88 (0.44-1.82)
HDL, mmol/L 0.90 (0.40-1.60)
LDL, mmol/L 2.70 (1.10-5.20)
FSH, E/L 0.14 (0.10-5.00)
LH, E/L* 0.10 (0.10-6.90)*
T, nmol/L2 25.50 (1.80-50.00)
SHBG, nmol/L 19.00 (5.400-50.00)

Current users (n = 16) (<

Recent users (n = 9)
(2-6 months)

15.10 (13.90-17.70)
44.80 (42.70-52.30)

1.20 (0.80-2.07)
3.90 (3.20-5.90)
1.27(0.83-1.9)
0.79 (0.57-1.26)
1.20 (0.60-1.60)
2.30 (1.60-4.00)
1.80(0.15-5.50)
2.60(0.10-6.60)
8.30 (0.80-15.00)

29.00 (12.00-49.00)

Median values (range) of clinical serum biomarkers in men with a current, recent or previous AAS use

Previous users (n = 5) Reference
(6-12 months) value P-value
15.30 (14.60-16.10) 13.4-17 0.07
44.60 (44.00-47.50) 39-50 0.07
1.19 (0.97-1.71) NA 0.71
4.20(3.10-6.80) 29-7.8° 0.71
1.43(1.23-1.63) 1.04-2.02 0.01*
0.62(0.57-1.43) 0.66-1.33 0.93
1.20(1.10-1.40) 0.8-2.1 0.08
1.70 (1.10-4.50) 1.2-5.3° 0.87
8.20 (2.30-9.50) 1.5-12 0.0001 ****
6.10 (4.80-9.10) 1.7-8.6 0.0041 ****
10.00 (6.10-20.00) 6.7-29° 0.01*
27.00 (20.00-38.00) 18-77° 0.36

10.10 minimum quantification level.
250 nmol/L maximum quantification level

3Age dependent

HB, hemoglobin; HCT, hematocrit; RET, reticulocytes; Chol, cholesterol; APO A1, apolipo protein Al; APO B, apolipo protein B; HDL, high-density
lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; FSH, follicle stimulating hormone; LH, luteinizing hormone; T, testosterone; SHBG, sex

hormone-binding globulin.

TABLE 3
Clinical biomarkers females F2
HB, g/dL 14.40
HCT 430
Ret% 2.74
Chol, mmol/L 4.2
APO A1, g/L 0.98
APO B, g/L 1.01
HDL, mmol/L 0.8
LDL, mmol/L 2.9
FSH, E/L 4.9
LH,E/LY 11
T, nmol/L (RIA) 1.4
T, nmol/L (LC-MS/MS) 0.24
SHBG, nmol/L 6.7
DHTS, ng/mL 184

F32
14.70
44.1

1.22
43
0.70
1.68
1.7
2.0
1.3
1.9
28
9.92
41
560

Individual values of different serum biomarkers in women

F53
15.20
455

1.44
35
0.67
1.22
1.1
1.6
6.9
13
3.6
1.73
41
275

F 10 F224 F 41 Reference value
14.10 14.10 15.4 11.7-15.3
433 42.7 47.5 35-46
1.04 1.08 1.28 NA
5.1 4.1 5.0 2.9-7.8°
1.32 0.68 0.99 1.08-2.25
0.72 1.36 1.14 0.60-1.17
0.6 1.6 0.9 1.0-2.7
43 2.0 3.5 1.2-5.3°
43 5.0 8.3 1-22 26-135 (post menopause)
44 33 9.3 1-96
04 45 0.9 0.1-1.7°
<01 <01 0.29 0.1-1.7°
18 46 35 32-128°
122 237 19 NA

10.10 minimum quantification level.
2Current T use (only testosterone-gel).

3Current use (testosterone-gel and synthetic steroids were reported and confirmed).

“Previous testosterone use.
5Age dependent.

HB, hemoglobin; HCT, hematocrit; RET, reticulocytes; Chol, cholesterol; APO A1, apolipo protein A1l; APO B, apolipo protein B; HDL, high-density
lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; FSH, follicle stimulating hormone; LH, luteinizing hormone; T, testosterone; SHBG, sex
hormone-binding globulin; DHTS, dihydrotestosterone sulfate.

women.®2 Recently it has been discussed to include serum steroid

biomarkers in future ABP, as dihydrotestosterone may improve the

sensitivity of the ABP to detect the use of topical testosterone in

men.2”% In the women, in addition to high testosterone levels,
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DHTS levels were nominally higher in the two testosterone gel

using  women

compared

the other four women.

Dihydrotestosterone is mainly found as the sulfate conjugate in

serum.
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In the male participants, serum testosterone concentrations in the
current AAS users were higher than in non-testosterone users. After
cessation of AAS, the testosterone concentrations normalized and
after 6 months none of the men exhibited supra-physiological testos-
terone concentrations. It can be considered a drawback of this study
that testosterone in men only was quantified with RIA. However, the
RIA method employed here delivers reliable values and the results of
RIA and LC-MS/MS in men do corroborate.®*° In women, RIA often

3637 as was also

overestimates the total testosterone concentration,
obvious here, and hence LC-MS/MS is superior for analyzing testos-
terone in women. A limitation though is that the upper range of quan-
tification of total testosterone with RIA is 50 nmol/L, and thus in the
male participants injecting testosterone within the last days the abso-
lute concentrations could not be determined. In previous studies, cir-
culatory concentrations higher than 100 nmol/L have been found in
some individuals after testosterone administration.®® In men LH and
FSH were normalized within 6-12 months, which is in agreement with
other studies performed on AAS users.®!

Oxandrolone seems to be the most popular AAS among female
volunteers, reported by five of six. Oxandrolone was also reported
in a large survey to be common among women.* After testoster-
one, trenbolone was the most popular AAS among men in our
study population. In studies conducted 10-25 years ago this ste-
list of AAS.Y% Trenbolone and

oxandrolone have short half-lives (24 hours) which could be the

roid was not on the top

reason why trenbolone and oxandrolone were detected only in a
minority of those who reported the use of these AAS. Another
reason might be mislabeling, as only around 40% of confiscated
black market AAS are accurately labeled, the percentage being
even lower for trenbolone.*%#?

Drostanolone and nandrolone were the AAS most often detected
in participants that did not claim such use. This could be due to con-
tamination of other AAS preparations or supplements as shown ear-
lier*?> Nandrolone may also be detectable in individuals up to a year
after cessation due to the long half-life of the metabolite 19-NA.#®
Other studies have also found that self-reported and detected doping
agents often do not corroborate for the reasons discussed above.*44>

Notably the use of recombinant growth hormone was more fre-
quent in the AAS using women than in the men. Neither of the partici-
pants using recGH tested positive with the GH isoform test. We did
not conduct the GH2000 biomarker test since in a previous study
where recGH doses in the same range were administered, only the
GH isoform test could detect recGH.2* The use of growth hormone
releasing peptides/secretagogs was reported in seven participants and
surprisingly one was tested positive on ibutamoren (also known as
MK-677), even though according to the questionnaire it was adminis-
tered as droplets 8 weeks earlier. Ibutamoren is the most commonly
detected GH releasing secretagog.

As expected, the hematocrit and hemoglobin values were higher
in the male participants with a current AAS use compared with those
using AAS more than 2 months ago. This is in agreement with previ-
ous studies in which the hematocrit (and other hematological parame-
ters) was found to decrease after 6 months of AAS cessation.*” An

WILEY

elevated hematocrit ( 50%) may be a risk factor for thrombotic events

in AAS users.*® Notably, none of the AAS using women reached such
a high hematocrit value, and the hemoglobin values were within the
normal range. This gender difference could simply be due to the lower
AAS doses used by women. However, when supra-physiological doses
of testosterone were given to transgender men, hematocrits higher
than 50% were rarely found.*” Thus, hematological biomarkers for
AAS use may be restricted to men using AAS. Regarding the lipid pro-
file, a difference in ApoAl between current and previous AAS users
was seen. Disturbed lipid values are common for reasons other than
using AAS and therefore do not function as a specific AAS biomarker.
Moreover, both systolic and diastolic blood pressures observed in our
participants were surprisingly high. Even though it is known that AAS
users display mild hypertension*® the blood pressure measured in this
study appears higher than in other studies. The reason could be that
in other studies 24 hour blood pressures were monitored to avoid
white coat syndrome. High blood pressure, disturbed cholesterol pro-
file, and high hematocrit all together increase the risk of cardiovascu-
lar diseases.*®

A limitation with our study is the small number of participants,
in particular women. Therefore, it was not possible to make statis-
tical calculations in women, and the gender comparative results
should be interpreted with caution. Since doping is illegal in Swe-
den it is in general difficult to recruit volunteers for studies. Rec-
ruiting women is a particular challenge as AAS use is rare in
women. Normally repeated test results are included in the athlete
biological passport, whereas in our study only single urine and
blood samples were taken. However, it would have been difficult
to get volunteers for repeated sampling because of the hard to
reach population. Another limitation with our study design is that
the group division based on “washout” periods may depend on
administration routes, different doses, and stacking practice in
cycles. Moreover, we have an incomplete history of the partici-
pant's use of AAS more than a year ago.

In conclusion, testosterone and oxandrolone are the most popular
AAS in Swedish AAS using men and women, respectively. The
reported AAS were often not verified in a doping test; nandrolone
and drostanolone being the AAS most often detected. The T/E ratio is
a valid biomarker for testosterone in men, whereas in women the T/E
ratio could not detect the current use of testosterone gel, despite ele-
vated serum testosterone levels. In addition to longitudinally monitor-
ing serum testosterone, dihydrotestosterone(sulfate) may be a
putative serum ABP biomarker for detecting testosterone intake in

women.
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