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Abstract

In this study, a direct analysis of doping agents in urine samples with no sample preparation by a
modified paper spray mass spectrometry (PS-MS) methodology has been demonstrated for the
first time. We have described a paper surface treatment with trichloromethylsilane using a gas-
phase reaction to increase the ionization of target compounds. This approach was applied for the
analysis of two classes of banned substances in urine samples: anabolic agents (trenbolone and
clenbuterol) and diuretics (furosemide and hydrochlorothiazide). Under optimized conditions, the
developed methods presented satisfactory repeatability and analysis of variance showed linearity
without lack-of-fit. Highly sensitive detections as low as sub-ng mL~1 which is below the
minimum required performance levels proposed by the World Anti-Doping Agency has been
reached using the hydrophobic PS-MS without any pre-concentration and clean-up step.
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INTRODUCTION

The use of performance-enhancing drugs for sports purposes is one component of a wider
phenomenon known as doping, which is defined by the World Anti-Doping Agency
(WADA)! as the presence of prohibited substances (or their metabolites or markers) in an
athlete’s samples. Between 1982 and 1995 elite athletes were asked about the possibility of
taking a substance that guaranteed sporting victory but killed them in 5 years2. This study,
now known as the Goldman Dilemma, showed a surprising 50% acceptance. Although
recent studies have revealed the death outcome made in the Goldman Dilemma to be largely
implausible34, high doping rates are still observed in modern sports. For example, >30% of
athletes competing at the 2011 World Championships admitted to using banned substances
during their careers®, representing a major challenge particularly because only <2% of tested
athletes are usually caught®. One of the main reasons for the low sanction rates is attributed
to a phenomenon known as microdoping in which athletes in track and field are able to
attain marginal gains that can guarantee victory (by fractions of a second) by taking small
quantities of illicit compounds’. Detecting doping with low doses of prohibited substances
remain challenging. Here, we describe a paper-based sample collection platform capable of
ultra-sensitive analysis of various doping agents from only 6 uL of raw urine directly from
the paper substrate without sample pre-treatment.

The list of banned substances is published and reviewed annually by WADA and it includes
all doping substances and methods prohibited in and out competitions®. The prohibited
substances in all sports are classified in different classes (S0-S9), such as anabolic agents
(S1), stimulants (S6), diuretics and masking agents (S5), and narcotics (S7), just to mention
a few. The anti-doping control is done by accredited laboratories operating under the codes
and specifications provided by WADA?. In order to guarantee that all laboratories can report
the presence of doping substances in a uniform manner, a minimum detection and
identification limit has been established that all the accredited laboratories must achieve. The
minimum required performance level (MRPL) is the smallest concentration of a determined
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prohibited substance that analytical methods utilized in laboratories should be able to
identify and detect with precisionl0. Among all the methods described in the literature, mass
spectrometry (MS) is the gold-standard to analyze doping substances in biological
samples!112, Usually, MS is used as detection method following a separation stage, such as,
liquid chromatography (LC-MS)13-16 and gas chromatography (GC-MS)17-20, These
methodologies are very selective, sensitive, and have low limits of detection. However, direct
sample examination is not possible; these hyphenated MS-based analytical platforms require
extensive sample preparation and clean-up steps, including analyte derivatization, extraction
and pre-concentration. As already pointed out in numerous studies?123, these pre-analytical
steps are usually the most laborious stages which are time-consuming, produce large
volumes of waste and have the largest source of error in chemical analysis.

The high demand for doping testing has motivated scientists to develop fast and simple but
still selective and sensitive methodologies minimizing the sample preparation, solvent
consumption and waste production. Ambient ionization techniques are analytical methods
that enable MS analysis to be performed with minimal or no samples preparation?4:25,
simplifying the analytical procedure, reducing equipment requirement, and the analysis
time23:26, paper spray (PS) ionization as an ambient ionization technique was introduced by
Wang and co-workers in 20102 that integrates sample collection, separation and ionization
in a single stage?2. In PS-MS, the untreated sample (e.g., raw urine) is deposited on the
paper substrate cut into a triangular tip. An appropriate solvent is added onto to the paper
triangle containing the sample and the subsequent application of a DC high voltage (~2-5
kV) to the wet paper results in the formation of gas-phase ions via an electrospray-like
mechanism. PS brings several advantages: 1) the fluid is transported by capillarity wicking,
S0 no external pumping is required; 2) no nebulizer gas is needed either, further reducing the
instrumentation requirements; 3) low volumes of sample and solvent are required; and 4)
paper is inexpensive and can be safely disposed by incineration, decreasing the risk of
biosafety for analyst. PS-MS has successfully been applied to analyze different compounds
in biological fluids including metabolites?8:29, drugs30-32, proteins33, enzyme activity34, and
antigens for disease diagnostic3® without or with minimum sample preparation.

The minimum required performance level demands for analytical methods are usually low
and, unfortunately, the limits of detection for PS-MS determination of compounds in
biological samples are often inadequate3936. These poor sensitivities have been attributed to
inefficient analyte extraction from the sample matrix3’. The extraction process is strongly
dependent on the paper and spray solvent properties. For example, polar solvents can cause
ionization suppression by extracting preferably more polar compounds and salts from the
sample matrix27-31, Native paper is hydrophilic and aqueous biological samples wick to the
core of the paper fibers increasing the interaction with the analytes and decreasing their
extraction by the spray solvent and their transport to mass spectrometer38,

In this work, a modified hydrophobic paper surface30 is used to enhance extraction/
ionization of analytes in urine. The optimized hydrophobic PS-MS method for detection of
doping substances (e.g. trenbolone, clenbuterol, furosemide and hydrochlorothiazide) in raw
urine samples is simple, fast, precise and accurate, allowing a sub-ng mL~1 sensitivity. This
performance presents an increase in detectability > 3 orders of magnitude when compared
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with untreated hydrophilic paper. No sample preparation was required for these paper spray
experiments, except the direct sample deposition on to the paper substrate and subsequent
application of ethyl acetate spray solvent.

EXPERIMENTAL SECTION

Mass spectrometry

Mass spectra were acquired using a Thermo Fisher Scientific Finnigan LTQ linear ion trap
mass spectrometer (San Jose, CA, USA). Data collection and processing was achieved using
Thermo Fisher Scientific Xcalibur 2.2 SP1 software. The paper substrate was positioned
with its tip parallel to the mass spectrometer inlet using a copper alligator clip, which was
connected to an external high-voltage supply, as illustrated in Figure 1. MS parameters were
as follows: £30 V transfer capillary voltage; +2 kV spray voltage; 3 microscans; 100 ms ion
injection time; 3 mm distance from ion source to MS analyzer inlet for both positive- and
negative-ion modes; 240°C transfer capillary temperature and 100 V capillary voltage for
positive-ion mode; 250°C transfer capillary temperature and —120 V capillary voltage for
negative-ion mode. Tandem MS with collision-induced dissociation (CID) was used for
analyte identification and was optimized for each analyte.

Hydrophobic paper preparation

Paper triangles were cut manually from filter paper (Whatman grade 1) with base width of
9.5 mm and height of 16.5 mm (paper area was approximately 80 mm?). Typically, the
precut paper triangles were treated using 0.5 mL of trichloro(3,3,3-trifluoropropyl)silane or
trichloromethylsilane in a vacuum desiccator. The untreated paper was not subject to this
reaction.

Chemicals and reagents

Standard solution (1.0 mg mL™1) of trenbolone (TREN) was obtained from Cerilliant
(Round Rock, TX). Clenbuterol (CLEN), furosemide (FUR), hydrochlorothiazide (HCT),
trichloro(3,3,3-trifluoropropyl)silane (TCTFPS), acetonitrile (99.9%, HPLC grade),
methanol (99.9%, HPLC grade), ethyl acetate (99.8%, anhydrous), ethylene glycol, dimethyl
sulfoxide, quinoline, and cyclohexanol were all purchased from Sigma-Aldrich (St. Louis,
MO). Trichloromethylsilane (TCMS) and acetone were supplied by Fisher Scientific
(Pittsburgh, PA, USA). Whatman filter paper grade 1 (24 cm) was purchased from Whatman
(Little Chalfont, England).

Doping in urine samples

Urine samples were collected from a healthy and drug-free volunteer to make sure that all
the analytes tested in this work were absent in the original samples. A 6 pL aliquot of
undiluted urine samples containing separately spiked trenbolone, clenbuterol, furosemide,
and hydrochlorothiazide analytes were pipetted onto the triangle paper and allowed to dry at
room temperature. Analysis of doping agents present in the dried urine sample was achieved
using 20 pL of ethyl acetate.
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RESULTS AND DISCUSSION

We aimed at developing a sensitive PS-MS platform for screening four different doping
substances directly from urine: trenbolone (TREN), clenbuterol (CLEN), furosemide (FUR),
and hydrochlorothiazide (HCT) in dried urine samples. We chose to examine these
substances because they belong to two important classes of prohibited substances: anabolic
agents and diuretics. Collectively, these two classes represent >59% of all occurrences in the
most recent WADA report and the four selected analytes are the most reported substances in
their classes (18% of all banned substances occurrences)39. Actually, diuretics (e.g.,
furosemide and hydrochlorothiazide) can be purchased without any prescription and are
largely available to the general population for masking other doping substances. Urine
samples are the main matrix employed for anti-doping analysis, representing approximately
91% of all samples analyzed in 20173%. Moreover, urine sample is more advantageous than
blood because it can be collected non-invasively and is available in a relatively large
amounts®041,

In the present work, we show that the MRPL proposed by WADAZ0 could be reached
without any sample clean-up or pre-treatment steps using a simple and fast methodology. By
using paper triangles treated with the vapor of trichloromethylsilane, it was possible to
obtain lower limits of detection (LOD) and quantification (LOQ) when compared to
untreated paper. The organosilane reacts with the surface OH groups in the paper substrate
and changes it polarity from hydrophilic to hydrophobic3C. This approach increases the
transfer of analytes from the paper to the gas-phase. When using an organic solvent
immiscible with water (e.g., ethyl acetate), inorganic salt components in the urine sample are
negatively suppressed enabling the analytes, which are typically organic in nature, to be
extracted, ionized and preferentially transferred to the mass spectrometer for a more
sensitive detection.

Optimization of organosilane reagent for hydrophobic paper treatment

The properties of the paper substrate used as solid support for analyte extraction and
ionization exhibited significant influence on the performance of paper spray experiment.
When a native hydrophilic paper is used, the paper surface has hydroxyl groups (OH) that
can form intermolecular bonding with analytes of interesting, decreasing their transfer/
desorption from the paper to the mass spectrometer. In addition, the grade 1 filter paper
typically used in PS experiments contains trace elements such as calcium (185 pg/g), sodium
(160 pg/g), chlorine (130 pg/g), which can cause ion suppression during analysis*2,
Trichlorosilane derivatives react with the hydroxyl groups (OH) present in the paper,
forming a monolayer that cover the paper surface (Figure S1) to prevent access to the pores
of the paper that might contain the interfering ions. The silanized paper substrate has been
proven to improve detectability and sensitivity in PS by converting the polar groups of the
native paper into hydrophobic groups, decreasing the analyte-paper interactions#3:44,

Generally, for a liquid-phase silanization reaction, the surface to be silanized is immersed in
a solution of hexane containing the organosilane with concentrations ranging from 0.1 to 2
(v/v). After the reaction, the surface must be washed several times with different solvents,
such as hexane and methanol, to remove the residual unreacted reagent>~47. Liquid-phase
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reaction can form agglomerates instead of monolayer during the silanization process,
leading to a non-uniform coverage of the solid surface and an irreproducible paper
modification?®. The type of organosilane reagent available is limited to the compatibility
with the solvent used in each step of the fabrication?®. The vapor-phase silanization reaction
is usually conducted under reduced pressure in a closed system. The reduced pressure
increases the partial pressure of the silane regent, which in turn increases the efficiency of
the reaction in a short amount to time to yield a more uniform hydrophobic surface30:44:49,
The vapor-phase silanization reaction has several advantages over liquid-phase reaction: 1)
no organic solvent is used during the silanization process and does not generate waste,
meaning that this approach is safer for the operator and the environment; 2) it is simple (one
step process)®; 3) less reagent is used for the process; 4) multilayers are less likely to be
formed; 5) the monolayers formed are highly oriented and have typically higher-order and
quality*9:51,

Unlike any of our previous studies304344 we chose to test the performance of two different
organosilanes: trichloro(3,3,3-trifluoropropyl)silane (TCTFPS) and trichloromethylsilane
(TCMS). Both silane reagents are highly volatile, facilitating vapor-phase silanization
reactions without applying external heat. TCTFPS was selected based on previous
preliminary studies3?. We sought new reagents that will improve performance and enable
incineration of the modified paper without generating harmful gases. The absence of the
fluoro functional group in TCMS was attractive; plus, we anticipated the small methyl group
will offer a more uniform and densely packed hydrophobic layer, which can increase
extraction efficiency by reducing residual OH exposed at the paper surface after treatment.
Reaction time for both reagents was kept at < 4 h to ensure that only hydroxyl groups at the
surface of the paper are salinized, while leaving the OH groups located at the interior of the
paper unreacted30. For the purposes of comparison, untreated hydrophilic paper substrates
were also used for paper spray.

Figure 2 provides the results from PS-MS analysis of trenbolone and furosemide analytes
using untreated (0 min), TCTFPS and TCMS modified paper triangles, treated for 15, 30,
60, 120 and 240 min. The analytes were spiked into urine and the dried samples were
analyzed using ethyl acetate spray solvent. The results revealed 60 min TCMS treated paper
to be superior to untreated and TCTFPS treated paper substrates when trenbolone was
analyzed in the positive-ion mode (Figure 2a). Similar trend was observed in the negative-
ion mode during the analysis of furosemide (Figure 2b) except that untreated paper gave a
slightly better ion yield than TCTFPS treated paper. The optimum silane exposure time (60
min) observed here indicates that a more uniform monolayer of methyl groups at the paper
surface is essential for analyte elution and ionization from the treated paper substrate. Before
this optimum time, pockets of hydrophilic areas may remain in the paper and beyond the 60
min time, agglomerates may begin to form as opposed to monolayer coverage. Both effects
(insufficient coverage and agglomeration) may lead to surface heterogeneity that decreases
analytical performance. The higher overall ion signal derived from the TCMS treated paper,
when compared to TCTFPS, is attributed to the reduced size of the methyl group in TCMS,
which presents a smaller steric hindrance than the trifluoropropyl group in TCTFPS and thus
promoting a more effective reaction between the surface hydroxyl groups of the paper and
the TCMS reagent. The resultant TCMS treated paper has been determined to be more
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hydrophobic than TCTFPS treated paper (see Supporting Information, Table S2). Since
wetting of the aqueous-based urine sample is limited on the denser and more uniform
monolayer created by the methyl groups,>! the analyte become concentrated at a smaller
area in the paper and facilitates extraction and transport to the mass spectrometer#4.52,
Surface heterogeneity (or roughness) can facilitate wetting, which dilutes the analyte by
distributing the sample into larger area in the paper. The ion intensities recorded, in the
negative-ion mode, from both untreated and TCTFPS treated paper substrates were lower
when compared with TCMS treated paper for furosemide analyte (Figure 2b). This fact is
probably related to the reduced onset of electrical discharge on the relatively more
hydrophilic TCTFPS treated and untreated paper surfaces. Increased discharge is prevalent
from hydrophilic surfaces2’ especially in the presence of inorganic salts, which is known to
annihilate analyte signal in the negative-ion mode (discussed in detail later).

Optimization of ionization and ion transmission variables

Our initial optimization experiments involved the characterization of analytes in both
positive- and negative-ion modes. While positive-ion mode analysis of trenbolone (MIW/270
Da) and clenbuterol (MWW 276 Da) predominantly produced (M+H)* ions in high abundance
(Figures 3a and b), the ion signal in the negative-ion mode for furosemide (MIW/331 Da) and
hydrochlorothiazide (MWW/298 Da) was found to spread into many different ion types,
including (M-H)~, (M+ClI) ~ and fragments (Figures 3c and d). The structures of protonated
analytes were confirmed by tandem MS via multistage collision-induced dissociation (CID)
experiments. For example, protonated trenbolone precursor ion fragmented primarily
through the elimination of H,O to give a product ion at /7/z253. A competitive
fragmentation pathway involved the elimination of neutral ethanal (CH3CH=0; MI//44 Da)
to give m/z 227, which subsequently dissociated to yield fragment ion at /772199 via
ethylene (CH,=CH,; MW/ 28 Da) loss. Likewise, the structure of protonated clenbuterol was
characterized using CID tandem MS experiments in which the precursor ion at /7/z 277 also
fragmented via H,O to give the main ion peak at /7/z 259, followed by loss of an isobutylene
(MW'56 Da) to form the product ion at m/z203. The product-ion mass spectra for
protonated trenbolone and clenbuterol are shown as inserts in Figures 3a and b, respectively.
External calibration curves for trenbolone and clenbuterol were constructed by measuring
the intensity of the diagnostic ions m/z227 and 203, respectively.

The identity of the fragment ions observed during the full MS analysis of negative ions
derived from furosemide and hydrochlorothiazide were confirmed in MS/MS experiments.
For example, mass-selected gas-phase CID fragmentation of deprotonated furosemide ions
at m/z 329 yielded product ions at /m/z 285 via the loss of CO, (MW 44 Da), which in turn
dissociated by losing sulfonic amide (MIA/80 Da) to give ion at /7/2205. Competitive
dissociation involved m/z 329 — 249 via the loss of sulfonic amide directly from the (M-
H)~ ion. As can be observed in Figure 3c, these fragment ions were observed in the full MS
analysis indicating in-source fragmentation had occurred. Similar comparison between the
full mass spectrum and the MS/MS product-ion spectrum for hydrochlorothiazide recorded
in the negative-ion mode revealed in-source fragmentation was also prevalent for
hydrochlorothiazide (Figure 3d). Although the in-source fragmentations detected here can
enable structural characterization in a single-stage MS experiment, it is undesirable in
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quantitative analysis. Therefore, it was necessary to establish experimental conditions that
will enable the production of one major analyte species without significant in-source
fragmentation. This included the optimization of tube lens voltage and transfer capillary
temperature, and spray solvent and voltage.

Tube lens voltage and capillary temperature—Aside from in-source fragmentation,
CI~ adduction leading to (M+CI)~ formation was also observed for hydrochlorothiazide at
m/z 332 (Figure 3d). Chlorine ions are commonly present in biological samples such as
urine and blood, and when working in negative-ion mode can form adduct with organic
compounds, as observed for the hydrochlorothiazide. The deliberate CI~ adduct formation
has been used to improve the ionization of organic molecules in negative-ion mode®3-55,
Unfortunately, tandem MS tend not to give informative fragmentation patterns. In addition,
like in-source fragmentation, an adduct in mass spectra decreases the intensity of the
deprotonated ion impairing sensitivity of the analytical method3.

Therefore, the influence of tube lens voltage and capillary temperature on adduct formation
as well as in-source fragmentation were investigated using a central composite design. The
design matrix for furosemide and hydrochlorothiazide is described in Table S3. For
furosemide, the most important aspects were to avoid in-source fragmentation and to
increase the (M-H)~ ion intensity. The adduct intensity for furosemide was 100X lower
when a capillary temperature >200 °C was used. For the hydrochlorothiazide, the best
condition was obtained for a higher intensity of (M-H)™ and a lower intensity of the (M+ClI)
~. The in-source fragmentation was not investigated because ion dissociation was less
prevalent below 275 °C. As summarized in Figures S2a—d, capillary temperature of 250°C
and tube lens voltage of —120 V presented the highest intensity for (M-H)™ ions and lowest
intensity for the in-source fragmentation and chlorine adducts for both analytes. It was
determined that the capillary temperature is the most influential factor for the formation of
adducts; this is presumably because the temperature increases the internal energy of the
chloride adduct leading to the dissociation and formation of (M-H)™ and hydrochloric acid
as a byproduct®®. The tube lens voltage was found to be the most significant factor for
driving in-source fragmentation: decreasing tube lens voltage, in absolute value, accelerates
the ions in a region where the pressure is in the millibar range, allowing the ions to collide
with the residual gas molecules to give enough energy to induce fragmentation6.

After learning that the intensity of the deprotonated (M-H)~ ions is significantly dependent
on the capillary temperature and the tube lens voltage, we optimized these two parameters
for trenbolone and clenbuterol in the positive-ion mode. The design matrix for this study is
described in Table S4, where we identified capillary temperature of 240°C and tube lens
voltage of =100 V as the best parameters for high ion intensities in MS/MS product—ion data
collection for trenbolone and clenbuterol (Figure S2e,f).

Spray solvent and voltage—The binary mixture MeOH/H50 is the most common
solvent selected for bioanalysis when using PS. However, unlike the situation in the
traditional electrospray ionization, binary solvent mixture comprising of solvents with
different vapor pressures evaporate at different rates, which consequently cause changes in
solvent composition during analyte solubilization and ionization over a short time period®”’.
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One significant difference between positive- and negative-ion modes is spray stability. In
negative mode, stable spray is difficult to establish with a solvent mixture containing water;
the current is typically higher than for positive-ion mode and a glowing electrical discharge
that degrades ion signal are usually observed?’. The onset of discharge can contribute to in-
source fragmentation. Different studies have shown that hydrophobic surfaces are capable of
reducing corona discharge when using negative-ion mode31:58, When a pure organic solvent
is used, such as methanol, a stable Taylor cone and analyte signal could be obtained. Thus,
the spray solvent should preferably be a pure organic solvent to avoid electrical discharge
and must have three proprieties: suitable for electrospray, must have surface tension less than
that of the hydrophobic paper to allow wetting, and a good solubilizing power for the target
analytes30. Acetone, acetonitrile, ethyl acetate and methanol satisfy these criteria. Urine
samples spiked with trenbolone and furosemide were chosen to study the best spray solvent.
Ethyl acetate presented the best ionization enhancement for the analytes, followed by
acetonitrile and acetone. The ion intensities obtained when using ethyl acetate was 7X and
5X higher than that derived from acetonitrile, during the analysis of trenbolone and
furosemide in positive- and negative-ion modes, respectively. Methanol presented the
poorest intensity of all the solvents used (Figure 4).

During the paper spray analysis, solvent performance is influenced by different properties of
the solvent, such as surface tension, dielectric constant (or relative permittivity),
conductivity, and chemical properties. Ethyl acetate is weakly polar, it has a high eluent
strength (0.58) and immiscible in water, all permitting the efficient extraction of polar
organic compound while leaving behind inorganic salts present in the urine sample and in
the paper substrate. For instance, biological samples have a high concentration of inorganic
ions (e.g., Na*, K*, Ca%*, Mg2*, CI-, SO42~, CO3%~and PO43") and contain different polar
organic compounds (e.g., urea, creatinine, uric acid, citric acid, and lactic acid), which are
known to induce ionization suppression of the analytes. Such matrix interference not only
affect detectability but it can also affect the accuracy and precision of analytical
measurements®?. The eluent strength of a solvent to solubilize an ionic salt is dependent on
the dielectric constant. Solvents with higher dielectric constant can separate charges (or
ions) more effectively than a solvent with a smaller dielectric constant. Consequently,
solvents with lower dielectric constant, or lower relative permittivity, solubilizes fewer salts
and therefore, the intensity of the salt-induced ionization suppression is reduced31.60.61,
Ethyl acetate showed the best results because it has the lowest dielectric constant (Table S5),
decreasing ion suppression caused by inorganic salt and it is an aprotic solvent and less polar
than the other solvents, decreasing the suppression caused by highly polar compounds found
in urine. Acetonitrile was supposed to be the worst solvent for PS-MS since it has the
highest dielectric constant of all the organic solvents tested, but polarity also is an important
property in the solubilization/ionization step®0. Methanol is a protic solvent with the highest
polarity among all solvents tested; it presented the poorest performance because it has the
capacity to increase the salt and organic composition of the spray.

In addition to solvent optimization, we investigated the effect of spray voltage on ion yield
using trenbolone furosemide in positive- and negative-ion modes, respectively. The results
are summarized in Figure S3, in which voltages ranging from 1.5 to 5.0 kV were applied to
the paper triangle. The ion signal was strongly dependent on spray voltage. The optimized
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spray voltage was 2 kV for positive-ion mode and -2 kV for negative-ion mode. Lower ion
signals were observed for voltages less than +2 kV, while spray voltages higher than 5 kV in
negative-ion mode generate corona discharge2:63, producing highly unstable spray current
(> 7 uA)84 and no ion signal of interest was observed.

Direct detection of doping agents in urine samples

Determination of doping compounds is a highly demanding task. The most recent anti-
doping exercise reported by WADA showed that more than 320,000 samples were analyzed
in 2017, which represents ~7.1% increase from 2016; of these, 4,596 samples registered the
presence of various illicit compounds39. Unlike chromatographic methods, the paper spray
MS method reported here requires no sample preparation. In a typical experiment, we spiked
fresh urine samples separately with trenbolone, clenbuterol, furosemide, and
hydrochlorothiazide with concentrations ranging from 1 — 25,000 ng mL~1 (see Table S6 for
standard concentrations used for a specific analyte). A 6 pL aliquot of the samples were
deposited onto the hydrophobic paper treated with TCMS (60 min). After the samples were
dried, = 2 kV DC high voltage was applied to the paper triangle positioned in front of the
mass spectrometer. Concomitant application of 20 uL of ethyl acetate spray solvent allowed
MS/MS analysis of analyte for identification.

Calibration curves (Figure S4) were constructed for each analyte based on the absolute
analyte signal obtained in tandem MS experiments. Data were analyzed using the least
square method and analysis of variance (ANOVA) where we determined regression
equation, linear range, coefficient of determination and precision (Figure S6). The data
showed excellent linearity (R? > 0.997), acceptable precision (indicated by tight error bars,
Figure S4) and accuracy (RSD < 10%). Additionally, we further characterized the
quantitation capabilities of the method by performing quality control standard addition and
recovery experiments. The results from quality control standard addition and recovery
experiments suggest minimal matrix effects during the application of the proposed method
for the determination of selected doping agents®®. The results (Table 1) strongly support the
absence of uncontrolled experimental variations. The ANOVA analysis further demonstrated
linearity without lack-of-fit. These results suggest that anti-doping analysis can be achieved
effectively using PS-MS at a much faster speed than the conventional MS-based methods
that utilize prior separation step.

Limits of detection (LODs) and limits of quantification (LOQs) obtained using our proposed
PS-MS methodology are smaller (i.e., more sensitive) compared to required MRPL (Table
2), which is the performance level established by WADAZ0. As shown in Table 2, the
analytical merits derived from untreated hydrophilic paper substrate satisfied the WADA
requirement for only one of the tested compounds (hydrochlorothiazide; LOQ 3.44 ng mL
~1). Sensitivity (LOQ) for trenbolone recorded from hydrophilic paper was >100X above the
limits set by WADA. On the contrary, there was an obvious improvement in sensitivity and
detectability for all four compounds when hydrophobic paper was used. The LODs and
LOQs obtained for PS-MS utilizing treated hydrophobic paper were 2 orders of magnitude
lower for clenbuterol and hydrochlorothiazide and 3 orders of magnitude lower for
trenbolone and furosemide, when comparing to untreated hydrophilic paper, which achieved
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sub-ng mL~1 sensitivity levels. Once deposited onto the hydrophobic paper, the urine sample
bead and formed a spherical drop due to the reduced surface energy of the silanized paper
resulting in a limited wettability. After drying, the urine sample formed a concentrated
yellowish spot close to the tip of the hydrophobic paper triangle, with decreased analyte/
paper interaction. This prevented the penetration of the sample into the core of the fibrous
paper and facilitated analyte extraction and transfer to the mass spectrometer. In contrast, the
urine sample was completely absorbed into the hydrophilic paper when 6 pL was applied;
this effect increased strong interactions between the analyte(s) and the cellulose substrate,
decreasing analyte transfer to the gas-phase.

In Tables S7 and S8, we provide LOD/LOQ values (and sample preparation requirements)
for trenbolone, clenbuterol, furosemide and hydrochlorothiazide in urine samples as
determined by various different analytical methods. These included electrochemical®6,
spectrophotometric®” and fluorimetric88 methodologies, which are typically applied to
detect one substance or one class of substance in urine. That is, they are not capable of
detecting compounds from different classes of doping agents. Take hydrochlorothiazide
analysis as an example, LODs from voltammetry®6 and LC-Vis59 were 6 and 4 ng mL™1,
respectively, after sample was purified via centrifugation, filtration and dilution. For
furosemide, centrifugation followed by fluorescence analysis® yielded LOD 6 ng mL™1
whereas liquid-liquid extraction followed by UV-Vis analysis®’ afforded LOD 110 ng mL~1
(LOQ was 280 ng mL1). The most common analytical methods employed to analyze
doping agents are LC-MS and GC-MS. Highest reported sensitivities for
hydrochlorothiazide and furosemide are LOD 0.85 and 0.24 ng mL~1 from LC-MS14,
respectively, and LOD 50 ng mL~1 each from GC-MS20, These sensitivities were achievable
only with extensive sample preparation and clean-up steps such as, liquid-liquid
extraction1®70.71 and solid-phase extraction13:70:72_ In addition, analysis times can be long
(>3 h total). The PS-MS methodology presented here simplifies the instrumentation
requirements and reduces the time of analysis by combining sample collection, separation
and ionization in a single step. The observed detection levels of sub-ng mL=1 achieved
without any sample preparation, are comparable or even lower than LC-MS methods. The
recent study by Kasperkiewicz and co-authors’3 utilizing coated blade spray for
quantification of trenbolone and clenbuterol in urine samples is the only example of ambient
MS analysis of doping agents reported in the literature procedure, however, the associated
LOQs were higher than the MRPL although additional extraction steps are required in this
procedure.

Storage study

Paper substrate is one the efficient means of collecting, storing and transporting biofluids.
Though not as common as dried blood spot’#, paper-based urine collection kits are
commercially available for a variety of tests that is based on the analysis of dried urine spot
(DUS). To investigate the stability of selected doping agents in DUS samples, we spiked
urine separately with trenbolone (1 ug mL™1), clenbuterol (1 pg mL™1), furosemide (2.5 pg
mL~1) and hydrochlorothiazide (2.5 ug mL™1). Then, 6 pL aliquots of the spiked samples
were spotted on both TCMS treated hydrophobic and untreated hydrophilic paper substrates.
The DUS samples presents on the pre-cut paper triangles were stored under two different
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conditions: in ambient air at room temperature and at 4°C cold conditions. The stored
samples were analyzed daily in the first week, followed by a five-day analysis interval for a
maximum 25 days. The results of this stability studies are summarized in Figure 5, which
showed marked reduction in analytes stability for storage done at room temperature
compared to samples stored at 4°C. The larger decrease in ion signal at higher temperatures
is expected due to the accelerated degradation promoted by the elevated temperature.

Of all the analytes tested, hydrochlorothiazide exhibited better stability in DUS, where
>55% was still intact after 25-days of storage on both hydrophobic and hydrophilic paper
and under room temperature and cold conditions. While hydrochlorothiazide showed lower
degradation rates when stored on treated versus untreated paper substrates, we observed
higher stability for trenbolone, clenbuterol and furosemide in untreated hydrophilic paper
compared to hydrophobic paper. We ascribe this effect to the fact that urine samples stored
on treated paper are more exposed to the environment, since the resultant DUS rests at the
surface of the hydrophobic paper. Being non-viscous, urine samples dry as 2D disk. This is
contrary to blood samples which dry to yield 3D dried blood spheroids#3 due to its high
viscosity derived from the presence of erythrocytes, proteins and other macromolecules. In
this case, analytes present in the interior of the 3D dried blood spheroid prepared in the
hydrophobic paper are protected by critical radius of insulation by the cellular content#3. For
untreated paper, the non-viscous urine sample penetrates into the core of the paper where the
individual fibers of the cellulose paper substrate can serve to protect the labile analyte from
oxidative stress. It is important to point out that the degradation effect detected for treated
hydrophobic paper substrates is most pronounce under room temperature storage conditions.
Analyte stability can be restored by keeping the DUS samples present on the hydrophobic
paper at 4 °C. For example, 60% of clenbuterol was detected after the 25t day when stored
on hydrophobic paper and kept 4 °C compared with 5% when the same DUS sample was
left in the open air at room temperature. These results imply that DUS prepared on
hydrophobic can be used as a sample collection and storage platform for doping agents for at
least 25 days if preserved at 4°C. Considering the same degradation rate, samples with
concentration of MRPL can be detected by the proposed method. For untreated paper,
however, only samples containing hydrochlorothiazide with MRPL concentrations can be
detected after 25 days storage at 4°C.

CONCLUSIONS

In summary, we have demonstrated direct mass spectrometry method for screening doping
agents in raw urine samples using chemically treated paper. The hydrophobic paper
modified with TCMS allows a direct and highly sensitive detection of anabolic agents and
diuretics in urine samples. The proposed hydrophobic PS-MS methodology shows some
advantages over LC-MS and GC-MS platforms: 1) it integrates sample collection, separation
and ionization in a single stage, 2) it decreases the solvent consumption, waste production
and analysis time, and 3) no sample preparation, other than its deposition on the surface, is
required. Surface modification with trimethylsilane effectively reduces the analyte-paper
interactions to increase the analyte transfer to the mass spectrometer. The utilization of a
hydrophobic paper combined with a weakly polar ethyl acetate organic solvent increased salt
tolerance of the method, which in turn limited possible salt-induced discharge in the
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negative-ion mode as well as matrix effects. Collectively, these resulted in a more selective
extraction of target compounds, enabling sub-ng mL™1 sensitivities, which are significantly
lower than the World Anti-Doping Agency’s minimum required performance levels for the
tested compounds.
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Refer to Web version on PubMed Central for supplementary material.
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Hydrophobic
paper triangle

Figure 1.
Schematic representation of the paper spray mass spectrometry experimental setup

employed to analyze doping agents in raw urine samples.
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Optimization of paper treatment reagent and time. Absolute intensity of (a) 500 ng mL™1
trenbolone and (b) 12.5 pg mL~1 furosemide spiked in urine samples. Characteristic
fragments of protonated trenbolone (271 — 253) and deprotonated furosemide (329 — 285)
were used for analysis. Paper triangles were treated with TCMS (light gray) and TCTFPS

(red) for 15, 30, 60, 120 and 240 min.

JAm Soc Mass Spectrom. Author manuscript; available in PMC 2021 February 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Rossini et al.

100 1

Relative Abundance
[,
o

Page 20

[M-CO,-H]|
5

[M+H]" [M-HT
271 1007 (C) 329
ii50 253 4 o OH 100 S
m/z 329
miz 271 -1 H \
OH I 8 N\/Q I
- g AN
27 2 Il 205 249 329
Ll 1z =1 ° ° o,
0 Lelbeaentelics Al | o 5 200 250 30
160 180 200 220 240 260 280 300 2 -1
k]
7]
o

- 28
| [M-CSH4O£OZ-H]

0 -
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
m/z Mmﬁ_
+ -
[M+H] ( d) [ 296]
(b) 277
100 H
) 100 259 § cl N _
" N | m+ch
o OH miz 277 o ﬁ NH — 55
% 1@ il g 1 Hn—s Oésgo 100
g 50 @) .§ i g m/z 296
- 3 332 v
L5 - < 203 2= 50 1 o I
g™ , 25 | | 5 [M-HCN-H] 206
.2 - 180 200 220 240 260 280 300 2 h A 96
® % J1[M-SO,-HCN-H] 232
K T —~ 04 e . I
x o i 205 150 200 250 300
269
0 0 -MJL——;—»LJ W
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
miz m/z

Figure 3.
Positive-ion mode paper spray mass spectra recorded for (a) trenbolone and (b) clenbuterol,

and in negative-ion mode paper spray for (c) furosemide and (d) hydrochlorothizaide
prepared in MeOH:H,0 (1:1) using treated paper with trichloro(3,3,3-trifluoropropyl)silane
for 120 min. Inserts show CID MS? spectra and structures of the analytes.
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Optimization of spray solvent employed during the paper spray analysis. Absolute intensity

of 12.5 ug mL™1 furosemide (light gray) and 1000 ng mL~2 trenbolone spiked in urine
samples (red). Characteristic fragments of protonated trenbolone (271 — 253) and
deprotonated furosemide (329 — 285) were used for analysis.
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Stability of (a) trenbolone (TREN, 1 pg mL™1), (b) clenbuterol (CLEN, 1 pg mL™1), (c)
furosemide (FUR, 2.5 ug mL™1), and (d) hydrochlorothiazide (HCT, 2.5 pg mL™1) spiked in
urine samples deposited onto TCMS treated and untreated paper over 25 days stored under
room temperature and at 4°C. Error bars represent the standard deviations of analyses for
three replicates with independent paper triangles.
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Precision and recovery for trenbolone, clenbuterol, furosemide and hydrochlorothiazide in urine samples using

hydrophobic PS-MS.

Table 1.

Analyte Concentration (ng mL™1)  Precision (%) Recovery (%)

50 3.8 101+3

Trenbolone
500 6.3 99+3
50 4.4 101+2

Clenbuterol
500 3.9 97+2
2000 4.5 9% +1

Furosemide
12500 3.9 102 +3
2000 7.0 100+5

Hydrochloro-thiazide

12500 6.0 103 +3
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Table 2.

LODs and LOQs for trenbolone, clenbuterol, furosemide, and hydrochlorothiazide in urine samples using
hydrophobically treated paper and hydrophilic untreated paper.

LODs (LOQs) (ng mL’l)b

Analyte MRPL (ng mL)?
Treated hydrophobic paper  Untreated hydrophilic paper
Trenbolone 5 0.21 (0.42) 226 (576)
Clenbuterol 0.2 0.041 (0.076) 1.75 (4.24)
Furosemide 200 0.82 (1.65) 126 (321)
Hydrochlorothiazide 200 0.058 (0.12) 1.37 (3.44)

aMRPL = Minimum Required Performance Levels by wADAL0

LODs and LOQs were calculated using the slope from respective calibration curves using the intensity signal corresponding to (Splank + 3 *

oblank) and (Splank + 10 x oplank), respectively; where Splank is the average blank signal and o blank is the standard deviation of the signal
from ten replicates
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