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ABSTRACT: A hand-held laser diode thermal desorption electrospray ionization (LDTD-ESI) mass spectrometry (MS) method was
developed for rapid screening of illegal substances in solid samples. To
achieve that, a simple, inexpensive, battery-powered surgical laser
diode at 940 nm was employed to ablate the solid samples. The
potential of using a black polytetraﬂuoroethylene substrate to enhance
the analytes’ desorption to the gas phase was investigated and
demonstrated. Among the optimized ESI parameters, the solvent
(methanol/water, 50:50, v/v) and the ﬂow rate (50 μL h−1) were
critical to obtain the best sensitivity. The applicability was
demonstrated for the rapid identiﬁcation of selective androgen
receptor modulators (SARMs) in pills and powders based on accurate
mass measurements by time-of-ﬂight MS. Also, the hand-held LDTD-ESI was combined with a transportable single quadrupole MS.
The same SARMs samples were analyzed, and identiﬁcations were based on in-source cone voltage fragmentation patterns observed.
These initial results demonstrate the applicability of the developed simpliﬁed LDTD-ESI MS method for future on-site testing of
organic compounds in solid samples.

■

instance, desorption electrospray ionization (DESI),10 direct
analysis in real-time (DART),11 low temperature plasma
(LTP),12 laser ablation electrospray ionization (LAESI),13
paper spray (PS),14 and atmospheric solids analysis probe
(ASAP)15 are the main AIMS techniques employed. So far,
only a few studies reported ambient ionization of food
contaminants and drug analysis with a (trans)portable MS
system.16−19 For on-site MS, vulnerable laser setups and heavy
gas cylinders should be avoided, whereas a small footprint, low
weight, and low power consumption are required.20 Also, the
technique should oﬀer robustness and acceptable analytical
performance for screening. The sample cleanup and
introduction into a ﬁeldable mass-spectrometer should be
fast, and also, nonexpert users should be capable of operating
them. Generally, gaseous samples can be introduced
straightforwardly, whereas liquid samples usually proceed
following dilution or liquid−liquid extraction of the targeted
compounds. In contrast, the analysis of solid samples requires
more laborious extraction procedures and cleanup steps.
Regardless, laser-based techniques are well established for

INTRODUCTION
Rapid and easy-to-perform methods for on-site analysis have a
bright future in forensic, environmental, and food analysis.1,2
On-site prescreening of samples for target compounds will
reduce the number of suspicious samples transported to the
laboratory for analysis and make control and monitoring
systems more eﬀective. Examples of successful prescreening are
by the use of portable and smartphone-based sensors such as
near-infrared (NIR) scanners with chemometrics for a
comprehensive characterization of the chemical composition
of milk tanks,3 portable hyphenated photonics sensors for
detecting food fraud in extra virgin olive oil,4 and oral ﬂuid
drug tests in recreational contexts.5 However, it is impossible
to diﬀerentiate between molecules of similar physicochemical
properties and structures by these spectrometric techniques
since the obtained spectra are not that speciﬁc. Lateral ﬂow
immunoassays (LFIAs), on the other hand, rely on
biorecognition and are employed to identify speciﬁc substances
such as antibiotic residues, mycotoxins, and multiplex allergens
in milk, cereals, and nuts, respectively.6−8 But LFIAs cannot
identify the substance because, depending on the crossreactivity proﬁle, similar compounds may yield a signal as well.
On-site mass spectrometry (MS) could solve these drawbacks
because of a much more speciﬁc spectrum, leading to direct
identiﬁcation of compounds.9
Ambient ionization mass spectrometry (AIMS) techniques
have been developed, oﬀering simpliﬁed sample preparation
and sample introduction protocols prior to analysis. For
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Scientiﬁc syringe pump purchased from Antec Leyden
(Zoeterwoude, The Netherlands). The source capillary voltage
was 4000 and 3500 V in positive ion and negative ion modes,
respectively, whereas the end plate oﬀset was 500 V. The
source drying gas and temperature were set at 0.1 L min−1 and
150 °C, respectively. The full scan mass spectra were obtained
over a mass range of m/z 100−600, at a resolution of 60,000
FWHM. A solution of methanol:water (50:50, v/v) with 0.1%
formic acid was used as electrospray solvent in positive ion
mode, whereas in negative ion mode, a solution of methanol:water (50:50, v/v) with 0.1% ammonia was employed at a
constant ﬂow rate of 50 μL h−1. The QTOF was calibrated
every day in both positive ion and negative ion modes using 10
mM sodium formate. Compass Data Analysis v4.4 software
(Bruker) was used to control the instrument setup and acquire
and process the MS data.
The LDTD-ESI setup was also combined with a transportable single quadrupole model Acquity QDa detector MS
system (Waters Corporation, Manchester, U.K.). Prior to use,
the instrument was slightly modiﬁed by taking out the ESI
source and changing the instrument settings, according to
Devereaux et al.24 The mass spectral data were acquired in full
scan in positive ion mode. A source capillary voltage of 4000 V
was applied to the ESI emitter, whereas the cone voltage was
held at 30 V and the source temperature at 150 °C. Instrument
control and analysis of MS data were carried out using Mass
Lynx v4.1 software (Waters). The home-built LDTD-ESI
source setup shown in Figure 1 is based on a nano-ESI emitter
to which at 90° a hand-held laser is positioned by hand. A
distance of 5 mm was set between the mass spectrometer inlet

sampling solid materials at atmospheric pressure, and mainly,
ultraviolet or infrared lasers have been used to desorb/ablate
the analyte from a solid sample surface.21,22 Most of the
commercially available lasers have a ﬁxed and precisely aligned
setup, hindering their applicability for on-site analysis.
Recently, Yung et al.23 reported the use of a hand-held diode
laser in combination with atmospheric pressure photoionization (APPI) for the solid sampling of plant and microbial
communities. This laser was developed for dental surgical
applications as a source of infrared radiation (940 nm) and
could be the breakthrough for analyzing solid samples in the
ﬁeld, enabling time and cost savings of analyses.
In this study, the potential of a hand-held diode laser
coupled to a high-resolution quadrupole time-of ﬂight
(QTOF) MS and a transportable quadrupole MS for on-site
fast screening of selective androgen receptor modulators
(SARMs) in solid samples is demonstrated. For this purpose,
the hand-held laser setup was optimized, and the most critical
working parameters were evaluated and are discussed.

■

EXPERIMENTAL SECTION
Chemicals. Methanol, acetonitrile, and water of UHPLC−
MS purity grade, as well as formic acid, ammonium formate,
ammonium acetate, and ammonium ﬂuoride, were supplied
from Actu-All Chemicals (Oss, The Netherlands). Ammonia
solution 25% and acetic acid (glacial) 100% were purchased
from Merck (Darmstadt, Germany). Microscope glass slides
(76 mm × 26 mm) were purchased from Thermo Fisher
Scientiﬁc (Waltham, MA, USA), and microscope glass slides
(76 mm × 26 mm) having 66 white polytetraﬂuoroethylene
(PTFE) printed spots 7.1 mm2 were purchased from Waters
Corporation (Milford, MA, USA). Nostik baking foil for black
PTFE slides was purchased from a local supermarket. Six
selective androgen receptor modulators (Figure S1) were used
as the model system for the optimization of LDTD-ESI
parameters. Analytical standards of andarine, ibutamoren,
ligandrol, ostarine, stenabolic, and testolone were purchased
from Selleck Chemicals (Houston, TX, USA). Individual stock
solutions (1000 mg L−1) were prepared in ethanol and stored
at −80 °C. Intermediate individual solutions (10 mg L−1) and
a standard mixture solution (1 mg L−1) containing all target
compounds were prepared monthly from stock standard
solutions by appropriate dilution in acetonitrile:water (50:50,
v/v). All these standard solutions were stored at 4 °C until
their use. Only 2 μL of a standard solution (1 mg L−1) in
acetonitrile:water (50:50, v/v) was spotted on the substrate
slides for all compounds.
Instrumentation. A hand-held diode laser (100 g, 21 cm
long) designed for dental surgical applications (iLase, Biolase
Tech, Irvine, CA, USA) operating at 940 nm for sample
desorption and equipped with 1 h lifetime rechargeable
batteries was used in this study. The laser beam was directed
to the ablation zone via a disposable 400 μm ﬁber optic tip.
The peak power optical output was set at 3 W with an average
power density of 1 W. The device was operated in pseudo-CW
mode with a pulse length of 10 ms in which the pulse is 0.1 ms
on followed by 0.2 ms oﬀ. The ablation spot size was
approximately 1.5 mm2. The mass spectrometric analyses were
carried out using a Bruker Impact II QTOF mass spectrometer
(Bruker, Billerica, MA). The electrospray (ESI) source was
removed, and an ESI emitter supplied by Waters (Milford,
Massachusetts, USA) was placed in front of the MS-inlet.
Solvent to the ESI emitter was delivered using an external KD

Figure 1. (A) Transportable single quadrupole MS setup: (a1) handheld battery-powered hand-held 940 nm diode laser, (a2) black PFTE
substrate, (a3) nano-ESI emitter, and (a4) voltage supply. (B)
Exploded view of the MS entrance, tip of the laser, and ESI emitter:
(d1) distance between the mass spectrometer inlet and the spray tip,
(d2) distance from the portable laser tip to the sample surface, (d3)
distance from the sample surface to the mass spectrometer, and (d4)
distance from the laser tip to the sample cone.
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and the spray tip (d1) at an angle of 180°. Samples were
deposited onto the sample stage. The distance from the
portable laser tip to the sample surface (d2) was set as 15 mm,
with the distance from the sample surface to the mass
spectrometer (d3) set as 10 mm and the distance from the laser
tip to the sample cone (d4) set as 5 mm.
Samples. Samples were from in-house stock and were
previously checked to determine if they contained any SARMs.
In total, 10 samples were analyzed, from which four were pills
and six powder samples that could be used as an illegal growth
promotor in sports doping or animal husbandry. Direct
LDTD-ESI analysis of the samples was performed without
any sample pretreatment. Pills were analyzed directly from
both the outside and inside parts and as powders by placing
them directly onto the black PTFE substrate.
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Figure 2. Chronograms obtained by LDTD-ESI−HRMS: base peak
chronogram of a blank with (a) white PTFE substrate and (b) black
PTFE substrate and extracted ion chronogram of SARMs ostarine and
andarine spotted onto (c) white PTFE substrate and (d) black PTFE
substrate.

■

RESULTS AND DISCUSSION
Substrate Characterization. The hand-held laser employed in this work is a dental soft tissue laser designed for
surgical applications. It uses a solid-state laser diode as a source
of invisible infrared radiation (940 nm), and the energy is
delivered to the sample stage via a ﬁber optic tip assembly. The
energy generated by the laser’s infrared radiation may be
converted into heat on the surface of the sample stage, causing
analytes to be ablated by sublimation, ﬂash evaporation, or
even a pyrolysis mechanism. Subsequently, the ablated sample
material is extracted by the charged droplets from the nanoESI emitter. The sample surface/substrate is expected to have
an important role in the desorption/ablation process. A
wavelength of 2940 nm has been used by LAESI, whereby
vibrational transitions from the O−H bond of the water matrix
or the analyte itself are activated.13,25,26 However, at 940 nm,
the O−H bond is not absorbing the IR radiation, and thus, the
ablation must be supported by the type of material on the
sample stage. The solid surface characteristics, including its
chemical composition and texture, severely aﬀects the energy
transfer processes and, therefore, the desorption eﬃciency. In
this study, three diﬀerent surfaces were tested as substrates to
ablate and analyze the target compounds: glass, paper, and
PTFE (white and black). A low irreproducible signal was
observed using glass slides because the analytes’ distribution on
the surface was not focused following solution deposition. No
signal of the analytes was obtained from paper slides, probably
because the paper tends to absorb the spotted solution. From
the PTFE materials, the black PTFE surface showed the
highest signal intensity as well as the best signal stability.
The substrate’s color is important since it inﬂuences the
absorption of the emitted IR radiation and indirectly heats the
sample. PTFE surfaces with both white and black colors were
evaluated.
As can be observed in Figure 2a, the base peak chronogram
(BPC) of a blank solvent spot on the white PTFE substrate is
10 times lower than on the black PTFE (Figure 2b). White and
black PTFE substrates were also tested on two compounds of
interest; Figure 2c and d depict the extracted ion chronograms
(EIC) of ostarine (m/z 388.091) and andarine (m/z 440.107)
for both colors. The targeted compounds’ signal intensities
when using the black PTFE are 100 times higher compared to
the white PFTE. Being a black object, all wavelengths of light,
including the 940 nm infrared wavelength of our diode laser,
are absorbed and converted into heat. Hence, the PTFE ﬁlm
heats up rapidly, resulting in the analytes’ sublimation and
transfer to the gas phase followed by post-ESI ionization.

Therefore, we propose to classify the ionization mechanism as
LDTD-ESI.
LDTD-ESI−HRMS. The LDTD-ESI ionization process was
optimized with respect to the (i) electrospray process, (ii) laser
process, and (iii) geometrical LDTD-ESI parameters. Six
selective androgen receptor modulators were used as model
compounds to optimize the LDTD-ESI−HRMS working
conditions. Standard solutions of the target compounds (1
mg L−1) were deposited on black PTFE surfaces, and their full
scan mass spectra were recorded using both positive ion and
negative ion modes. Stenabolic, ligandrol, ibutamoren, and
testolone were ionized in positive ion mode showing the
protonated molecules [M+H]+, whereas ostarine and andarine
were ionized in negative ion mode yielding the deprotonated
molecule [M−H]− (Figure S3a, b). In the mass spectra of
standards, apart from the ions observed in the lower mass
region owing to the black PTFE substrate, no signiﬁcant
thermal fragmentation or adduct formation from the SARM
analytes was observed in any case.
Electrospray solvent composition has a crucial eﬀect on both
the ionization and transfer of the analytes to the mass
spectrometer.27,28 For instance, Nemes et al.13 proposed 50%
methanol acidiﬁed with 0.1% acetic acid to promote the
ionization of diﬀerent drugs in positive LDTD-ESI. Therefore,
diﬀerent solvent mixtures of methanol/water and acetonitrile/
water and the addition of modiﬁers such as formic acid or
acetic acid to promote the protonation of target compounds in
the positive ion mode and ammonia or ammonium salts
(NH4Fo, NH4Ac, and NH4F) to deprotonate in the negative
ion mode were evaluated. The solvent composition inﬂuences
the analytes ionization eﬃciency, and the highest signal
intensity was achieved using methanol/water with 0.1% of
ammonia (Figure 3a). This could be attributed to the higher
basicity compared to the ammonium formate, ammonium
acetate, and ammonium ﬂuoride salts. The organic solvent
composition was also compared between methanol/water and
acetonitrile/water mixtures, and the highest signal intensities
were obtained with methanol/water mixtures, probably due to
the higher solubility of the analytes in this composition, which
improves the transfer eﬃciency of the ablated analytes. The
organic solvent percentage on the ion signal intensity was also
studied using diﬀerent methanol/water mixtures (Figure 3b).
Both compounds showed similar behavior, and the ion signal
was the highest when the organic solvent content was equal to
the water content. Thus, the optimal solvent composition
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compounds commonly described as drugs of abuse in human
and animal sports, with the potential for misuse as growth
promoters in animal-based food production.29 As a response to
the potential illicit application of SARMs in sports doping or in
food production systems, the applicability of the developed
LDTD-ESI−HRMS method was evaluated by analyzing 10
samples. The powders of the samples were directly screened by
putting a small amount on the sample stage. The samples were
directly ablated without any pretreatment using the hand-held
laser. The obtained m/z values were assigned to SARMs
(within 5 ppm of the theoretical mass). Additionally, since
some of the samples were pills, they were also analyzed by
applying the laser directly on the outside and inside parts. No
signal was observed in the LDTD-ESI−HRMS spectrum for
either the outside or inside. However, identifying SARMs in
these samples was possible when the pills were powdered, and
the powder was put on the sample stage (Figure S5). This
experiment again emphasizes the necessity of the black PFTE
substrate to desorb the material. The power alone from the
laser is not enough for the desorption of compounds directly
from the pills themselves. The analyzed samples and the
identiﬁed selective androgen receptor modulators are listed in
Table S2. Figure 4 shows the LDTD-ESI−HRMS spectrum of
two positive samples where (a) stenabolic and (b) ostarine
were identiﬁed.

Figure 3. Eﬀect of the LDTD-ESI solvent additive (a) and the
percentage of methanol in the LDTD-ESI−HRMS signal for some
representative SARMs (b).

selected for negative ion mode studies was 0.1% ammonia in
methanol/water (50:50, v/v). For the positive ion mode,
methanol:water (50:50, v/v) with 0.1% of formic acid showed
the best eﬃciency to protonate the target compounds. The
solvent ﬂow rate also aﬀects the ionization of the analytes, and
thus, it was optimized using the previously selected solvent
composition. The ﬂow rate was tested from 30 to 500 μL h−1,
and it was observed that when using a ﬂow rate of 50 μL h−1
the signal of the targeted compounds was the highest (Figure
S4). As the ﬂow rate increased, the signal was decreasing until
the point that at 500 μL h−1 the signal intensity of the analytes
was negligible, probably due to the bigger droplet formation.
Thus, a solvent ﬂow rate of 50 μL h−1 was chosen as the
optimal working condition.
To optimize the laser parameters, 0.1% ammonia in
methanol/water (50:50, v/v) at 50 μL h−1 was used as the
ESI solvent. The 11 preprogrammed settings available in the
hand-held laser (Table S1) that vary in peak power and pulse
models were evaluated. The power peak of the programs diﬀers
from 1.6 to 3.0 W, whereas the pulse models can be CP1, (0.1
ms on, followed by 0.2 ms oﬀ), CP2 (1.0 ms on followed by
1.0 ms oﬀ), or CW (continuous wave output). Among the
programs with a pulse model of CP2, the highest signal
intensity of the target compounds was obtained when the peak
power was 2W (program 2). A considerable improvement in
the analyte’s response was by changing the pulse length to CP1
and the power to 3 W. This program (program 1) was selected
as the optimal preprogrammed setting for the analysis of these
compounds. The LDTD-ESI geometrical parameters were
optimized by varying the ESI emitter’s distance to the inlet and
the portable laser position. Therefore, the spray tip’s distance
to the mass spectrometer (d1) was varied from 5 to 10 mm.
The highest signal responses in all cases were observed to be at
a distance of 5 mm. The distance from the portable laser tip to
the sample surface (d2) and mass spectrometer inlet (d3) was
optimized. The eﬀect of d2 and d3 on LDTD-ESI was evaluated
by modifying the distances (5−20 mm) and (10−20 mm),
respectively. The highest signal intensity was obtained when
the laser tip was 15 mm (180°) from the sample surface and 10
mm (90°) from the mass spectrometer.
LDTD-ESI−HRMS Screening of Samples. Selective
androgen receptor modulators (SARMs) are nonsteroidal

Figure 4. LDTD-ESI−HRMS full-scan spectrum obtained from
samples 1 (a) and 10 (b), containing stenabolic and ostarine,
respectively.

Proof of Principle of Hand-Held LDTD-ESI on a
Transportable MS System. The developed hand-held
LDTD-ESI source was also coupled to a transportable single
quadrupole mass spectrometer. This MS system can be easily
transported and is operational within 10 min after plugging it
into a power source30 (see Figure 1 for the experimental
setup). Four of the previously analyzed samples were ablated,
similar to the experiments on the HRMS. In these experiments,
the data acquisition was performed in full scan mode (m/z
120−500). For identiﬁcation, in-source fragmentation was
applied by increasing the cone voltage. The respective
standards were individually analyzed, and the tentative
fragment ions were assigned (Table 1).
The samples were analyzed in full scan mode applying 30 V
cone voltage (see an example in Figure 5a). In this sample,
stenabolic was identiﬁed, and its spectrum was compared with
its corresponding standard (Figure 5b). The obtained spectra,
including the chlorine isotope signals, are almost identical,
although in the real sample a sodium adduct is observed as
well. This could be due to the presence of the SARM as a
sodium salt in the sample and/or from excipients not present
in the analytical standard.
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obtained exact mass or spectra can identify individual
compounds; of course, MS/MS capabilities will further
contribute to the structure assignments. Moreover, the present
setup is compatible with any old or more recent ESI MS
system and is, as such, generic.

Table 1. LDTD-ESI−MS In-Source Fragmentation
Tentative Assignments for Studied SARMs
Sample

Cone (V)

m/z

Stenabolic

30

438
392
312
297
154
142
125

[M+H]+
[M+H−C2H6O]+
[M+H−C7H7Cl]+
[M+H−C5H3NO2S]+
[C8H9NCl]+
[C7H12NO2]+
[C7H6Cl]+

Ion Assigment

Testolone

30

394
376
350
282
223
172

[M+H]+
[M+H−H2O]+
[M+H−C2H4O]+
[M+H−C5H3NClO]+•
[M+H−C9H5N3O]+
[C9H6N3O]+

Ibutamoren

30

529
444
429
355
267
263
235

[M+H]+
[M+H−C4H7NO]+
[M+H−C4H8N2O]+
[M+H−C12H14O]+
[M+H−C14H18N2O3]+
[M+H−C13H18N2O2S]+
[M+H−C15H24N3O3]+

Ligandrol

40

339
319
239
220
199
149
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■

CONCLUSIONS
A hand-held diode laser ablation electrospray ionization MS
method has been successfully developed to screen solid
samples such as powders of illicit drugs rapidly. In contrast
to previous rather complex and expensive commercial LDTDESI setups, the present development features a simple
inexpensive battery-powered surgical laser diode at 940 nm
to ablate the samples combined with a nano-ESI emitter on
either a lab-based HRMS or a simple transportable MS system.
The applicability was demonstrated by the identiﬁcation of
SARMs (ostarine, ligandrol, testolone, stenabolic, and
ibutamoren) in real samples. Identiﬁcation of samples can be
performed based on in-source fragmentation patterns
observed. These initial results demonstrate the applicability
of the simpliﬁed LDTD-ESI-MS method for future on-site
analysis of organic compounds in solid samples.

■
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[M+H]
[M+H-HF]+
[M+H−C2H3F3O]+
[M+H−C2H3F4O]+•
[C9H6N2F3]+
[C8H6N2F]+

Table S-1: iLase 10 preprogrammed settings. Table S2:
Screening results by LDTD-ESI−HRMS. Figure S-1:
Chemical structures and chemical formula of the studied
SARMs. Figure S-2: LDTD-ESI−HRMS setup of the
laser ablation electrospray source with a batterypowered, hand-held, pseudo-CQ 940 nm diode laser.
Figure S-3: LDTD-ESI−HRMS full scan mass spectra of
a standard mixture with ligandrol and stenabolic in
positive ion mode and ostarine and andarine in negative
ion mode. Figure S-4: Eﬀect of the LDTD-ESI solvent
ﬂow rate on the LDTD-ESI−HRMS signal for some
representative SARMs. (PDF)
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