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� First use of DAPPI with Orbitrap MS

to analyze insect defense compounds

is shown.

� Defense secretion components were

detected in termite and stink bug

body extracts.

� Spatial distribution of the defense

compounds was mapped on insect

body surface.
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a b s t r a c t

Many insects use chemicals synthesized in exocrine glands and stored in reservoirs to protect them-

selves. Two chemically defended insects were used as models for the development of a new rapid

analytical method based on desorption atmospheric pressure photoionization-mass spectrometry

(DAPPI-MS). The distribution of defensive chemicals on the insect body surface was studied. Since these

chemicals are predominantly nonpolar, DAPPI was a suitable analytical method. Repeatability of DAPPI-

MS signals and effects related to non-planarity and roughness of samples were investigated using acrylic

sheets uniformly covered with an analyte. After that, analytical figures of merit of the technique were

determined. The spatial distribution of (E)-1-nitropentadec-1-ene, a toxic nitro compound synthesized

by soldiers of the termite Prorhinotermes simplex, was investigated. Then, the spatial distribution of the

unsaturated aldehydes (E)-hex-2-enal, (E)-4-oxohex-2-enal, (E)-oct-2-enal, (E,E)-deca-2,4-dienal and (E)-

dec-2-enal was monitored in the stink bug Graphosoma lineatum. Chemicals present on the body surface

were scanned along the median line of the insect from the head to the abdomen and vice versa,

employing either the MS or MS2 mode. In this fast and simple way, the opening of the frontal gland on

the frons of termite soldiers and the position of the frontal gland reservoir, extending deep into the

abdominal cavity, were localized. In the stink bug, the opening of the metathoracic scent glands (ostiole)

on the ventral side of the thorax as well as the gland reservoir in the median position under the ventral

surface of the anterior abdomen were detected and localized. The developed method has future pros-

pects in routine laboratory use in life sciences.
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1. Introduction

Many insects use chemicals synthesized in exocrine glands and

stored in reservoirs to protect themselves from predation or in-

fections. When threatened or irritated, they release their defensive

secretions to discourage or immobilize potential predators or

pathogens. Insect chemical warfare is based on structurally diverse

compounds, usually low-molecular-weight organic compounds

like aldehydes, esters, terpenes, phenols, quinones, various nitro-

gen and sulfur-containing compounds, or peptides and proteins

[1,2]. With the exception of the peptides and proteins used by

Hymenopterans in sting venoms, insect defense compounds are

commonly analyzed by gas chromatography-mass spectrometry.

The sample preparation methods are based on gland dissections

followed by extraction with organic solvents, or sampling with

solid-phase microextraction fibers [3,4]. When studying new insect

species, the production site of the defensive chemicals may not be

obvious. In such cases, mass spectrometry imaging (MSI) can be a

useful tool to localize the gland opening on the insect body and

characterize the defensive compounds. MSI encompasses several

techniques potentially suitable for this particular application,

including MALDI-MSI and emerging techniques based on ambient

ionization. MALDI-MSI featuring high lateral resolution [5,6] has

become a mature technology for visualizing the spatial distribution

of compounds in flat samples, typically tissue sections [7]. Unlike to

planar objects, MALDI-MSI of non-planar samples (e.g. insects) still

remains a challenging approach [8,9]. Vacuum in the ion source

causes dehydration, which may induce deformation and

morphology changes of insect specimen, and volatile compounds

are easily lost. Variable thickness of the sample leads to different

electric charging and discharging effects associated with dissipa-

tion of photoelectrons, which induces mass shifts on axial in-

struments [9]. Non-laser ambient ionization MSI methods have

lower lateral resolutions, but they offer other attractive features for

imaging of insects. Atmospheric pressure maintained during the

ionization process ensures morphological stability of the samples,

and low spontaneous vaporization of volatile compounds. Sample

preparation is faster, because time-consuming matrix deposition is

not needed.

Among the ambient ionization mass spectrometry techniques

desorption atmospheric pressure photoionization (DAPPI) [10]

provides high ionization efficiency not only for polar, but also for

nonpolar compounds, whereas the most commonly used desorp-

tion electrospray ionization is suitable only for polar and ionic

compounds. Considering the nonpolar characters of the insect de-

fense compounds, their distribution on the insect cuticle can be

followed by DAPPI mass spectrometry. The key part of the DAPPI

setup is an electrically heated nebulizer microchip [11], which is

used as a source for a hot confined jet of solvent vapor. The

mechanisms of desorption and ionization of the analytes are

considered to be thermal desorption and photoionization [12,13].

Thermal desorption is promoted by the high temperature of the jet

[14]. Photoionization is enhanced by the presence of a solvent with

ionization energy below the energy of the photons emitted by a

vacuum ultraviolet lamp. DAPPI has previously been employed in

the analyses of pesticides [15], polyaromatic hydrocarbons [15],

street market confiscated drugs [16] and cannabis samples [17].

DAPPI has also been applied for MSI of parched leaves of Salvia [18].

The spatial distribution of small molecules like tocopherol and

carnosol was visualized using high resolution mass spectrometry

with lateral resolution of about 1000 mm.

Termites and stink bugs are goodmodels for the development of

the DAPPI-MSI method for the localization of defensive glands.

Termite soldiers have evolved a unique exocrine organ, the frontal

gland, storing the defensive secretion [19]. This is also the case of

Prorhinotermes simplex (Hagen, 1858) (Isoptera, Rhinotermitidae), a

species with a very populous soldier caste [20]. The frontal gland is

a sac-like organ opening through the frontal pore (fontanelle) on

the frons of the soldiers. Its reservoir is among the largest in all

termites and extends up to the posterior abdomen. The gland

produces and stores (E)-1-nitropentadec-1-ene and other compo-

nents. The anatomy and chemistry of the frontal gland of this

species and the biosynthesis of the nitro compounds in the soldiers

have been described previously [19e24]. The striped stink bug

Graphosoma lineatum (Linnaeus,1758) (Heteroptera, Pentatomidae)

is a cosmopolitan species that feeds on umbelliferous plants such as

parsley and coriander. The metathoracic scent glands and their

reservoirs are located in the posterior part of the thorax and

anterior abdomen [25,26]. They produce a complexmultifunctional

secretion used in defense as well as in intraspecific communication,

i.e. as alarm, aggregation and sex pheromones [27]. Scent gland

secretion consists of alkenals, alkadienals, oxoalkenals, acetates,

alkanes, alkenes, furanes and other components [4]. The chemical

composition has been previously studied by means of GC-FID [3]

and GCeMS [4,25,28,29].

The aim of this study is to develop a rapid analytical technique

which would make it possible to localize secretory gland openings

on the insect body surface and characterize the compounds of the

secretion using a method combining DAPPI-MS with a software-

controlled moveable motorized sample holder. For this purpose,

we used termite soldiers and adult stink bugs to map the spatial

distribution of selected analytes, known to be produced by these

insects. The analytical figures of merit were determined for defense

compounds and effects of the surface morphology on the signals

were studied.

2. Experimental

2.1. Chemicals and materials

The solvents and the standards of defensive compounds, i.e.

acetone (�99.8% Chromasolv® for HPLC, gradient grade), methanol

(LC-MS Chromasolv®, gradient grade), (E)-hex-2-enal, (E)-oct-2-

enal, (E,E)-deca-2,4-dienal, (E)-dec-2-enal, (E)-undec-2-enal and

verapamil hydrochloride (99%), were purchased from Sigma-

eAldrich (St. Louis, MO, USA). (E)-1-Nitropentadec-1-ene was

synthesized according to the previously published procedure [24].

The standards, extracts and isolated gland secretions were des-

orbed from a PTFE film (a thickness of 0.25 mm) supplied by Vink

Finland (Kerava, Finland). The experiments studying signal

repeatability and effects of the sample roughness were performed

with 4-mm thick acrylic sheets Perspex XT Extruded (Perspex,

Blackburn, Great Britain), either plain or modified by engraving

regularly spaced channels (Fig. S11). The channels were created

using a Laser engraver 8015 Rayjet 50 (Trotec Laser GmbH,

Marchtrenk, Austria; for 300 mm-channels) and a TOS FN 20milling

machine (TOS, �Cel�akovice, Czech Republic; for 400, 800, 1200 and

1600 mm-channels). Insect specimens were fixed on glass micro-

scope slides (Waldemar Knittel Glasbearbeitungs, Braunschweig,

Germany) using a Kores Aqua correction fluid (Kores, Vienna,

Austria), see Fig. S1.

2.2. Samples

The soldiers of the termite Prorhinotermes simplex (Isoptera,

Rhinotermitidae) originated from a mature laboratory colony

(collected in Soroa, Pi~nar del Rio, Cuba, in 1964); they were kept in

permanent darkness at 26 ± 1 �C and elevated humidity (>85%).

The adult stink bugs Graphosoma lineatum (Hemiptera, Pentato-

midae) were collected near Prague, Czech Republic. They were
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reared on wild chervil seeds and tap water in plastic containers at

25 ± 2 �C under a 16:8 photoperiod. Prior to the analysis, the insect

specimens were killed by freezing (for 30 min at �18 �C), fixed on

the glass slides using the correction fluid and positioned into the

ion source. The dorsal body surface in P. simplex (the body length of

~6 mm including mandibles) and the ventral body surface in

G. lineatum (the body length of ~10 mm; the bug's legs had been

removed for easier accessibility of the surface) were examined. The

body surface was scanned with the DAPPI vapor jet along the me-

dian line from the head to the tip of the abdomen, plus 2 mm on

both ends. Thereby the entire measured distance was 10 mm in

P. simplex and 14 mm in G. lineatum.

Body extracts were obtained after immersing the insect speci-

mens (killed by freezing) in acetone (100 mL) for 15 min at room

temperature. 1-mL aliquots were sampled on a PTFE film, and the

solvent was left to evaporate at room temperature. The isolated

frontal gland secretion of P. simplex soldiers was obtained from

decapitated soldiers, and the secretion emerging from the frontal

gland reservoir at the cervical section was collected into 5-mL glass

capillaries. The secretion was diluted with acetone (100 mL). The

aliquots (1 mL) were sampled on a PTFE film and the solvent was left

to evaporate.

The standard methanol solutions of (E)-1-nitropentadec-1-ene

(0.010, 0.10, 0.25, 0.50, 1.0, 2.5, 3.3, 5.0 and 10.0 mL mL�1),

(E)-hex-2-enal (0.33, 3.3 and 33 mL mL�1), (E)-oct-2-enal (0.33, 3.3

and 33 mL mL�1), (E,E)-deca-2,4-dienal (0.33, 3.3 and 33 mL mL�1),

(E)-dec-2-enal (0.010, 0.10, 0.25, 0.33, 0.50, 1.0, 2.5, 3.3, 5.0, 10 and

33 mL mL�1), (E)-undec-2-enal (0.33, 3.3 and 33 mL mL�1) and

verapamil hydrochloride (0.010, 0.10, 0.25, 0.50, 1.0, 2.5, 5.0, 10,

5000 and 10 000 mg mL�1) were prepared. The aliquots (1 mL) were

sampled on a PTFE film and the solvent was left to evaporate at

room temperature.

The acrylic sheets (both plain andwith engraved channels) were

uniformly coatedwith verapamil hydrochloride using a commercial

airbrush Fengda BD-207 (Zittau, Germany) with a 0.3 mm diameter

sprayer. Methanol solution of verapamil hydrochloride

(10 mg mL�1) was sprayed from a distance of 150 mm to form 6

coats with waiting time about 20 s between consecutive sprays.

2.3. MS instrumentation

The mass spectra were acquired using an LTQ Orbitrap XL mass

spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). The ion-

source-heated capillary was replaced with a straight extended

capillary from Prosolia Inc. (Indianapolis, IN, USA). The capillary

protruded by 25 mm from the fixing nut into the source and its

temperaturewas set to 350 �C. Capillary and tube lens voltages were

7 and 45 V, respectively, in the positive ion mode and �50

and�150V, respectively, in the negative ionmode. Themass spectra

were recorded in them/z ranges of 50e300 (P. simplex analysis) and

m/z 50e200 (G. lineatum analysis). The CID MS2 spectra were

collected with an isolation width of 1.5 mass units, and normalized

collision energy of 15e35 %. The exact masses were acquired with

Orbitrap at a resolution of 15 000. The data were processed using

Xcalibur software (Thermo Fisher Scientific, San Jose, CA, USA).

2.4. DAPPI setup

The commercial ion source was replaced by an in-house built

source consisting of a sample holder with a motorized stage

moveable in x-y directions (0e48 mm in x, 0e25 mm in y) (Fig. 1;

Fig. S2). The stage moved through two stepper motors with trap-

ezoidal screws from CD drives. An external controller provided

switching pulses for commutation. The stepper motors were

operated in an open-loop configuration and the initial position in

both directions was detected by a photogate sensor. A control unit

with an Arduino board based on the ATmega328Pwas connected to

a PC with custom-made software for the stage movement and data

acquisition synchronization. The position of the microchip [11] was

adjusted with a MX10R 4-axis miniature micromanipulator (Sis-

kiyou Corporation, Grants Pass, OR, USA). Nebulizer gas (nitrogen

from liquid nitrogen, Messer) was introduced to the microchip and

heated in themeandering channel. The chip heater was powered by

the ISO-TECH programmable power supply IPS-603 (North-

amptonshire, Great Britain). Spray solvent (acetone) was delivered

by a syringe pump Harvard apparatus 11 plus (Holliston, USA),

introduced to the microchip through a silica capillary, vaporized

and mixed with preheated nebulizer gas in the microchip nebu-

lizing channel. The microchip parameters were as follows: a

nebulizer gas flow rate of 180 mLmin�1, a spray solvent flow rate of

10 mL min�1 and the microchip heater power of 2.4 W (effective jet

temperature z 120 �C) in the case of the standards, extracts and

isolated gland secretions, 1.2 W (effective jet temperaturez 80 �C)

in the case of P. simplex, and 4.5 W (effective jet

temperature z 200 �C) in the case of G. lineatum. Contact tem-

perature measurements to determine the effective jet temperature

were done on the impact area of the hot solvent jet from a PTFE film

by digital infrared thermometer IR 1200-50D USB (Voltcraft, Hir-

schau, Germany). The microchip nozzle was set to approximately

2 mm above the sample (a in Fig. 1). The jet was aimed at the

sampling surface at approximately 1 mm from the MS inlet capil-

lary extension (b in Fig. 1) and the spray angle was approximately

45�. The low-pressure discharge krypton photoionization RF-

excited VUV lamp PKR 106, 58 mm � 12.7 mm (10.0 and 10.6 eV,

Heraeus Noblelight, Hanau, Germany) powered by MANSON SDP-

2405 (Kwai Chung, N.T., Hong Kong), was aligned orthogonally to

the sample stage. The remote control software of the ion-source

moveable motorized sample holder allowed collecting data as a

line scan across the sample. The velocity of themoveable motorized

sample holder was set to 0.1 mm s�1. Verapamil hydrochloride or

(E)-1-nitropentadec-1-ene solutions were used to determine the

sensitivity/functionality of the ion source in the positive and

negative ion modes, respectively, as the very first step of the

analysis procedures. The absence of the signals of these molecules

was subsequently verified to avoid cross-contamination.

In order to determine the lateral resolution of our DAPPI setup,

patterns with known dimensions (the width of the individual lines

was 200 mm) and spacing (500e1500 mm) were printed and

analyzed. The minimal distance between two lines that produced

two distinctly separated peaks in MS profiles was 700 mm.
Fig. 1. Scheme of the DAPPI setup. a: Distance between the microchip nozzle and the

sample. b: Distance between the spray jet and the MS inlet capillary extension.
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2.5. Analytical figures of merit

Methanol solutions of (E)-dec-2-enal, (E)-1-nitropentadec-1-

ene and verapamil hydrochloride were sampled (1 ml) on a PTFE

film and the solvent was left to evaporate at room temperature.

Data were collected as a line scan across the sample spots and the

signal intensities were averaged from 4 measurements. Calibration

curves were constructed and a linear regression was used to

calculate coefficients of determination (R2). Limits of detection

(LODs) were estimated as the lowest concentrationwhich provided

reliably detectable signal. Signal-to noise ratio S/N¼ 3 was used for

(E)-dec-2-enal. In case of (E)-1-nitropentadec-1-ene and verapamil

hydrochloride there was no detectable noise signal in high-

resolution data with isolation window of 20 mmu, and therefore

the signal was considered to be reliably detected at concentration

showing signal at least in 3 out of 4 measurements. The volume

concentrations were recalculated to surface concentrations

(amount of the analyte per surface area; ng mm�2) using sample

spot diameters read from the line scan data. For these calculations

simplifying assumptions were used, namely (i) circular shape of the

sample spots, (ii) uniform distribution of the analytes within the

spots and (iii) scanning the spots exactly across their centers.

3. Results and discussion

3.1. Defensive secretion components

The power of DAPPI-MS to ionize insect defense compoundswas

first tested using the standards of (E)-1-nitropentadec-1-ene and

unsaturated aldehydes. The DAPPI-MS spectra of (E)-1-

nitropentadec-1-ene (for the structure see Fig. 2) showed

[MþH]þ (m/z 256.2) and [M�H]e (m/z 254.2) ions in the positive

and negative ion modes, respectively (Fig. S3). The sensitivity in the

negative ion mode appeared to be higher, likely because of an easy

elimination of acidic hydrogens attached to double-bond carbons.

When subjected to CID in the linear ion trap, water was eliminated

from the deprotonated molecule (Fig. S4). The unsaturated alde-

hydes (E)-hex-2-enal, (E)-oct-2-enal, (E,E)-deca-2,4-dienal, (E)-

dec-2-enal and (E)-undec-2-enal (for structures see Fig. 2) provided

protonated molecules at m/z 99.1, 127.1, 153.1, 155.1 and 169.2,

respectively, in the positive ion mode (Fig. S5). The ion-trap CID

spectra demonstrated the elimination of water as the predominant

fragmentation process (Fig. S6). Aldehydes were not detectable in

the negative ion mode. These defense compounds were then

searched in the insect samples. As the aim of this work was to

analyze compounds directly on the insect cuticle, we investigated

whether or not other cuticular compounds, mostly hydrocarbons

and lipids, have an impact on the detection of the target analytes.

Therefore, we analyzed defensive compounds in the whole-body

extracts and also directly in the insect cuticle by focusing the hot

solvent jet on the gland opening. The opening of the termite frontal

Fig. 2. Structural formulas. 1: (E)-1-Nitropentadec-1-ene. 2: (E)-1-Nitroheptadec-1-

ene. 3: 2-Ethylfuran. 4: (E)-Hex-2-enal. 5: (E)-4-Oxohex-2-enal. 6: (E)-Oct-2-enal. 7:

(E,E)-Deca-2,4-dienal. 8: (E)-Dec-2-enal. 9: (E)-Undec-2-enal.

Fig. 3. (A) A DAPPI full-scan mass spectrum of a P. simplex soldier body extract in the negative ion mode. (B) A DAPPI full-scan mass spectrum of the gland opening (the site on the

body surface) of a P. simplex soldier in the negative ion mode. (C) A DAPPI full-scan mass spectrum of a G. lineatum body extract in the positive ion mode. (D) A DAPPI full-scan mass

spectrum of gland opening (the site on the body surface) of G. lineatum in the positive ion mode. 1: (E)-1-Nitropentadec-1-ene [M�H]e. 1a: (E)-1-Nitropentadec-1-ene

[MeHeH2O]
e. 3: 2-Ethylfuran [MþH]þ. 4: (E)-Hex-2-enal [MþH]þ. 5: (E)-4-Oxohex-2-enal [MþH]þ. 6: (E)-Oct-2-enal [MþH]þ. 7: (E,E)-Deca-2,4-dienal [MþH]þ. 8: (E)-Dec-2-

enal [MþH]þ. 8a: (E)-Dec-2-enal [MþHeH2O]
þ. 9: (E)-Undec-2-enal [MþH]þ.
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gland is localized on the dorsal surface of the head, whereas the

stink bug scent gland is on the ventral surface in the posterior part

of the thorax. Both the DAPPI-MS spectra of the body extracts

(Fig. 3A,C) and the spectra measured directly on the cuticle

(Fig. 3B,D) showed expected insect compounds, which indicated

capability of DAPPI-MS to detect defensive compounds straight

from the gland openings of the P. simplex soldier and G. lineatum.

Additionally, DAPPI-MS analysis of neat termite's frontal gland

secretion revealed presence of a minor defense component (E)-1-

nitroheptadec-1-ene (Fig. S7) described previously [21]. Apart

from the aldehydes, 2-ethylfuran [4] was detected in the

G. lineatum samples (Fig. 3C,D). A list of identified compounds and

high-resolution data are presented in Table 1.

The DAPPI-MS signals were found to rise linearly with

increasing surface concentrations of (E)-dec-2-enal and (E)-1-

nitropentadec-1-ene in the concentration ranges specified in

Table 2. The LOD values for (E)-dec-2-enal and (E)-1-nitropentadec-

1-ene were 44 and 5 ng mm�2, respectively (Table 2). As regards

insects, the surface concentrations of defensive compounds are

largely unknown. The total amount of (E)-1-nitropentadec-1-ene in

the frontal gland of P. simplex soldier has been reported to be ca

300 mg [21]. Verapamil hydrochloride used as a benchmark com-

pound showed predictably lower LOD than defense compounds

because it ionizes more readily (Table 2). The value determined

here (0.10 ng mm�2) was comparable to previous results (56 fmol,

i.e. 0.03 ng) reported by Haapala et al. [10].

3.2. Surface effects in DAPPI-MS

Ambient spray desorption techniques are known for limited

scan-to-scan repeatability and strong effects of geometrical

arrangement on the results. Obtaining reproducible results be-

comes even more challenging when the sample is not perfectly

planar and smooth. Insects are objects that are generally non-

planar. They possess segmented bodies supported by an exoskel-

eton and their surface shows great variety of morphologically

distinct features of various diameters. These features may affect the

signal intensities and generate a bias in profile data or mass images.

Therefore, several experiments described in detail in the

Supplementary data (pages S8eS12) were carried out to evaluate

the influence of the surface roughness.

Plain surface covered with verapamil hydrochloride and tilted

ca. 6� from the horizontal position (Fig. S9) was used to evaluate the

effect of a vertical distance between the sample surface and inlet

capillary. We found only small decrease of signal intensity for the

distances within 0e0.6 mm range, but significantly higher signal

drop for larger distances (Fig. S10). Therefore, features up to 0.6mm

away from the inlet capillary do not have a major effect on the

signal. The insect species investigated here are scanned along the

median line. When an ideal line is projected on the dorsal surface of

P. simplex soldier, the maximum distance between the body surface

and the ideal line is about 0.5 mm. It suggests that termite surface

along the medial line is not significantly different from a plane and

the data should not be biased. As for G. lineatum, maximum dis-

tance 1.8 mm was found at the abdominal tip, which indicated

significant decrease of the signal intensity. However, the scent

glands and their reservoirs are located in the posterior part of the

thorax and anterior abdomen, where the distance did not exceed

0.6 mm. The signal intensity in this area would not be significantly

affected by the sample-to-inlet distance. In the next experiment,

acrylic sheets with engraved channels (300e1600 mm wide) and

Table 1

List of the compounds identified in the body extracts of the insects.

Compound Measured m/z Mass

error

[ppm]

Identification

(E)-1-Nitropentadec-1-enea 254.2121 ([M�H]e) 2.6 Exact mass and MS2

against standard

(E)-1-Nitroheptadec-1-enea 282.2438 ([M�H]e) 3.6 Exact mass

2-Ethylfuranb 97.0647 ([MþH]þ) �0.9 Exact mass

(E)-Hex-2-enalb 99.0804 ([MþH]þ) �0.6 Exact mass and MS2

against standard

(E)-4-Oxohex-2-enalb 113.0597 ([MþH]þ) �0.1 Exact mass

(E)-Oct-2-enalb 127.1118 ([MþH]þ) 0.4 Exact mass and MS2

against standard

(E,E)-Deca-2,4-dienalb 153.1274 ([MþH]þ) 0.1 Exact mass and MS2

against standard

(E)-Dec-2-enalb 155.1430 ([MþH]þ) �0.2 Exact mass and MS2

against standard

(E)-Undec-2-enalb 169.1587 ([MþH]þ) �0.2 Exact mass and MS2

against standard

a P. simplex.
b G. lineatum.

Table 2

The analytical figures of merit for standard compounds deposited on a PTFE film.

Compound LOD

[ng mm�2]

Linear rangea

[ng mm�2]

R2

(E)-Dec-2-enal 44 44e4920 (7) 0.9854

(E)-1-Nitropentadec-1-ene 5 5e141 (4) 0.9782

Verapamil hydrochloride 0.1 0.1e3.6 (7) 0.9600

a The number of data points is indicated in brackets.

Fig. 4. Ion traces of (E)-1-nitropentadec-1-ene recorded along the median line of a

P. simplex soldier (the posterior side). fp: Frontal pore (fontanelle). r: Reservoir. (A)

Forward analysis (from the head to the abdomen). (B) Backward analysis (from the

abdomen to the head). The blue line: [M�H]e in the full-scan spectrum (m/z:

254.20e254.22). The red line: [MeHeH2O]
e in the MS2 spectrum (m/z:

236.19e236.21). The MS and MS2 spectra were acquired simultaneously.
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covered with a layer of verapamil hydrochloride were probed. We

found that the model morphological structures used in this

experiment indeed influenced the signal intensity (Fig. S12). The

surface structures on the insects thus also very likely affect

measured signals, but the extent of this effect is hard to predict

from the data available. Viewed along the median line, head, thorax

and abdomen separated from each other are the main morpho-

logical features on the dorsal surface of the termite, whereas

rostrum, coxae and abdominal sternites can easily be recognized on

the ventral surface of the sting bug. Considering dimensions and

shapes of these features and the lateral resolution of DAPPI-MS, the

effects of the morphological features on the analytes signals are not

likely to be very strong.

3.3. Spatial distribution of defensive compounds

In order to localize the exact position of the gland opening, we

monitored the spatial distribution of the defense secretion on the

insect surface, assuming that the highest signal comes from the

gland opening. As the model species (as well as many other insects)

have the glands located in the central part of the body, an MS

profiling along the median line of the specimens was used. We

monitored the ions providing prominent MS and MS2 signals in

both the positive and negative ion modes. The termite frontal gland

was monitored using the (E)-1-nitropentadec-1-ene ions [M�H]-

(MS) and [M�H�H2O]
- (MS2), whereas the stink bug gland opening

was visualized using the unsaturated aldehyde ions [MþH]þ (MS)

and [MþHeH2O]
þ (MS2). The microchip heater power was set

sufficiently high to ensure efficient desorption of the analytes, but

not so high as to cause damage to the insect cuticle. Inadequately

high temperature of the jet makes the gland content boil and burst,

causing a massive redistribution of the analytes on the insect sur-

face. Careful optimization of the experimental conditions is thus

very important. We finally used a microchip heater power of 1.2 W

(effective jet temperature z 80 �C) for the termite and 4.5 W

(effective jet temperature z 200 �C) for the stink bug with a more

heat-resistant cuticle. In order to verify that the defensive com-

pounds had not been significantly redistributed by the hot jet, we

performed ourmeasurements twice, from the head to the abdomen

(forward analysis), and vice versa (backward analysis). Each

experiment was performed with a new insect specimen and

smoothing was enabled in data post-processing.

The signal maxima of (E)-1-nitropentadec-1-ene appeared

approximately 2 mm from the tip of the termite mandibles (Fig. 4).

As for the G. lineatum, the signal maxima of the selected unsatu-

rated aldehydes were localized 4e5 mm from the head (Fig. 5;

Fig. S8). These distances matched very closely the real positions of

the gland openings on the insects. The signal intensities in the

profiles indicated concentration of analytes within their linear

dynamic ranges. The course of the profile peaks describing spatial

distributionwas not entirely smooth because of inherent DAPPI-MS

signal variability (see Supplementary data, page S8). The signal

stability was presumably also affected by the changing morphology

of the moving sample as well as by the spatial variability of the

concentrations of analytes and other components on the sample

surface. The signal maxima reliably indicated the positions of the

gland openings, but the defense compounds were usually detected

from a significantly wider area on the insect cuticle. The wider

distribution likely reflected the natural presence of the defense

compounds on the surface in the vicinity of the gland opening, but

carry-over of volatile analytes cannot be entirely excluded. As the

signals were also elevated in the areas of the gland reservoirs, we

assume it was caused by disruption of the cuticle. The lowering of

the jet temperature decreased the signal from these areas. We did

not attempt to perform experiments with living specimens because

the conditions used were not consistent with surviving of the

investigated insects. Nevertheless, measurement at lower temper-

atures could facilitate investigating living subjects of other species.

The localization of the gland openings in insects can be complicated

by their non-planarity. Fortunately, the surface along the median

line of insects is usually more or less flat, which makes the com-

pound profiling relatively easy in many cases. As evident from the

experiments described above, small change of the sample-to-inlet

distance does not affect signals significantly. However, for longer

distances (more than ca. 0.6 mm), the measured signal drops

significantly. For such objects the sample needs to be moved also

along the z axis to ensure an optimum geometry for each sampling

spot on the cuticle. Modifying the sample stage tomake it moveable

also in z direction is a topic of our upcoming research.

4. Conclusions

DAPPI combined with Orbitrap mass spectrometry was used for

the first time to detect non-polar compounds produced by insects.

A novel approach of localizing defensive gland openings in two

insect models, the termite Prorhinotermes simplex and the stink bug

Graphosoma lineatum, was developed. The compounds were

Fig. 5. Ion traces of unsaturated aldehydes recorded along the median line of

G. lineatum (the anterior side). o: Opening (ostiole). r: Reservoir. (A) Forward analysis

(from the head to the abdomen). (B) Backward analysis (from the abdomen to the

head). (A, B) [MþH]þ in the full-scan spectrum: the blue line: (E)-hex-2-enal (m/z:

99.07e99.09); the red line: (E)-4-oxohex-2-enal (m/z: 113.05e113.07); the green line:

(E)-oct-2-enal (m/z: 127.10e127.12); the violet line: (E,E)-deca-2,4-dienal (m/z:

153.12e153.14); the orange line: (E)-dec-2-enal (m/z: 155.13e155.15). The traces were

recorded simultaneously, for one specimen.
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profiled from the head to the abdomen and vice versa, employing

both MS and MS2 scans, to monitor their spatial distribution. The

most intense signals correctly indicated the position of the gland

openings and reservoirs in the insect models. The mapping of the

spatial distribution of selected chemicals in small biological objects

using DAPPI-MS and a motorized sample holder can also be utilized

for a variety of other applications in life science.
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Fig. S1. 

Photographs of the insect specimens fixed on the glass microscope slides with labelled gland 

openings (frontal pore and ostioles). (A) Soldier of the termite Prorhinotermes simplex. (B) 

Adult stink bug Graphosoma lineatum. 

 

 

 
 

Fig S2.  

Photograph of the in-house built DAPPI ion source with a software-controlled moveable 

motorized sample holder.  
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Fig. S3.  

DAPPI full scan mass spectra of (E)-1-nitropentadec-1-ene. (A) Positive ion mode. (B) 

Negative ion mode. 1: (E)-1-Nitropentadec-1-ene [M+H]
+
 (spectrum A); (E)-1-Nitropentadec-

1-ene [M–H]
–
 (spectrum B). 1a: (E)-1-Nitropentadec-1-ene [M+H–H2O]

+ 
(spectrum A); (E)-

1-Nitropentadec-1-ene [M–H–H2O]
– 

(spectrum B). 1 µL aliquots (3.3 µL·mL
–1

) were sampled 

on a PTFE film and the solvent (methanol) was left to evaporate at room temperature.  

 

 

 

 

 

Fig. S4.  

DAPPI ion trap CID MS
2
 of (E)-1-nitropentadec-1-ene in negative ion mode. 1: (E)-1-

Nitropentadec-1-ene [M–H]
–
. 1a: (E)-1-Nitropentadec-1-ene [M–H–H2O]

–
. 1 µL aliquots (3.3 

µL·mL
–1

) were sampled on a PTFE film and the solvent (methanol) was left to evaporate at 

room temperature. 
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Fig. S5.  

DAPPI full scan mass spectra of unsaturated aldehydes in positive ion mode. (A) 4: (E)-Hex-

2-enal [M+H]
+
. 4a: (E)-Hex-2-enal [M+H–H2O]

+
. (B) 6: (E)-Oct-2-enal [M+H]

+
. 6a: (E)-Oct-

2-enal [M+H–H2O]
+
. (C) 7: (E,E)-Deca-2,4-dienal [M+H]

+
. 7a: (E,E)-Deca-2,4-dienal 

[M+H–H2O]
+
. (D) 8: (E)-Dec-2-enal [M+H]

+
. 8a: (E)-Dec-2-enal [M+H–H2O]

+
. (E) 9: (E)-

Undec-2-enal [M+H]
+
. 9a: (E)-Undec-2-enal [M+H–H2O]

+
. 1 µL aliquots (3.3 µL·mL

–1
) were 

sampled on a PTFE film and the solvent (methanol) was left to evaporate at room 

temperature. 
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Fig. S6.  

DAPPI ion trap CID MS
2
 of unsaturated aldehydes in positive ion mode. (A) 4: (E)-Hex-2-

enal [M+H]
+
. 4a: (E)-Hex-2-enal [M+H–H2O]

+
. (B) 6: (E)-Oct-2-enal [M+H]

+
. 6a: (E)-Oct-2-

enal [M+H–H2O]
+
. (C) 7: (E,E)-Deca-2,4-dienal [M+H]

+
. 7a: (E,E)-Deca-2,4-dienal [M+H–

H2O]
+
. (D) 8: (E)-Dec-2-enal [M+H]

+
. 8a: (E)-Dec-2-enal [M+H–H2O]

+
. (E) 9: (E)-Undec-2-

enal [M+H]
+
. 9a: (E)-Undec-2-enal [M+H–H2O]

+
. 1 µL aliquots (3.3 µL·mL

–1
) were sampled 

on a PTFE film and the solvent (methanol) was left to evaporate at room temperature. 
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Fig. S7.  

DAPPI full scan mass spectrum of P. simplex soldier isolated frontal gland secretion in 

negative ion mode. 1: (E)-1-Nitropentadec-1-ene [M–H]
–
. 1a: (E)-1-Nitropentadec-1-ene [M–

H–H2O]
–
. 2: (E)-1-Nitroheptadec-1-ene [M–H]

–
. 2a: (E)-1-Nitroheptadec-1-ene [M–H–H2O]

–
. 
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Fig. S8.  

 

Ion traces of unsaturated aldehydes recorded along the median line of G. lineatum (the 

anterior side). o: Opening (ostiole). r: Reservoir. (A) Forward analysis (from the head to the 

abdomen). (B) Backward analysis (from the abdomen to the head). (A, B) [M+H–H2O]
-
 in the 

MS
2
 spectrum: the blue line: (E)-hex-2-enal (m/z: 81.06–81.08); the violet line: (E,E)-deca-

2,4-dienal (m/z: 135.11–135.13); the orange line: (E)-dec-2-enal (m/z: 137.12–137.14). The 

traces were recorded for different specimens. 
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Surface effects and signal repeatability experiments 

 

The experiments were performed with acrylic sheets coated with verapamil hydrochloride. 

For details see Experimental section in the paper. 

 

Signal repeatability 

 Plain surfaces covered with verapamil hydrochloride were positioned horizontally and 

scanned along a line for a distance of 16 mm. The records reconstructed for m/z 455.28 - 

455.30, each with more than 550 data points (scans), were used for calculating relative 

standard deviation (RSD). The RSD values were consistently between 50-60 %. The data 

were then smoothed using moving average, which replaces each data value with the average 

of neighboring values. The number of data points used in the smoothing algorithm (7 data 

points) corresponded to a distance of 240 µm, which was well below the estimated lateral 

resolution (700 µm; see Section 2.4 in the paper). The RSD values of smoothed data 

decreased to 20 %. The same smoothing was applied to all profiling data throughout this 

work. 

 

Sample-to-inlet vertical distance 

Plain surfaces covered with verapamil hydrochloride and tilted ca. 6 degrees 

from the horizontal position (Fig. S9) were used to evaluate the effect of distance between the 

sample surface and inlet capillary. The sheets were scanned along a line for a distance of 30 

mm, covering thus sample-to-inlet distance 0 - 3 mm. The profiles of m/z 455.28 - 455.30 

were consistent for repeated measurements and surprisingly showed three segments (Fig. 

S10). An optimal range to keep the distance within was found in the first segment (0–0.6 
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mm).The signal intensity decreased more rapidly in the second segment (0.6–1.2 mm) and 

rather slowly in the third segment (1.2–3.0 mm).  

 

 

 

Fig. S9.  

 

The experiment setup for evaluating the effect of distance between the sample surface and 

inlet capillary. 

 

 

 

Fig. S10.  

 

A graph of the signal intensity against the distance between the MS inlet capillary extension 

and the acrylic sheet coated with verapamil hydrochloride measured as shown in Fig. S9. The 

curve was averaged from 8 measurements. 
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Engraved channels profiling 
 

Acrylic sheets with engraved channels and covered with a layer of verapamil 

hydrochloride were probed to investigate the effects of surface roughness. Data were collected 

as a line scan (16 mm in length) across the channels. The channels in the sheets had square 

cross-sections (400 - 1600 µm), with the exception of those fabricated by a laser engraver 

having triangular cross-sections (300 µm) (Fig. S11). The ion profiles of verapamil 

hydrochloride recorded across the channels revealed repeated patterns for all channel 

dimensions (Fig. S12). Interestingly, the profiles did not simply reproduce the structures. For 

wider channels and structures (800, 1200 and 1600 µm; Fig. 5C-E) the recorded peaks were 

significantly narrower that the structures on the acrylic sheets. The explanation of the shape of 

the recorded profiles is not straightforward; we speculate that the analyte is efficiently 

removed by relatively wide spray jet during the measurement. Consequently, the analyte is 

almost gone at the time when the jet is approaching the rear edge of the structure; at this 

moment the signal quickly drops down, which makes the signal narrower than it would 

correspond to the structure width. It is important to note that even though the sample 

preparation was thoroughly optimized, we cannot completely ruled out effects connected with 

possible inhomogeneity of the verapamil hydrochloride layer. 
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Fig. S11. 

A photograph of acrylic sheets with engraved channels of various dimensions and spacing. 

The upper sheet (300 µm) was prepared with the use of laser engraver; the others were done 

with a milling machine.  
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Fig. S12. 

 

Ion traces of verapamil hydrochloride deposited on acrylic sheets with engraved channels. 

The channel profiles are shown in red. The channel widths: (A) 300 µm. (B) 400 µm. (C) 

800 µm. (D) 1200 µm. (E) 1600 µm.  
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ABSTRACT: Desorption atmospheric pressure photoioniza-
tion (DAPPI) allows surface analysis in the open atmosphere
and is thus an appropriate method for the direct coupling of
thin-layer chromatography (TLC) and mass spectrometry
(MS). Here, the capability of DAPPI-MS for ionizing and
detecting lipids, namely, cholesterol, triacylglycerols, 1,2-diol
diesters, wax esters, cholesteryl esters, and hydrocarbons, from
TLC and high-performance thin-layer chromatography
(HPTLC) plates in MS and MS2 modes was tested. Limits
of detection for lipid standards separated using normal-phase
(NP)-TLC and NP-HPTLC were established. TLC/DAPPI-
MS was applied for lipids of vernix caseosa, a white creamy
proteolipid biofilm that progressively coats the fetus during the
last trimester of the pregnancy, and plant oils including caraway, parsley, safflower, and jojoba oils. Various lipids were identified
by means of high resolution/accurate mass measurement of Orbitrap and comparison of the retardation factors with standards.
Lipid class separation was carried out on the NP-HPTLC plates, whereas individual triacylglycerol and wax ester species were
separated on the reversed-phase HPTLC plates. DAPPI-MS was found to be a simple, rapid, and efficient approach for detecting
lipids separated by TLC.

T hin-layer chromatography (TLC) is a simple, inexpensive,
and rapid separation method requiring little instrumenta-

tion. Although its separation performance is limited, TLC is
advantageously used for simple separations at the analytical or
preparative scale. The compounds separated by TLC can be
identified and quantified in many ways, using either off-line or
online detection. Off-line approaches are often laborious and
time-consuming and may cause chemical interferences during
the sample processing. Therefore, online (sometimes called in
situ or direct) detection methods are usually preferred.
Currently, various fluorescence and ultraviolet densitometric
systems are widely used, but their ability to elucidate chemical
structures of the detected compounds is rather poor. Therefore,
in the recent years, methods based on mass spectrometry (MS)
detection have been developed.1,2

Ionization techniques for in situ MS detection operate in a
vacuum or at atmospheric pressure.3,4 Vacuum-based techni-
ques include fast atom bombardment (FAB),5 liquid secondary
ion mass spectrometry (LSIMS),6 laser desorption/ionization,7

surface-assisted laser desorption/ionization (SALDI),8 and the
most frequently used matrix-assisted laser desorption/ioniza-
tion (MALDI). TLC coupled to vacuum MALDI-MS has been

used for the characterization of various organic compounds
including alkaloids, anesthetics, antibiotics, and cyanobacterial
toxins.9,10 All the techniques requiring vacuum encounter a
poor sensitivity for volatile and semivolatile compounds, and
the dimensions of the vacuum chamber may limit the size of the
TLC plates. MALDI operated at atmospheric pressure has also
been applied for the detection in TLC/MS.11 Regardless of the
pressure in the ion source, matrix ions may hinder analyte
detection in TLC/MALDI-MS. In automated elution techni-
ques carried out at atmospheric pressure, the analytes are
extracted from the adsorbent, and the extract is delivered to the
electrospray ionization (ESI)12,13 or atmospheric pressure
chemical ionization (APCI)14 source. The solvent selection is
often a compromise between the ability of the solvent to form a
stable liquid microjunction on the surface of interest, to extract
the desired analytes, and to generate and sustain a stable spray.
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In direct open air sampling/ionization-based techniques,15

no surface sampling elution device is needed, which reduces the
analysis time and simplifies the sample introduction. Two-step
techniques (i.e., the desorption and ionization are separate
events that occur in tandem), which use a pulsed laser for
desorption from TLC plates, include electrospray laser
desorption/ionization (ELDI),16 laser ablation-inductively
coupled plasma (LA-ICP),17 laser-induced acoustic desorption
electrospray ionization (LIAD-ESI),18 and plasma-assisted
multiwavelength laser desorption ionization (PAMLDI).19

Desorption electrospray ionization (DESI) is the most
common one-step ionization technique (ions are formed
during desorption). TLC/DESI-MS has been used, e.g., to
separate and monitor psychoactive drugs from porcine brain
extract,20 tryptic protein digests,21 or plant leaves.22 Easy
ambient sonic spray ionization (EASI) producing similar ions
to electrospray-based approaches has also been coupled to
TLC.23 In general, ESI-like techniques provide good sensitivity
for polar and ionic compounds, but the ionization efficiency can
be poor for nonpolar compounds. Other one-step techniques
like TLC/desorption atmospheric pressure chemical ionization
(DAPCI)-MS24 and TLC/direct analysis in real time (DART)-
MS25 are better suited for nonpolar compounds. To the best of
our knowledge, photoionization, an excellent tool for polar as
well as completely nonpolar compounds, has not been directly
coupled to TLC yet.
Desorption atmospheric pressure photoionization (DAPPI)

is an ambient ionization technique introduced in 2007.26 A key
part of the DAPPI instrumentation is an electrically heated
nebulizer microchip,27 which is used as a source of hot confined
jet of solvent vapor and nebulizing gas. The mechanism of
desorption in DAPPI is thermal, while the ionization is initiated
by photons emitted from a vacuum ultraviolet lamp.28 Thanks
to the photoionization, the DAPPI method covers a broad
range of analytes including nonpolar compounds that are
difficult to ionize by most ambient ionization techniques.
DAPPI has been used for numerous applications, among which
are the detection of fatty acids, triacylglycerols, vitamins, sterols,
and phospholipids from fish oil capsules,29 multivitamin
tablets,30 and cow milk,31 as well as the direct analysis of
cholesterol from a rat brain tissue section32 and defense
compounds from an insect surface.33 Although DAPPI has been
shown to be a potential method for the fast analysis of nonpolar
compounds, the absence of chromatographic separation in all
ambient MS methods, however, makes them prone to matrix
effects that may lead to significant background disturbances,
decreased sensitivity, and nonrobust analysis.
In this work, we introduce for the first time DAPPI-MS for

the detection of analytes separated on TLC plates (TLC/
DAPPI-MS). Since TLC/DAPPI-MS provides improved
specificity and high sensitivity for nonpolar compounds, the
feasibility of the method is studied for fast analysis particularly
of neutral lipids in complex samples using vernix caseosa and
different plant oils. Neutral lipids are important storage lipids in
animal and plant tissues, and they are widely associated with the
skin of mammals.34 In humans, they are found in sebum
produced by the sebaceous glands that protect and waterproof
hair and skin35 and also in vernix caseosa.36,37 Vernix caseosa is
a white, greasy biofilm, which covers large skin areas of the fetus
during the last trimester of the pregnancy. It protects neonatal
skin and often remains on the baby skin at birth.38 It is a
worthwhile task to disclose its composition in detail as vernix
caseosa exhibits wound healing,39 antibacterial,40 antioxidant,41

moisturizing,42 and waterproofing properties.43 Plant oils define
a large group of oils that are mostly made up of neutral lipids,
specifically triacylglycerols or wax esters, and that are obtained
from plant seeds, fruits, or leaves.

■ EXPERIMENTAL SECTION

Chemicals and Materials. Cholesterol, cholesteryl oleate,
1,3-dipalmitoyl-2-oleoyl-glycerol, palmityl oleate, squalene, and
2,3-oxidosqualene were purchased from Sigma-Aldrich (St.
Louis, MO, USA). 1,2-Dioleoyl-hexadecane-1,2-diol was
synthesized according to the previously published procedure.44

The standards of wax esters (99%; for their list, see the
Supporting Information) were purchased from Nu-Chek-Prep
(Elysian, MN, USA) or Sigma−Aldrich. Caraway, parsley,
safflower, and jojoba oils were from Solio (Fadd, Hungary).
Vernix caseosa was collected from the skin of a full-term
healthy female neonate immediately after spontaneous vaginal
delivery and stored at −25 °C in an amber glass vial. The
sample was collected with the informed parental consent, and
the work was approved by the Ethics Committee of the General
University Hospital, Prague, Czech Republic (910/09 S-IV).
Verapamil hydrochloride (≥99.0%; Sigma-Aldrich), ammo-

nium formate (≥99.0%; Fluka, Buchs, Switzerland), acetic acid,
and sulfuric acid (p.a., Lach-Ner, Neratovice, Czech Republic)
were used. Acetone (≥99.8% Chromasolv for HPLC, gradient
grade), acetonitrile (LC-MS Chromasolv, gradient grade),
hexane (≥97.0% Chromasolv for HPLC, gradient grade), and
methanol (LC-MS Chromasolv, gradient grade) from Sigma-
Aldrich were used as received; chloroform and diethyl ether
(both p.a., Penta, Chrudim, Czech Republic) were purified by
distillation. Chloroform was then stabilized by 1% ethanol.
The TLC/high-performance thin-layer chromatography

(HPTLC) plates were on a glass support: TLC silica gel 60
F254 MS-grade, 20 × 20 cm, layer thickness of 200 μm; HPTLC
silica gel 60 F254 MS-grade, 20 × 10 cm, layer thickness of 100
μm; HPTLC silica gel 60 RP-18, 20 × 10 cm, layer thickness of
175 μm, all from Merck KGaA (Darmstadt, Germany). The
plate dimensions were adjusted to 70 or 60 × 25 mm using a
glass plate cutter (CAMAG, Muttenz, Switzerland). PTFE film
(thickness of 0.25 mm) was supplied by Vink Finland (Kerava,
Finland).

Samples and Solutions. The stock solutions of the lipids
and verapamil hydrochloride (a marker of the TLC starting
line) were prepared in chloroform to form mixed (1000 μg·
mL−1 each) and individual standard solutions (2.5 mmol·L−1).
The solutions of the wax ester standards (0.5 mmol·L−1 each),
plant oils (100 mg·mL−1), and vernix caseosa lipids44 (100 mg·
mL−1) were prepared in chloroform.

Thin-Layer Chromatography. The sample solutions (0.5
μL) were applied by Nanomat 4 (CAMAG) on the starting line
of the TLC plate, and the solvent was left to evaporate at room
temperature. The TLC plate was then preconditioned for about
10 min in the Twin Trough chamber (CAMAG) and developed
using a linear (ascending) technique. Finally, the TLC plate was
dried under nitrogen and used for DAPPI-MS. The
densitometric analysis was carried out after spraying the TLC
plates with 10% sulfuric acid. The scanned images were
converted into chromatograms using ImageJ (U.S. National
Institutes of Health, Bethesda, Maryland, USA).

DAPPI-MS. The DAPPI mass spectra were acquired using
an LTQ Orbitrap XL mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA) with the DAPPI source mounted
on. The heated capillary in the ion-source was replaced by a
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straight extended ion transfer capillary from Prosolia (Indian-
apolis, IN, USA). The capillary protruded by 25 mm from the
fixing nut into the source, and its temperature was set to 340
°C. Capillary and tube lens voltages were 14 and 130 V,
respectively. The positive ion mass spectra were recorded in the
m/z range of 50−1000. The CID MS2 spectra were collected
using a linear ion trap with an isolation width of 1.5 mass units
and normalized collision energy of 20−25%. The spectra were
collected at a resolution of 30 000 and processed using Xcalibur
(Thermo Fisher Scientific).
The DAPPI source setup (Figure 1) with a motorized sample

holder that can be automatically moved in x−y directions and

the heated nebulizer microchip have been described else-
where.33,27 Nebulizer nitrogen gas (from liquid nitrogen,
Messer, Bad Soden, Germany) was introduced to the microchip
and heated in the meandering channel. The chip heater was
powered by the ISO-TECH programmable power supply IPS-
603 (Northamptonshire, Great Britain). Spray solvent
(acetone/chloroform/10 mM ammonium formate in acetone/
water: 75:25:1; v/v/v) was delivered by a syringe pump
(Harvard apparatus 11 plus, Holliston, USA), introduced to the
microchip through a silica capillary, vaporized, and mixed with
the preheated nebulizer gas. The microchip parameters were as

follows: the nebulizer gas flow rate was 180 mL·min−1, the
spray solvent flow rate was 20 μL·min−1, and the microchip
heating power was 6.5 W (the effective jet temperature
measured by a digital infrared thermometer IR 1200-50D USB
(Voltcraft, Hirschau, Germany) was approximately 240 °C).
The low-pressure discharge krypton photoionization RF-
excited VUV lamp PKR 106, 58 mm × 12.7 mm (10.0 and
10.6 eV, Heraeus Noblelight, Hanau, Germany) powered by
MANSON SDP-2405 (Kwai Chung, N.T., Hong Kong), was
aligned orthogonally to the sample stage. The remote control
software of the motorized sample holder allowed one to collect
data as a line scan across the sample. The TLC plate mounted
on the sample holder using a double-sided adhesive tape was
scanned from the starting line to the solvent front at a constant
speed over the spots along the line. The velocity of the
motorized sample holder was adjusted between 0.1 and 0.8
mm·s−1.

APPI-MS. The APPI mass spectra were acquired using a
LTQ Orbitrap XL mass spectrometer (Thermo Fisher
Scientific) equipped with a PhotoMate APPI source (Syagen
Technology, Tustin, CA, USA). Vaporizer and capillary
temperatures were set to 400 and 340 °C, respectively, and
capillary and tube lens voltages were 14 and 130 V, respectively.
The sheath, auxiliary, and sweep gases were set to 50, 10, and 5
au, respectively. The mobile phase composed of acetone/
chloroform/10 mM ammonium formate in acetone−water
(75:25:1; v/v/v) was delivered at 400 μL·min−1 (Rheos 2200
pump, Flux Instruments, Reinach, Switzerland), and it was
mixed in a tee piece with the sample solution pumped at 10 μL·
min−1 (Harvard apparatus 11 plus syringe pump) and
introduced into the ion source. The positive ion mass spectra
were recorded in the m/z range of 150−1000 with the
resolution of 30 000 and processed using Xcalibur (Thermo
Fisher Scientific).

■ RESULTS AND DISCUSSION

TLC/DAPPI-MS of Lipid Standards. The ability of DAPPI
to desorb and ionize cholesterol, 1,3-dipalmitoyl-2-oleoyl-
glycerol, 1,2-dioleoyl-hexadecane-1,2-diol, palmityl oleate,
cholesteryl oleate, and squalene (structures in Figure S-1)
from unprocessed normal-phase (NP)-HPTLC plates was

Figure 1. Scheme of the TLC/DAPPI-MS setup.

Table 1. Ions Observed in DAPPI Spectra of the Lipid Standards Desorbed from the NP-HPTLC Plate and LODs of the Lipid
Standards Separated on the NP-HPTLC and NP-TLC Plates

LOD [ng]; [pmol]

compound m/z (ion identity; relative intensity) NP-HPTLC NP-TLC

cholesterol 383.3 ([M − 3H]+; 100) 15; 39 15; 39

385.3 ([M − H]+; 54)

367.3 ([M − H − H2O]
+; 21)

1,3-dipalmitoyl-2-oleoyl-glycerol 577.5 ([M + H − C16:0]+; 100) 1000; 1200 1000; 1200

551.5 ([M + H − C18:1]+; 79)

850.8 ([M + NH4]
+; 22)

1,2-dioleoyl-hexadecane-1,2-diol 804.8 ([M + NH4]
+; 100) 400; 508 400; 508

505.5 ([M + H − C18:1]+; 99)

palmityl oleate 507.5 ([M + H]+; 100) 100; 197 100; 197

524.5 ([M + NH4]
+; 50)

283.3 ([M + H − C16H32]
+; 48)

cholesteryl oleate 369.4 ([M + H − C18:1]+; 100) 30; 46 25; 38

383.3 ([M + H − C18H36O]
+; 58)

squalene 409.4 ([M − H]+; 100) 45; 110 50; 122

411.4 ([M + H]+; 98)
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investigated first. The optimal spray position was as follows: the
microchip nozzle was ca. 2 mm above the sample (distance “a”
in Figure 1); the jet was aimed at the surface ca. 1 mm from the
MS inlet (distance “b” in Figure 1); the spray angle was ca. 45°.
The ion optics, capillary temperature, and capillary and tube
lens voltages were adjusted for sensitive detection of all the
analytes investigated. When compared to common DAPPI-MS
conditions, a relatively high microchip heating power (6.5 W;
effective jet temperature ≈ 240 °C) was required for efficient
desorption of large lipid molecules. Chloroform in the spray
solvent enhanced the desorption of lipids, and ammonium
formate ensured the formation of ammonium adducts of
species with low proton affinity. Besides protonated molecules
and ammonium adducts, ions created by hydride abstraction
and/or expectable fragments were observed (Table 1). A
control experiment with the UV lamp switched off showed a
drop in the background signal by ca. 2 orders of magnitude, and
no analyte ions were detected. Hence, the ions observed in the
DAPPI experiment were formed entirely by photoionization
processes. The DAPPI mass spectra of lipids desorbed from the
NP-HPTLC plates resembled those acquired from PTFE films,
but the analyte signals and signal-to-noise ratios were lower.
The reduced desorption of the analytes from the TLC plate can
be explained by strong adsorption properties of the silica gel. In
addition, the high porosity of the silica gel likely facilitated the
penetration of the analyte molecules deeper into the adsorbent
layer, thus making the analyte less accessible to the desorption
process. The thermal conductivity of the surface is another
parameter that affects the thermally driven desorption in
DAPPI.28 Nevertheless, both the silica gel (0.11−0.20 W·m−1·

K−1)45 and PTFE (0.25−0.27 W·m−1·K−1)46 are materials with
comparable thermal conductivities.
In the next step, the lipid standards were chromato-

graphically separated. The mobile phase containing 95% of
hexane, 5% of diethyl ether, and 1% of acetic acid turned out to
be the most suitable for separating the model lipids on silica
gel.47 Verapamil was strongly adsorbed, and its position did not
change after the chromatographic separation. It served as a
marker of the starting line in the MS data (verapamil peaks are

not shown in the figures for better lucidity). The velocity of the
TLC plate holder (i.e., scanning rate) in the DAPPI-MS
detection step was optimized for a sufficient number of data
points across the chromatographic peaks. The NP-HPTLC
plates with separated zones of 1,3-dipalmitoyl-2-oleoyl-glycerol
and palmityl oleate were scanned with the velocities of 0.1, 0.2,
0.4, or 0.8 mm·s−1. For the scan parameters used for DAPPI-
MS, the velocities corresponded to approximately 18, 9, 4, or 2
data points·mm−1. The optimum scanning velocity was found
to be 0.2 mm·s−1, which provided 16 data points for 1,3-
dipalmitoyl-2-oleoyl-glycerol and 25 data points for palmityl
oleate. Lower velocities resulted in unnecessarily long measure-
ment times, whereas higher velocities caused peak distortion
and thus described the chromatographic peaks inadequately. In
terms of sensitivity, no differences were observed in the analyte
peak heights (in absolute scale) within the studied velocities.
The chromatograms of a mixture of six lipid standards

separated on the NP-HPTLC and NP-TLC plates are shown in
Figure 2. The retention order was the same on both plates and
agreed with earlier reported data.47 However, different Rf values
were obtained with the different plates: apart from squalene,
the analytes migrated more slowly on the NP-TLC plate. In
agreement with the literature,47 palmityl oleate (violet line) and
cholesteryl oleate (blue line) partly overlapped in both systems
(chromatographic resolution RS = 0.45 for the NP-HPTLC
plate and RS = 0.41 for the NP-TLC plate). As a general rule,
detection should not significantly contribute to the band
broadening in chromatography. In DAPPI-MS, the vapor jet of
the microchip is highly confined with a constant diameter of ca.
1 mm, extending up to 14 mm from the nozzle.26 Therefore, we
assumed a negligible effect on the peak widths. It was indeed
confirmed by the control experiment with the TLC plates
sprayed by sulfuric acid and evaluated by densitometry. The
results showed no additional broadening of the zones detected
by DAPPI-MS. The average real plate number N′ calculated
(see Supporting Information) for NP-HPLTC and NP-TLC
plate was 3800 and 1100, respectively. Further assessment of
the DAPPI-MS detection of the analytes separated on NP-
HPTLC and NP-TLC plates was done based on limits of

Figure 2. Extracted ion chromatograms acquired by DAPPI-MS. TLC mobile phase: hexane/diethyl ether/acetic acid (95:5:1; v/v/v). Model lipid
mixture in MS mode from (A) the NP-HPTLC plate and (B) the NP-TLC plate. The black line: cholesterol [M − 3H]+. The red line: 1,3-
dipalmitoyl-2-oleoyl-glycerol [M + H − C16:0]+. The green line: 1,2-dioleoyl-hexadecane-1,2-diol [M + NH4]

+. The violet line: palmityl oleate [M +
H]+. The blue line: cholesteryl oleate [M + H − C18:1]+. The orange line: squalene [M − H]+. (C) Total lipid extract of vernix caseosa from the
NP-HPTLC plate in MS mode. The green line: first peak (Rf = 0.49), palmitoyl-oleoyl-docosane-1,2-diol [M + H − C16:0]+; second peak (Rf =
0.88), WE 40:2 [M + H]+. (D) Total lipid extract of vernix caseosa from the NP-HPTLC plate in MS2 mode. The orange line: squalene [M − H −

C13H24]
+ product ion. (I) 2,3-Oxidosqualene. (II) Unidentified compound.
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detection (LODs) that were ranging from 15 to 1000 ng (Table
1). The LODs were estimated as the lowest concentration that
provided a reliably detectable signal. Signal-to-noise ratios
could not be utilized, since there was no detectable noise in the
high-resolution data within the 20 mDa window used for
chromatogram reconstruction; therefore, the signal was
considered as reliably detected at a concentration showing a
signal in at least 3 out of 4 measurements. The LODs for two
different TLC plate types were virtually identical, but the values
differed significantly between the investigated lipids. The LOD
values in this analytical setup reflected (i) ionization efficiency
by APPI and (ii) desorption efficiency of the analytes from the
surface. To get an insight into these factors, direct-infusion
APPI-MS and TLC/DAPPI-MS data were compared.
The experiments were carried out with two homologous

series of wax esters. Equimolar solutions of saturated and
monounsaturated wax esters with 26−44 and 26−40 carbon
atoms, respectively, were infused into the APPI source. For
both series, the signal of [M + H]+ detected by APPI-MS
increased with the total number of carbons, i.e., with the
molecular weight of wax ester; however, the same compounds
exhibited completely opposite behavior when desorbed from
the TLC plate (Figure 3A,B). Clearly, the desorption efficiency

of the analytes from the TLC plate rapidly decreased with the
molecular weight (total number of carbons) of wax esters. This
effect was observed for both saturated and unsaturated wax
esters. An additional experiment with wax esters having 36
carbons and up to 4 double bonds confirmed increasing
ionization efficiencies with the number of double bonds. As
both APPI-MS and DAPPI-MS data showed similar sensitivity
dependence on the number of double bonds (Figure 3C), the
effect of the number of double bonds on the desorption
efficiency was considered small or negligible. Next, the APPI-
MS response was measured for lipid standards representing
various lipid classes. Briefly, the ionization efficiency (APPI-MS
response) increased as follows: squalene < palmityl oleate <
cholesterol < cholesteryl oleate < 1,2-dioleoyl-hexadecane-1,2-
diol < 1,3-dipalmitoyl-2-oleoyl-glycerol. This order did not
follow the LODs with TLC/DAPPI-MS reported in Table 1; in
fact, it was roughly opposite. Lipids with higher molecular
weight were efficiently detected by APPI-MS, but their high
LODs in TLC/DAPPI-MS suggested ineffective desorption
from the silica gel surface. Data from the experiments described
in this paragraph clearly demonstrate a crucial role of the
desorption step in TLC/DAPPI-MS, particularly for heavier
lipids. The desorption efficiency depends on both the spray jet
temperature and the chemical composition of the spray solvent;
therefore, these parameters need to be carefully optimized for
optimum results.
The sensitivity of DAPPI/MS for TLC separated compounds

is difficult to compare with other MS-based techniques because
of the scarcity of relevant literature data. Reported data mostly
regard polar lipids, which are less challenging analytes than
those investigated in this work.12,48 Depending on the
stationary phase, interface, and the ion source, the reported
LOD values for lipids are in the ng or pmol range. For instance,
detection limits of 5 and 50 ng have been determined for
sphingomyelin and phosphatidylglycerol, respectively, with
TLC/IR-MALDI-MS in the positive ion mode.48 The LODs
achieved for ganglioside and sulfatide with commercially
available elution-based TLC/ESI-MS interfaces were 10 and
20 pmol, respectively.12

TLC/DAPPI-MS of Vernix Caseosa Lipids. Next, the
TLC/DAPPI-MS method was applied to the analysis of vernix
caseosa lipids. The standards investigated in this work were
evaluated by using the total lipid extract separated on the NP-
HPTLC plate. The structures of the lipids were confirmed
using accurate masses in the full-scan spectra, the CID MS2

spectra, and the Rf values.
The total lipid extract of vernix caseosa showed signals for all

the investigated analytes, except for 1,2-dioleoyl-hexadecane-
1,2-diol (Figure 2C). This is not surprising, as this particular
1,2-diol diester has not been reported to be present in vernix
caseosa.44 One of the most abundant molecular species of 1,2-
diol diesters in vernix caseosa is palmitoyl-oleoyl-docosane-1,2-
diol,44 which was also successfully detected by TLC/DAPPI-
MS (Figure 2C, green line; Rf = 0.49). The extracted ion
chromatogram for palmitoyl-oleoyl-docosane-1,2-diol (green
line) displayed also a second peak (Rf = 0.88), which
corresponded to a wax ester WE 40:2. The elemental
compositions of the detected ions ([M + H − C16:0]+ for
1,2-diol diester and [M + H]+ for wax ester) were identical. The
squalene trace (orange line) showed two additional weak
signals approximately in the middle (Rf = 0.48) and near the
front (Rf = 0.91) of the plate (Figure 2C,D). The full scan
spectrum of the first peak (Rf = 0.48) showed, besides m/z

Figure 3. Relative intensity of signals of wax esters in the equimolar
mixtures measured by APPI-MS (solid lines) or desorbed from the
NP-HPTLC plate without chromatographic separation and measured
by DAPPI-MS (dashed lines). (A) Saturated wax esters with different
chain lengths: laurates (26:0−34:0) and behenates (36:0−44:0). (B)
Monounsaturated wax esters with different chain lengths: myristoleate
(26:1), palmitoleate (28:1), and oleates (30:1−40:1). (C) Wax esters
with equal chain lengths and different numbers of double bonds:
16:0−20:4n-6 (36:4); 18:0−18:3n-3 (36:3); 18:0−18:1n-9 (36:1).
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409.4, also a more abundant m/z 427.4 (Figure S-2A). The
elemental composition of m/z 427.4 (C30H51O) indicated an
oxidation product of squalene. We hypothesize that this
substance could be 2,3-oxidosqualene, an important precursor
in the biosynthesis of sterols.49 Our previous, and so far
unpublished, GC/MS experiments unambiguously showed the
presence of this compound in the total lipid extract of vernix
caseosa (Figure S-3). To test the hypothesis, we analyzed the
model lipid mixture with the added standard of 2,3-
oxidosqualene. Indeed, the spectra and the retardation factors
of the unknown peak Rf = 0.48 and 2,3-oxidosqualene matched.
The second peak (Rf = 0.91), however, was not identified.
Interestingly, m/z 427.4 was also observed in the mass spectra
of squalene (Figure S-2B). In this case, it is likely to be the [M
+ H + O]+ ion, formed during the photoionization process, as
also supported by observation of the same ion during the direct
infusion of squalene solution into the APPI source (Figure S-
2C). It is worth noting that 2,3-oxidosqualene could not be
distinguished without separation from the squalene oxidation
product formed in the ionization process, which illustrates
benefits of the ambient ionizations combined with TLC.
TLC/DAPPI-MS of Plant Oils. Four oils, namely, caraway,

parsley, safflower, and jojoba oil, were examined in this work.
The characterization of compounds was based on the accurate
mass measurements and the known composition of plant
oils.50,51

Apart from jojoba oil, the plant oils showed strong signals for
the [M + NH4]

+ adducts of triacylglycerols (predominantly
composed of C16:0, C18:0, C18:1, and C18:2 fatty acid chains)
and fragments. The results were in good agreement with an
earlier report50 dealing with the composition of plant oils. The
mass spectra of jojoba oil affirmed that it differs entirely from
other plant oils by its chemical composition, being a mixture of
wax esters,51 which were detected as [M + H]+ ions in DAPPI-
MS (spectra shown in Figure S-4).
NP-TLC is generally recognized as a useful tool for the

isolation and purification of triacylglycerols from the natural
lipid mixtures but with a very limited capability to separate
individual triacylglycerol species.52 Nevertheless, a fairly good
separation on the NP-HPTLC plate was observed for abundant
triacylglycerols (TG 54:6, TG 52:4, and TG 54:3) in caraway

oil (Figure 4A) as well as in parsley and safflower oils (Figure S-
5A,C). Owing to the adsorption separation mechanisms on the
polar stationary phase, the retardation factors decreased with
the polarity, i.e., mainly with the number of double bonds. The
retention order was in agreement with an earlier work
investigating NP-HPLC of triacylglycerols.53 Abundant molec-
ular species of wax esters in jojoba oil (Figure 4C), all with the
same number of double bonds (WE 38:2, WE 40:2, WE 42:2,
and WE 44:2), were less efficiently separated because the
polarity differences given only by the variations in the chain
lengths were smaller.
Next, reversed-phase (RP)-TLC, which is a common method

applicable for the separation of individual molecular species of
lipids,52 was studied. The mobile phase containing 90% of
acetone and 10% of acetonitrile turned out to be the most
suitable for the separation of triacylglycerols and wax esters
(Figures 4B,D and S-5B,D). Predictably, the analytes migrated
in the ascending order of the equivalent carbon number (ECN,
defined as the actual number of carbon atoms in the aliphatic
residues minus twice the number of double bonds per
molecule) due to the partition separation mechanism. Clearly,
the chromatographic resolution for the studied lipids was
significantly improved (resolution values are given in Table S-
1). Broad peaks were observed for some triacylglycerols, from
both NP- and RP-HPLTC plates (Figures 4A,B and S-5).
These peaks were likely to be composed of several partially
separated species with the same masses.

■ CONCLUSION

A new detection method based on DAPPI-MS for compounds
separated by TLC has been introduced. The feasibility of this
approach has been demonstrated for neutral lipids commonly
found in natural fats and oils. Cholesterol, triacylglycerols, 1,2-
diol diesters, wax esters, cholesteryl esters, and hydrocarbons
were separated on TLC and HPTLC plates and detected by
DAPPI-MS in MS and MS2 modes. The observed retention
behavior was in an excellent agreement with literature data.
With regard to lipid class separation on silica gel (NP-TLC and
NP-HPTLC), in terms of real plate number, the HPTLC plates
exhibited more efficient separation, but there were only minor

Figure 4. Extracted ion chromatograms acquired by DAPPI-MS in MS mode. Caraway oil from (A) the NP-HPTLC and (B) the RP-HPTLC plate.
Jojoba oil from (C) the NP-HPTLC and (D) the RP-HPTLC plate. TLC mobile phases for the NP-HPTLC plate, hexane/diethyl ether/acetic acid
(93:7:1; v/v/v), and the RP-HPTLC plate, acetone/acetonitrile (90:10; v/v). The green line: TG 54:6 [M + NH4]

+. The red line: TG 52:4 [M +
NH4]

+. The black line: TG 54:3 [M + NH4]
+. The orange line: WE 38:2 [M + H]+. The blue line: WE 40:2 [M + H]+. The violet line: WE 42:2 [M

+ H]+. The brown line: WE 44:2 [M + H]+.
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differences in chromatographic resolution. No differences in
terms of retention order and detection sensitivity were
observed for NP-TLC and NP-HPTLC plates. The reversed-
phase separation system showed a fairly good separation of
individual triacylglycerol and wax ester species. This study
showed a strong effect of the analyte molecular weight on the
desorption efficiency from the TLC plates, which requires
careful optimization of the experimental parameters, especially
the desorption temperature. The TLC/DAPPI-MS was applied
for vernix caseosa lipids and plant oils. The results showed a
good applicability of the method for fats and oils, namely,
efficient and fast analysis of individual components using a
relatively simple setup. Ambient ionization techniques, such as
DAPPI-MS, become much more powerful when combined with
even modest and fast separations offered by TLC (HPTLC).
This was demonstrated by the detection of squalene and its
oxidation product, which could not be separated using DAPPI-
MS without chromatographic separation. Although demon-
strated here for rather nonpolar compounds only, photo-
ionization MS offers the detection of compounds with a wide
range of polarities. Therefore, DAPPI-MS has the potential to
become a broadly applicable detection method for TLC.
Although the analytes are mostly detected as molecular adducts,
some of the compounds fragment during the ionization
process, which may complicate their identification.
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S-2 

 

List of wax ester standards  

 

A simple abbreviated nomenclature for naming of wax esters is used. The first part of the 

abbreviation refers to the alcohol segment of the molecule, whereas the second part indicates the 

fatty acid. Thus, for instance, the abbreviation 18:0-22:0 is used for stearyl behenate, 22:0-18:0 

for behenyl stearate, 22:0-18:1n-9 for behenyl oleate. All wax esters are straight-chained. Three 

mixtures representing homologous series of wax esters were prepared and used as follows:  

 

 (1) The saturated wax esters with different chain length: 14:0-12:0 (26:0); 16:0-12:0 (28:0); 

18:0-12:0 (30:0); 20:0-12:0 (32:0); 22:0-12:0 (34:0); 14:0-22:0 (36:0); 16:0-22:0 (38:0); 18:0-

22:0 (40:0); 20:0-22:0 (42:0); 22:0-22:0 (44:0).  

(2) The monounsaturated wax esters with different chain length: 12:0-14:1n-5 (26:1); 12:0-16:1n-

7 (28:1); 12:0-18:1n-9 (30:1); 14:0-18:1n-9 (32:1); 16:0-18:1n-9 (34:1); 18:0-18:1n-9 (36:1); 

20:0-18:1n-9 (38:1); 22:0-18:1n- 9 (40:1).  

(3) The wax esters with equal chain length and different number of double bonds: 16:0-20:4n-6 

(36:4); 18:0-18:3n-3 (36:3); 18:0-18:1n-9 (36:1). 

 

 

Calculations 

 

Peak width 

The peak width at half height (�H) was used for the calculations. 

 

 

Retardation factor  

The retardation factor (Rf) was calculated from the equation: 

  

Rf = 
distance (substance zone – starting line)
distance (solvent front – starting line)

 

 



S-3 

 

Chromatographic resolution calculation 

The chromatographic resolution (RS) of two neighbouring peaks was calculated from the 

equation: 

 �S = 1.177 �S  – �S�H + �H  

 �S chromatographic resolution �S substance migration distance [mm] �H peak width at half height [mm] 

  

Real plate number calculation 

The separation efficiency in TLC is expressed as the real plate number of the substance: 

 �′ =  . ( �S�H)  

 �′ real plate number �S substance migration distance [mm] �H peak width at half height [mm] 

 

To compare the NP-HPTLC and NP-TLC plate, the real plate number was calculated for 1,3-

dipalmitoyl-2-oleoyl-glycerol, 1,2-dioleoyl-hexadecane-1,2-diol, palmityl oleate and cholesteryl 

oleate. Cholesterol and squalene were excluded because of their too high and too low retention, 

respectively. 

 

  







S-6 

 

 

Figure S-3. GC/MS chromatograms of (A) standard of 2,3-oxidosqualene (20 g·mL
–1

) and (B) fraction of lipids 

isolated from vernix caseosa. Insert: mass spectrum of 2,3-oxidosqualene acquired in retention time (29.7 min) in 

corresponding chromatogram; the GC/MS analyses were performed on a 6890N gas chromatograph coupled to a 

5975B mass spectrometer, equipped with an EI source and a quadrupole mass analyzer (Agilent Technologies, Santa 

Clara, CA, USA). The temperature program was as follows: 60 °C (2 min), then raised by 8 °C·min
–1

 up to 325 °C (5 

min). A DB-5ms capillary column (30 m, 250 m; a film thickness of 0.25 m) purchased from J&W (Falsom, CA, 

USA) was used. The samples were injected in the split mode with a split ratio of 5:1, and the injector temperature 

was set to 320 °C. The carrier gas was helium at a constant flow rate of 2.0 mL·min
–1

. The ion source, quadrupole 

and transfer line temperatures were set to 230, 150 and 230 °C, respectively. The standard 70 eV EI spectra were 

recorded from m/z 25 to 800. 
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9 ABSTRACT: The analysis of nonplanar samples in ambient
10 mass spectrometry poses a formidable challenge. Here, an ion
11 source equipped with laser triangulation for analyzing
12 nonplanar surfaces was constructed. It was designed as a
13 two-position device, where the sample height was measured
14 using laser triangulation and the target compounds were then
15 analyzed. Thanks to a stage movable in xyz, the ion source
16 maintained an optimal vertical distance between the sample
17 and the sampling capillary for each measured spot during the
18 surface analysis. The xyz-coordinates for the movement of the
19 sample stage were computed using the laser sensor data in
20 such a way as to avoid direct contact of the sampling capillary
21 and the measured surface. The ion source performance and its ability to analyze various morphologies were tested using
22 desorption electrospray ionization with plastic objects coated by 2,5-dimethoxybenzoic acid. The experiments showed excellent
23 performance for nonplanar samples but also revealed some limitations especially on object edges and steep slopes. The
24 applicability of the ion source operated in desorption electrospray ionization and desorption atmospheric pressure
25 photoionization was examined for food and pharmaceutical samples. Chemicals on the surface of nonplanar samples were
26 probed along a line extending across the surface of the measured objects. The device provided high-quality spectra, regardless of
27 the sample height at the measured spot. The automatic adjustments of the sample stage in xyz proved to be beneficial for
28 analyzing nonplanar samples and for simultaneous measurement of samples with various dimensions and shapes.

29T he development of ambient ionization techniques1

30 enabled direct sample analysis in the atmospheric pressure
31 environment without any laborious sample pretreatment, which
32 might well disturb the natural analyte spatial distribution.
33 Ambient mass spectrometric methods include, among others,
34 solid−liquid extraction-based techniques such as desorption
35 electrospray ionization (DESI)2 and desorption atmospheric
36 pressure photoionization (DAPPI).3 Despite the fact that
37 ambient mass spectrometry offers a method to analyze objects
38 in their native forms and shapes, it is used almost exclusively for
39 planar samples.
40 In the case of nonplanar and more complex objects, surface
41 analysis is a daunting challenge. To date, there have been few
42 articles concerned with this topic. Metal targets with profile
43 holes in matrix-assisted laser desorption/ionization (MALDI)
44 were designed to accurately accommodate flies to analyze them
45 practically as planar samples,4 and the virtually planar insect
46 surface was probed along the median line to map the spatial
47 distribution of defense compounds by DAPPI-MS.5 However,
48 these approaches were not universal enough, because they
49 merely treated specific samples as if they were planar. Robotic
50 plasma probe ionization (ROPPI)-MS introduced a different

51approach. It couples robotic probe surface sampling using an
52acupuncture needle with direct analysis in real time (DART).6

53The use of the robotic arm for sampling the surface makes it
54possible to analyze regions otherwise inaccessible. A constant-
55distance mode desorption nanoelectrospray (nanoDESI) was
56developed by integrating a shear-force probe with the
57nanoDESI.7 It was successfully applied to obtain the chemical
58and topographical images of Bacillus subtilis colonies growing
59on agar plates at different time points. Recently, a custom-built
60laser ablation electrospray ionization (LAESI) source with a
61confocal distance sensor was used to map metabolites from
62radish leaves.8 Employing a confocal distance sensor, a height
63profile of the surface in question was recorded prior to the
64actual ionization experiment to guide the sample surface on a
65sample stage in three dimensions for optimal laser focus. This
66methodology could also be adapted to other laser desorption/
67ionization techniques. Besides the surface analysis, subsurface
68regions of nonplanar and complex objects could also be
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69 analyzed by volume sampling methods−serial sectioning9 or
70 depth profiling.10

71 In spray-based desorption methods, the ion source key
72 parameters, that is, incident angle, collection angle, and sprayer-
73 to-surface, sprayer-to-inlet, and inlet-to-surface distances, have
74 to be carefully optimized with regard to the analyzed sample. It
75 is well documented that the ion source geometry has a
76 significant effect on the analytical performance of DESI.11

77 Incident angle and sprayer-to-surface distance have direct
78 effects on the ionization process, while collection angle and MS
79 inlet capillary-to-surface distance have important effects on the
80 collection efficiency and, hence, on the sensitivity of the
81 method.12 Moreover, constant sprayer-to-surface distance and
82 MS inlet capillary-to-surface distance were reported to be
83 essential for obtaining a representative DESI signal from a
84 particular location on the surface.13 Similarly to DESI, DAPPI is
85 a solid−liquid extraction-based technique whose performance
86 was also reported to be strongly affected by the ion source
87 geometrical configuration.14 Therefore, the optimum parame-
88 ters and distances for techniques like DESI or DAPPI are
89 usually kept constant to achieve the best results.13,14 The
90 sample is always positioned in the same place to achieve the
91 best ion transport into the mass spectrometer. It works well for
92 ideally planar objects such as tissue sections. In the real world,
93 however, the investigated objects can have various shapes,
94 which are quite dissimilar to a plane. Nevertheless, the
95 optimum position of the sampled region in the ion source
96 needs to be preserved. An irregular sample height seems to be
97 one of the problems, which can be compensated by elevating or
98 lowering the sample stage to the optimum vertical distance of
99 the sample from the mass spectrometer inlet. It can be achieved
100 by the movement of the sample stage in the vertical direction
101 (z-axis) to keep the vertical distance between the sample and
102 entrance capillary constant. The sample height needs to be
103 measured and controlled in the course of the experiment.
104 Here, we investigate an ion source, which creates a 3D model
105 of the sample surface and uses the surface coordinates for
106 automatic adjustment of the sample stage position for DESI
107 and DAPPI-MS. The ion source is designed as a two-position
108 device with the sample height-scanning site located outside the
109 ionization region. The surface of the sample is scanned first by a
110 laser sensor, and the topographic model (xyz-coordinates) is
111 kept in the memory. In the next step, the sample stage is shifted
112 to the analyzing position where the ionization takes place. In
113 the course of measurement, the sample stage is automatically
114 moved in xyz to keep an optimum distance from the sprayer
115 and sampling capillary for each measured spot. The perform-
116 ance of the device in DESI and DAPPI modes for real-world
117 objects is shown and discussed.

118 ■ EXPERIMENTAL SECTION

119 Chemicals and Samples. 2,5-Dimethoxybenzoic acid,
120 caffeine, methanol (LC−MS Chromasolv, gradient grade),
121 paracetamol, and thiabendazole were purchased from Sigma-
122 Aldrich (St. Louis, MO). Citric acid was obtained from
123 Lachema (Brno, Czech Republic), and linoleic acid was from
124 Nu-Chek-Prep (Elysian, MN). The plastic objects of different
125 shapes, that is, plane, cuboid, inclined plane, truncated cone (10
126 (W) × 3 (H) × 10 (D) mm), and spherical cap (10 (W) × 1
127 (H) × 10 (D) mm) inclusive bases (55 (W) × 4 (H) × 25 (D)
128 mm), were printed out by the 3D printer 3DWARF+
129 (FUTUR3D, Prague, Czech Republic) from Deep Black
130 photopolymer resin (Fun To Do, Alkmaar, The Netherlands).

131The objects were uniformly coated with 2,5-dimethoxybenzoic
132acid using a commercial airbrush Fengda BD-207 (Zittau,
133Germany) with a 0.3 mm diameter sprayer. A methanol
134solution of 2,5-dimethoxybenzoic acid (1 mg mL−1) was
135sprayed from a distance of 150 mm to form 8 coats with a
136waiting time of about 15 s between consecutive sprays.
137The stock solutions of the standards (10 mg mL−1) were
138prepared in methanol. The aliquots (1 μL) were sampled on a
139PTFE film (Vink Finland, Kerava, Finland), and the solvent was
140left to evaporate at room temperature. Coffee beans, sugar-
141coated chocolate confectionery Smarties (Nestle)́, Acylpyrin
142tablets (active ingredient acetylsalicylic acid, Herbacos Record-
143ati, Czech Republic), chewing gum (Wrigley), Paramegal
144tablets (active ingredient paracetamol, Glenmark Pharmaceut-
145icals, Czech Republic), mandarin oranges, and onions were
146purchased in local stores and pharmacies. Some samples were
147cut into smaller pieces. All objects and samples were fixed on a
148glass slide precoated with a black nontransparent tape using a
149double-sided adhesive tape.
150Mass Spectrometer. The mass spectra were acquired using
151an LTQ Orbitrap XL mass spectrometer (Thermo Fisher
152Scientific, San Jose, CA) with an in-house built source mounted
153on it. The standard heated entrance capillary was replaced by a
154bent extended ion transfer capillary from Thermo Fisher
155Scientific (catalog number: P800-10001-02). The capillary
156temperature was set to 340 °C. The bent part of the capillary
157was extra heated (75 °C) by the passage of an electric current
158via a small metal block. The heater was powered by an in-house
159built power supply based on TRIAC regulator of voltage.
160Capillary and tube lens voltages were 5 and 50 V, respectively,
161in the positive ion mode, and −4 and −50 V, respectively, in
162the negative ion mode. The CID MS2 spectra were collected
163with an isolation width of 1.5 mass units, and normalized
164collision energy of 10−35%. The accurate masses were acquired
165at a resolution of 15 000. The data were acquired and processed
166in Xcalibur software (Thermo Fisher Scientific).
167Ion Source. The in-house built source comprised a sprayer
168assembly based on an MX10R 4-axis miniature micro-
169manipulator (Siskiyou Corp., Grants Pass, OR), a triangulation
170optoelectronic sensor ILD 1402-20 (MICRO-EPSILON,
171Ortenburg, Germany) for the sample height measurement,
172and a motorized sample stage movable in xyz-directions (0−75
173mm in x, 0−25 mm in y, and 0−20 mm in z) with a minimum
174step size of 100 μm in each direction. The sample stage moved
175through three miniature stepper motors Nema8 (LDO motors,
176Shenzhen, China) driven by a M415B (Leadshine Technology
177Co., Ltd., Shenzhen, China). The movement in the x- and y-
178axes was manipulated via pulleys and cog belts (H-bot principle,
179see Figure S-1), and in the z-axis via a threaded rod. An external
180controller provided switching pulses for commutation. The
181stepper motors were operated in an open loop configuration,
182and the initial position in all directions was detected by a
183photogate sensor. The range of user-adjustable velocities in the
184x and y-axes was 0.1−20 mm s−1. The ion source allowed
185analysis along a defined line, or within the confines of the
186selected area, and there was a significant difference between
187these two modes of operation in terms of the sample stage
188movement. The sample holder velocity in the z-axis was
189constant (maximum of the stepper motor). During the analysis
190along the line, the sample stage moved simultaneously in two
191axes, and its course was driven by the Bresenham’s line
192algorithm. The data were collected in a single data file.
193Obviously, the speed in the z-axis limited the maximum vertical
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194 distance between the two successive points. In contrast to the
195 analysis along the line, the area analysis was performed spot by
196 spot; a separate data file was generated for each spot. In this
197 work, all of the reported data were obtained by the analysis
198 along the line, and the velocities of the motorized sample stage
199 in the x-axis were adjusted between 0.3 and 0.5 mm s−1. A
200 control unit with an Arduino board (firmware Arduino IDE)
201 based on the ATmega328P was connected to a PC with in-
202 house made software programmed in C# for the sample stage
203 movement and data acquisition synchronization.
204 DESI. The sprayer was built from the fused silica capillary
205 (100 μm ID, 365 μm OD) inserted into a PEEK Tee for 1/16”
206 OD tubing (Upchurch Scientific, U.S.), having a piece of a
207 stainless steel 1/16” OD capillary (57 mm in length, 500 μm
208 ID) in the port. Nebulizing gaseous nitrogen (from liquid
209 nitrogen, Messer, Bad Soden, Germany) was supplied by the
210 LTQ Orbitrap XL instrument, and it was delivered from the
211 side port using a 1/16” OD PTFE tubing. The sprayer was
212 connected to a syringe pump (NE-300, New Era Pump
213 Systems, U.S.) providing a continuous flow of methanol. The
214 high voltage for solvent spraying was supplied by the mass
215 spectrometer and applied using an alligator clip attached to the
216 syringe metal needle. The sprayer parameters were as follows: a
217 nebulizing gas flow rate of 100 arbitrary units (units used in the
218 Xcalibur software), a methanol flow rate of 30 μL min−1, and a
219 spray voltage of 4.5 kV. A spray angle was approximately 45°
220 against the surface, a sprayer-to-surface distance was 2−3 mm, a
221 sprayer-to-MS inlet capillary distance was 3−4 mm, and the MS
222 inlet capillary was kept as close as possible to the measured
223 surface (Figure S-2A). The signal stability was assessed by
224 calculating the relative standard deviation (RSD) from the ion
225 count values corresponding to 2,5-dimethoxybenzoic acid ([M
226 − H]− at m/z 181.0) in individual scans within the analysis
227 from the planar object.
228 DAPPI. The DAPPI setup and the heated nebulizer
229 microchip have been described elsewhere.15,16 Acetone used
230 as a spray solvent was delivered by a syringe pump (Thermo
231 Fisher Scientific). The microchip parameters were as follows:
232 the nebulizer gas flow rate was 180 mL min−1, the spray solvent
233 flow rate was 15 μL min−1, and the microchip heating power
234 was 2.4 W (the effective jet temperature measured by a digital
235 infrared thermometer IR 1200-50D USB (Voltcraft, Hirschau,
236 Germany) was approximately 120 °C). A spray angle was
237 approximately 45° against the surface, a sprayer-to-surface
238 distance was approximately 2 mm, a sprayer-to-MS inlet
239 capillary distance was approximately 3 mm, and the MS inlet
240 capillary was kept as close as possible to the measured surface
241 (Figure S-2B).

242 ■ RESULTS AND DISCUSSION

243 Design and Software Control of the Ion Source. The
244 ion source was designed as a two-position device, with the
245 height-measuring site shifted 12.5 cm horizontally from the

f1 246 ionization region (Figure 1). Such an arrangement made it
247 possible to keep the space in front of the entrance capillary
248 empty and operate the device in DESI or DAPPI at optimum
249 geometry without space restrictions. The ion source was simply
250 attached to the mass spectrometer in the same way as
251 commercial sources. The entire experiment consisted of several
252 steps as follows: (1) the sample height measurement using a
253 fixed laser sensor while the sample is moving in the x- and y-
254 directions, (2) calculation of the coordinates for the stage
255 movement from the sample height data, (3) moving the sample

256stage to the analyzing position, (4) DESI-MS or DAPPI-MS
257data acquisition while the sample stage moves automatically in
258xyz-directions, and (5) data processing and visualization. A
259video illustrating the measurement is available in the
260Supporting Information.

Figure 1. Scheme of the ion source showing the key steps of the
measurement. (A) Height scanning position. (1) MS inlet capillary
extension. (2) Probe (sprayer/microchip). (3) Laser sensor. (4)
Sample. (5) Sample stage. (B) The sample moves to the analytical
position. (C) Analytical position.
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261 The sample height across its surface was measured using a
262 contactless optical triangulation sensor (Figure S-3). The device
263 projected a laser beam (670 nm, ≤1 mW) on the measured
264 surface and detected the position of the reflected light on a
265 CCD receiver. A controller calculated the measured distance.
266 The sensor used in this work made it possible to measure
267 object heights up to 20 mm. In this range, the measured height
268 resolution was better than 10 μm, and the angle between the
269 emitted and the detected light beam was 26−31°. The correct
270 measurement with a triangulation sensor requires that the

f2 271 reflected light freely reach the receiver (Figure 2A). However,
272 morphological features with a high aspect ratio (e.g.,
273 protrusions or depressions) near the measured position may
274 shield the reflected light, which prevents the height value from
275 being recorded (Figure 2B). In such cases, an interpolation
276 algorithm was applied to calculate the missing points from the
277 neighboring spots. Figure 2 shows the measurement when the
278 optical sensor is oriented in such a way that the reflected light is
279 detected on the left. Note that the opposite orientation of the
280 sensor would correctly detect the missing points (but provide
281 incomplete data from the opposite side of the object).
282 Therefore, combining data from two sensors positioned
283 oppositely could be used to overcome the inherent limitation
284 of optical triangulation. In this work, we relied on a single-
285 sensor height measurement. The height values were lost only
286 on sharp edges of the measured objects (see below), and the
287 missing data were computed by the interpolation algorithm.
288 The sample height values measured by the laser sensor were
289 converted into xyz-coordinates for the sample stage movement.

290The conversion algorithm was developed with the aim to
291ensure the best possible position for each surface element with
292respect to the heated entrance capillary and, importantly,
293prevent touching the surface. In the next step, the initial
294position of the sample stage in the z-axis at the beginning of the
295analyzed line was set manually, representing thus a zero height.
296Usually, the height was kept very small so that the sample
297surface nearly touched the inlet capillary. It ensured that each
298surface element remained in an optimum distance under the
299capillary. Thereafter, the coordinates were adjusted to prevent
300eventual hitting the sample, especially near morphological
301features with a high aspect ratio. The problem is illustrated in
302Figure 2C and D, which show a hypothetical cut across the
303sample in the xz-plane and thus simulates sample profiling
304along a line. The purple line denotes the z-coordinates
305provided by the laser sensor for the optimum surface-to-
306capillary distance in the z-axis. The initial position of the sample
307stage in the z-axis was adjusted manually. If the sample stage
308was moved so that the capillary followed the purple line in the
309Figure 2C, then the protrusion of the sample would hit the
310sampling capillary. Therefore, an adjustment considering the
311capillary diameter (defined by the user in the control software)
312had to be applied (the blue line). In other words, the value in
313the z-axis was modified in the horizontal proximity of the
314morphological features. After this adjustment, the sampling
315capillary stayed slightly distant from the surface in the critical
316areas near the high-aspect ratio features, thus protecting the
317sample from being touched by the capillary (Figure S-4).
318Similar adjustments were also applied to the sample areas

Figure 2. Scheme of the height measuring (A and B) and calculation of the coordinates for sample stage movement (C and D). (A) The angle
between the emitted and the detected light beam was 26−31°. (B) Some morphological features near the measured position may shield the reflected
light, which prevents the height being recorded. (C) Calculation of coordinates near a protrusion. (D) Calculation of coordinates near a depression
narrower than the diameter of the sampling capillary. The red line denotes laser beam. The red dotted line denotes points that were correctly
measured by the sensor. The green dotted line denotes points that were interpolated. The purple line denotes the uncorrected z-coordinates of the
sampling capillary that inevitably result in hitting the sample. The blue line denotes the final z-coordinates for the sample stage movement.
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Figure 3. Printed plastic objects with marked analyzed line. (A) Plane. (B) Cuboid. (C) Inclined plane. (D) Truncated cone. (E) Spherical cap.

Figure 4. Extracted ion chromatograms acquired from the plastic objects coated with 2,5-dimethoxybenzoic acid ([M − H]− at m/z 181.0) by DESI-
MS in the negative ion mode. Black line, the object profile measured by the laser sensor; blue line, with automatic movement in the z-axis; red line,
without automatic movement in the z-axis. (A) Plane. (B) Cuboid. (C) Inclined plane. (D) Truncated cone. (E) Spherical cap.
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319 featuring depressions narrower than the diameter of the
320 sampling capillary (Figure 2D). Right calculation of the
321 corrected xyz-coordinates for any sample morphology is not
322 straightforward, because, as discussed above, the z-coordinate in
323 a certain position depends not only on the height measured by
324 the laser sensor but also on the sample height in the
325 neighboring areas. At the moment, the algorithm calculating
326 the corrected coordinates has been reliably developed only for a
327 measurement along a line across a sample.
328 The shape of the sampling capillary is highly important for
329 analyzing a nonplanar object. As the capillary orifice needs to
330 get as close as possible to the sampling site, standard short and
331 extended straight capillaries are not very useful. The sample
332 surface is best accessible from above, that is, with a sampling
333 capillary bent in its terminal part. Therefore, a capillary bent at
334 ca. 20° available from Thermo Fisher Scientific was used. The
335 ion transport efficiency was found to be roughly the same for
336 straight extended and bent capillaries because repeated analyses
337 of planar sample covered by 2,5-dimethoxybenzoic acid did not
338 show any statistically significant differences in the signal
339 intensities.
340 Testing the Ion Source with Geometric Shapes. The
341 general performance of the ion source was tested in DESI mode
342 using plastic objects covered by a thin layer of 2,5-
343 dimethoxybenzoic acid. Three-dimensional solid objects of
344 various shapes were profiled along their central line as indicated

f3 345 in Figure 3. The DESI sprayer remained in the same
346 (optimum) position, while the sample stage moved in front
347 of the sampling capillary. Two sets of experiments were
348 performed. In the first set, the vertical position of the sample
349 stage (z-coordinate) was fixed in such a way that the highest
350 point of the sample was at the optimum distance from the

351sampling capillary. In the course of the measurement, the
352sample stage moved in the x-direction (y- and z-coordinates
353were fixed). In the case of the planar object, the surface
354remained in the same vertical distance from the sampling
355 f4capillary, and the analyte signal ([M − H]− at m/z 181.0)
356 f4followed a horizontal line (Figure 4A). The relatively high
357signal variability (RSD 17.2%) was attributed to the inherently
358low stability of DESI, the inhomogeneity of the deposited layer,
359and the in-house construction of the sprayer. Nevertheless,
360RSDs < 20% are considered acceptable for DESI-MS.17 As
361regards the other objects, the signal was recorded only from
362their top regions that have reached the optimum distance with
363respect to the sampling capillary (Figure 4B−E).
364In the second set of experiments, the sample stage moved
365automatically in the vertical direction to keep the optimum
366distance from the sampling capillary for each measured point.
367In the course of measurement, the sample stage moved in the x-
368and z-directions (the y-coordinate was fixed). Because the
369sprayer-to-surface and surface-to-sampling capillary distances
370were the same throughout the measurement, a signal
371resembling a horizontal line was expected for all shapes. It
372was indeed the case for the plane (Figure 4A), which was in fact
373in the same position as in the previous experiment. The signal
374variability was very similar to that recorded in the previous
375experiment (RSD 16.0%). For other shapes, the signal
376essentially followed a horizontal line as well, but major
377disturbances were observed on the edges and slopes. The
378effect was less pronounced for the shapes with slowly changing
379height (inclined plane, spherical cap) and more significant for
380the objects with rapidly or abruptly changing height (truncated
381cone, cuboid).

Figure 5. Extracted ion chromatograms (with illustrative pictures) acquired by DESI-MS (A,B) and DAPPI-MS (C,D) in the positive and negative
ion modes. Black line, the sample profile measured by the laser sensor; blue line, with automatic movement in the z-axis; red line, without automatic
movement in the z-axis. (A) Caffeine [M + H]+ (m/z 195.1) from a coffee bean. (B) Citric acid [M − H]− (m/z 191.0) from a Smartie. (C)
Paracetamol [M + H]+ (m/z 152.1) from Paramegal tablets. (D) Linoleic acid [M − H]− (m/z 279.2) from chewing gum.
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382 There are several effects that can be discussed relating to the
383 observed disturbances on the object edges. The signal decrease
384 can be explained by less efficient transport of desorbed ions
385 from inclined surfaces into the mass spectrometer. The inclined
386 surface elements may cause undesired reflections of desorbed
387 droplets and direct them outside the sampling capillary. In the
388 close vicinity of the objects, the desorbed droplets are also
389 partially shielded by the object itself, which further decreases
390 the ion transport. The signal rising on the rear edge of the
391 cuboid and inclined plane (Figure 4B,C) was likely caused by
392 unwanted contact between the sampling capillary and the
393 analyzed object. Furthermore, the homogeneity of the layer
394 covering the plastic objects should be considered. Although the
395 samples were prepared with great care, the sprayed layer can be
396 less uniform on edges and inclined surfaces.
397 Applications. Next, we proceeded with various food and
398 pharmaceutical samples representing prospective applications
399 of the ion source. The analyzed samples were nonplanar objects
400 with irregular morphologies and heights between 4 and 7 mm.
401 They were analyzed along a line extending across their surface,
402 similar to the plastic objects described above. To clearly
403 demonstrate the benefits of the automatic adjustment of the
404 sample stage height, the recorded data were compared to those
405 collected without the z-axis adjustment. Depending on the
406 chemical structure of analytes, either DESI or DAPPI was
407 employed. The compounds were identified using accurate
408 masses and CID MS2 data (Table S-1 and Figure S-5). In the
409 first set of experiments, samples with a curved surface like
410 coffee beans or Smarties were probed. The aim of the
411 experiments was to demonstrate that the analytes can be

f5 412 detected from most of the surface. As shown in Figure 5,
413 caffeine ([M + H]+ at m/z 195.1; mass spectrum shown in
414 Figure S-6A) and citric acid ([M − H]− at m/z 191.0; mass
415 spectrum shown in Figure S-6B) provided significantly wider
416 peaks when the automatic adjustment of the sample stage
417 height was applied, and the peak width corresponded to the
418 physical dimensions of the samples. These experiments
419 confirmed that the automatic adjustment of the sample stage
420 height made nonplanar samples more accessible for desorption
421 and ionization. A higher number of spectra collected across a
422 wider area offered more reliable information on the compounds
423 present in the sample.
424 The second group of experiments concerned the simulta-
425 neous analysis of samples having different dimensions. Such an
426 experimental setup is applicable for a high-throughput
427 measuring of samples that differ in size and shape, for instance,
428 a simultaneous analysis of active ingredients in dissimilar
429 pharmaceutical dosage forms (pills). To explore such
430 applications, original samples and their smaller parts obtained

431by cutting were investigated by DAPPI-MS. Paramegal tablets
432and chewing gum were analyzed for the content of paracetamol
433([M + H]+ at m/z 152.1) and linoleic acid ([M − H]− at m/z
434279.2), respectively (Figure 5C,D). As evident from the
435recorded traces and mass spectra (Figure S-7), the signal
436from the smaller objects was low or even missing when the
437movement in the z-direction was not applied. By contrast, with
438the automatic adjustment of the sample stage height, both
439larger and smaller samples provided a roughly equal response.
440Last, the automatic movement in the z-axis was employed for
441studying nonplanar samples for the analyte spatial distribution.
442Being remarkably interesting for the food safety, rapid
443monitoring for pesticides and molds was tested. As in previous
444experiments, the sample surfaces were analyzed along a line
445with the programmed adjustment of the stage height.
446Thiabendazole ([M + H]+ at m/z 202.0), a fungicide widely
447used to protect citrus fruit,18 was detected from the mandarin
448 f6orange peel (Figure 6A). It was found to be distributed evenly
449in the analyzed sample. By contrast, tensyuic acid ([M − H]− at
450m/z 243.1), a marker of Aspergillus niger,19 was detected only
451from the part of the onion peel that was infected by the fungus
452(Figure 6B).

453■ CONCLUSIONS

454The first innovative use of laser triangulation, coupled also with
455the unique DAPPI technique, for the nonplanar surface analysis
456in ambient mass spectrometry is presented. The automatic
457adjustment of the vertical distance between the sample and the
458entrance capillary offers new applications and ways of the ion
459source operation. In the simplest application, the movement of
460the stage in the vertical direction can be used for an automated
461ion source geometry adjustment for planar samples. As regards
462nonplanar samples, the ion source offers the analysis of objects
463with variable height, for example, pieces or cuts of fruit or
464vegetable for pesticide screening and analyzing tablets of
465various sizes. It is also potentially applicable to in vivo tissue
466analysis, where the classical arrangement of DESI experiment
467fails.20 For these types of samples, the measuring height is
468automatically adjusted for the object height. The surface can be
469profiled along a defined line to visualize the distribution of the
470compounds of interest. Mass spectrometry imaging of 3D
471objects is perhaps the most attractive, but also the most
472demanding application of the ion source with a sample stage
473movable in xyz. It is important to realize that all modes of the
474ion source operation are somewhat constrained by the shape of
4753D samples, because the sample morphological features may
476physically hamper desorption and/or transport of the ions into
477the mass spectrometer. The sprayer design is of crucial
478importance for the signal stability and thus for the quality of

Figure 6. Extracted ion chromatograms (with illustrative pictures) acquired with automatic movement in the z-axis by DAPPI-MS in the positive and
negative ion modes. Black line, the sample profile measured by the laser sensor; blue line, sum of the signal intensity and the sample height along the
analyzed line. (A) Thiabendazole [M + H]+ (m/z 202.0) from a mandarin orange peel. (B) Tensyuic acid [M − H]− (m/z 243.1) from an onion
peel.
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479 data. The sprayer also determines lateral resolution. In this
480 work, the sample stage moved with a minimum step size of 100
481 μm, which was sufficient taking into account the spot size
482 achievable with the sprayers used. However, a stage movable in
483 shorter steps can easily be constructed for sprayers offering
484 better lateral resolution such as nanoDESI.21 Lateral resolution
485 achievable with desorption spray-based techniques is inherently
486 limited when compared to laser-based approaches such as
487 LAESI8 or sampling probe on the robotic arm for mechanical
488 desorption (ROPPI-MS).6 However, the ion source described
489 here offers a cost-effective alternative with a high speed of
490 analysis. Because of a larger spot size, an improved sensitivity
491 can be expected. The ion source can accommodate objects with
492 dimensions up to 20 mm, and this range can even be extended
493 for larger objects by selecting a different laser sensor. The ion
494 source can be advantageously used, for instance, in the rapid
495 and/or high-throughput screening of samples in pharma, food,
496 forensic, or industrial applications.
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List of the identified compounds.

Compound Measured m/z Mass error [ppm] Identification 

Caffeine 195.0873 ([M + H]
+
) −1.8 Exact mass and MS

2
 against standard 

Citric acid 191.0188 ([M − H]
−
) 0.9 Exact mass and MS

2
 against standard 

Linoleic acid 279.2318 ([M − H]
−
) –0.1 Exact mass and MS

2
 against standard 

Paracetamol 152.0709 ([M + H]
+
) 2.1 Exact mass and MS

2
 against standard 

Tensyuic acid 243.0867 ([M − H]
−
) 1.7 Exact mass  

Thiabendazole 202.0434 ([M + H]
+
) 0.4 Exact mass and MS

2
 against standard 
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 Scheme of the ion source. The sample stage moves via H bot principle. 
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 (A) Scheme of the DESI setup. (B) Scheme of the DAPPI setup. α: incident angle. d1: sprayer to surface 

distance. d2: sprayer to MS inlet capillary distance.  

 

 

 

 

 Scheme of the triangulation optoelectronic sensor ILD 1402 20. Adopted from the device instruction 

manual (MICRO EPSILON). 
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 Height profiles before the correction (black line) and after the correction (green line) considering the 

capillary diameter to trace the objects without any risk of hitting. (A) Cuboid. Capillary diameter = 2.2 mm. (B) 

Truncated cone. Capillary diameter = 1.8 mm. (C) Acylpyrin tablet. Capillary diameter = 2.4 mm. (D) Chewing gum. 

Capillary diameter = 2.2 mm. 
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 DAPPI CID MS
2
 in the positive ion mode. (A) Paracetamol standard. (B) Paracetamol from Paramegal 

tablet. (C) Thiabendazole standard. (D) Thiabendazole from mandarin orange peel.  

 

 

 

 DESI full scan mass spectra acquired without automatic movement in the z axis. (A) Coffee bean in the 

positive ion mode. (B) Smartie in the negative ion mode. 
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 DAPPI full scan mass spectra from the corresponding Paramegal tablets in the positive ion mode. (A, B) 

With automatic movement in the z axis. (C, D) Without automatic movement in the z axis. 

 



Feasibility of desorption atmospheric pressure photoionization and
desorption electrospray ionization mass spectrometry to monitor
urinary steroid metabolites during pregnancy

Anu Vaikkinen a, Jan Rejšek b,c, Vladimír Vrkoslav b, Tiina J. Kauppila a, Josef Cva9cka b,
Risto Kostiainen a,*
aDivision of Pharmaceutical Chemistry and Technology, Faculty of Pharmacy, University of Helsinki, P.O. Box 56, 00014 Helsinki, Finland
b Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, 166 10 Prague 6, Czech Republic
cDepartment of Analytical Chemistry, Faculty of Science, Charles University in Prague, 128 43 Prague 2, Czech Republic

H I G H L I G H T S G R A P H I C A L A B S T R A C T

� Fast analysis of urinary steroids of
pregnant women by ambient MS.

� DAPPI showed increase of C19 and
C21 steroids during the progress of
pregnancy.

� DESI detected increase of C18 and
C21 steroid glucuronide and sulfate
conjugates.

� Similar steroid ion fingerprints were
found for different women.

� Both techniques show promise for
steroid marker screening in preg-
nancy.
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A B S T R A C T

Steroids have important roles in the progress of pregnancy, and their study in maternal urine is a non-
invasive method to monitor the steroid metabolome and its possible abnormalities. However, the current
screening techniques of choice, namely immunoassays and gas and liquid chromatography–mass
spectrometry, do not offer means for the rapid and non-targeted multi-analyte studies of large sample
sets. In this study, we explore the feasibility of two ambient mass spectrometry methods in steroid
fingerprinting. Urine samples from pregnant women were screened by desorption electrospray
ionization (DESI) and desorption atmospheric pressure photoionization (DAPPI) Orbitrap high resolution
mass spectrometry (HRMS). The urine samples were processed by solid phase extraction for the DESI
measurements and by enzymatic hydrolysis and liquid–liquid-extraction for DAPPI. Consequently,
steroid glucuronides and sulfates were detected by negative ion mode DESI–HRMS, and free steroids by
positive ion mode DAPPI–HRMS. In DESI, signals of eleven steroid metabolite ions were found to increase
as the pregnancy proceeded, and in DAPPI ten steroid ions showed at least an order of magnitude increase
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Steroid
Metabolism

during pregnancy. In DESI, the increase was seen for ions corresponding to C18 and C21 steroid
glucuronides, while DAPPI detected increased excretion of C19 and C21 steroids. Thus both techniques
show promise for the steroid marker screening in pregnancy.

ã 2015 Elsevier B.V. All rights reserved.

1. Introduction

Steroids play important roles in pregnancy by supporting and
maintaining the gestation [1,2] and participating in fetal develop-
ment [1] and parturition. The placenta and fetal adrenal produce
estrogen, progesterone, glucocorticoids, C19 steroids and their
metabolites in large amounts, and the circulating and excreted
levels of the steroids and their metabolites are increased in
pregnant women [3–7]. Adequate circulating steroid levels are
essential for successful pregnancy, as artificially induced changes
of the steroid hormone concentrations and metabolism can lead to
severe complications, including pre-term birth [8], and on the
other hand, can also prevent pre-term births [9]. Thus it is of great
interest to study if the steroid metabolome could be used to predict
complications of pregnancy and the risk for pre-term birth. Due to
the non-invasiveness and ease of collection, maternal urine
represents a feasible matrix for large scale screening studies. For
example, the steroid metabolite profile in maternal urine has been
reported as a suitable diagnostic tool for identification of intra-
hepatic cholestasis of pregnancy [10], and Smith–Lemli–Opitz
syndrome [11], as well as determining success of in vitro
fertilization [12]. A recent study from our group gave also
preliminary evidence that contractions may be predicted by
studying steroid metabolites in urine [7].

Classically, steroid (metabolome) screening has relied on
immunoassays (IA), but with the development of analytical
systems, gas chromatography–mass spectrometry (GC–MS) [13]
and liquid chromatography–mass spectrometry (LC–MS) have
become tools of choice in steroid profiling and steroid
biomarker discovery [14–17]. Direct IAs provide low cost and
high throughput analyses and are therefore commonly used.
Nevertheless, they are not always able to provide sufficient
specificity [18–20], suffer from matrix effects [19], and are
unable to monitor multiple compounds by a single analysis, and
therefore they are ceasing to meet the improving standards of
high quality clinical steroid analyses and research [21]. GC–MS
and LC–MS on the other hand are selective, and can produce
quantitative information on hundreds of molecules in a single
run [13–16]. When GC or LC is combined with high resolution
MS (HRMS) or, e.g., a neutral loss or precursor ion scan, they
can also be used for non-targeted analyses to find previously
unknown metabolites [14], which are unattainable for IAs.
However, typical GC–MS analysis of steroids requires extensive
sample preparation: clean-up, concentration, hydrolysis of
conjugated steroids, and derivatization of non-volatiles.
LC–MS also requires sample clean-up, but can be used for
the separation of conjugated steroids in their native forms [22],
and it does not necessarily require analyte derivatization
making it faster compared to GC–MS. Taking also into account
the runtime of the chromatographic separation, GC– and LC–MS
methods are generally time consuming and laborious compared
to IAs. When ultimate speed is needed, automated flow
injection analysis (FIA) offers the benefits of mass spectrometric
analyses. However, the automation relies typically on LC
injectors, which are relatively slow due to wash cycles needed
to prevent carry-over. Therefore, at present, there is demand for
rapid multi-analyte screening methods for steroid fingerprint-
ing for the identification of potential biomarkers and population
level screening for abnormal steroid concentrations.

In this study, we test the feasibility of two ambient mass
spectrometry methods for the rapid screening of urinary steroids
during pregnancy to provide an alternative to typical steroid
screening methods. Ambient mass spectrometry is a family of
techniques, which enable mass spectrometric analyses lasting
from a few to tens of seconds [23–25]. The techniques desorb
analytes from a solid surface, such as a droplet of dried urine
extract on a solid support, and ionize the desorbed molecules by
atmospheric pressure ionization methods such as electrospray,
chemical ionization or atmospheric pressure photoionization.
Unlike IAs, ambient MS methods are able to detect many steroid
species simultaneously in a single run and screen for untargeted
species. However, isomeric and isobaric molecules can be
resolved by ambient MS only if they have different fragmentation
patterns in MSn measurements or if MS is interfaced with ion
mobility separation [26,27]. Ambient MS can be automated to
provide extremely rapid analyses compared to LC–, GC– or even
FIA–MS, and due to the very low sample consumption, the same
samples can be subsequently re-analyzed using GC– or LC–MS to
confirm the findings and to quantitate the detected metabolites.
Previously, ambient MS methods have been tested in steroid
analysis for doping control purposes [28–30]. However, to our best
knowledge, the feasibility of ambient MS in the screening of
endogenous steroids in urine has not been previously investigated.
Here, we use desorption electrospray ionization (DESI) [31] to
monitor steroid glucuronides and sulfates, and desorption
atmospheric pressure photoionization (DAPPI) [32] to monitor
total steroids (free + conjugated after hydrolysis) in pregnancy
urine samples. The results are evaluated by comparing them with
previously published LC–MS data from our laboratory [7] on the
same sample set. Since DESI and DAPPI analysis of raw urine has
been reported to result in MS instrument contamination [33], the
samples were cleaned and concentrated with solid phase
extraction (SPE) for the DESI analyses and liquid–liquid-extraction
(LLE) for DAPPI following typical sample preparation procedures
reported in literature for steroid conjugates and hydrolyzed
steroids, respectively. An Orbitrap was used for the HRMS scan
analyses, and the tentative identifications of DESI–HRMS were
complemented by precursor ion scan measurements with a triple
quadrupole (QqQ) MS.

2. Materials and methods

2.1. Chemicals

Acetone (�99.8%), methanol (LC–MS Chromasolv1), ammoni-
um hydroxide (28.0–30.0% NH3 basis), D3-testosterone (D3-T,
17b-hydroxyandrost-4-en-3-one-16,16,17-D3, 98 atom% D), preg-
nenolone-20,21-13C2-16,16-D2 sulfate sodium salt (13C2D2Preg-S,
98 atom% D, 99 atom% 13C, 98% (CP)), acetic acid (�99.85%), type
HP-2 b-glucuronidase from Helix pomatia (with primary glucu-
ronidase and secondary sulfatase activity), diethyl ether (�99.8%),
ammonium acetate (�98%), DHEA sulfate (D-S, 5-androsten-3b-
ol-17-one sulfate sodium salt dihydrate, �98%), testosterone
glucuronide (T-G, 4-androsten-17b-ol-3-one 17-glucuronide),
and androsterone glucuronide (A-G, 5a-androstan-3a-ol-17-one
glucuronide) were purchased from Sigma–Aldrich (Steinheim,
Germany). Stock solutions of the standards (1 mg mL�1) were
prepared in methanol. Potassium acetate and K2CO3 were from
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J.T. Baker (Mallinckrodt Baker B.V., Deventer, The Netherlands),
and NaHCO3 was from VWR (Espoo, Finland). Water was purified
with Milli-Q purification system (Millipore, Molsheim, France).

2.2. Samples

Morning urine samples were obtained from 5 female
volunteers. Subject 1 donated samples on day of gestation 24,
66, 108, 151, 194, 235, and 254 of her 2nd pregnancy, one control
sample while non-pregnant (day 4 of menstrual cycle) and one
sample from her first pregnancy at day 227 of gestation
(exceptionally given at 18.30–22, 900 mL in total). The samples
from subjects 2, 3, and 4 were given on day 219, 237, and 190 of
gestation, respectively, and subject 5 was not pregnant (day of
menstrual cycle unknown). The obtained data is compared with
LC–MS data published by Jäntti et al. [7], who analyzed samples
from the 2nd pregnancy of subject 1. In addition, to ensure the
method suitability for the target compounds, water spiked with
T-G corresponding to 50 ng mL�1 of free T was analyzed by DAPPI,
and water spiked with 100 ng mL�1 of T-G, D-S, and A-G in sample
by DESI.

2.3. Sample preparation

For DESI, the samples were prepared by SPE using a method
adapted from the work of Zhang and Henion [34]. Briefly, internal
standard was added to 2 mL aliquot of each urine sample (sodium
salt of 13C2D2Preg-S at 200 ng mL�1 in sample). The samples were
buffered with 2 mL of 2:8 (v:v) mixture of methanol and 0.65 M
ammonium acetate (pH 5.5), and cleaned and concentrated with
MFC18 SPE cartridge (100 mg, Isolute, Biotage). The cartridge was
first conditioned sequentially with methanol, water, and 25 mM
ammonium acetate (pH 5.5), 2 mL each. The sample was loaded,
and washed with 25 mM ammonium acetate (pH 5.5); 1:9 (v:v)
mixture of methanol and 25 mM ammonium acetate (pH 5.5); and
water, 3 mL each. The steroid sulfates and glucuronides were
eluted with 2 mL of methanol:water mixture (8:2, v:v). The eluate
was evaporated in water bath (50 �C) with the aid of N2. The
residues were stored in �20 �C before the analysis for maximum of
10 days. Prior to analysis, the samples were dissolved in 100 mL of
methanol and diluted with 100 mL of water. Thus the final
concentration factor was 10. Aliquot of the solution was pipetted
on PTFE surface (1 mL containing �2 ng of IS, PTFE from Vink
Finland, Kerava, Finland), left to dry, and the acidic steroid sulfate
and glucuronide conjugates were analyzed by DESI-MS in the
negative ion mode.

For the DAPPI–HRMS study of the total steroids, the samples
were first hydrolyzed, and a previously reported LLE-method was
chosen for the extraction with minor modifications [35,36]. Briefly,
internal standard was added to 2 mL urine samples (D3-T,
30 ng mL�1 in sample) and the samples were buffered with
1.2 mL of 0.2 M potassium acetate, pH 5.0. The samples were
hydrolyzed with 40 mL of b-glucuronidase from H. pomatia in 55 �C
for 2 h. 200 mg of NaHCO3:K2CO3 (2:1, w:w) was added. Diethyl
ether (3.2 mL) was used to extract the steroids. The samples were
centrifuged at 2000 � g for 15 min, the organic layer was separated,
and evaporated to dryness. The residues were stored in �20 �C
before the analysis for maximum of 10 days. The residues were
reconstituted in methanol and diluted so that the final concentra-
tion factor was 5. Aliquot of the solution was pipetted on PTFE
surface (2 mL containing �0.3 ng of IS), left to dry and the free
steroids were analyzed by DAPPI-MS in the positive ion mode.

Each urine sample was prepared in duplicate with both sample
preparation methods for the HRMS measurements. Four droplets
of each prepared sample were analyzed by DAPPI– or DESI–HRMS.
A subset of the samples (subject 1: control, day of gestation 24,108,

194, and 254; subject 5; subject 3) was processed according to the
SPE procedure for the DESI precursor ion scan study.

2.4. Instrumentation

2.4.1. Mass spectrometry

LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA) was used for the DESI– and DAPPI–HRMS
studies. The inlet capillary was replaced with a straight extended
capillary for DAPPI-MS and a bent extended capillary for DESI-MS
(both from Prosolia Inc., Indianapolis, IN, USA). In DAPPI, the
capillary temperature setting of the instrument was at 340 �C. To
avoid cold-trapping analytes to the extension and to reduce
subsequent carry over and cross-contamination, the protruding
extension was heated to approx. 130–170 �C by passing electric
current directly through it. In DESI, the capillary temperature
setting of the instrument was at 270 �C, and the extension was not
separately heated. Capillary and tube lens voltages were 7 and 45 V
in positive ion mode (DAPPI), respectively, and �9 and �90 V in
negative ion mode (DESI), respectively. The mass spectra were
recorded in m/z range 200–700 in DESI, and m/z 230–600 in DAPPI.
Resolution settings 60,000 and 30,000 were used to record the
accurate masses in DESI and DAPPI, respectively, and a background
fatty acid peak at m/z 255.2329 and a phthalate peak at m/z
391.2843 were used as respective lock mass ions. The data were
processed and visualized using Xcalibur (Thermo Fisher Scientific,
San Jose, CA, USA), Microsoft Excel, OriginPro 8.6.0 (OriginLab
Corporation, Northampton, MA, USA), and a home written Python
script. For each analysis, 20 spectra were averaged, data was
converted to centroid peaks, and intensity values were divided by
the intensity of the internal standard to obtain the values for
relative intensity. To compare ion fingerprints between individuals
the relative intensity of each included m/z peak was divided by
maximum relative intensity of the selected suspected steroid ions
included in the analysis, and average of the eight analyses was
taken. For the DESI heat map, the relative intensity was multiplied
by 100, and logarithm was taken. The values for each ion were
normalized by dividing by maximum value obtained for different
studied days of gestation. For the DAPPI heat map, average relative
intensity of each ion was divided by maximum value obtained for
different studied days of gestation.

A 6410 triple quadrupole MS (Agilent Technologies, Santa Clara,
USA) was used for the DESI precursor ion scan measurements. The
inlet glass capillary was extended with a metal capillary, which
was heated with N2 via the instrument curtain gas line using
temperature and flow rate settings 300 �C and 4 L, respectively. The
fragmentor was set at 250 V for the glucuronides and 300 V for the
sulfates. Direct infusion of 13C2D2Preg-S, D-S, T-G, and A-G was
used to determine precursor ion scan conditions: fragment at m/z
97 (collision energy 34.0 V) was used to detect sulfates, and
fragments at m/z 75 (35.0 V), 85 (35.0 V), and 113 (35.0 V) to detect
the glucuronides. The same fragments have been previously used
in literature, e.g., in [22] for sulfates and in [37] for glucuronides,
respectively.

2.4.2. DAPPI ion source

The DAPPI ion source has been described in detail previously
[32]. Briefly, a hot solvent jet from a heated glass nebulizer
microchip was aimed at the sampling surface in front of the MS
inlet at �45� angle, with the nozzle �3 mm above the surface. The
chip heater was powered by the ISO-TECH programable power
supply IPS-603 (Northamptonshire, Great Britain). The heating
power was 4.5 W, which corresponds to �250–300 �C jet
temperature at the sampling surface. Spray solvent acetone was
delivered by a Harvard apparatus 11 plus (Holliston, MA, USA)
syringe pump at 10 mL min�1

flow rate, and the nebulization was
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assisted with N2 at 180 mL min�1. An RF krypton discharge vacuum
ultraviolet lamp (PKR 106, Heraeus Noblelight, Hanau, Germany)
was placed upon the sampling area in order to initiate the
ionization reactions with 10.0 and 10.6 eV photons.

2.4.3. DESI ion source

In DESI, two different home-built sprayers were used for the
measurements with the two MS instruments. Subsequently, the
DESI geometry and settings had to be separately optimized to
obtain the best performance of the two measurement systems
with different mass spectrometers, capillary extensions, and DESI
sprayer dimensions. In DESI–HRMS (Orbitrap), the sprayer
consisted of two capillaries: the inner solvent capillary i.d. was

100 mm and o.d. 400 mm, and the outer N2 capillary i.d. was
500 mm. The solvent capillary was set at �4.5 kV, and nebulizer gas
(N2) was introduced from the instrument nebulizer gas line and set
at 50 arbitrary units. The geometry was as follows: impact angle
�60�, distance from sprayer to sampling surface �3.7 mm, distance
from MS inlet to sampling surface �0.5 mm, horizontal distance
from sprayer to MS inlet �5.5 mm. In precursor ion scan
measurements (QqQ) the metal solvent capillary (i.d. 83 mm,
o.d. 184 mm) was grounded and the MS inlet capillary voltage was
set at 2500 V. The i.d. of the outer (N2) capillary was 0.25 mm. The
geometry was as follows: impact angle �45�, distance from sprayer
to sampling surface �3 mm, distance from MS inlet to sampling
surface �0 mm, horizontal distance from sprayer to MS inlet

Fig.1. Positive ion mode DAPPI–HRMS spectrum of (a) water spiked with T-G corresponding to 50 ng mL�1 of T in the sample, (b) control urine (non-pregnant) of subject 1, (c)
urine of subject 1 at late pregnancy (day 254 of gestation), and negative ion mode DESI–HRMS spectrum of (d) water spiked with T-G, A-G, and D-S (100 ng mL�1 in sample
each), (e) control urine (non-pregnant) of subject 1, (f) urine of subject 1 at late pregnancy (day 254 of gestation). IS: internal standard, A-G: androsterone glucuronide,
D-S: DHEA sulfate, T: testosterone, and T-G: testosterone glucuronide. The spectra have been normalized to the base peak intensities. Tentative assignments for selected ions
seen in (c) and (f) can be found in Tables 1 and 2, respectively.
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�4 mm. Methanol/water (1:1, v:v) + 0.1% NH4OH was used as the
spray solvent at 4 and 2 mL min�1 in HRMS and precursor ion scan
measurements, respectively.

3. Results and discussion

In order to ensure that the studied methods were suitable for
the analysis of steroid conjugates at biologically relevant
concentration level, they were first used to analyze standard(s)
spiked in water (Fig. 1a and d). In LLE–DAPPI–HRMS the analytes
were hydrolyzed prior to extraction and positive ion mode MS
analysis, and therefore a solution of T-G (corresponding to
50 ng mL�1 of T in sample) showed the [M + H]+ ion of free T. In
SPE–DESI–HRMS, analysis was conducted in negative ion mode
and mixture of A-G, T-G and D-S (100 ng mL�1 in sample each)
showed [M � H]– ions of the conjugates. The DAPPI spectra also
showed typical contaminant and background ions, such as
phthalates (calculated m/z 279.1591 and 391.2843) or slipping
agents found in pipette tips and other laboratory plastic-ware (e.g.,
erucamide calc. m/z 338.3417). In general, less contaminant and
background ions were observed by negative ion DESI than by
positive ion DAPPI. This is probably due to the more selective SPE
sample preparation method and negative ionization mode used
with DESI. Typical spectra obtained from the analyses of non-
pregnant control urine and late pregnancy urine are shown in
Fig. 1b, c, e, and f.

3.1. Qualitative results: ions observed by DAPPI–HRMS

The DAPPI urine spectra showed abundant signals due to
background and endogenous compounds in the urine matrix
(Fig. 1b and c). Since our study was aimed at screening pregnancy
steroids, ions with m/z corresponding to calculated masses of
steroid ions were given a closer look. Only a few signals were

observed with noticeably higher absolute intensity from the non-
pregnant samples compared to the water blanks: possible C19
steroids (androgens) at m/z 287.2005 ([C19H26O2 + H]+), and
289.2162 ([C19H28O2 + H]+), and a suspected C21 steroid peak at
m/z 301.2525 ([C21H32O + H]+). The late pregnancy samples showed
abundant peaks for a large group of suspected steroid ions (Fig. 1c
and Table 1). The thermal energy needed to desorb the analytes in
DAPPI and the APPI ionization process can produce several types of
ions for steroids, such as [M + H]+, [M � H2O + H]+, and [M � 2H2O +
H]+ as previously shown for pregnane derivatives [38], estrogens
[39], corticosteroids [40], and several other types of steroids
[36,38,39] in APPI. Other fragmentation reactions are also possible,
e.g., loss of the side chain from cortisol ([M � C2H3O2]

+) [41].
Combined with the inability to discern between isomers, the
origins of the observed ions are difficult to identify in a complex
mixture like urine. However, it can be confidently concluded that
DAPPI detected C19 and C21 steroids corresponding to androgens,
progestogens, and corticoids. The latter two are known to be
important for pregnancy since they are metabolites of progester-
one and cortisol, whereas C18 steroids, i.e., estrogens and their
metabolites, which are also essential for pregnancy, are lacking in
the spectra. This is most likely because free estrogens contain an
acidic phenol group and have therefore low ionization efficiencies
in positive ion mode. In addition, some of the studied samples
(subject 1 day of gestation 235, 254, and subject 3 day of gestation
237) showed abundant signals for possible ions of pharmaceuticals
such as the dimer of the painkiller paracetamol (see Fig. S1 in
Supplementary material).

3.2. Qualitative results: ions observed by DESI–HRMS

The main species in the negative ion DESI–HRMS spectra of the
urine of non-pregnant subjects were suspected C19 steroid
(androgen) sulfate and glucuronide, and C21 steroid (corticoid)

Table 1

Selected ions observed from the late pregnancy urine samples by LLE–DAPPI–HRMS and suspected to be due to steroid species. Observed m/z is the average of third trimester
samples of subject 1 (day of gestation 194, 235, and 254). Corresponding compounds gives some but not all possible steroid ions at the observed m/z. For example [M � H]+

ions may form in DAPPI-MS but are excluded from the Table.

Observed m/z Tentative formula Calculated
m/z

Dm/z
(mmu)

Corresponding compounds and notes

283.24190 [C21H30 + H]+ 283.24201 �0.11 Pregn-4-en-3-one ([M � H2O + H]+)
287.20054 [C19H26O2 + H]+ 287.20054 0.00 Androstenedione ([M + H]+)
289.21616 [C19H28O2 + H]+ 289.21619 �0.03 DHEA/testosterone/androstanedione/etiocholanedione/epitestosterone/dehydroandrosterone

([M + H]+)
292.23480 [C19H25O2D3+ H]+ 292.23502 �0.22 D3-T (IS) ([M + H]+)
299.23693 [C21H30O + H]+ 299.23692 0.01 Pregnenolone/dihydroprogesterone/pregnanedione ([M � H2O + H]+)

Hydroxypregnanolone/tetrahydrodeoxycorticosterone/pregnenetriol ([M � 2H2O + H]+)
301.25261 [C21H32O + H]+ 301.25257 0.04 Pregnanolone/allopregnanolone/epipregnanolone/isopregnanolone ([M � H2O + H]+)

Pregnanetriol ([M � 2H2O + H]+)
303.19543 [C19H26O3 + H]+ 303.19545 �0.02 Hydroxyandrostenedione/methoxyestradiol/oxotestosterone ([M + H]+)

Cortisol ([M � C2H3O2]
+)

305.21101 [C19H28O3 + H]+ 305.21110 �0.09 Ketoetiocholanolone/hydroxytestosterone/oxoandrostenediol/dihydroxyandrostenone/hydroxyl-
DHEA ([M + H]+)

313.21624 [C21H28O2 + H]+ 313.21619 0.05 Hydroxyprogesterone/deoxycorticosterone ([M � H2O + H]+)
315.23179 [C21H30O2+ H]+ 315.23184 �0.05 Progesterone/dehydropregnenolone ([M + H]+)

Hydroxypregnenolone/dihydrodeoxycorticosterone ([M � H2O + H]+)
Tetrahydrocorticosterone ([M � 2H2O + H]+)

317.24747 [C21H32O2 + H]+ 317.24749 �0.02 Pregnenolone/dihydroprogesterone/pregnanedione ([M + H]+)
Hydroxypregnanolone/tetrahydrodeoxycorticosterone/pregnenetriol ([M � H2O + H]+)

319.26298 [C21H34O2 + H]+ 319.26314 �0.16 Pregnanolone/allopregnanolone/epipregnanolone/isopregnanolone/pregnenediol ([M + H]+)
Pregnanetriol ([M � H2O + H]+)

329.21109 [C21H28O3 + H]+ 329.21110 �0.01 Corticosterone/hydroxydeoxycorticosterone/deoxycortisol ([M � H2O + H]+)
331.22670 [C21H30O3+ H]+ 331.22675 �0.05 Hydroxyprogesterone/deoxycorticosterone ([M + H]+)

Tetrahydrodehydrocorticosterone ([M � H2O + H]+)
333.24239 [C21H32O3 + H]+ 333.24240 �0.01 Hydroxypregnenolone/dihydrodeoxycorticosterone ([M + H]+)

Allotetrahydrocorticosterone/pregnanetriolone/tetrahydrocorticosterone/tetrahydrodeoxycortisol
([M � H2O + H]+)

335.25800 [C21H34O3 + H]+ 335.25805 �0.05 Hydroxypregnanolone/tetrahydrodeoxycorticosterone/pregnenetriol ([M + H]+)
337.27338 [C21H36O3 + H]+ 337.27370 �0.32 Pregnanetriol ([M + H]+)
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glucuronide conjugate ions together with a few unidentified
urinary compounds (Fig. 1e and Table S1 of Supplementary
material). A comparison of the data with urinary steroid reference
concentrations from literature [42,43] shows that the method
detects ions corresponding to the most abundant urinary steroids,
such as etiocholanolone and androsterone conjugates (glucuro-
nide at m/z 465.2493, sulfate at m/z 369.1739) and the
glucuronides of hydroxyandrosterone (m/z 481.2441), pregnane-
triol (m/z 511.2910), tetrahydrocortisone (m/z 539.2496), and
tetrahydrocortisol (m/z 541.2651). As in DAPPI, one should note
that isomers and isobars cannot be separated by DESI–HRMS and
therefore each detected ion may represent several molecules. To
evaluate the tentative assignments of DESI–HRMS spectra,
DESI–QqQ-MS precursor ion scan was conducted following the
precursors of m/z 97 to detect sulfates, and m/z 75, 85, and 113 to
detect the glucuronides. The measurements confirm that the most
abundant ions in the spectra are due to glucuronides and sulfates
supporting the tentative assignments made for the HRMS data
(Table S1 and Fig. S2 of Supplementary material). The sensitivity of
the QqQ-measurements was not as good as that of the HRMS
measurements, and therefore some of the sulfates and glucur-
onides were not detected in the precursor ion mode.

The spectra of late pregnancy samples were visibly different
from those of non-pregnant samples in the DESI experiments
(Fig. 1e and f, Table 2). The spectra consisted of a single abundant
base peak at m/z 495.2963 (possibly pregnanediol glucuronide),
and a variety of other less abundant peaks with accurate masses
corresponding to those of glucuronides and sulfates of estrogens
(C18 steroids), androgens (C19), progestogens (C21), and corticoids
(C21). Interestingly, the late pregnancy DESI spectra were closely
similar to those obtained by fast atom bombardment in an earlier
study [44]. Again, a DESI–QqQ-MS precursor ion scan was
conducted with a sub-set of the samples, and the results support
the tentative assignments of the most abundant sulfates and
glucuronides observed (Table 2 and Fig. S3 of Supplementary
material).

Overall, the spectra obtained with SPE–DESI–HRMS contain the
conjugated forms of some of the abundant species in LLE–DAPPI–
HRMS spectra: C19H28O3, C21H34O2, C21H32O3, C21H34O3, and
C21H36O3 were seen as conjugates in DESI and [M + H]+ in DAPPI.
Nevertheless, for the most part the two techniques showed signals
for different species. This could be partly due to the fact that some
steroids fragment in DAPPI. However, it would require thorough
examination of the ionization of standards in the applied
experimental conditions to show that an ion in the DAPPI
spectrum is a fragment of the hydrolyzed steroid observed in
DESI as a conjugate, and that was not the aim of this work. DESI also
appeared more sensitive than DAPPI due to the lower background
in DESI and possibly low ionization efficiency for, e.g., C18 steroids
in DAPPI.

3.3. Steroid metabolite fingerprints at different stages of pregnancy

Once it was established that the DAPPI and DESI methods are
able to detect changes occurring in urinary metabolites during
the 2nd pregnancy of subject 1, person-to-person repeatabilities
of the fingerprints of suspected pregnancy related steroid
metabolites were evaluated. The normalized relative intensities
for different ions are compared between samples given by
different study subjects at the same stage of pregnancy in Fig. 2
and Fig. S4 of Supplementary material. While the compared
pairs gave roughly similar fingerprints except for the day 235
and 237 samples in DAPPI, according to a two tailed two sample
t-test the normalized relative intensities were significantly
different for most compared ions and sample pairs in both
DAPPI and DESI (p = 0.05, for third trimester samples RSDs of
normalized relative intensity were below 61 and 63% and average
RSD was 20 and 18% in DAPPI and DESI, respectively). This is
expected, since even though pregnancy has a great influence on
steroid excretion allowing easy distinguishing of non-pregnant
samples from the pregnancy samples, natural biological variation
related to age, stress, body mass index, and nutritional state/

Table 2

Selected ions observed from the late pregnancy urine samples by SPE–DESI–HRMS and suspected to be due to steroid sulfate and glucuronide [M � H]– ions. S: x shows
positive result in m/z 97 precursor ion scan (subject 1, day of gestation 254) indicating the ion is due to a sulfate, G1: x shows positive result in m/z 113 precursor ion scan
(subject 1, day of gestation 108) indicating the ion is due to a glucuronide, G2: x shows positive result in m/z 75 precursor ion scan (subject 1, day of gestation 254) indicating
the ion is due to a glucuronide. * doubly charged. Observed m/z is the average of third trimester samples of subject 1 (day of gestation 194, 235, and 254) and Dm/z refers to the
calculated mass difference between the observed ion and sulfate or glucuronide [M � H]– ion of the steroid with given tentative formula.

Sulfates Glucuronides Tentative identification

Observed m/z (Dm/z in
mmu)

S Observed m/z (Dm/z in
mmu)

G1 G2 Tentative formula of free
steroid

Steroids corresponding to tentative formula

300.64657 (0.00*) C29H49NO7* Pregnanediol N-acetylglucosaminide*
461.18150 (�0.18) C18H22O3 Hydroxyestrone/ketoestradiol

367.12182 (�0.25) x 463.19722 (�0.11) x C18H24O3 Estriol/hydroxyestradiol/epiestriol
369.17388 (�0.22) 465.24931 (�0.06) x C19H30O2 Dihydrotestosterone/androsterone/etiocholanolone
383.15316 (�0.20) x 479.22854 (�0.09) C19H28O3 Dihydroxyandrostenone/hydroxytestosterone/ketoetiocholanolone/

hydroxyl-DHEA
385.16882 (�0.19) x 481.24421 (�0.07) C19H30O3 Hydroxyandrosterone/androstenetriol

483.25976 (�0.17) C19H32O3

493.28069 (0.03) x x C21H34O2 Pregnanolone/pregnenediol/allopregnanolone/epipregnanolone/
alloepipregnanolone

399.20856 (�0.44) x 12C19
13C2H30O2D2

13C2D2Preg-S (IS)
399.22081 (�0.24) x 495.29629 (�0.02) x x C21H36O2 Pregnanediol

507.25984 (�0.09) C21H32O3 Hydroxypregnenolone/dihydrodeoxycorticosterone
413.20012 (�0.19) 509.27550 (�0.08) x x C21H34O3 Hydroxypregnanolone/tetrahydrodeoxycorticosterone
415.21576 (�0.20) 511.29106 (�0.17) x x C21H36O3 Pregnanetriol
427.17927 (�0.31) 523.25467 (�0.17) C21H32O4 Trihydroxypregnenone
429.19514 (�0.09) x 525.27036 (�0.13) C21H34O4 Tetrahydrodeoxycortisol/tetrahydrocorticosterone/pregnanetriolone

527.28607 (�0.07) C21H36O4

539.24963 (�0.13) C21H32O5 Tetrahydroaldosterone/dihydrocortisol/
hydroxydehydrotetrahydrocorticosterone/tetrahydrocortisone

541.26520 (�0.21) C21H34O5 Tetrahydrocortisol/cortolone
602.30009 (�0.32) 698.37536 (�0.32) C29H49NO7 Pregnanediol N-acetylglucosaminide [44]
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fasting cause variation in the study subjects’ steroid metabolomes
[18]. As will be discussed in the next section, the differences
between studied individuals at the same stage of pregnancy are,
however, small compared to changes occurring during the course
of pregnancy.

3.4. Steroid metabolites showing increase during pregnancy

The relative intensities of at least ten ions increased over an
order of magnitude in the LLE–DAPPI–HRMS spectra as the 2nd
pregnancy of subject 1 proceeded (Fig. 3). These strongly

Fig. 2. Examples of DAPPI and DESI steroid ion fingerprints presented as average of normalized relative intensities. The ions are A: m/z 283.2419, B: 299.2369, C: 301.2526,
D: 303.1954, E: 305.2110, F: 313.2162, G: 315.2318, H: 317.2475, I: 331.2267, J: 335.2580 in DAPPI and 1: 239.0851, 2: 300.6466, 3: 429.1951, 4: 461.1815, 5: 463.1972,
6: 493.2807, 7: 495.2963, 8: 509.2755, 9: 511.2911, 10: 525.2704, 11: 602.3001, and 12: 698.3754 in DESI. The error bars show standard deviations based on eight analyses.
* shows ions that did not have significantly different mean normalized relative intensity at p = 0.05 level for two studied subjects.

Fig. 3. Heat map presenting changes of LLE–DAPPI–HRMS and SPE–DESI–HRMS response of selected ions during the second pregnancy of subject 1. In SPE–DESI–HRMS
relative intensity was multiplied by 100, and logarithm was taken. The values for each ion were normalized by dividing by maximum value obtained for different studied days
of gestation. Normalized value 1.00 corresponds to log(average(I(x)/I(IS)) � 100) values between 2.6 and 5.0 and thus the figure shows over an order of magnitude change for
all included ions. For the LLE–DAPPI–HRMS, average relative intensity of each ion was divided by maximum value obtained for different studied days of gestation.
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pregnancy-related ions are most likely due to C21 steroid
metabolites (progestins and corticoids) or C19 steroids (andro-
gens). In DESI, at least twelve ions showed an order of magnitude
increase of relative intensity (Fig. 3), and most of them were
suspected to be due to glucuronides and sulfates of C18 and C21
steroids (estrogens, progestins, and corticoids). The overall trends
observed by both DAPPI and DESI are in agreement with literature,
as the production [2], circulating [4–6], and excreted [7] levels of
estrogens, progestins, corticoids, and also many androgens are
known to increase during pregnancy.

A detailed comparison of the DESI data was made with the
study of Jäntti et al. [7], which reported longitudinal LC–MS data on
urine samples from 2nd pregnancy of subject 1 (day of gestation
not matched with this study). With the exception of estradiol
glucuronides, DESI was able to show increase for ions correspond-
ing to all glucuronide species reported to show large, order(s) of
magnitude increase in the LC–MS study of Jäntti et al. However, the
concentrations of three estriol glucuronides increase already in
early pregnancy (day 10 of gestation compared to non-pregnant
control) according to the earlier LC–MS study, but possibly due to
insufficient sensitivity, the signal of the respective ion (m/z
463.1972) in the DESI spectra was not observed until day of
gestation 108. Nevertheless, agreeing with the LC–MS results, the
signal increased further from day 108 also according to DESI.
Contrary to this, most species showing increase during pregnancy
in the DESI spectra were elevated already in the earliest pregnancy
sample (day of gestation 24) compared to the control. This is in
agreement with the study of Jäntti et al. [7]. Interestingly, the three
ions suspected to be due to pregnanediol N-acetylglucosaminide
conjugates in the DESI spectra (doubly charged sulfate at m/z
300.6466, sulfate at m/z 602.3001 and glucuronide at m/z
698.3754) showed very weak signals or no signal at all in the
non-pregnant samples, but were abundant already on the 24th day
of gestation, while the sulfate ions increased only mildly during the
pregnancy. Meng et al. have previously reported finding the species
in late pregnancy urine [44], but to our best knowledge, a
longitudinal study of the conjugates has not been reported before.

The comparison of the DAPPI results with the previous LC–MS
data [7] was not as straightforward as for DESI, since the DAPPI
signals represent free and hydrolyzed glucuronide and sulfate
conjugates of the steroids, and the sulfates were not monitored in
the LC–MS study. Jäntti et al. detected increase of free or
glucuronidated C21 steroids with six different molecular formulas:
C21H30O2, C21H34O2, C21H34O3, C21H36O3, C21H36O2, and C21H30O5.
DAPPI–HRMS showed the increase of corresponding [M + H]+ ion
for two of the species, namely C21H30O2 at m/z 315.2318, and
C21H34O3 at m/z 335.2580. In addition, possible [M � H2O + H]+ ion
of C21H34O2 at m/z 301.2526 showed a large increase, and possible
fragmentation product of C21H30O5 (cortisol) at m/z 303.1954 [41]
was also increased in DAPPI. It can also be concluded, that DAPPI
was unable to detect the increase of C18 steroids (estrogens).
Whereas most detected pregnancy-related steroids showed a large
increase already in early pregnancy in DESI, DAPPI showed more of
a steady growth with clear maximum at the day of gestation 254.
This may be due to the higher chemical background in DAPPI
contributing to the early pregnancy signals, but it is also possible
that the slope of signal response curve in DAPPI is low. Since the
aim of this study was not to quantify the monitored species,
linearity was not studied.

4. Conclusions

We studied two ambient MS methods for the rapid monitoring
of steroid metabolites during pregnancy. Both techniques were
found suitable for the task: DAPPI detected C19 and C21 steroid
metabolites in the samples, while DESI gave signals for C18, C19,

and C21 steroid metabolites. In particular, progress of pregnancy
lead to over an order of magnitude increase for at least ten steroid
ion signals analyzed by LLE–DAPPI–HRMS, and similar increase of
at least 11 ions of steroid sulfates or glucuronides and one
unidentified ion according to SPE–DESI–HRMS. The DESI results
were simpler to interpret and agree with literature data obtained
with LC– and GC–MS. The interpretation of the DAPPI results
requires further work to properly assign the observed signals and
compare the data with literature reports in detail. However,
DAPPI seems to be able to show changes in C21 steroids. The
SPE–DESI–HRMS method was found to give less disturbances
than LLE–DAPPI–HRMS, possibly due to the more selective
sample preparation method and ionization mode used (SPE
and negative ion mode with DESI, LLE and positive ion mode with
DAPPI). DESI also showed signals for estrogens, which could not
be detected by DAPPI. All in all, both studied methods were found
suitable for the monitoring of selected steroid metabolites during
pregnancy, but the DESI method is especially attractive due to
simpler sample preparation that does not require hydrolysis of
analytes, the ease of interpretation of results, and better
sensitivity especially for C18 steroids. In addition, the SPE sample
preparation method used for DESI can be automated and
miniaturized into 96-well format with sample preparation time
of 25 min [34]. Since technology for automation of DESI (and
DAPPI) is currently readily available, the MS analysis could be
conducted in less than 30 s per sample, taking roughly an hour
and a half in total to analyze a batch of 96 samples. Thus the
analysis time would be reduced by over 75% compared to 5 min
LC–MS runs taking 8 h for 96 samples. Therefore especially
SPE–DESI–HRMS shows promise for extremely quick screening of
urinary steroids challenging commonly employed methods.
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Figure  S1.  A  close-up  of  the  spectrum  in  Figure  1c  showing  the  fine-structure  of  the  DAPPI  spectra  with

suspected paracetamol dimer at m/ z 303.1340, pregnancy-related [C19H26O3+H]
+
 steroid  at m/z 303.1955, and

an unidentif ied urinary ion at  m/z 303.2317.



Table S1. Selected abundant  ions observed from the urine samples of non-pregnant  subjects by SPE-DESI-HRM S

and suspected to be due to steroid glucuronides and sulfates. Observed m/z is the average from all analyzed

non-pregnant  samples showing the ion. *  seen/ abundant  in the samples from subject  1, not/ with low

abundance in the samples from subject  5. G1 = x shows positive result  in m/ z 113 precursor ion scan (subject  1,

non-pregnant ) indicat ing the ion is due to a glucuronide, G2 = x shows positive result  in m/ z 75 precursor ion

scan (subject  1, non-pregnant ) indicat ing the ion is due to a glucuronide, S = x shows posit ive result  in m/z 97

precursor ion scan (subject  1, non-pregnant ) indicat ing the ion is due to a sulfate.

Observed

m/ z

G

1

G

2

S Tentat ive formula Calculated

m/ z

Δm/ z

mmu

Corresponding compounds and notes

367.15841 [C19H28O5S–H]
–

367.15845 –0.04 Dehydroepiandrosterone

sulfate/ testosterone sulfate [M –H]
–

369.17390 x [C19H30O5S–H]
–

369.17410 –0.20 Dihydrotestosterone sulfate/

androsterone sulfate/  et iocholanolone

sulfate [M–H]
–

383.15313 x [C19H28O6S–H]
–

383.15336 –0.23 Dihydroxyandrostenone sulfate

[M –H]
–

385.16879 x [C19H30O6S–H]
–

385.16901 –0.22

399.20868 x [
12

C19
13

C2H30O5D2S–H]
–

399.20900 –0.32
13

C2D2Preg-S(IS) [M –H]
–

446.29106

*

[C26H41NO5–H]
–

446.29117 –0.11 Glycocholic acid [M –H2O–H]
–

448.30636

*

[C26H43NO5–H]
–

448.30682 –0.46 Deoxycholic acid glycine conjugate

[M –H]
–

465.24925 x x [C25H38O8–H]
–

465.24937 –0.12 Dihydrotestosterone glucuronide/

androsterone glucuronide /

et iocholanolone glucuronide [M–H]
–

479.22839 x [C25H36O9–H]
–

479.22863 –0.24 Oxo-androsterone glucuronide [M –H]
–

481.24409 x x [C25H38O9–H]
–

481.24428 –0.19 Hydroxyandrosterone glucuronide

[M –H]
–

495.22346

*

x x

509.27540 x x [C27H42O9–H]
–

509.27558 –0.18 Hydroxypregnanolone glucuronide/

THDOC glucuronide [M –H]
–

511.29100 x [C27H44O9–H]
–

511.29123 –0.23 Pregnanetriol glucuronide [M –H]
–

539.24957

*

[C27H40O11–H]
–

539.24976 –0.19 Tetrahydroaldosterone-3-

glucuronide/ tet rahydrocort isone

glucuronide [M –H]
–

541.26515

*

x [C27H42O11–H]
–

541.26541 –0.26 Tetrahydrocort isol

glucuronide/Cortolone-3-glucuronide

[M –H]
–



Figure S2. SPE-DESI-QqQ-MS precursor ion scan of m/z 113 (glucuronide) of cont rol (non-pregnant ) sample

from subject  1 (top) and scan of m/z 97 (sulfate) of sample from subject  5 (bot tom).
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Figure S3. SPE-DESI-QqQ-MS precursor ion scan of m/z 113 (glucuronide) of pregnancy sample from subject  1,

day of gestation 108 (top) and scan of m/z 97 (sulfate) of sample from subject 1, day of gestation 254 (bottom).
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Figure S4. Comparison of the urine samples from two pregnancies of subject  1 and the pregnancy of subject  2.

The ions are A: m/ z 283.2419, B: 299.2369, C: 301.2526, D: 303.1954, E: 305.2110, F: 313.2162, G: 315.2318, H:

317.2475, I: 331.2267, J: 335.2580 in DAPPI and 1: 239.0851, 2: 300.6466, 3: 429.1951, 4: 461.1815, 5:

463.1972, 6: 493.2807, 7: 495.2963, 8: 509.2755, 9: 511.2911, 10: 525.2704, 11: 602.3001, and 12: 698.3754 in

DESI. The error bars show standard deviat ions based on eight  analyses.
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