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1 | INTRODUCTION

Liquid chromatography/mass spectrometry

Rationale: Hyphenation of atmospheric pressure chemical ionization (APCI) mass
spectrometry with capillary and micro high-performance liquid chromatography
(HPLC) is attractive for many applications, but reliable ion sources dedicated to these
conditions are still missing. There are a number of aspects to consider when
designing such an ion source, including the susceptibility of the ionization processes
to ambient conditions. Here we discuss the importance of ion source housing for
APCI at low flow rates.

Methods: Selected compounds dissolved in various solvents were used to study
ionization reactions at 10 pL/min flow rate. APCI spectra were generated using the
lon Max-S source (Thermo Fisher Scientific) operated with or without the ion source
housing.

Results: The APCI spectra of most compounds measured in the open and enclosed
ion sources were markedly different. The differences were explained by water and
oxygen molecules that entered the plasma region of the open ion source. Water
tended to suppress charge transfer processes while oxygen diminished electron
capture reactions and prevented the formation of acetonitrile-related radical cations
useful for localizing double bonds in lipids. The effects associated with the ion source
housing were significantly less important for compounds that are easy to protonate
or deprotonate.

Conclusions: The use of ion source housing prevented alternative ionization channels
leading to unwanted or unexpected ions. Compared with the conventional flow rate
mode (1 mL/min), the effects of ambient air components were significantly higher at
10 pL/min, emphasizing the need for ion source housing in APCI sources dedicated

to low flow rates.

not only for proteomics, but also for small molecule analysis and
metabolomics.> Nowadays, the LC/MS methods rely almost

(LC/MS) is a key exclusively on electrospray ionization (ESI), which is suitable for the

analytical method in life science research. It is widely used in various
“omics” aiming at the collective characterization and quantification of
pools of biological molecules. LC/MS analyses are increasingly
performed in a down-sized format with nano- and micro-bore
chromatography columns, which vyield less dilution and thus provide

enhanced sensitivity.! Low flow rate LC/MS systems are attractive

analysis of a wide range of compounds. It works particularly well for
species that exist as ions in solution or those with acidic or basic
functionality but is less efficient or inefficient at ionizing less polar
compounds.® Unlike ESI, atmospheric pressure chemical ionization
(APCI) is based on gas-phase processes. APCI-MS allows the analysis
of medium polar to non-polar substances with good sensitivity,
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which makes it a complementary ionization technique to ESI. APCI is
very compatible with a broad range of solvents, regardless of their
polarity. While ESI is susceptible to ion suppression caused by
competition for a charge during the ionization,* the APCI process is
significantly less affected by the matrix.> APCI-MS thus has the
potential to become a complementary ionization technique for
complex samples containing many analytes, e.g., in metabolomics or
lipidomics.

The ions formed in APCl sources result from primary and
secondary processes, which strongly depend on the chemical nature
of all the species involved, the ion source design and experimental
conditions. Cluster ions are readily formed in the ion sources and they
are involved in the ionization mechanisms.® The nebulizer gas governs
primary ionization. A corona discharge in nitrogen provides radical
cations such as N,** and N4*°, which in dry air further react with
molecular oxygen to yield O,"* and O,"*, together with small
amounts of NO*.”® Primary ionization of dry air in the negative ion
mode affords O, and O4°, which in humid air readily form clusters
with water.® After the introduction of the solvent into an APCI
source, further reactions take place including proton transfer, charge
transfer, or reactions with electrons. The resulting cocktail of charged
species reacts with the analyte molecules via several mechanisms.”
Transfer of a proton from the reactant ion to an analyte happens
when the proton affinity (PA) of the analyte is higher than that of the
molecule from which the reactant ion has been formed. Charge
transfer occurs when the analyte has lower ionization energy (IE) than
the molecule from which the reactant ion has been formed. Charge
transfer in the negative ion mode (reaction with O,~°) takes place
when the electron affinity (EA) of the analyte is higher than that of
molecular oxygen (0.451 eV).2®!? Some organic compounds with
positive EA values may interact with thermal or near-thermal
electrons by resonance or dissociative electron capture.'? The
ionization pathways taking place in the positive and negative APCl are

%10 |n addition to these

summarized, for instance, elsewhere.
processes, various solvent adducts'® or products of gas-phase
chemical reactions* can be formed. Despite the complex chemistry,
APCI mass spectra are informative and their interpretation is usually
simple. Most analytes provide protonated or deprotonated molecules.
Compounds with low PA and IE values provide radical cations, which
can be utilized for sensitive detection or structure elucidation.>1¢
APCI-MS is a technigue compatible with the high flow rates used
in conventional HPLC. Commercial ion sources operate best at
approximately 1 mL/min and accept flow rates between hundreds of
pL and 2-3 mL/min. Therefore, they cannot be combined with micro-
and capillary LC. Several concepts for low flow rate APCl sources
have been proposed,’”?2 but additional development is needed to
design more robust, sensitive, and reliable devices. There are many
technical issues related to APCI source design. Here we would like to
focus on the chamber, which isolates the ionization region from the
external environment, i.e., ion source housing. While older designs of

18,19

low flow rate APCI sources were enclosed in a housing, papers

that are more recent suggest ion sources operating in the open

atmosphere.20-22

A typical commercial APCIl source is maintained at atmospheric
pressure and its inner volume is several hundred mL. The housings are
commonly made of metallic materials, such as aluminum alloys, and
they have a window for easily observing the interior of the ion source.
The housing protects users from dangerous and irritating solvent
vapors and prevents accidental touching of hot surfaces and metal
parts under high voltage. The housing also largely prevents unwanted
reactants from entering the ionization zone but, because it does not
provide absolute sealing, air components such as water may enter the
jon source.® The source housing is commonly used also in
conventional ESI and atmospheric pressure photoionization (APPI)
sources, but it is usually absent in API sources operating at low flow
rates. For instance, the ionization regions of nano- or
microelectrospray sources are only lightly protected to prevent an
electric shock hazard. Most ambient ionization procedures are carried
out in the open atmosphere, without any housing, for instance,
desorption electrospray (DESI),?® desorption atmospheric pressure
photoionization (DAPPI)>* or desorption atmospheric pressure
chemical ionization (DAPCI).2>

In this work, we discuss the importance of the ion source housing
for APCI operated at pL/min flow rates. Mass spectra recorded using
two APCIl sources were compared. The sources were virtually
identical, with the exception of the ion source housing, which was
present or absent. Selected analytes dissolved in solvents of various
polarities were used to study gas-phase processes taking place in the

enclosed and open APCI sources.

2 | EXPERIMENTAL

21 | Chemicals

Pyrene (98%), squalene (>298%), tetradec-1-yne (297%), palmityl oleate
(99%), (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO; 98%), picric acid
(298%), 2-hydroxy-5-nitrobenzoic acid (99%), 4-hydroxyaniline, (>98%),
>98.0%), 4-amino-N-
(1,3-thiazol-2-yl)benzenesulfonamide (sulfathiazole; >98%), carbon
disulfide (anhydrous, 299%), ethyl acetate (299.7%), and n-hexane
(299.0%) were purchased from Sigma-Aldrich (St Louis, MO, USA).
Trielaidin (>99%) was obtained from Nu-Chek Prep (Elysian, MN, USA).
Tetradecan-2-one was prepared from tetradec-1-ene as described in

N-(4-hydroxyphenyl)acetamide (paracetamol;

the supporting information. Tetradecanal synthesized by pyridinium
chlorochromate oxidation of tetradecan-1-ol was kindly provided by Dr
Pavlina Kyjakova (IOCB Prague, Czech Republic). Methanol (gradient
grade for LC) and toluene (299.9%) were from Merck (Darmstadt,
Germany). Acetonitrile (299.9%) was purchased from VWR Chemicals
(Radnor, PA, USA). Chloroform (p.a., stabilized with 1% of ethanol) from
Penta (Prague, Czech Republic) was purified to remove the stabilizer
and water residues. It was shaken three times with 1/10 vol. of sulfuric
acid, washed with water, dried over calcium chloride, and distilled. Both
deuterium oxide (99.9% D) and chloroform-d (99.8% D) were purchased
from Euriso-top (Saint-Aubin, France). Water was prepared using a
Milli-Q integral system (Merck Millipore, Burlington, MA, USA). The
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analyte solutions were prepared at the concentration of 100 pmol/L
with the following exceptions: TEMPO, squalene, and trielaidin
(50 pmol/L), picric and 2-hydroxy-5-nitrobenzoic acid (300 pmol/L) and
tetradec-1-yne and 4-hydroxyaniline (1 mg/mL). Gaseous nitrogen
(299.999% N,, <3 ppmv O,, <2 ppmv H,0, <0.2 ppmv C,H,) and
synthetic air (5.0, hydrocarbon free, 79.5% N,, 20.5% O,, <5 ppmv
H,0, <0.5 ppmv CO,), both from Messer (Bad Soden, Germany), were

used for sample nebulization.

2.1.1 | Safety consideration

The low autoignition temperature of carbon disulfide (90°C) may
cause spontaneous ignition of its vapors leaving the APCI sprayer,
especially at higher liquid flows and high probe temperatures in the

open ion source.

2.2 | LCQ Fleet mass spectrometer

The low-resolution spectra were recorded with an LCQ Fleet ion-
trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). The instrument was operated either with the lon Max-S API
source fitted with the APCI probe (both from Thermo Fisher
Scientific), hereafter referred to as the enclosed ion source, or with
the same APCI source lacking the source housing (hereafter referred
to as the open ion source). The lon Max-S API consisted of a metal
housing, which defined the internal volume of the source
(approximately 475 mL). The angle of the probe was approximately
60° relative to the inlet capillary, and the distance between the
probe and the inlet capillary was 13 mm. The corona discharge
needle was mounted inside the ion source housing slightly off-axis,
6 mm from the inlet capillary and 10 mm from the probe. The
pressure in the ion source housing was not measured, but probably
remained at the atmospheric level because the source drain was
open to the atmosphere.

The open ion source was built on a platform consisting of a
profiled aluminum flange for attaching the entire device to the mass
spectrometer and two steel rods for mounting a holder for a corona
discharge needle on them. The probe was fixed in a clamp attached to
a retort stand. The positions of the probe and the corona discharge
needle (angles, distances) were carefully adjusted to be the same as in
the enclosed ion source. The sheath and auxiliary gases (nitrogen in
most cases) for the probe were taken from hose connectors located
on the front panel of the LCQ Fleet instrument. The high voltage
connector on the front panel of the instrument was used to power
the corona discharge. The probe heater was powered from the lon
Max-S API source (unmounted, placed beside the spectrometer),
which was connected to the front panel of the instrument using a
cable with 15-pin D-SUB male/female connector. Photographs of the
open ion source are provided in Figure S1 (supporting information).
The open ion source was fully controlled from Xcalibur software

(Thermo Fisher Scientific) in the same way as the enclosed ion source.

¥
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A cross-sectional view of the commercial APCI probe used in both ion
sources can be found in a technical data sheet from Thermo Fisher
Scientific.2® The ion source parameters (temperatures, voltages) were
manually optimized for each compound separately. For a given
compound, the same parameters were used in both the open and the
enclosed ion sources. The range of settings was as follows: capillary
temperature 150-300°C, vaporizer temperature 250-300°C, corona
discharge current 1.5-3.0 pA for positive ions and 7.0 pA for negative
ions, nitrogen sheath gas flow rate 20-30 a.u. (11-14 L/s), nitrogen
auxiliary gas flow rate 5-10 a.u. (4-6 L/s), capillary voltage 4-9 V for
positive ions and —12V for negative ions, and tube lens voltage
55-80 V for positive ions and —56 V for negative ions. The flow rates
of gases were set in arbitrary units (a.u.); the corresponding
volumetric flow rates were determined experimentally, see Figure S2
(supporting information). The samples were infused into the ion
sources using a syringe pump operated at 10 pL/min, which was a
significantly lower flow rate than the optimum values recommended
by the manufacturer (0.1-2 mL/min).2® Data were evaluated using
Xcalibur software (Thermo Fisher Scientific).

2.3 | LTQ Orbitrap XL mass spectrometer
High-resolution data were recorded using an LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) equipped with an lon Max
API source (i.e.,, an enclosed ion source) and operated at the same
conditions as described for the LCQ Fleet.

24 | Mass spectrometry in the presence of D,O

The effect of moisture in APCI sources was probed with D,O. In the
case of the open ion source, a 10-mL beaker with 8 mL of D,O was
placed close to the inlet capillary of the mass spectrometer. Dry
nitrogen gas flowing at 275 mL/min was bubbled through D,O to
enhance the evaporation. In the case of the enclosed ion source, a
small gas bubbler with 2.5 mL of D,O or H,O was connected to a
Teflon tube with sheath gas. Prior to the introduction of the sample,

D,0 or H,0 vapors were introduced into the APCI sources for 5 min.

25 |
sources

Temperature measurement inside the ion

The temperature of vapors inside the ion sources was measured using
a Voltcraft IR 1200-50D thermometer equipped with a Type K
chromel-alumel thermocouple (Conrad Electronic SE, Hirschau,
Germany). Before the measurement, the corona discharge needle was
removed and the sensor was placed inside the ion source, about
7 mm from the inlet capillary. The vaporizer and heated capillary
temperatures were set at 250°C and 150°C, respectively. The
temperature was recorded after 60 min of continuous ion source

operation.
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3 | RESULTS AND DISCUSSION
3.1 | Positive ion mode: Protonation vs charge
transfer

The effect of the ion source housing was evaluated using the
products of the chemical reactions taking place in the ion sources.
The first experiments were performed with pyrene. Polycyclic
aromatic hydrocarbons are known to provide both protonated
molecules and molecular ions in APCI, depending on the experimental
conditions.?” Therefore, the relative proportion of [M+ H]* (m/z
203.1) and M** (m/z 202.1) can be used to monitor proton and charge
transfer processes in the ion source. Pyrene dissolved in toluene was
introduced at 10 puL/min and 1 mL/min into the enclosed and open
ion sources. Several settings of the sheath and auxiliary gases
(nitrogen) were used to cover a wide range of conditions typically
used at low and high flow rates. Histograms in Figure 1 show that the
jonization of pyrene by charge transfer (m/z 202.1, [M]**) prevailed
over the formation of the protonated molecule (m/z 203.1, [M + H])
in the enclosed ion source at all conditions; the [M + H]*/[M]**
intensity ratios were less than one. The results for the open ion
source were different. While charge transfer remained the dominant
process at 1 mL/min, protonation prevailed at 10 pL/min and the
intensity ratio increased above one. The gas-phase ionization
processes almost certainly changed due to the presence of other
reactants such as water in the ion source. It is known that momentum
transfer from the surrounding air to the nebulizer jet occurs, taking air
constituents into the corona discharge region.?® Since the volume of
solvent vapors was small compared with the volume of nitrogen (see
Table S1, supporting information), the amount of air drawn into the
jet was similar at both flow rates (at the same nebulizer and auxiliary
gas settings). However, the relative concentration of the solvent
(toluene) in the jet was 100x higher at 1 mL/min compared with
10 pL/min. Therefore, we assume that the different ionization of

pyrene at high and low flow rates stemmed from different

24 (A) Exp. no Sheath a.u. (I/s) Augxiliary a.u. (I/s)
1. 20 (10.7) 5(4.2)
o 2. 20(10.7) 25(11.7)
© 3. 50 (20.5) 5(4.2)
> 4. 50 (20.5) 25(11.7)
B
S More [M + HJ*
[
£ 1
=
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+
T
+
=3
O _
1 2 3 4

Experiment No.

FIGURE 1

toluene/water ratios in the jet. To confirm the hypothesis that water
is responsible for the enhanced protonation at the low flow rate, light
and heavy water vapors were introduced into the enclosed ion
source. Almost complete protonation or deuteration of pyrene was
observed (Figures 2A-2C). In addition, blank APCI spectra recorded in
the open ion source without any solvent showed the protonated
water dimer at m/z 37.0 together with protonated acetonitrile and
acetone (from the laboratory environment) at m/z 42.0 and 59.0,
respectively. These ions were almost absent in the enclosed ion
source (Figure S3, supporting information). Protonated water could
not be detected since the instrument recorded ions from m/z 20. It
was concluded that water and possibly traces of common solvents in
the external air were responsible for protonation of pyrene in the
open ion source at 10 pL/min. It can be summarized that the effect of
ambient air on APCI processes is more pronounced at low flow rates
than under conventional conditions.

The impact of ion source housing on the ionization processes was
studied at the flow rate of 10 pL/min in a systematic way. Mass
spectra of squalene, pyrene, TEMPO, paracetamol, and sulfathiazole
dissolved in various solvents were recorded. The relative proportions
of proton transfer (M + H]*) and charge transfer (M**) ions formed in
the enclosed and open sources are given in Table 1; selected mass
spectra including the spectra of solvents can be found in Figures S4
and S5 (supporting information). As expected, the analytes were
completely or almost completely protonated in methanol, regardless
of the presence or absence of the housing (except for squalene, which
is insoluble in methanol). The PA of methanol is sufficiently low to
ensure efficient proton transfer and any further protonation with
water was thus not manifested. When dissolved in toluene, carbon
disulfide or chloroform, the analytes were ionized differently in the
jon sources (except for paracetamol and
While

protonated molecules dominated in the open ion source, the enclosed

enclosed and open

sulfathiazole, which were insoluble in these solvents).
source spectra exhibited mostly molecular ions, which were readily

formed by charge transfer reactions because the IE values of the

2{(B)
kel
® 7
= g
%
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=
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=
o
I
+
=3
0_

1 2 3

Experiment no.

Bar graphs showing intensity ratios of pyrene protonated molecule (M + H]*; m/z 203.1) and molecular ion (M**; m/z 202.1).

Pyrene was dissolved in toluene (25 pmol/L) and delivered at 10 uL/min (hatched bars) and 1 mL/min (empty bars) into the A, enclosed and B,
open APCI sources. The [M + H]* intensities were corrected for the 13C isotope of M**. Data represent averages of three measurements and the

error bars describe standard deviations
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FIGURE 2 APCI+ mass spectra of pyrene dissolved in chloroform (100 pmol/L) recorded in the enclosed ion source operated with A, dry
nitrogen; B, nitrogen with H,O vapors; and C, nitrogen with D,O vapors as nebulizer gas. APCl+ mass spectra of TEMPO dissolved in carbon
disulfide (50 pmol/L) recorded in the enclosed ion source operated with D, dry nitrogen; E, nitrogen with H,O vapors; and F, nitrogen with D,O

vapors as nebulizer gas. The flow rate was 10 pL/min

analytes are lower than those of the solvents. Protonation in the open
jon source was explained by the presence of water from the
surrounding air. As with pyrene, the introduction of H,O or D,O
caused protonation or deuteration of TEMPO in the enclosed ion
source (Figures 2D-2F). The M* peak of TEMPO formed by charge
transfer did not disappear completely, probably because of the low IE
of this compound.

All the analytes were protonated in acetonitrile, but both
hydrocarbons (squalene and pyrene) showed also significant amounts
of molecular ions. Surprisingly, the open ion source provided more
M** for the hydrocarbons than the enclosed one. When we replaced
the nebulizer nitrogen with dry synthetic air, pyrene provided almost
exclusively radical cations (Figure 3). The APCl mass spectrum of
[(CH3CN)oI**, and
which were not formed in nitrogen (Figure Sé,

acetonitrile showed radical species CH3;CN™,
[(CHCN)5]™,
supporting information). These ions were previously reported by
Kolakowski et al,?? who suggested that these ions were formed by
charge transfer reaction with oxygen, which has a lower IE than

nitrogen (IE (O,) = 12.07 eV, IE (N,) = 15.58 eV*°). Thus, increased

formation of hydrocarbon radical cations could be attributed to

charge transfer reactions with acetonitrile-related radical ions

produced by the action of oxygen in the open ion source.

3.2 | Negative ion mode: Deprotonation vs
electron capture

Negative ions are formed in APCI by deprotonation, dissociative or
non-dissociative electron capture, or anion addition.*® Since all these
reactions can be observed with nitroaromatic compounds,®! picric
acid and 2-hydroxy-5-nitrobenzoic acid were selected for the
experiments. The mass spectra of 2-hydroxy-5-nitrobenzoic acid
dissolved in methanol showed a deprotonated molecule at m/z 182.0,
accompanied by a CO, loss fragment ion at m/z 138.1 (Figure 4). The
enclosed ion source spectra additionally displayed m/z 166.0
consistent with [M — OH]~ (Figure 4A).
methanol provided an [M — OH]~

intensity in the enclosed ion source (cf. Figures 4C and 4D). Tandem

Similarly, picric acid in

ion at m/z 212.1 at a much higher
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TABLE 1
The analytes were dissolved in 100% solvents®

Relative intensities of radical cations and protonated molecules of the tested compounds formed in APCI at 10 pL/min flow rate.

Chloroform CS, Toluene Acetonitrile Methanol
e PA 660.7 kJ/mol>® PA 681.9 kJ/mol PA 784.0 kJ/mol PA 779.2 kJ/mol PA 754.3 kJ/mol
Il [M] N IE 11.37 eV IE 10.073 eV IE 8.828 eV IE 12.20 eV IE 10.84 eV
1[M + H]
Squalene N/A

Enclosed Open

PA approx. 812 kJ/mol**
IE less than 8.0 eV*®

sean M

PA 869.2 kJ/mol
IE 7.426 eV

TEMPOP

Pyrene

Enclosed Open

Enclosed Open

o’ B
1
>EN)<
PA 882.3 kJ/mol
IE 6.73 eV>°®

Paracetamol N/A

jont

PA 909.4 kJ/mol*®
IE 7.57 eV

Sulfathiazole N/A

S
o0 \
N />
S\N/'\\N
H

H,N

PA not in literature
IE 9.28 eV>’

Enclosed Open

Enclosed Open

Enclosed

N/A

N/A

Enclosed Open Enclosed Open
Enclosed Open Enclosed Open
Open Enclosed Open

N/A

Enclosed Open

1

Enclosed Open

N/A

Enclosed Open

Enclosed Open

Enclosed Open

Enclosed Open

Enclosed Open

2Data are averages for four consecutive measurements; standard deviation values are expressed by the thickness of a short line next to each histogram.

The intensities of the [M + H]* ion were corrected for the 3C isotope of M**. N/A means that the chemical was not sufficiently soluble or ionized in the
particular solvent. If not stated otherwise, PA and IE values were taken from the NIST Chemistry WebBook.*°

bSince TEMPO is a radical itself, the black color represents the even-electron cation M* (m/z 156.1), while the white color corresponds to the odd-electron
ion [M + H]** (m/z 157.0).
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FIGURE 3 APCI+ mass spectra of pyrene dissolved in acetonitrile (100 umol/L) recorded in the enclosed ion source operated with A, dry
nitrogen and B, dry synthetic air as nebulizer gas. The flow rate was 10 pL/min

mass spectrometry (MS/MS) experiments showed that the [M — OH]~
ions did not originate from collision activation of deprotonated
molecules (Figures S7a and 7b, supporting information), but they
could be obtained from M™® (Figure S7c, supporting information).
Therefore, these ions were created by electron capture accompanied
by the elimination of hydroxyl radicals. Very similar mass spectra were
recorded for acetonitrile solutions (Figure S8, supporting information).

Formation of [M — OH]™
|31

in nitroaromatic compounds has been
observed earlier in APCI®! and thermospray ionization.3? 2-Hydroxy-
5-nitrobenzoic acid and picric acid easily captured electrons due to
their high electron affinities (3.06 eV3® and 3.89 eV,3* respectively).
The lower abundance or even absence of electron capture products in
the open ion source can be explained by the presence of oxygen. Due
to its positive electron affinity,®* molecular oxygen depleted the
number of free, low-energy electrons by reacting with them upon the
formation of superoxide anion O,~*.3>3% The superoxide radical anion

is strongly basic in the gas phase, thus enhancing the deprotonation

COOH
[M-H- COZ] HO

§ 75. 1660[M_H]_

8 182.0

2 50-

@®©

[

2 25

®©

€ ol . ; . 1.
120 140 160 180 200

m/z
IM-H]

= 100+ (B) 1820 o

Yy HO

g 754 -

g [M-H-CO,] NO,

2 504 138.2

[

= 254 J\

®

[0}

€ 0 . ; . .
120 140 160 180 200

m/z

of analytes.3” Blank APCI spectra of laboratory air showed the
32.0 (Figure S9,
information). Furthermore, the presence of O,~°

superoxide anion O,™° at m/z supporting
in the ion source
was demonstrated by the reaction with 4-hydroxyaniline. The
superoxide anion induces oxidative ionization of some phenolic
- 2H]™* ions.*® This ion (m/z 107.2) was

indeed observed at high intensity in the open source (Figure 5A),

compounds yielding [M

while only a negligible signal of the ion was detected in the enclosed
source (Figure 5B). When synthetic air was used as a nebulizer gas,
the [M - 2H]™*
(Figure 5C). Clearly, oxygen in the APCI source strongly affected the
formation of negatively charged ions by suppressing electron capture

ion was also observed in the enclosed ion source

reactions. The electron capture processes can also be diminished if
halogenated solvents with high electron affinities are used.>? Indeed,
no electron capture products were detected for picric acid in
chloroform (EA (CHCl,) = 0.622 eV°), even in the enclosed source

(Figure S10, supporting information).

_ OH
[M - OH] O,N NO,
< 100] (C) 212.0
3
_‘-S 75 _.Noz
2 501 _ [M]
: [M—H]~ 2289
£ 251 2281 J\
€ g : : . .
180 200 220 240 260
m/z
_ OH
[M—H] o,n NO,
S 100- (D) 228.1
g 75 o
c B N
g M=
é 501 M- OH]_ 228.9
2 254 212.1
©
g o, JL : . .
180 200 220 240 260
m/z

FIGURE 4 APCI- mass spectra of A, B, 2-hydroxy-5-nitrobenzoic acid and C, D, picric acid dissolved in methanol (300 pmol/L) and recorded
in A, C, the enclosed ion source and B, D, the open ion source operated with dry nitrogen nebulizer gas. The flow rate was 10 pL/min
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FIGURE 5 APCI- mass spectra of 4-hydroxyaniline dissolved in
methanol (1.0 mg/mL). The spectra were recorded in A, the open
and B, the enclosed ion source operated with dry nitrogen as
nebulizer gas, and C, in the enclosed ion source with dry synthetic air
as nebulizer gas. The flow rate was 10 pL/min

3.3 | Hydration of alkynes

Chemical species from laboratory air or contaminated surfaces can
enter alternative reaction channels in APCI to form new products.
Such ions are usually considered artifacts and they may lead to
misinterpretation of MS data. Tetradec-1-yne dissolved in n-hexane
provided solvent-related adducts (Figure 6). In addition, an ion at m/z
213.2 was formed solely in the open ion source (Figure 6B). Its
Ci4H200" (m/z 213.2210; —0.3 ppm),
suggested a product of water addition, probably ketone or aldehyde.

elemental composition,

The collision-induced dissociation (CID) spectrum of the ion at m/z
213.2 closely resembled that of the synthetic standard of tetradecan-
Figures S1la and S11b,

2-one (cf. supporting information).

[M + CgH,,1T

<100, (A) 278.9
= C11H23 78,1
g 754 '
g
%25—l /M 265.0 || 2901
e Y o b N
200 220 240 260 280 300
m/z
CqH
g100_(B)213.2 11H23
S 75. M+ CHigl*
5 278.9
2 50-
©
[
2 25-¢ 233.2 251.0
& 0 T Iik MV\I IM T 1
200 220 240 260 280 300
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- 214.2 CqqHzs
21009 (91)32 215.2
5 ™ “ll216.2 .
3 501 [M + CgH,3l
N 279.0
nq:) 0 T IJ\A JA'M&TW JM‘ Lo T
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FIGURE 6 APCI+ mass spectra of tetradec-1-yne dissolved in n-
hexane (1.0 mg/mL). The spectra were recorded in A, the enclosed
and B, the open ion source, and C, in the open ion source where
liquid D,O was allowed to evaporate. Dry nitrogen served as the
nebulizer gas and the flow rate was 10 pL/min. The composition of
the adduct ions was deduced from high-resolution data as follows:
m/z 233.2 [M + C3H3l*, m/z 251.3 [M + C4Hs]*, m/z 265.3 [M

+ C5H11]+, m/z 277.3 [M + C6H11]+, m/z 278.3 [M + C6H12]+., m/z
279.3 [M + C4H13]*, and m/z 290.3 [M + C;H1,]™*. The arrow shows
a theoretical position of [M]™* of tetradec-1-yne

Tetradecanal formation was ruled out because the spectrum did not
show the CpHpn+1)O"
tetradecanal

series observed in the spectrum of the
(Figure S11a,
Moreover, the water loss peak in the aldehyde spectrum was more

standard supporting information).
pronounced than in the ketone spectrum. Therefore, protonated
tetradecan-2-one was formed in the open ion source. This is in
agreement with condensed phase chemistry, where terminal alkynes

react with water to form methyl ketones.*® To test the hypothesis
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that m/z 213.2 was formed by the reaction of tetradec-1-yne with
water, D,O vapors were introduced into the ion source. While the n-
hexane-related adducts remained at the same m/z values, new ions
were observed at m/z 214.2, 215.2, and 216.2 (Figure 6C). These ions
were consistent with [M + D]* of tetradecan-2-one, and [M + H]" and
[M + D]* of dideutero-tetradecan-2-one, respectively. This example
showed that new compounds (i.e., artifacts) could be created in the

open APCI source when the plasma region is exposed to ambient air.

34 | Addition of C3HsN* to double bonds

Solvent-related adducts may sometimes be useful for structural
elucidation. For instance, ions produced in APCI from acetonitrile are
used to localize double bonds.*}*#2 Unsaturated aliphatic compounds
form [M + C3H5N]**, probably via cycloaddition of CzHsN*® to the
C=C bond.***** Upon CID, these ions provide product ions that are
indicative of the original double-bond position. We investigated this
reaction with palmityl oleate dissolved in acetonitrile/ethyl acetate
(99/1, v/v). The expected adduct (m/z 561.3) was formed in the
enclosed ion source (Figure 7A) and provided two major CID ions at
m/z 194.2 and 448.3 that clearly indicated the n-9 double bond
(Figure 7B). [M + C3HsN]*™
completely suppressed in the open ion source (Figure 7C). Water was

However, the formation of was
not responsible for the suppression because the intensity of m/z
561.3 remained the same even when 20% of water was added to the
solvent (Figure S12, supporting information). It turned out that

oxygen suppressed the ion formation. When dry synthetic air was

M +H)t
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5100- (A)507 3 CeHir” “CrHis
[0}
§ 754 < 10x .
S 50 [M + CH,CN + H]t
° 547.8 [M + c HN T
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€ g : : : . e
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448
2 100](B) R ows H53 5614
3 CgHi7 = C7H1q ° .
§ ™ 194 ¥ CID
é 504194.2 O
£ 251 561.4
& 0 A . i . ‘l/ .
200 300 400 500 600
m/z

Relative abundance (%)

Relative abundance (%)
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used in the enclosed ion source, m/z 561.3 was not formed at all
(Figure 7D). As discussed above, due to its low ionization energy,
molecular oxygen probably entered charge transfer processes and
thus altered the gas-phase chemistry of acetonitrile.?’ Consequently,
the reaction useful for localizing double bonds proceeded only in the

enclosed ion source.

3.5 | The extent of fragmentation in APCI

Some compounds fragment in APCl. The fragments are considered
ionized products of thermal degradation, which takes place in heated
nebulizers. For instance, triacylglycerols in APCI easily eliminate fatty
acids, which can be used to elucidate their structures without a need
for MS/MS.4>*4” Controlled thermal degradation can be utilized as a
unique strategy in structural elucidation when common fragmentation
techniques fail,*® but, in most cases, fragment formation is
undesirable. The APCI spectra of trielaidin dissolved in acetonitrile
provided a protonated molecule at m/z 885.5 and a neutral loss
fragment ion at m/z 603.5 (M + H - FA1g.1]") in both ion sources at
10 pL/min, but the fragment ion intensity was significantly higher in
the enclosed ion source (cf. Figures 8A and 8B). Since the vaporizer
temperatures were set identically, the extent of thermal degradation
in the heated probe was considered to be the same in both ion
sources. An additional thermal degradation probably occurred after
the trielaidin left the heated probe and before it reached the corona
discharge region. More energetic [M + H]* ions were possibly formed

in the enclosed ion source. The internal energies of the ions formed in

(0]
™+ H]* CyeH
_C1eMas
100—(C)507 3 CeHi7”~ "C7Hua
75 < 10x R
50. [M + CH,CN + H] "
547.8

251

0 . . . , , \

480 500 520 540 560 580 600

m/z
™M+ H CyeH
_C1eMas

100 (D) 507.3 CeHi” ™~ “CiHig
75. 10x
50 [M + CH,CN + H]"
25 547.8

ol b h

480 500 520 540 560 580 600

m/z

FIGURE 7 APCI+ mass spectra of A, C, D, palmityl oleate and B, APCI+ CID MS/MS spectrum of palmityl oleate [M + C3zHsN]** ion. Palmityl
oleate was dissolved in acetonitrile/ethyl acetate (99:1, v/v) at a concentration of 100 pmol/L and delivered into the ion sources at 10 pL/min.
The spectra were recorded in A, B, the enclosed and C, the open ion source using dry nitrogen as the nebulizer gas and D, in the enclosed ion

source with dry synthetic air as the nebulizer gas
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FIGURE 8 APCI+ mass spectra of trielaidin dissolved in
acetonitrile (50 pmol/L) recorded in A, the enclosed and B, the open
ion source using dry nitrogen as the nebulizer gas. C, Breakdown
curves of TEMPO dissolved in acetonitrile (50 pmol/L) obtained by in-
source dissociation in the enclosed (dashed line) and open (solid line)
ion sources. The symbols correspond to m/z 157.0 (squares), m/z
142.2 (circles), and m/z 109.2 (triangles). The flow rates were

10 pL/min

the enclosed and open sources were compared using the acetonitrile
solution of TEMPO, which provided protonated molecules in both ion
sources with almost no fragmentation (Table 1). The ion energies
were assessed from breakdown curves generated by source CID (in-
source fragmentation). Protonated TEMPO (m/z 157.0) dissociated to
m/z 142.2 (elimination of CH3®) and m/z 109.2 (loss of NH,OH from
the m/z 142.2 ion).*” The breakdown curves recorded in the open

source were consistently shifted towards higher fragmentation

energies (Figure 8C), which indicated higher internal energy of the
ions in the enclosed ion source, consistent with the higher thermal
energy of the molecule before ionization. We hypothesized that the
nebulizer gas and the probe itself heated up the ion source housing,
which radiated heat back to the enclosed ion source interior.
Consequently, the molecules gained more internal energy, which
resulted in increased thermal degradation and fragmentation. The
temperature of the hot vapors inside the ion sources was measured
using a digital thermometer. The sensor was placed where the
discharge needle tip is normally located. Indeed, the temperature
inside the enclosed ion source was about 40°C higher than in the
open one (170°C and 130°C in the enclosed and open ion source,
respectively, for the vaporizer temperature set to 250°C). Thus, the
use of an ion source housing may result in increased fragmentation at

a given probe temperature in low flow APCI.

4 | CONCLUSIONS

lonization processes in the open source for APCI operating at a flow
rate of 10 pL/min were strongly influenced by ambient air. Water and
oxygen entered the reaction sequences, which often led to unwanted
or unexpected products and sometimes caused the desired ionization
pathways to cease. Undesirable reactions could be avoided by using
an enclosed ion source, where the plasma region is protected from
external air by a source housing. Preventing outside air from entering
the ion source is particularly important for processes leading to or
involving odd-electron species. In some cases, the presence of water
or oxygen in the open source could be considered beneficial. For
example, protonation of some unsaturated or aromatic hydrocarbons
in aprotic solvents can be achieved in this way, or the dissociative
electron capture products in the negative ion mode can be
suppressed. However, even in such cases, the use of the enclosed ion
source is recommended. Water or oxygen can be supplied in the
mobile phase or nebulizer gas, which provides better control over the
reactants and thus ionization processes. Although not discussed in
this article, another reason for using the enclosed APCI source is the
elimination of negative effects related to ambient airflow. The jet of
vapors at low flow rates is affected by draughts, which may have
negative consequences on signal stability and reproducibility. The
enclosed ion source produced ions with higher internal energy and
generated more intense fragments for labile compounds such as
triacylglycerols. This was explained by the higher temperature in the
ion source interior caused by radiating heat from the hot ion source
housing. It could probably be compensated for by lowering the
nebulizer temperature or active cooling of the source housing.

The results of this work are also relevant for ambient ionization
techniques that are based on chemical ionization like desorption
atmospheric pressure chemical ionization (DAPCI),?>>° atmospheric
pressure thermal desorption chemical ionization (APTDCI),>* or laser
desorption atmospheric pressure chemical ionization (LD-APCI).>2 The
air components can affect mass spectra in a similar way to that in the
open APCI source.
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Figure S1. Photographs of the open (a, b) and enclosed (c, d) APCI source attached to LCQ Fleet ion
trap mass spectrometer. Profiled aluminum flange (1), holder (2), corona discharge needle (3), APCI
probe (4), clamp mounted on a stand (5), lon Max-S API source housing (6), 15-pin D-SUB
male/female connector (7), capillary for sheath gas delivery (8), capillary for auxiliary gas delivery
(9), and capillary for liquid sample delivery (10).



Strmen et al., APCI Mass Spectrometry at Low Flow Rates: Importance of Ion Source Housing

Synthesis of tetradecan-2-one

Tetradecan-2-one was prepared according to R¢"!' as follows: chromium trioxide (>98 %, Sigma-
Aldrich; 5.0 mg) and palladium dichloride (99 %, Sigma-Aldrich; 0.9 mg) were added to
1-tetradecene (>97 %, Sigma-Aldrich; 19.5 mg) in 0.8 ml of acetonitrile and 0.2 ml of Milli-Q water.
The mixture was stirred for 6.5 hours at 60 °C in a closed flask. The reaction mixture was filtered
through silica gel, washed with ethyl acetate, and diluted in chloroform.

Determination of volumetric flow rates of the sheath and auxiliary gases

The volumetric flow rates of the sheath and auxiliary gases were measured by the water displacement
method. An Erlenmeyer flask filled with water was placed upside down in a tub. The sheath or
auxiliary nitrogen from 1/8" OD PTFE tubing was fed under the flask until the flask was full of gas.
The volumetric flow rates were calculated from the volume of the flask (5.4 1) and the time required to
fill it. No corrections for vapor pressure of water were made.
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Figure S2. Graph showing the relationship between the set values of flow rate in arbitrary units and
the actual values in liters per second for sheath (a) and auxiliary (b) gas (nitrogen).

Table S1. Contributions of nitrogen and solvent vapors to the total flow rate of gases in the APCI
source (calculated for 180 °C; related to Figure 1).

Gas-phase flow rate, I/s
Exp. no. N2 Sheath gas | N2 Aux. gas Sum of N Tlc())llﬁ?;izt Tlo:rlljﬁrrﬁigt
1. 10.7 4.2 14.9 5.8 x10° 5.8x10°
2. 10.7 11.7 22.4 5.8 x 10° 5.8 x 103
3. 20.5 4.2 24.7 5.8x10° 5.8x10°
4, 20.5 11.7 32.2 5.8 x 10° 5.8 x10°
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Figure S3. Blank APCI+ mass spectra (no sample solution introduced) recorded in the enclosed (a)
and open ion sources (b) using dry nitrogen nebulizer gas. The ions were rationalized as follows:
m/z 37.0 ([(H20)2 + H]*)2Re ViVl m/z 42.0 ([JCH3CN + H]*)2Re™V: m/z 59.0 ([CsHeO + H]*)HR Ref-V,

2 Exact mass could not be recorded because of the Orbitrap mass range from m/z 50.

HR Based on high-resolution ESI measurement with Orbitrap XL (mass accuracy better than 5 ppm;
for ions with m/z > 50).
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Figure S4. Selected APCI+ mass spectra of the tested compounds recorded in the enclosed (left
column) and open (right column) ion sources using dry nitrogen nebulizer gas: pyrene in carbon
disulfide (100 umol/l; a, b), squalene in toluene (50 umol/l; ¢, d), TEMPO in chloroform (50 pmol/I;
e, f), paracetamol in acetonitrile (100 umol/1; g, h), and sulfathiazole in methanol (100 umol/l; i, j).
The flow rate was 10 ul/min.
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Figure S5. APCI+ mass spectra of solvents recorded in the enclosed (left column) and open (right
column) ion sources at 10 pl/min liquid flow rate using dry nitrogen nebulizer gas. Tentative ion
identifications are given below.
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Chloroform m/z 83.0 ([CHCI,]*) Ref- 1\ HR: 116.9 ([CCls]*) Ref- 1 HR

Carbon disulfide | m/z 64.0 ([S2]*") "R; m/z 76.0 ([CS2]*) Ref- 1!l HR

Toluene m/z 77.0 ([CeHs]*) HR; m/z 88.0 ([CsH10NO]*) HR: m/z 91.0 ([C7H,]*) Ref V. HR;
m/z 92.0 ([C7Hz]*) Re* V- HR: m/z 93.0 ([C7Hs]*) HR; m/z 105.1 ([CsHs]*) MR

Acetonitrile m/z 42.0 ([CH3sCN + H]*) Rt V; m/z 81.0 ([(CaHsN2]*) FR; m/z 83.0 ([(CH3CN):
+ H]+) Ref. V, HR; m/z 89.0 ([C4H902]+) HR

Methanol m/z 33.0 ([CHsOH + HJ*) Rt ' m/z 47.0 ([(CH3OH), + H — H0]*) Ret ! my/z
65.0 ([(CH3OH), + H]*) Ref- V. R

Background ions | m/z 37.0 ([(H20). + H]") Ref- V-t VI: m/jz 42.0 ([CH3CN + H]*) R¢*V m/z 59.0
([CsHso + H]+) Ref. V, HR

HR Based on high-resolution ESI measurement with Orbitrap XL (mass accuracy better than 5 ppm;
for ions with m/z > 50).
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Figure S6. APCI+ mass spectrum of acetonitrile (10 pl/min) in the enclosed ion source using dry
synthetic air nebulizer gas. The ions were rationalized as follows: m/z 30.0 ([NO]*) ®¢" V' m/z 42.0
([CHsCN + H]*) Ref- Vi m/z 82.0 ([(CH3CN)2]*) Ref- ViIHR: m/z 123.0 ([CsHgN3] ™) Ref V:HR; m/z 124.0

([C6H10N3]+) Ref. V,HRl

HR Based on high-resolution ESI measurement with Orbitrap XL (mass accuracy better than 5 ppm;
for ions with m/z > 50).
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Figure S7. APCI- CID MS/MS spectra of 2-hydroxy-5-nitrobenzoic acid (a) and picric acid (b, c).
Conditions for 2-hydroxy-5-nitrobenzoic acid: concentration 300 umol/1, solvent methanol, flow rate
10 ul/min, normalized collision energy 23 %, isolation window 2.0 Da. Conditions for picric acid:
concentration 200 pmol/1, solvent 2% acetonitrile in methanol, flow rate 20 ul/min, normalized
collision energy 28 % (b) and 25 % (c), isolation window 2.0 Da.
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Figure S8. APCI— mass spectra of 2-hydroxy-5-nitrobenzoic acid (a, b) and picric acid (c, d)
dissolved in acetonitrile and recorded in the enclosed ion source (a, c) and the open ion source (b, d)
using dry nitrogen nebulizer gas. The flow rate was 10 pl/min.
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Figure S9. Blank APCI— mass spectrum (no sample solution introduced) recorded in the open ion
source using dry nitrogen nebulizer gas. The ions were rationalized as follows: m/z 32.2 ([O,] ) R¢*
VIII; m/z 46.1 ([N02] —) Ref. VIII; m/z 600 ([Cos]—) Ref. VIII, HR.

HR Based on high-resolution ESI measurement with Orbitrap XL (mass accuracy better than 5 ppm;
for ions with m/z > 50).
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Figure S10. APCI— mass spectrum of picric acid dissolved in chloroform (300 pmol/l) and recorded
in the enclosed ion source using dry nitrogen nebulizer gas. The flow rate was 20 pl/min.
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Figure S11. APCI+ CID MS/MS spectra of ion created by a gas-phase reaction of tetradec-1-yne with
water recorded in the open ion source (a), standard of tetradecan-2-one (b), and standard of
tetradecanal (c). The CaHn+2)O™ i0n series in the spectrum of tetradecanal is labeled with asterisks.
Conditions for (a): concentration unknown (generated in the ion source from tetradec-1-yne), solvent
hexane, flow rate 10 ul/min, normalized collision energy 20 %, isolation window 1.5 Da. Conditions
for (b) and (c): concentration 300 umol/l, solvent chloroform, flow rate 10 ul/min, normalized
collision energy 20 %, isolation window 1.5 Da.
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Figure S12. APCI+ mass spectrum of palmityl oleate dissolved in acetonitrile: ethyl acetate (99:1, by
vol.) at the concentration of 100 umol/1 delivered at 10 pul/min and mixed in a T-union with

acetonitrile: water (4:1; 400 ul/min). The mass spectrum was recorded in the enclosed ion sources
using dry nitrogen as the nebulizer gas.
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Abstract

An atmospheric pressure chemical ionization (APCI) source designed for microliter-per-minute flow rates (0.5-10.0 mm?/
min) was constructed. A simple resistively heated 1/8 in. OD tube-based nebulizer, together with a corona-discharge
electrode was positioned in front of the entrance capillary of a mass spectrometer. Working parameters of the ion source
were optimized, and its performance was evaluated. The limit of detection for directly infused acridine was found to be
lower for micro-APCI (10 fmol/s) than for conventional APCI (170 fmol/s), and the linear dynamic range was significantly
wider for the micro-APCI source. The micro-APCI and conventional APCI sources provided similar, but not identical mass
spectra. The micro-APCI source was used as a detector for high-performance liquid chromatography at 10 mm*/min; the
limit of detection for acridine was 690 fmol, which was about ten times lower value than in conventional HPLC.
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Introduction

Atmospheric pressure chemical ionization (APCI) mass
spectrometry is commonly used in LC/MS applications. In
contrast to electrospray, the ions are generated from neutral
species, which makes the method efficient at ionizing
compounds of medium and low polarity [1]. It is best suited
for relatively stable and small molecules like lipids [2-6],
drugs and their metabolites, steroid derivatives, or pesti-
cides [6]. APCI is considered less susceptible to ion sup-
pression than electrospray and more tolerant to sample
matrix and buffers [7].

The commercial APCI sources consist of a heated
pneumatic nebulizer and an ionization region with a
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corona-discharge electrode. The high-flow rate of carrier
gas, usually nitrogen, is used to make a fine mist, which is
quickly vaporized at high temperature. The mixture of
sample vapors, carrier gas, and the residual air is carried
along a corona-discharge electrode where the ionization
takes place [1, 8]. The strong electric field near the elec-
trode tip accelerates free electrons to high kinetic energies.
The electrons ionize nearby molecules of the nebulizing
gas, thus creating reactive primary ions [9]. In the positive
ion mode, primary ions react with water or other solvents,
creating protonated solvent molecules and subsequently
clusters [10]. In the negative ion mode, oxygen anion
radicals together with their water or nitrogen complexes are
formed [11, 12]. Analytes are subsequently ionized by
proton transfer [10, 13] or sometimes via charge exchange
[12-14].

APCI has been commercially marketed in the late 1980s
[15]. The ion source has been developed for high-flow rates
of mobile phases compatible with standard-bore columns,
and its design did not change much since then. Over the
same period, chromatography has made a great progress
towards miniaturization. Nano- and micro-bore chro-
matography columns used nowadays provide less dilution
and, therefore, offer tremendously enhanced sensitivity and
improved selectivity. When first introduced, these columns
caused “omics revolution” and remained an important
separation tool in these fields to these days [16]. Unfortu-
nately, commercially available APCI sources still only
work with high mobile phase flow rates, which prevents
them to be coupled with nano- and micro-HPLC [17].

The idea of coupling APCI with low-flow rate separa-
tions appeared in the literature at the turn of the millennium
[18-20]. The easiest way is to use a make-up liquid in the
standard ion source to ensure sufficient flow rate of the
mobile phase [18, 19]. For instance, an APCI interface
from Hitachi was modified by the insertion of two stainless
steel tubes to make co-axial sheath and gas flow system
[18]. The ion source was tested for dichlorophenols in the
direct injection mode at 10 mm*/min. A Thermo Fisher
Scientific APCI source was adapted to accommodate a co-
axial addition of sheath liquid flow using a stainless steel
tube and a tee union. The device was successfully coupled
to capillary electrophoresis [19]. Direct coupling of open-
tubular liquid chromatography to APCI without sample
dilution by make-up liquid was demonstrated for 50-um ID
columns operated at flow rates of 0.1-1.6 mm’/min. The
interface was made from three fused silica capillaries
arranged concentrically, serving for delivery of sample (15-
pm ID), nebulizing gas (250-um ID), and auxiliary gas
(700-pm ID). The outermost capillary was wrapped in a
heated resistance wire. This ion source has been used as an
interface for reversed-phase (RP) nano-HPLC/MS of small
organic molecules [20]. To the best of our knowledge, no
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progress has been made in the development of this type of
sources since then. Microchip-based interfaces have been
later developed for coupling of micro- and nano-HPLC
with MS. Microchip APCI source has been reported to be
suitable for the flow rates down to 0.05 mm*/min. It was
described as a two-dimensional version of the conventional
APCI source consisting of a joined silicon and a glass
wafer. The chip contained one channel for a liquid sample
and two channels for nebulizing gas [17]. The heating was
initially provided by the aluminum heater, but later, plat-
inum one was introduced instead [17, 21]. The sample
vaporized in a heated channel and exited the chip through a
nozzle. The ionization was initiated with an external
corona-discharge needle [17]. The source has been suc-
cessfully used to hyphenate capillary reversed-phase HPLC
with mass spectrometry as demonstrated on the analysis of
steroids. [21].

In this work, a micro-APCI source based on a tube
nebulizer was developed and tested. The nebulizer
assembled from a PEEK cross, fused silica capillary,
1/8 in. OD corundum tube and a resistance heating wire
was operated at flow rates ranging from 0.5 to 10 mm?/
min. The performance of the ion source in direct infusion
mode was compared to that of a commercial high-flow rate
ion source. The micro-APCI source provided superior
detection limits and linear dynamic range for acridine and
it was tested as a detector for micro-HPLC.

Results and discussion

The tube nebulizer was assembled from a PEEK cross for
1/8 in. OD tubing, fused silica capillary (375-um OD,
25-um ID), quartz (3.0-mm OD, 1.5-mm ID), or corundum
(2.1-mm OD, 1.3-mm ID) tube, and a resistance wire. The
nebulizer was attached to a micromanipulator and posi-
tioned in front of the entrance capillary of Thermo Fisher
Scientific LCQ Fleetion trap mass spectrometer as descri-
bed in the “Experimental” section. The scheme of the
device is shown in Fig. 1, and its photograph is in the
Supplementary material (Fig. S-1). Initially, the fused silica
capillary extended to the very end of the nebulizing quartz
or corundum tube, as shown in Fig. 1bl. The ion source
arrangement and its working parameters were optimized by
the monitoring of the signal of acridine infused at a con-
stant flow rate into the ion source.

APCI needle position

The position of APCI needle in the ion source appeared to
be very important. When the tip of the needle was too close
to the MS inlet, undesirable and potentially harmful elec-
tric sparks were observed. The same was observed when
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Fig. 1 a Schematic view of a a
micro-APCI source, and

b detailed view of the nebulizer
outlet showing positions of

fused silica capillary inside the

quartz or corundum tube
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the needle was placed in a short distance from the resis-
tance wire. An optimal position was found to be 0.3 cm
from the MS inlet and 0.7 cm from the resistance wire
when the ionization was most efficient and no sparks were
observed. The needle tip was positioned slightly off-axis.
When it was directly in the way of the ions, the positive
charge of the needle tip redirected part of the cations out of
the MS inlet, which led to lower signal intensities.

Tube nebulizer position

The optimum distance between the MS inlet and the outlet
of the nebulizing tube was approximately 1.0 cm. Shorter
distances did not create enough space to accommodate
APCI needle, while longer distances prolonged the analyte
trajectory, thus making the signal more susceptible to
fluctuations. The distance of 1.0 cm was preserved in the
experiments aiming at the optimum nebulizer tilt. No major
impact on the signal intensity was observed for the nebu-
lizer positioned at various angles. Therefore, the nebulizer
was finally placed horizontally, pointing directly to the MS
inlet.

Resistance heating

High temperature served for evaporation of droplets leav-
ing the fused silica capillary. As the polyimide coating of
the capillary decomposed at high temperatures causing
undesirable MS signals, it was intentionally burned off
from the terminal part of the capillary. At low tempera-
tures, the droplet desolvation was not efficient which
resulted in poor or no signal of the analyte. On the other
hand, excessively high temperatures caused analyte
decomposition and its deposition inside the fused silica
capillary, leading to a quick clogging. Moreover, high
temperatures tended to weaken and ultimately damage the
resistance wire. For these reasons, an optimum heating
power was searched. The highest signal intensities were
recorded at 2.1 W for the quartz tube and 10.5 W for the
corundum tube (Fig.2). The different values reflected
various thermal conductivities of quartz and corundum, the
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Fig. 2 Relative signal intensities of acridine (50 pmol/dm?) infused
into the micro-APCI source (3 mm3/min) as a function of the electric
power applied to the resistance heater for quartz tube (full circles) and
corundum tube (empty circles). Nitrogen gas flow rate 180 cm’/min,
corona-discharge current 1.0 pA

tube wall thicknesses, and different lengths of the heated
Zones.

Nebulizing gas flow rate

Just like in the conventional APCI, nebulizing gas affects
both intensity and stability of the analyte signal. The
nebulizing gas helps to transport the analyte molecules and
ions into the mass spectrometer. While low gas flow rates
make the analyte transport inefficient, high gas flow rates
direct most of the analyte ions outside the inlet. Therefore,
the best gas flow rate of nitrogen for both tube types was
investigated. For the sample flow of 3.0 mm?®/min, the
highest signal of acridine was observed at 220 cm®/min
(quartz) and 100 cm>/min (corundum). This difference was
likely caused by the smaller inner diameter of the corun-
dum tube (Fig. 3).

During the above-mentioned experiments, the measured
signal exhibited low stability. The instability was caused by
the formation of gas bubbles from the solvent quickly
evaporating inside the fused silica capillary. The problem
was solved by retracting the capillary slightly back, so that
its end was placed in front of the heating zone, as shown in
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Fig. 3 Relative signal intensities of acridine (50 umol/dm3) infused
into the micro-APCI source (3 mm>/min) as a function of nebulizing
gas flow rate for quartz tube (full circles) and corundum tube (empty
circles). Electric power for the heater 2.6 W (quartz tube) or 10.5 W
(corundum tube), corona-discharge current 1.0 pA

Fig. 1b2. As the corundum nebulizer exhibited signifi-
cantly better signal stability, the quartz tube was not used
for further investigations. The experiments aiming at the
optimizing nitrogen flow rate were repeated with the
corundum nebulizer having the fused silica capillary
retracted. The nebulizer required higher gas flow rate
(220 cm*/min), likely because of prolonging the distance
between the fused silica capillary and the MS inlet. A
stable signal with the typical scan-to-scan RSD values of
7.5% was finally achieved (Fig. 4).

In conclusion, the corundum nebulizer with the fused
silica capillary terminating in front of the heated area was
used. The optimized gas flow rate of 220 cm®/min and
electric heating power of 10.5 W were used for the sample
flow rate of 3.0 mm®/min.
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4x10°4

3x10° 4,

Intensity/a.u.
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T T T T
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Fig. 4 Stability of the signal of acridine (50 pmol/dm®) infused into
the micro-APCI source (1 mm>/min). Electric power for the heater
10.5 W, corona-discharge current 1.0 pA, nitrogen gas flow rate
220 cm*/min
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Micro-APCl source performance

The performance of the micro-APCI source with optimized
geometry and working parameters was compared to a
commercial high-flow APCI source. Two model com-
pounds for the positive ion mode (reserpine and choles-
terol) and two for the negative ion mode (citric and
2-hydroxy-5-nitrobenzoic acid) were selected. Their mass
spectra are shown in Fig. 5.

For both ion sources, reserpine provided [M+H]" ions
(Fig. 5a, b). In the mass spectrum of cholesterol (Fig. Sc,
d), dehydrated protonated molecules [M-H,O+H]" (m/
7 369) were abundantly formed in both sources. However,
in the conventional APCI, M™" ion (m/z 386) was much
more dominant than in micro-APCI, and the ions [M=3H]*"
(m/z 383) and [M-H]t (m/z 385) were prominently
observed instead. It can be explained by a higher concen-
tration of toluene, which is prone to undergo a charge-
transfer reaction with cholesterol [22] (Fig. 4c, d). In the
negative ion mode, both acids formed [M-H]  ions (m/
z 191 and 182, respectively) in both sources (Fig. Se-h).
However, there was a striking difference between frag-
ments. In micro-APCI, a fragment corresponding to the
elimination of CO, was detected (m/z 138), whereas
unexpected ion m/z 166 was abundantly present in the
spectrum from conventional APCI source. The m/z 166 was
not formed by collision activation, because MS/MS of the
precursor (m/z 182) showed only loss of CO, (m/z 138). We
speculate that the fragment m/z 166 ([M-OH]™) was
formed by a dissociative electron capture process, which
for unknown reason dominated in the high-flow ion source.
The micro-APCI arrangement preferred proton transfer
processes yielding mostly protonated or deprotonated
molecules, while electron transfer processes took place in
the conventional source in addition to proton transfer.
Besides different operating parameters, the performance of
the ion sources was likely affected by their design. The
high-flow source was enclosed in a housing, while the
micro-APCI operated in an open space, permitting diffu-
sion of water into the ionization region. Nonetheless,
preferential formation of even-electron species with a
minimum degree of fragmentation is an advantage of
micro-APCI, especially for quantitative analysis.

In the next step, calibration curves of acridine were
recorded for both ion sources. The APCI-MS detector is
known to be a mass-flow sensitive device, which responds
to the mass of analyte passing through it per unit of time
[23]. Therefore, the analyte mass-flow rates rather than
concentration values were used to construct calibration
curves. For these experiments, direct infusion of acridine
calibration standards into the ion sources was used.
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Fig. 5 Mass spectra of reserpine 2x10* 4
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The positive ion mass spectra were recorded for 1 min
(m/z 161-201), and the noise values were calculated from
the intensity of the signals closest to m/z 180 ((M+H]" of
acridine) in individual scans. The limits of detection (LOD)
were calculated as a triple value of the background noise
divided by the slope of the calibration curve (Fig. 6). The
analytical figures of merit for acridine and both ion sources
are summarized in Table 1.

The signals were higher for conventional APCI; how-
ever, lower LOD values were reached for micro-APCI. The
background noise was approximately 100 times higher in
conventional APCI than in micro-APCI. Moreover, the
acridine response linearly increased in a wider range in
case of micro-APCI. These results suggested the good
performance of the micro-APCI source.

Detection in micro-HPLC

As a proof of principle, the micro-APCI source was
employed as a detector for HPLC. The test compound
acridine was separated on a C18 column (0.5 mm ID) at
the flow rate of 10 mm>/min using gradient elution. Using
these conditions, acridine provided a tailing peak as shown
in Fig. 7. Acridine is a basic compound, which can interact
with residual silanols and thus exhibit excessive peak
tailing. The limit of detection (S/N = 3) was 0.69 pmol. A
comparative measurement with conventional HPLC col-
umn (4.6 mm ID, flow rate 500 mm3/min) and high-flow
APCI source revealed about ten times higher detection
limit (6.5 pmol), which further confirmed superior perfor-
mance of micro-APCL.
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Fig. 6 Calibration curves of acridine infused into the micro-APCI
source (a detail of the linear part in b and conventional APCI source
(c detail of the linear part in d). The micro-APCI conditions: sample
flow rate 3.0 mm3/min, nitrogen flow rate 180 cm3/min, electric
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power for the heater 9.3 W, and corona-discharge current 1.0 pA. The
conditions for the conventional APCI are stated in the “Experimen-
tal” section

Table 1 Analytical figures of

.- AR . Ton source
merit for acridine infused into

LOD/fmol s~

1 1

Dynamic range/pmol s~ Linear dynamic range/pmol s~

the conventional high-flow and

: - High-flow APCI 170
in-house micro-APCI sources

Micro-APCI 10

0.17-5
0.01-20

0.17 to > 40
0.01 to > 150

Conclusion

In this work, an APCI source was developed for the sample
flow rates 0.5-10.0 mm*/min. Corundum was found to be a
better material than quartz for the nebulizer construction.
When compared to conventional APCI source, the in-house
micro-APCI exhibited lower LOD and a wider linear
dynamic range for direct infusion of acridine. Micro-APCI
and conventional APCI provided similar, but not identical
mass spectra. The differences were attributed to more
efficient proton transfer reactions in the micro-APCI
source, which is an important advantage of the micro-
sources. The micro-APCI source was successfully
hyphenated to micro-HPLC. The LOD of acridine was
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690 fmol in the injected volume, which was about ten
times lower amount than for conventional HPLC. When
compared to microfluidic chip nebulizers for low-flow
APCI-MS [17, 21], the tube nebulizer is simple and easy to
assemble in common laboratories. The micro-APCI source
developed in this work operated at 0.5-10.0 mm®/min
(capillary or micro-HPLC), while a similar source descri-
bed earlier [20] was effective at significantly lower flow
rates compatible with open-tubular LC. Despite its good
performance, the micro-APCI described in this work was
somewhat prone to variable performance due to a less firm
mechanical connection of the key parts (heater, tube, and
capillary). A further development is needed to make it
more robust and applicable for routine detection in HPLC.
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Fig. 7 Basepeak chromatogram corresponding to the injection of
10 pmol of acridine onto HPLC column (a), and APCI spectrum
taken across the peak (b). The micro-APCI conditions: sample flow

Experimental

Acridine (97%), reserpine (> 99.0%), cholesterol
(= 99.0%), 2-hydroxy-5-nitrobenzoic acid (99%), ace-
tonitrile (for MS), and toluene (HPLC grade) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).
Methanol (LC/MS grade) was obtained from VWR
Chemicals (Radnor, PA, USA) and citric acid was obtained
from Lachema (Brno, Czech Republic). Solutions of
reserpine (50 pmol/dm®) and acridine were prepared in
acetonitrile, whereas cholesterol was dissolved in toluene
(260 pmol/dm?) and citric (500 pmol/dm?) and 2-hydroxy-
5-nitrobenzoic acid (500 umol/dm3) in methanol.

High-performance liquid chromatography

The micro-HPLC was carried out using ExionLC AD
System (Sciex, Framingham, MA, USA). The column was
Zorbax XDB-C18 (0.5 mm i.d. x 150 mm, 3.5 pm parti-
cle size) from Agilent and it was kept at ambient temper-
ature. The samples were injected by the ExionLC
autosampler (0.1 mm®). The mobile phase was prepared
from water (solvent A) and acetonitrile (solvent B). The
gradient elution was programmed as follows: 0 min: 70%
B; 8 min: 100% of B; the mobile phase flow rate was
10 mm>/min. After each analysis, the column was re-
equilibrated at the initial conditions for 20 min. For the
conventional HPLC, Rheos 2200 quaternary gradient pump
(Flux Instruments, Reinach, Switzerland) and Accela
autosampler (Thermo Fisher Scientific, Waltham, MA,
United States) equipped with Nova-Pak CI18 column
(4.6 mm ID x 150 mm, 4 pm particle size) from Waters
(Waters, Milford, MA, USA) were used. The column was
kept at 30 °C and the injected volume of sample was
5 mm>. The solvent program was the same as used for

Intensity/a.u.

993
b 180.1
6x10°
4%10° -
2x10°
0 i i
150 180 210
m/z

rate 10.0 mm>/min, nitrogen flow rate 400 cm>/min, electric power
for the heater 17.0 W, and corona-discharge current 2.0 pA. For
HPLC conditions, see the “Experimental” section

micro-HPLC and the mobile phase flow rate was 500 mm?*/
min.

Micro-APCI source

The ion source was built on a platform consisting of a
profiled aluminum flange for attaching the entire device to
the mass spectrometer, and two steel rods for mounting the
sprayer and corona-discharge needle on them. The position
of the sprayer was adjusted using an MXIOR 4-axis
miniature micromanipulator (Siskiyou Corporation, Grand
Pass, OR, USA). The sample solution was introduced into
the ion source using a syringe pump (Fig. 1a).

The sprayer was constructed as a resistively heated
quartz or corundum tube with a polyimide-coated fused
silica capillary concentrically positioned inside. The fused
silica capillary (375 pm OD, 25 um ID) was inserted into
and passed through a low-pressure polyether ether ketone
(PEEK) cross for 1/8 in. OD tubing (IDEX Health & Sci-
ence LLC, Oak Harbor, WA, USA. The cross served as a
junction for the fused silica capillary and nebulizing gas
flow. Nebulizing gas (nitrogen) was delivered from the
mass spectrometer through a GFCS-011771 mass-flow
controller (Aalborg, Orangeburg, NY, USA) which pro-
vided a precise regulation of nitrogen flow rate up to
500 cm*/min. The cross port opposite to the gas entrance
was plugged. The fused silica capillary protruded into the
nebulizing tube, which was fixed to the cross using a 1/8
inch nut. Two nebulizing tubes made of materials differing
by their thermal conductivities were tested: (1) quartz tube
(3.0 mm OD, 1.5 mm ID, length 118 mm, PeTra Turnov,
Czech Republic) and (2) corundum tube (2.1 mm OD,
1.3 mm ID, length 100 mm). An iron wire spring was
inserted into the nebulizing tubes to center the fused silica
capillary. The polyimide coating was removed from the
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terminal 4-cm part of the capillary. The end parts of the
nebulizing tubes (3 cm) were heated with a Kanthal™
resistance wire (0.4 mm in diameter), which was tightly
coiled around them. The number of wire threads was 27 for
the quartz tube and 21 (for HPLC) or 41 (for other mea-
surements) for the corundum tube. The heater was powered
by an external voltage source Manson HCS-3202-000G
(Manson Engineering Industrial Ltd, Hong Kong).

Mass spectrometer

An ion trap mass spectrometer LCQ Fleet (Thermo Fisher
Scientific; Waltham, MA, USA) was used. For the micro-
APCI experiments, corona needle discharge current
1.0 pA, capillary temperature 300 °C, capillary voltage
25.7 V, and tube lens voltage 120 V were used for the
positive ion mode. The negative ions were detected with
the capillary voltage — 25.0 V and tube lens voltage
— 105 V. The high-flow conventional APCI was per-
formed with the standard ion source equipped with APCI
probe. In the positive ion mode, discharge current 2.0 pA,
sheath gas flow 30.0 a.u., auxiliary gas flow 10.0 a.u.,
sweep gas flow 10.0 a.u., capillary temperature 250 °C, and
the vaporizer temperature 300 °C were used. The capillary
voltage was set to 5.0 V and tube lens voltage was set to
120.0 V. In the negative ion mode, discharge current 6.5
pA, sheath gas flow 20.0 a.u., auxiliary gas flow 5.0 a.u,,
capillary temperature 250 °C, and the vaporizer tempera-
ture 300 °C were used. Sweep gas was not used in the
negative mode. The capillary and tube lens voltages were
set to — 12.0 V and — 56.0 V, respectively.

For the calibration curve measurement in the high-flow
ion source, the samples delivered from a syringe pump
were mixed in a T-union with make-up solvent delivered
by Rheos 2200 gradient pump (Flux Instruments, Reinach,
Switzerland). The flow rates of the samples were always
the same as in case of micro-APCI, making the mass-flow
rates of acridine delivered to both sources identical. To
determine background noise, acetonitrile was infused into
the ion source (500 mm>/min for conventional APCI,
3 mm*/min for the micro-APCI).

All mass spectra were recorded for 1 min, with the
exception of stability experiments, where the data were
collected for 9 min. The error bars indicated in graphs are
standard deviations calculated from three independent
measurements.
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1 | INTRODUCTION

Rationale: Mass spectrometry with atmospheric pressure chemical ionization (APCI) or
photoionization (APPI) is widely used for neutral lipids involved in many fundamental processes
in living organisms. Commercial APCI and APPI sources operate at high flow rates compatible
with conventional high-performance liquid chromatography (HPLC). However, lipid analysis is
often limited by a small amount of sample, which requires low flow rate separations like capillary
or micro-HPLC. Therefore, APCI and APPI suitable for microliter-per-minute flow rates need to

be developed and applied for neutral lipids.

Methods:

mounted on a Thermo ion trap instrument. The ion source operated in APCI, APPI or dual

A micro-APCI/APPI source with a heated chip nebulizer was assembled and

mode was optimized for low microliter-per-minute sample flow rates. The source performance
was investigated for squalene, wax esters, fatty acid methyl esters, triacylglycerols, and
cholesterol.

Results: The ion source behaved as a mass-flow-sensitive detector. Direct infusion of methyl
oleate showed superior analytical figures of merit when compared with high-flow ion sources. A
detection limit of 200 pmol/mL and a linear dynamic range spanning three orders of magnitude
were measured for micro-APCIl. The mass spectra of most lipids differed from high flow rate
spectra. Unlike micro-APCI, micro-APPI spectra were complicated by odd-electron species. Dual
APCI/APPI mode did not show any benefits for neutral lipids. Applications for lipid samples were

demonstrated.

Conclusions:  Micro-APCI-MS is a useful detection technique for neutral lipids at microliter-
per-minute flow rates. It offers high sensitivity and high quality of spectra in direct infusion mode

and promises successful utilization in capillary and micro-HPLC applications.

analyte, solvent or dopant introduced into the ion source. An

electron is ejected to form a radical cation and the ionization usually

Atmospheric pressure chemical ionization (APCI) and atmospheric
pressure photoionization (APPI) are useful techniques for nonpolar
and low-polar compounds.® In both ionization modes, the analytes
in solution are introduced into a heated pneumatic nebulizer. A
mixture of the analyte, solvent vapor, and nitrogen gas is generated
and carried along a corona discharge electrode or a UV lamp. A
strong electric field near the tip of the discharge electrode in APCI
accelerates free electrons to high kinetic energies. The analytes are
ionized by a sequence of charge and proton transfer reactions
involving nitrogen and solvent molecules. The ionization in APPI is

accomplished by high-energy photons, which are absorbed by the

proceeds by proton transfer or charge exchange reactions. Unlike
electrospray ionization (ESI), APPI and APCI are gas-phase processes.
Protonated molecules, solvent adducts, radical species, and fragments
can be found in the spectra of positively charged ions, and the ion
formation depends on the proton and electron affinities of the
analyte, solvent, and dopant. APCl and APPI sources operate under
similar conditions which offer their simultaneous use for enhancing
the detection sensitivity of some analytes.* APCI and APPI are not
constrained by the solvent polarity, which is a great advantage for
their coupling with high-performance liquid chromatography (HPLC)
regardless of the separation system used. Unlike ESI, these ionization

Rapid Commun Mass Spectrom. 2018;32:639-648.
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methods can be easily used in normal-phase or non-aqueous
reversed-phase chromatography. The application of APCI and, to a
lesser extent of APPI, in HPLC/MS has gained much popularity
for the sensitive detection of drugs and their metabolites, pesticides,
neutral lipids, and other analytes.»?>¢ As regards neutral lipids,
APCl has been used for triacylglycerols (TGs),”'° fatty acid
methyl esters (FAMEs),*%2 wax esters (WE),*>*> diesters,®'’, and
sterols,*®1? while APPI was found useful for polyunsaturated TGs
and FAMEs.°

Analytical HPLC separations are increasingly carried out at low
flow rates, especially when high sensitivity is required for limited
sample amounts. This is particularly relevant in the rapidly expanding
field of bioanalytical analysis. Currently, nano-, capillary-, or micro-flow
HPLC/MS rely on ESI, which offers sensitive detection for many
analytes. Despite its widespread use, the ESI process suffers from
some fundamental drawbacks; it works well for species that exist as
ions in solution or those with acidic or basic functionality, but it is
inefficient at ionizing compounds of low polarity. Moreover, ESI is
susceptible to ion suppression as solutes at the droplet surface
compete for a charge during the ionization process. Consequently,
minor constituents with high charge affinity may dominate the ion
current. Obviously, it would be highly beneficial to have an option
for coupling low-flow HPLC to gas-phase ionization sources like APCI
or APPI. Unfortunately, commercial ion sources are designed for high
flow rates (hundreds to thousands of microliters per minute), thus
preventing their direct connection to low-flow LC.

The feasibility of APCI and APPI at microliter-to-nanoliter-per-
minute flow rates has been demonstrated for sources based on
microfabricated nebulizing chips.??> The original silicon/glass

2122 \vas replaced by all-glass chips,?® which were later slightly

design
modified.?* All-glass chips offered higher nebulizing temperatures
beneficial for higher boiling point solvents and less volatile analytes.®
APCI and APPI with microfluidic chips have been successfully coupled
to microliter-per-minute HPLC and provided better detection limits
when compared to standard commercial high-flow
LC-microchip APPI-MS/MS has been used for the analysis of anabolic
steroids,?® pesticides,24 and aromatic compounds,z‘s'27 while the
utility of LC-microchip APCI-MS/MS has been demonstrated for

neurosteroids.?® To the best of our knowledge, micro-flow ion sources

sources.

have never been systematically investigated for their application to
neutral lipids, important compounds involved in many fundamental
processes in living organisms. The successful introduction of low-flow
APCI and/or APPI for sensitive analysis of neutral lipids would be
highly beneficial for bioanalytical applications.

In this work, a micro-APCI/APPI source with a heated
nebulizing chip was assembled and attached to a Thermo ion trap
instrument. The ion source geometry and operating parameters
were thoroughly adjusted for an optimum performance. The
applicability of the ion source for neutral lipids like TGs, WEs, and
FAMESs was studied using direct infusion experiments in APCI, APPI,
and dual APCI/APPI modes. Superior analytical figures of merit
compared with high-flow sources are demonstrated, and examples
of direct analysis of neutral lipid mixtures are given. The performance
of the ion source is promising for future applications for low-flow HPLC

of neutral lipids.

2 | EXPERIMENTAL

21 |

The composition of fatty acyls in lipids is described using number of

Abbreviations

carbons: number of double-bond convention with the first double
bond from the chain terminus indicated in parentheses. For example,
FAME18:1(n-9) means fatty acid methyl ester with 18 carbons and a
double bond on the ninth carbon counted from the terminal methyl
group (i.e., methyl oleate). The first part of WE abbreviations
refers to the alcohol chain, whereas the second part indicates the
fatty acid.

2.2 | Chemicals

Reserpine, cholesterol, 1,3-dipalmitoyl-2-oleoylglycerol (TG16:0/
18:1(n-9)/16:0), palmityl oleate (WE16:0-18:1(n-9)), squalene, and
Supelco 37 Component FAME Mix were purchased from Sigma-
Aldrich (St Louis, MO, USA). The standards of stearyl stearate
(WE18:0-18:0), lauryl myristooleate (WE12:0-14:1(n-5)), lauryl
palmitoleate (WE12:0-16:1(n-7)), lauryl oleate (WE12:0-18:1(n-9));
myristyl oleate (WE14:0-18:1(n-9)), stearyl oleate (WE18:0-18:1(n-9)),
arachidyl oleate (WE20:0-18:1(n-9)), behenyl oleate (WE22:0-
18:1(n-9)), stearyl linoleate (WE18:0-18:2(n-6)), stearyl linolenate
(WE18:0-18:3(n-3)), palmityl arachidonate (WE16:0-20:4(n-6)), methyl
laurate (FAME12:0), and methyl oleate (FAME18:1(n-9)) were
purchased from Nu-Chek-Prep (Elysian, MN, USA). The isolation of
TGs from black currant oil,?? WEs from jojoba oil,*® and total lipid
extract of vernix caseosa®® was published earlier. Acetone (> 99.8 %
Chromasolv® for HPLC, gradient grade), acetonitrile (LC-MS
Chromasolv®), hexane (LC-MS Chromasolv®), methanol (LC-MS
Chromasolv®), ethyl acetate (> 99.7 % LC-MS Chromasolv®, (GC)),
chloroform (Chromasolv® Plus, for HPLC), 2-propanol (LC-MS,
Chromasolv®), and toluene (Chromasolv® Plus, for HPLC) were

purchased from Sigma-Aldrich.

2.3 | lon source for micro-APCI/APPI

The in-house ion source (Figure S1, supporting information) was
assembled on a platform consisting of a flange with two guiding rods.
The flange made it possible to attach the whole device to the
spectrometer, and the rods served as a support for a miniature
micromanipulator (MX10R; Siskiyou, Grants Pass, OR, USA) holding
the microfabricated chip and an adjustable holder for the corona
discharge needle. These elements served to precisely and reproducibly
adjust the position of the nebulizer chip and discharge needle relative
to the inlet of the mass spectrometer. The low-pressure discharge
krypton RF-excited VUV lamp (PKR 106, 58 mm x 12.7 mm, 10.0 and
10.6 eV; Heraeus Noblelight, Hanau, Germany) was mounted on a
separate holder attached to a laboratory stand placed on the top of
the mass spectrometer. The lamp was powered by a MANSON power
supply (SDP-2405; Kwai Chung, N.T., Hong Kong). The microfabricated
chip was obtained from the Division of Pharmaceutical Chemistry and
Technology, Faculty of Pharmacy, University of Helsinki, Finland. The

chip (33 x 5 x 1 mm) was an all-glass type with the nebulizing channel
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cross section 500 x 250 um, resistance platinum heater sputtered on
the outer surface, and a fused-silica transfer capillary (50 pum i.d.,
220 um o0.d.)** (see Figure S2, supporting information). The chip heater
was powered by a IPS-603 power supply (ISO-TECH; Northamptonshire,
UK). Nitrogen nebulizing gas was delivered from the mass spectrometer
and regulated by a GFCS-011771 mass flow controller (Aalborg,
Orangeburg, NY, USA). The discharge electrode was a standard APCI
corona needle used in Thermo Fisher Scientific ion sources. The corona
discharge was powered from the mass spectrometer. The optimized
operating parameters of the ion source were as follows: nitrogen flow
rate, 60 mL/min; liquid sample flow rate, 5 pL/min; and microchip heating
power, 4.5 W.

2.4 | Mass spectrometry

The mass spectra were acquired using an LCQ Fleet mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) equipped
with either the in-house micro-APCI/APPI source or the standard
APCI/APPI source from Thermo Fisher Scientific. The capillary
temperature was 300°C and the capillary and tube lens voltages were
25.5 V and 80 V, respectively. The standard APCI/APPI source was
operated at the vaporizer temperature 400°C and the sheath and
auxiliary gases set to 40 and 5 arbitrary units, respectively. The sample
was directly infused into the micro-APCI/APPI source using an
embedded syringe pump, or loop-injected (20 uL) into the standard
APCI/APPI source using a Rheos Allegro UHPLC pump (Flux
Instruments, Basel, Switzerland) and Accela autosampler (Thermo
Fisher Scientific). Data were measured and processed with Xcalibur

software (Thermo Fisher Scientific).

2.5 | Calibration curves

The calibration curves were constructed from the signal intensities of
methyl oleate ([M+H]"). The calibration standards were prepared in
toluene in the concentration range of 0.03-500 pg/mL. In the case of
micro-APCI/APPI, the calibration standards were directly infused into
the ion source at a flow rate of 5 uL/min, and the signal was averaged
from at least 100 scans. In case of high-flow APCI/APPI, the calibration
standards were injected using a high-volume loop (20 pL) into toluene
flowing at 100 pL/min. In this way, a wide zone rather than Gaussian
peak was generated. The signal intensity in the zone plateau was
averaged across at least 10 scans to obtain data equivalent to direct
infusion at this flow rate. The noise signals were recorded for blank

Corona needle

Chip

B

Sample inlet

DC power supply
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toluene infused into ion sources at the same flow rates. The detection
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limits were calculated from the corresponding calibration curves for a

signal-to-noise (S/N) ratio = 3.

3 | RESULTS AND DISCUSSION

3.1 | lon source arrangement and working
parameters

The arrangement of the micro-APCI/APPI source components was
based on the original publications, 2?2 but the use of the newest
version of the all-glass nebulizer and a mass spectrometer with
different ion optics required verification of the optimum ion source
geometry and working parameters. The chip was positioned close to
the inlet capillary to maximize the ion collection efficiency, but far
enough to accommodate a UV lamp and corona discharge needle as
shown in Figure 1. The position of the needle was found to be crucial
for efficient APCI. To avoid electric sparks, minimum distances between
the needle tip and the inlet capillary and between the needle tip and the
chip had to be maintained (distances 'a;' and 'a,' in Figure 1A). In our
case, the minimum distances equaled 3 mm for the corona discharge
voltage of 1.5 kV. The needle tip was positioned approximately 1 mm
off-axis (distance 'b' in Figure 1A). When the corona discharge occurred
directly in front of the inlet, no ions were recorded likely because of
charge repulsing effects. The UV lamp was positioned from above, as
close as possible to the spray (Figure 1B).

The chip position was optimized by monitoring the signal of
reserpine recommended by the instrument manufacturers for tuning
APCI and APPI sources. First, the distance of the terminal part of
the chip with spraying nozzle to the inlet capillary (‘a;' plus 'ay' in
Figure 1A) was optimized separately for APCI and APPI. As evident
from Figure 2A, the highest signal was recorded for the distance of
10 mm for both ionization modes, which was consistent with the
published data for chip-based sources.?%?#25 An effect of the chip tilt
with respect to a horizontal plane hypothetically connecting the chip
outlet and MS inlet was studied while keeping the optimum 10-mm
distance between the chip and mass spectrometer inlet. Interestingly,
the charts obtained for APCI and APPI differed from each other
(Figure 2B). The highest signal in APCl was observed for spraying
on-axis and decreased with the increasing tilt angle. On the contrary,
the signal in APPI showed two maxima, one for on-axis spraying
(0° tilt) and the second one for the chip tilted at 40°. The different
shapes of the curves probably reflected diverse volumes and shapes

UV lamp

MS

Corona
needle

high voltage

FIGURE 1 Schema of the micro-APCI/APPI source arrangement. Top view of the needle position (A) and side view of the whole device (B)
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FIGURE 2 Graphs showing the effects of the chip-to-inlet distance (A), chip tilt (B), nitrogen flow rate (C), and sample solution flow rate (D) on the
signal intensity of reserpine ([M+H]"). The experimental conditions were as follows: A - 1 puL/min of reserpine (10 pg/mL) in 2-propanol/water
(1:1), chip tilt 0°, nitrogen flow rate 180 mL/min; B - 1 uL/min of reserpine (10 pg/mL) in 2-propanol/water (1:1), chip-to-inlet distance 10 mm,
nitrogen flow rate 180 mL/min; C - 1 uL/min of reserpine (10 pg/mL) in 2-propanol/water (1:1), chip-to-inlet distance 10 mm, chip tilt 0°%;

D - WE16:0-18:1(n-9) in toluene (62.5 pg/mL), chip-to-inlet distance 10 mm, chip tilt 0°, nitrogen flow rate 60 mL/min

of the regions, where the ionizations take place. The chip tilt of 45°
was previously used in micro-APPI arrangements.?>?” For the next
measurements, the chip sprayer was positioned on-axis to ensure
optimum spraying for all three operating modes (APCI, APPI, and dual
APCI/APPI).

The sample flow rate, nebulizing gas flow rate, and the vaporizer
temperature settings depend on the analyte and mobile phase
properties, which requires optimization of the source working
parameters for each application. The chip platinum heater is known to
have a limited lifetime at high electrical powers. For this reason, it was
operated at the 'safe' limit of 4.5 W throughout this work. The vapor
temperature at a distance of 10 mm from the chip was about 220°C.3?
The effect of the nebulizing gas flow rate on the signal intensity is
demonstrated in Figure 2C. The maximum signal intensity of reserpine
was observed at the nitrogen flow rates of 40 mL/min (micro-APCI)
and 60 mL/min (micro-APPI). In general, the optimum nebulizing gas
settings in this work were lower when compared with published values
for pesticides and steroids,>#?>2® ranging from 100 mL/min to
150 mL/min. Unlike ESI, mass spectrometers with APCI and APPI are
considered mass-flow-sensitive detectors.>>3® The response of such
detectors is proportional to the amount of analyte reaching the detector
in unit time. Consequently, the response increases with the sample flow
rate. Such behavior has also been reported for chip-based micro-APCI
and micro-APPI sources.?*?? In our setup, mass-flow-sensitive behavior
was observed for lipids. The intensity of WE16:0-18:1 ([M+H]*) linearly
increased with the sample flow rate in the 1-15 pL/min range for both
micro-APCl and micro-APPI regimes (Figure 2D). Mass-flow-sensitive
detectors are generally used at high sample flow rates as their
application to low flows tends to be considered insensitive. However,
it could not be necessarily the case for sources which maximize the

efficiency of the ion generation and transport to a mass spectrometer.

3.2 | Solvents for micro-APCI/APPI of lipids

Neutral lipids are usually separated in non-aqueous reversed-phase,
normal-phase or silver-ion chromatographic systems using low polarity
solvents. Besides the effects on chromatography, the composition of
the mobile phase has a great impact on the ionization process, and
hence affects the detection sensitivity and mass spectra. Therefore, a
sensitive detection in micro-APCl and/or micro-APPI requests solvents
efficiently promoting ionization. For this reason, a set of experiments
was performed (see section Il, supporting information). Toluene
significantly enhanced ionization of neutral lipids and exhibited a low
level of background ions (high S/N ratios). Hence, it was selected for
further experiments with the micro-APCI/APPI source.

3.3 | Mass spectra of neutral lipids

Micro-APCI/APPI spectra of selected lipids were compared with
conventional high-flow source spectra to learn how they are
influenced by the source design and its working parameters. As regards
APCI, similar spectra were recorded for FAMEs and WEs (Figures 3A
and 3B and Figures S3A, S3B and S3C, S3D, supporting information),
but certain differences were noticed in the spectra of squalene
(Figures 3C and 3D), cholesterol (Figures 3E and 3F), and TG16:0/
18:1/16:0 (Figures S3E and S3F, supporting information). Squalene in
(m/z 411) ion,
while the high-flow spectrum showed also [M]** (m/z 410) and a

micro-APCI provided almost exclusively the [M+H]*

fragment m/z 341 consistent with allylic cleavage of the terminal
CsHy from the molecular ion. Cholesterol exhibited an abundant water
loss peak in both ion sources, but high-flow APCI provided also [M]**
(m/z 386) and [M-H,0]"* (m/z 368), cf. Figures 3E and 3F. TG16:0/
18:1/16:0 mostly fragmented by the elimination of fatty acids
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FIGURE 3 Micro-APCl spectra (A, C, E) and conventional high-flow APCI spectra (B, D, F) of methyl laurate (A, B), squalene (C, D), and cholesterol
(E, F). Micro-APPI spectra (G, |, K) and conventional high-flow APPI spectra (H, J, L) of methyl laurate (G, H), methyl oleate (I, J), and cholesterol
(K, L). The compounds were dissolved in toluene (12.5 pg/mL). The spectra were recorded at the sample flow rate of 5 puL/min (micro-APCI/APPI

source) or 100 uL/min (conventional high-flow APCI/APPI source)

(cf. Figures S3E and S3F, supporting information). The intensity of these
fragments is commonly used for a disclosing fatty acid linked to the sn-2
position on glycerol.2 Whereas in the micro-APCI spectra the fragment
intensity ratio corresponded to the expected value, it was not the case
for the high-flow source. Radical species corresponding to eliminations
of palmitic acid (m/z 576) and water (m/z 814) from fully fragmented
[M]™ were detected in the conventional high-flow APCI spectra.
Clearly, all these lipids showed enhanced signals of radical cations in
high-flow spectra, indicating more charge transfer and fewer proton

transfer reactions. Proton transfer in micro-APCl is likely more efficient

because of the open design of the ion source and a smaller jet of vapors
permitting water to diffuse in and be involved in the ionization
processes.

In APPI, saturated methyl laurate was the only compound which
exclusively provided [M+H]* both in micro-APPI and high-flow APPI
(Figures 3G and 3H). The APPI spectra of all other lipids showed a
certain degree of fragmentation or simultaneous formation of radical
species, particularly in micro-APPI. This can be illustrated by methyl
oleate (m/z 295) which eliminated methanol (m/z 265) (see Figures 3|
and 3J). In addition, the micro-APPI spectrum showed also [M-H]*
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TABLE 1 Analytical figures of merit for methyl oleate

Dynamic Linear dynamic
Detection limit range range

lonization mode  pmol/s nmol/mL nmol/mL nmol/mL
Micro-APCI 0.02 0.19 0.13-1986* 0.13-116
APCI 1.55 0.93 0.62-843 0.62-15
Micro-APPI 0.07 0.80 0.53-105 0.53-29
APPI 2.26 1.35 0.90-53 0.90-15
Micro-APCI/APPI  0.03 0.35 0.23-1686* 0.23-29
APCI/APPI 0.56 0.34 0.22-210 0.22-15

*The highest concentration measured.

and its fragment after neutral loss of methanol (m/z 263). Mass spectra
of cholesterol (Figures 3K and 3L) showed [M+H]*, [M]**, [M+H-H,0]
* and [M-H,O]"* as in APCI with the even-electron species more
pronounced in micro-APPI. The high-flow APPI spectrum of TG16:0/
18:1/16:0 (Figure S4F, supporting information) showed fragments of
the protonated molecule with the intensity ratio reflecting oleic acid
in the sn-2 position. In micro-APPI, the fragment intensity ratio was
skewed; the protonated molecule showed multiple eliminations of
hydrogen, and odd-electron fragments were detected (Figure S4E,
supporting information). The micro-APPI spectra also provided signals
above the m/z values of protonated molecules, likely products of
oxidation (Figures 3l and 3K, Figure S4E, supporting information). It
was concluded that micro-APPI provided more complex and poorly
interpretable spectra, likely because of efficient direct photoionization
of the analytes and their photochemical reactions.

When the ion sources were operated in dual APCI/APPI mode, the
spectra showed mixtures of ions originated from APCI and APPI
processes (Figure S5, supporting information). The dual mode had no

advantage over the measurement in the individual ionization modes.
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3.4 | Analytical figures of merit

Limit of detection, linear dynamic range, dynamic range, and signal
repeatability were determined for the micro- and high-flow ion
sources operated in the APCI, APPI and dual APCI/APPI modes
for methyl oleate (see section 2). As discussed above, mass
spectrometers with APCI and APPI sources are mass-flow-sensitive
detectors and their response should be given in units of signal per
mass flow rate of the sample. For practical reasons, the analytical
figures of merit are presented here also in the concentration units.
As evident from Table 1, the micro sources provided significantly
lower detection limits than conventional high-flow counterparts.
Enhanced performance of the micro sources could be explained by
efficient ionization and better ion transport to the mass spectrometer.
In addition, a low amount of solvent in the ion source led to a reduction
in chemical noise and thus a better S/N ratio. The APCI mode proved to
be more sensitive than APPI for both the micro- and the high-flow
regimes. The limit of detection of methyl oleate established in this work
was somewhat higher when compared with previous reports dealing
with chip-based micro-APCI or micro-APP1.2%2>  However, the
published data are difficult to compare with our results because they
were measured using a triple quadrupole instrument for relatively easily
jonizable steroids or acridine. As regards dynamic ranges and their
linear portions, they were significantly wider for micro sources,
particularly for micro-APCI spanning three orders of magnitude. Signal
repeatability calculated as relative standard deviation (RSD) values from
individual data points in the calibration curves were 2.5-5.5% for micro
sources and 2.5-6.5 % for conventional ionization sources. The
analytical figures of merit for the micro source operated in dual
APCI/APPI mode did not show any benefits justifying its application

for quantitative analysis.
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FIGURE 4 Micro-APCI (A, E), conventional high-flow APCI (B, F), micro-APPI (C, G) and conventional high-flow APPI (D, H) spectra of wax esters
differing by the number of double bonds (A-D) and differing by the number of carbon atoms (E-H). The compounds were dissolved in toluene
(25 pumol/L). The spectra were recorded at the sample flow rate of 5 pL/min (micro-APCI/APPI source) or 100 uL/min (conventional high-flow
APCI/APPI source). Compound identification: WE16:0-20:4(n-6) (1), WE18:0-18:3(n-3) (2), WE18:0-18:2(n-6) (3), WE16:0-18:1(n-9) (4),
WE16:0-18:0 (5), WE12:0-14:1(n-5) (6), WE12:0-16:1(n-7) (7), WE12:0-18:1(n-9) (8), WE14:0-18:1(n-9) (9), WE16:0-18:1(n-9) (10),

WE18:0-18:1(n-9) (11), WE20:0-18:1(n-9) (12), WE22:0-18:1(n-9) (13)
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FIGURE 5 Micro-APCI (A) and micro-APPI (B) spectra of Supelco 37
Component FAME Mix. The compounds were dissolved in toluene
(0.1 mg/mL) and the spectra were recorded at the sample flow rate of
5 pL/min. Compound identification: FAME4:0 (1), FAME6:0 (2),
FAMES:0 (3), FAME10:0 (4), FAME11:0 (5), FAME12:0 (6), FAME13:0
(7), FAME14:1(n-5) (8), FAME14:0 (9), FAME15:1(n-5) (10), FAME15:0
(11), FAME16:1(n-7) (12), FAME16:0 (13), FAME17:1(n-5) (14),
FAME17:0 (15), FAME18:3(n-6) + FAME18:3(n-3) (16),
FAME18:2(n-6c) + FAME18:2(n-6 t) (17), FAME18:1(n-9c¢) +
FAME18:1(n-9 t) (18), FAME18:0 (19), FAME20:5(n-3) (20),
FAME20:4(n-6) (21), FAME20:3(n-6) + FAME20:3(n-3) (22),
FAME20:2(n-6) (23), FAME20:1(n-9) (24), FAME20:0 (25), FAME21:0
(26), FAME22:6(n-3) (27), FAME22:2(n-6) (28), FAME22:1(n-9) (29),
FAME22:0 (30), FAME23:0 (31), FAME24:1(n-9) (32), FAME24:0 (33)
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3.5 | Effects of lipid structure on signal intensity

In conventional APCI of lipids, the intensity of the [M+H]" ion depends
on the number of double bonds and the alkyl chain length.”*2 As in the
case of other neutral lipids, the ionization efficiency of WEs increases
with the number of double bonds and carbon atoms in their aliphatic

chain.®® To investigate these effects in micro sources, equimolar
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mixtures of WEs were probed using micro- and high-flow APCI/APPI

Mass Spedrometry

sources (Figure 4). The signal intensities gradually increased with the
number of double bonds in high-flow APCI (Figure 4B), but,
surprisingly, the responses in micro-APCI were almost equal (Figure 4A).
In the case of APPI, the effect was not so clear, but the relative
intensities of more saturated WEs were closer to unsaturated WEs
than in high-flow APPI (Figures 4C and 4D). The equality of response
factors is very attractive for quantitative analysis of neutral lipids
because it circumvents the need for a standard of each molecular
species within a lipid class. As regards the effect of chain length,
insignificant differences between the high-flow and micro source were
found in APCI (Figures 4E and 4F). The micro-APPI spectra (Figure 4G)
were complicated by a series of [M-H]" ions, as in the case of methyl

oleate discussed above.

3.6 | Applications

Although the micro-APCI/APPI source is being developed mostly for
HPLC/MS, its direct use for infusion experiments might be of interest
for rapid and high-throughput applications. For this reason, several
lipid samples were probed by their direct infusion into the micro
source. The first sample was a commercial mixture of FAME standards.
Of the 37 FAMEs in this sample, 33 had a unique molecular weight,
and the signals for all of them ([M+H]") were clearly detected in the
micro-APCI spectrum (Figure 5A). On the other hand, the micro-APPI
spectrum (Figure 5B) was found to discriminate saturated FAMEs
The
second sample was a mixture of wax esters (WEs) from jojoba oil.

and the spectra were complicated by the signals of [M-H]".

The oil is produced in the seeds of Simmondsia chinensis and used in
cosmetics and personal care products. The abundant ions in the
spectra (Figures 6A and 6B) were related to protonated molecules of
doubly unsaturated WEs (WE38:2, m/z 561; WE40:2, m/z 589;
WE42:2, m/z 617; WE44:2, m/z 645, WE46:2, m/z 673).2 Whereas
the micro-APCI spectrum showed almost exclusively [M+H]*, the
micro-APPI spectrum also provided [M-H]" ions, which made the data
interpretation difficult. A mixture of TGs isolated from black currant
seeds was selected as the third sample of neutral lipids (Figures 6C

and 6D). Two groups of protonated molecules were observed in the
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FIGURE 6 Micro-APCI (A) and micro-APPI (B) spectra of jojoba oil wax esters. Micro-APCI (C) and micro-APPI (D) spectra of blackcurrant seed oil.
The samples were dissolved in toluene (0.5 mg/mL) and the spectra were recorded at the sample flow rate of 5 pL/min
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FIGURE7 Micro-APCI (A) and micro-APPI (B) spectra of lipids isolated
from vernix caseosa. The sample was dissolved in toluene (0.2 mg/mL)
and the spectra were recorded at the sample flow rate of 5 pL/min

ranges m/z 851-857 and m/z 873-883. These signals were consistent
with TGs having 55 carbons and 3-6 double bonds, and 57 carbons
and 4-9 double bonds, respectively, and corresponded well to the
known composition of blackcurrant seed oil.3>2 The micro-APPI
spectrum was difficult to interpret because of the formation of radical
cations and hydrogen eliminations. The last sample was a total lipid
extract from vernix caseosa, which is a cheese-like substance coating
the skin of newborn human babies. Squalene, WEs, sterol esters, diol
diesters, TGs, sterols, and ceramides are among the main components
of vernix caseosa lipids.* The basepeak in the micro-APCI and micro-
APPI spectra (Figure 7) was a cholesterol fragment (m/z 369)
originating from cholesterol and its esters.*'?3>-37 Other signals were
consistent with protonated squalene (m/z 411), protonated TGs (m/z
650-800), protonated WEs (m/z 450-600), and other lipids. The
micro-APPI spectrum was more crowded in the m/z 625-800 range,
likely because of the radical species and fragments generated by
photoionization. Some of these signals might also represent
polyunsaturated or polar lipids efficiently ionized by APPI. As regards
the dual mode of the micro-APCI/APPI source, the spectra contained
a mixture of ions generated by APCI and APPI processes, as shown

in Figure S7 (supporting information).

4 | CONCLUSIONS

The micro-APCI/APPI source with a heated chip nebulizer was
assembled and connected to an ion trap mass spectrometer. Data
showed that the ion source could be used for the sensitive detection
of neutral lipids like FAMEs, WEs, TGs, squalene, or cholesterol. The
ion source was found to behave as a mass-flow-sensitive detector in
both APCI and APPI modes. The best analytical figures of merit were
obtained in micro-APCl mode; the detection limit of methyl oleate
infused into the ion source was 200 fmol/uL, and the linear dynamic

range spanned three orders of magnitude. Among the tested solvents,

toluene made it possible to detect tested lipids with the highest
sensitivity. Besides its ability to promote ionization of lipids, toluene
also exhibited low background. The high sensitivity of micro sources
was suggested to be due to efficient generation and transfer of ions
into the instrument. The mass spectra of lipids like methyl laurate were
not affected by the ionization mode (APCI vs. APPI) or sample flow
rate (micro vs. conventional source). However, the spectra of most
lipids exhibited substantial differences reflecting different processes
taking place during ionization. The micro-APCI spectra were easy to
interpret; they mostly showed even-electron ions like protonated
molecules and expected neutral loss fragments. The signal intensity
of the molecular species within a lipid class as demonstrated for WEs
was found to be independent of the number of double bonds. The
efficient protonation in micro-APCI of samples dissolved in toluene
was explained by easy diffusion of ambient moisture into the
ionization region of the source due to its small dimensions and open
design. On the other hand, the micro-APPI spectra were complicated
by a number of other ions in addition to even-electron species. These
ions were odd-electron fragments, products of multiple hydrogen
eliminations, and oxidation products. Their formation was explained
by direct photoionization processes facilitated by low amounts of
solvent acting as a dopant. The dual mode of the APCI/APPI source
was tested in the hope of increased detection sensitivity, but it was
not the case for the investigated lipids. The APCI/APPI spectra showed
features reflecting both APCl and APPI processes, which rather
complicated data interpretation. Finally, the usefulness of the micro
source, particularly in the micro-APCI regime, was demonstrated for
several lipid samples.

Micro-APCI-MS thus seems to be a promising analytical technique
for neutral lipids. It offers high sensitivity and high-quality spectra.
Reduced sample flow rate brings benefits such as the use of small
sample volumes and low consumption of expensive and toxic solvents.
Our further research will be focused on the applications of the
micro-APCI/APCI source as a detector of neutral lipids in capillary
and micro-HPLC.
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l. Supporting figures

Figure S1. Photograph of the microAPCI/APCI ion source. 1 — nebulizing microchip in a
holder, 2 — corona discharge needle, 3 — UV lamp, 4 — mass spectrometer inlet, 5 —
micromanipulator, 6 — connecting cables for microchip heater, 7 — inlet capillary for nitrogen,
8 — inlet capillary for sample. For the micro-APCI and micro-APPI modes, the ion source was

operated without UV lamp and corona discharge needle, respectively.



nebulizer gas inlet

platinum heater

Figure S2. Photograph of the all-glass heated chip nebulizer.
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Figure S3. Micro-APCI spectra and conventional high-flow APCI spectra of WE16:0-18:1(n-
9) (A, B) FAME18:1(n-9) (C, D), and TG16:0/18:1/16:0 (E, F). The compounds were dissolved

in toluene (12.5 pug/mL). The spectra were recorded at the sample flow rate of 5 uL/min (micro-

APCI/APPI source) or 100 puL/min (conventional high-flow APCI/APPI source).
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Figure S4. Micro-APPI spectra and conventional high-flow APPI spectra of WE16:0-18:1(n-
9) (A, B) squalene (C, D), and TG16:0/18:1/16:0 (E, F). The compounds were dissolved in
toluene (12.5 ug/mL). The spectra were recorded at the sample flow rate of 5 uL/min (micro-

APCI/APPI source) or 100 puL/min (conventional high-flow APCI/APPI source).
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Figure S5. Dual micro-APCI/APPI spectra and conventional high-flow dual APCI/APPI
spectra of WE16:0-18:1(n-9) (A, B), FAME12:0, (C, D), FAME18:1(n-9) (E, F), squalene (G,
H), cholesterol (1, J), and TG16:0/18:1/16:0 (K, L). The compounds were dissolved in toluene

(12.5 pg/mL). The spectra were recorded at the sample flow rate of 5 puL/min (micro-
APCI/APPI source) or 100 puL/min (conventional high-flow APCI/APPI source).
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Figure S6. Dual micro-APCI/APPI spectra and conventional high-flow dual APCI/APPI
spectra of wax esters differing by the number of double bonds (A, B) and differing by the

number carbon atoms (C, D). The compounds were dissolved in toluene (25 pmol/L). The

spectra were recorded at the sample flow rate of 5 uL/min (micro-APCI/APPI source) or 100

pL/min (conventional high-flow APCI/APPI source). Compound identification: 16:0-20:4(n-
6) (1), WE18:0-18:3(n-3) (2), WE18:0-18:2(n-6) (3), WE16:0-18:1(n-9) (4), WE16:0-18:0 (5),
WE12:0-14:1(n-5) (6), WE12:0-16:1(n-7) (7), WE12:0-18:1(n-9) (8), WE14:0-18:1(n-9) (9),
WE16:0-18:1(n-9) (10), WE18:0-18:1(n-9) (11), WE20:0-18:1(n-9) (12), WE22:0-18:1(n-9)

(13).
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Figure S7. Dual micro-APCI/APPI spectra of Supelco 37 Component FAME Mix (0.1 mg/mL)
(A), jojoba oil wax esters (0.5 mg/mL) (B), black currant seeds oil (0.5 mg/mL) (C), and lipids
isolated from vernix caseosa (0.2 mg/mL) (D). The compounds were dissolved in toluene and

the spectra were recorded at the sample flow rate of 5 pL/min.



1. Solvents for micro-APCI/APPI of lipids

Two lipid standards, methyl laurate (saturated, nonpolar compound) and cholesterol
(unsaturated compound of higher polarity) were dissolved in toluene, hexane, chloroform,
acetone, ethyl acetate, methanol, or acetonitrile and infused into the micro ion source operated
in APCI, APPI, and dual APCI/APPI modes. The intensities of base peaks ([M+H]" for methyl
laurate and [M+H—H20]" for cholesterol) were compared across the solvents and the ionization
modes (Figure S8). For both analytes, the highest signals were observed in toluene. Toluene is
known to readily form radical cations and it is a popular dopant widely used for APP1L. Toluene
radical cations likely reacted with residual water to form protonated clusters, which
subsequently transferred a proton to the analyte. Other tested solvents turned out to be
significantly less effective or even ineffective. The lowest signals were observed for all three
ionization modes in ethyl acetate and acetone. Both of them are photoionizable, but at the same
time, they have relatively high proton affinities. These solvents likely efficiently competed with
the analyte for protons. The order of the solvents in terms of ionization efficiency differed from
data for high-flow conventional APPI published earlier?. It could be attributed to different
analytes used for the experiments, different levels of impurities in the solvents, and possibly
different conditions during the ionization, for instance, a lower concentration of solvent vapors
or easier penetration of moisture into the ionization region of the micro-APCI/APPI source. No
major increase of signal intensity was detected when the micro source was operated in dual
APCI/APPI mode. Conversely, signal significantly decreased for both analytes in toluene and
chloroform in dual mode. Only the signal of cholesterol dissolved in acetone increased to some
extent. Therefore, dual APCI/APPI mode did not provide higher sensitivity for neutral lipids,

similarly to the majority of aromatic compounds and drugs in conventional high-flow source 3.
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1 | INTRODUCTION

Barbora Rumlova>> | Timotej Strmen’? | Josef Cvacka'?

A new capillary high-performance liquid chromatography method with atmospheric
pressure chemical ionization mass spectrometry was developed for the analysis of
fatty acid methyl esters and long-chain alcohols. The chromatographic separation was
achieved using a Zorbax SB-C18 HPLC column (0.3 X 150 mm, 3.5 pm) with a
mobile phase composed of acetonitrile and formic acid and delivered isocratically
at a flow rate of 10 pL/min. The column temperature was programmed simply, using
a common column oven. Good reproducibility of the temperature profile and reten-
tion times were achieved. The temperature programming during the isocratic high-
performance liquid chromatography run had a similar effect as a solvent gradient; it
reduced retention times of later eluting analytes and improved their detection lim-
its. Two atmospheric pressure chemical ionization sources of the mass spectrometry
detector were compared: an enclosed conventional ion source and an in-house made
ion source with a glass microchip nebulizer. The enclosed source provided better
detectability of saturated fatty acid methyl esters and made it possible to determine the
double bond positions using acetonitrile-related adducts, while the open chip-based
source provided better analytical figures of merit for unsaturated fatty acid methyl
esters. Temperature-programmed capillary high-performance liquid chromatography

is a promising method for analyzing neutral lipids in lipidomics and other applications.

KEYWORDS

double bonds, high-performance liquid chromatography, lipidomics, lipids, temperature programming

mobile phase at higher temperatures without a significant
loss of efficiency. Temperature also changes the viscosity and

The separation temperature is seldom optimized in HPLC,
although it can be used to influence the chromatographic
resolution, speed of analysis, and column backpressure.
It offers a convenient way to adjust the selectivity of the
chromatographic system without changing the mobile or
stationary phase [1-3]. Temperature affects the diffusion
coefficient and changes the shape of the van Deemter curve
[4]. Therefore, one can use higher linear velocities of the

Article-Related Abbreviations: Alc, alcohol; APCI, atmospheric pressure
chemical ionization; FAME, fatty acid methyl ester.

dielectric properties of the mobile phase. In most solvents,
the static permittivity, which is a relative measure of solvent
polarity, decreases with temperature. The solvent strength in
reversed-phase systems thus increases with the temperature.
This is utilized for temperature programming, which can
yield similar results as solvent programming in HPLC [3,5,6].
Temperature-programmed HPLC is best performed using
dedicated systems allowing for mobile phase preheating, fast
equilibration of column temperature, cooling of the mobile
phase before detection, and backpressure regulation to avoid
solvent phase transition [1,7].
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When compared to standard-bore columns, those of smaller
inner dimensions are better suited for temperature program-
ming because much less material needs to be heated and
thus the temperature equilibration is fast [7,8]. In this case,
heat transfer can be mediated by air using a gas chromato-
graph oven [9-11], in-house [12], or commercial devices
[13,14]. Working with narrow-bore columns brings addi-
tional benefits including increased separation efficiency, low
solvent consumption, and a higher peak concentration at
the detector. There is a variety of stationary phases avail-
able for narrow-bore columns, including monolithic materials
[15,16]. Narrow-bore columns are easily coupled to ESI-MS,
a versatile and sensitive method for detecting the majority of
compounds. Despite the obvious benefits, temperature pro-
gramming is still not commonly used.

HPLC-MS offers a quantitative and qualitative characteri-
zation of lipids in targeted and untargeted lipidomics. Depend-
ing on the lipid mixture to be analyzed, various separation
systems are employed [17,18]. Electrospray is widely used for
lipids but it does not work optimally for nonpolar molecules,
which are difficult to protonate or deprotonate. Therefore,
gas-phase ionization methods such as atmospheric pressure
chemical ionization (APCI) or atmospheric pressure pho-
toionization are preferred for detecting nonpolar lipids. Cur-
rently, conventional APCI sources operate best at ~1 mL/min
and accept flow rates between hundreds of microliters and
2-3 mL/min [19], which complicates their use in nano- and
microflow HPLC. Several concepts for low flow rate APCI
sources have been proposed [20-25], including those oper-
ated at ambient conditions (no ion source housing used) with
a heated nebulizer based on concentrically arranged capillar-
ies [20,21] or a microchip [23-25]. Despite their promising
performance, additional development is needed to design a
more robust, sensitive, and reliable APCI source for low sam-
ple flow rates. To quantify lipids, response factors reflecting
different ionization efficiency in an MS detector are often
used. Since the ionization efficiency strongly depends on the
composition of the mobile phase, the actual response of com-
pounds eluting at various points of the solvent gradient can
change dramatically, causing erroneous quantification [26].
In this respect, it is preferable to use isocratic conditions, but
they may not be convenient for the separation. Temperature-
programmed HPLC can be a simple and elegant solution
because the mobile phase composition does not change
during the analysis and the temperature has a similar effect as
the solvent gradient [6]. The beneficial effects of sub-ambient
or high temperature on the HPLC analysis of lipids including
carotenoids [27,28], fatty acid methyl esters (FAME:),
squalene, ceramides, cholesterol, and triacylglycerol have
been demonstrated [4] but, to the best of our knowledge, tem-
perature programming has not been applied to neutral lipids
so far.

FAMESs are among the most frequently analyzed neutral
lipids. They are often generated from more complex lipids
and lipid mixtures by a transesterification reaction. FAMEs
are usually analyzed by GC-MS detection, which provides
high sensitivity and allows identification. However, the
method has limited use for extremely long-chain FAMEs and
does not provide direct information on the double bond posi-
tion(s). Alternatively, FAMEs can be analyzed using HPLC
in reversed-phase [29,30] or silver ion systems [31-33].
APCI mass spectra provide abundant signals of protonated
molecules. If the mobile phase contains acetonitrile, unsatu-
rated lipids form [M + C3;HsN]*® ions, which provide frag-
ments indicative of the original double bond(s) [34—-36]. The
HPLC-MS methods for FAMEs developed so far utilize con-
ventional HPLC systems with standard-bore columns [30].

In this work, changing the column temperature during
an isocratic HPLC was used to improve the separation of
FAMEs. Strongly retained esters eluted faster while maintain-
ing good resolution of the earlier eluting components. The
column temperature was controlled by a common column
oven. The lipids were detected by APCI-MS using either
a conventional high flow rate source or an in-house ion
source based on a heated microchip nebulizer. To the best
of our knowledge, this is the first application of temperature
programming in lipid analysis.

2 | MATERIALS AND METHODS

2.1 | Chemicals

Supelco 37 Component FAME Mix and acetyl chloride (p.a.,
> 99%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Silver carbonate was obtained from Lachema
(Brno, Czech Republic). The standards of methyl stearate
(18:0), methyl oleate (18:1n-9), methyl linoleate (18:2n-6),
and y-methyl linolenate (18:3n-6) were from Nu-Chek-Prep
(Elysian, MN, USA). Acetonitrile (Chromasolv, LC-MS),
ethyl acetate (Chromasolv, LC-MS), chloroform (Chroma-
solv Plus, for HPLC), 2-propanol (Chromasolv, LC-MS),
toluene (Chromasolv® Plus, for HPLC), and methanol (Chro-
masolv, LC-MS) were purchased from Honeywell/Riedel-de
Haén (Seelze, Germany). Formic acid (99.0+%, LC-MS) was
from Fisher Chemical (Hampton, NH, USA).

2.2 | Transesterification

The samples of seed oil FAMEs were obtained by transes-
terification of triacylglycerols isolated from blackcurrant oil
[37] and wax esters isolated from jojoba oil [38] according
to Stransky et al. [39]. Briefly, lipids were dissolved in
methanol:chloroform (3:2, by vol.) in a small glass ampoule.
After adding acetyl chloride, the ampoule was sealed and
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placed in a water bath (70°C) for 90 min. After opening
the vials, the reaction mixture was neutralized by adding
silver carbonate and separated from solid precipitate of silver
chloride.

2.3 | Liquid chromatography—mass
spectrometry

The capillary HPLC system was assembled from Teledyne
ISCO M65 manual valve gradient pump (Lincoln, NE, USA),
VICI CI4W.06 injector with internal volume of 60 nL (VICI
AG International, Schenkon, Switzerland), Zorbax SB-C18
HPLC column (0.3 x 150 mm, 3.5 pm; Agilent, Santa Clara,
CA, USA), a built-in column oven of Accela autosampler (5—
95°C; Thermo Fisher Scientific, San Jose, CA, USA), and an
LCQ Fleet ion trap mass spectrometer (Thermo Fisher Sci-
entific). The mass spectrometer was equipped with either Ion
Max-S API source with an APCI probe or a chip-based ion
source (see below). In the final method, an isocratic elution
of FAMEs was carried out using acetonitrile with 0.1% of
formic acid. The temperature program was performed by an
abrupt change of the temperature from 5 to 50°C in the sixth
min of the HPLC run. The IR-1200-50D USB thermome-
ter (Voltcraft, Hirschau, Germany) was used to monitor the
temperature inside the column compartment. The temperature
slowly increased from 8.5 (0—6 min) to 49.6°C; the maximum
value was reached in 17 min. The column temperature was
equilibrated for at least 25 min before each HPLC run.

2.4 | Atmospheric pressure chemical ionization
sources

The conventional Ion Max-S API source with the APCI probe
was operated at 10 pL/min sample flow rate. The working
parameters of the ion source were set as follows: vaporizer
temperature 180°C, sheath and auxiliary gas flow rates 40 and
5 arbitrary units, respectively, capillary temperature 300°C,
capillary voltage 25.5 V, tube lens voltage 80 V, and corona
discharge current 3 pA. Alternatively, a chip-based ion source
described recently [25] was used. Briefly, the source compo-
nents were mounted onto LCQ-Fleet compatible flange with
two guiding rods. The rods supported an adjustable holder for
a corona discharge needle and a micromanipulator MX10R
(Siskiyou, Grants Pass, OR, USA) holding a chip-based neb-
ulizer. The nebulizer consisted of a glass microfabricated chip
[40] kindly provided by Prof. Risto Kostiainen from the Uni-
versity of Helsinki, Finland. Its platinum resistance heater was
powered by ISO-TECH power supply IPS-603 (Corby, Great
Britain). The GFCS-011771 mass flow controller (Aalborg,
Orangeburg, NY, USA) was used to deliver nitrogen nebu-
lizer gas. High voltage for the corona discharge electrode was
taken from the mass spectrometer. The operating parameters
of the chip-APCI source were set as follows: the nitrogen flow
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rate 60 mL/min, the liquid sample flow rate 10 pL/min, the
microchip heating power 4.5 W, capillary temperature 300°C,
capillary voltage 25.5 V, tube lens voltage 80 V, and corona
discharge current 1 pA. Data were collected and processed
with Xcalibur software (Thermo Fisher Scientific).

2.5 | Calibration curves

FAME 18:2n-6 calibration standards were prepared in chlo-
roform:methanol (1:3, v/v) at the concentrations of 1-10 000
pg/mL. The analyte signal was measured in the selected reac-
tion monitoring (SRM) mode using m/z 295.2 > 263.2 transi-
tion with the normalized collision energy of 30%. Peak areas
and peak heights were used for the construction of the cali-
bration curves. The noise level was established from the sig-
nal of the blank solvent infused into the capillary HPLC-
APCI-MS at the same flow rate (10 pL/min). It was deter-
mined as the peak-to-peak envelope of all contributions to
background signal (i.e., random noise plus possible chemical
interferences). The LOD values (instrumental detection limit
values) were calculated for S/N = 3 using the calibration curve
constructed from the peak heights. Sensitivity values corre-
spond to the slope of the calibration curves constructed from
the peak areas.

3 | RESULTS AND DISCUSSION

3.1 | Capillary chromatography of fatty acid
methyl esters

The separation of FAMEs was optimized using a Zorbax SB-
C18 capillary column (0.3 mm X 150 mm, 3.5 pm) operated
at the flow rate of 10 pL/min. The analytes were detected with
conventional APCI source, which has been designed for sub-
stantially higher sample flow rates than suitable for capillary
HPLC. It turned out that the ion source can be operated at
10 pL/min if the nebulizer temperature is reduced to 180°C.
The lower nebulizing temperature was required to prevent
excessive baseline noise due to the solvent evaporation inside
the probe capillary. A negative consequence of operating the
ion source at the low flow rate was lower detection sensitivity.
The composition of the mobile phase was first optimized for
isocratic and isothermal conditions (25°C). Inspired by our
previous work [30], acetonitrile and its mixtures with various
solvents were tested as mobile phases. Tailing peaks were
detected in acetonitrile with no modifier added. Although the
addition of toluene slightly improved detection sensitivity
[25], it did not help to improve the tailing. The addition of
ethyl acetate or 2-propanol did not improve the peak shape
either. Moreover, ethyl acetate and 2-propanol suppressed the
ionization. The best results were achieved using acetonitrile
containing 0.1% of formic acid. FAMEs provided narrow
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FIGURE 1 Capillary HPLC-APCI-MS chromatogram of the mixture of FAMEs (total concentration 1 mg/mL) obtained at the column
temperature of 25°C (A) and 5°C (B); inset: separation of 18:2n-6, 18:2n-6t, 18:1n-9, and 18:1n-9t; experimental conditions: flow rate 10 pL/min,
acetonitrile with 0.1% FA, conventional APCI source; for other conditions, see Section 2

symmetrical peaks and the chromatograms were reproducible
(Figure 1A). As expected, the elution order of FAMEs
reflected the number of carbons and double bonds in their
aliphatic chains. The retention increased with the chain
length and decreased with the number of double bonds. The
separation of isobaric FAMEs was improved by lowering the
column temperature to 5°C. Almost baseline separation of
cis/trans isomers of 18:2n-6 and 18:1n-9 was achieved (Fig-
ure 1B). However, the retention times of long-chain saturated
FAMEs were too high at such a low temperature. Therefore,
temperature-programmed chromatography was used. Since
a temperature-programmed column oven was not available,
a common column thermostat was used. The analysis started
at 5°C and after 6 min, the temperature was abruptly set to
50°C. The temperature in the column compartment gradually
increased and reached the final value of 50°C in about
17 min (Figure 2A). The repeated experiments showed that
the temperature gradient generated in this way was highly
reproducible. As shown in Figure 2B, the analysis time was
reduced significantly, while the resolution of the early-eluting
peaks was preserved. The temperature had a similar effect
as a solvent gradient. The total analysis time was reduced
roughly by half and the peaks of late-eluting FAMEs were
narrow, exhibiting improved S/N ratio. In this way, we were
able to detect all FAME:s in the standard mixture.

Good repeatability of the retention times was achieved
(Supporting Information Figure S1). Within 1 week, the aver-
age RSD of the retention times was <2%. This result not
only confirmed the excellent reproducibility of the tempera-
ture profile in the column compartment but also illustrated the

thermal stability of the column. No ions related to the column
bleed were detected even after prolonged use of the column.

3.2 | Mass spectrometric detection of fatty acid
methyl esters

Since the conventional ion source has been designed for
higher flow rates, the in-house chip-based APCI source
was tested to increase detection sensitivity. The opti-
mized temperature-programmed method was used to separate
FAME:s. Although the retention times of the FAMEs were
the same, the chromatogram looked differently (cf. Figure 2B
and C). The total signal was higher in the chip-based APCI
source, but selective discrimination of saturated esters was
observed. There was a technical reason for the discrimina-
tion of FAMESs with higher boiling points. The limit for elec-
tric current flowing through the platinum heater of the chip
nebulizer was rather low, which prevented us to use suffi-
ciently high temperatures to efficiently vaporize long-chain
esters. Detectability of esters differing by the number of dou-
ble bonds was compared for FAMEs with 18 carbons and
both ion sources. An equimolar mixture of C18:0, C18:1n-
9, C18:2n-6, and C18:3n-6 provided chromatograms shown
in Figure 3. The detectability of saturated FAMEs was much
lower than of unsaturated FAMEs, particularly for the chip-
based APCI. Similar phenomena were observed in APCI-MS
of other neutral lipids [38,41], and can likely be explained
by the differences in proton affinities and vapor pressures.
The detection sensitivity of unsaturated FAMEs was signif-
icantly higher with the chip-based APCI compared to the



VRKOSLAYV ET AL.

L PARATION SCIENCE TS

-
o
o

507

100- 1.84 63 7+8

Relative Abundance Relative Abundance
o

o
7

1317 20

3 4.0 6.0 7.0

5.0
Time (min)
31

9 1" 13 15 17

Time (min)

FIGURE 2 Temperature program (solid line) and the measured temperature (dotted line) in the column oven (A); temperature-programmed
capillary HPLC-APCI-MS chromatograms of FAME:s (total concentration 1 mg/mL) detected by the conventional APCI (B) and chip-based APCI
(C) sources; insets: separation of 18:2n-6, 18:2n-6t, 18:1n-9, and 18:1n-9t; flow rate 10 pL/min, acetonitrile with 0.1% FA; for other conditions and

peak identifications, see Section 2 and Figure 1, respectively

100 .................. PRERES
A

8:2n-6

4]
<

1§:0

100_.9,-.3..2..(.3.‘.1 ...........

o
b

Abundance

4.0 50_ 60 70 80 90 100
Time (min)

18:0

Relative Abundance Relative Abundance
o

I\)O
o]

3.0 4.0 5.0

6.0 7.0 8.0 9.0

10.0

Time (min)

FIGURE 3 Temperature-programmed capillary HPLC-APCI-MS chromatograms of FAMEs (1 mmol/L of each) detected by the conventional
APCI (A, dotted line) and chip-based APCI (B, solid line) sources; inset: overlaid chromatograms; for other conditions, see Section 2

conventional APCI. However, for saturated FAMEs no gain
in sensitivity was achieved, see the inset in Figure 3.

The analytical figures of merit were evaluated for 18:2n-6
using selected ion monitoring detection (m/z 295.2). Each
point of the calibration curve was measured three to five
times with averaged RSD values of 5.8% for the chip-based
ion source and 6.8% for the conventional ion source, indi-
cating comparable measurement repeatability for the ion

sources. The detection limit, sensitivity, and linearity values
are summarized in Table 1. The conventional APCI source
provided approximately eight times higher detection limit and
the sensitivity was about three times lower when compared to
the chip-based ion source. The higher sensitivity of the chip-
based APCI-MS detection was likely due to more efficient
ionization and ion transfer in the well-focused jet of vapors.
The calibration curve based on the peak area showed good
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TABLE 1 Analytical figures of merit of FAME 18:2n-6 obtained for the conventional APCI and chip-based APCI sources

LOD LOD Sensitivity
APCI source (pg/mL) (pg) (mL/pg) Linear dynamic range R?
Conventional 3.45 207 49.9 3.45 mg/mL to >10 mg/mL 0.9985
Chip-based 0.42 25.2 139 0.42 pg/mL to >2.5 mg/mL 0.9991
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FIGURE 4 Ion trap mass spectra of 18:0 (A and E), 18:1n-9 (B and F), 18:2n-6 (C and G), 18:3n-6 (D and H) obtained by conventional APCI
(A-D) and chip-based APCI (E-H) sources. The spectra were collected during chromatographic runs; the analyte concentrations were 1 mmol/L

except for the spectrum (E), which corresponds to 5 mmol/L

linearity for both ion sources. Calibration curves were
linear from the detection limit up to the highest measured
concentrations (10 and 2.5 mg/mL for conventional APCI
and chip-based APCI source, respectively). Therefore, the
linear dynamic range was at least 3.5 orders of magnitude
for both detectors. The method precision was further tested
for the conventional APCI source and FAMEs with 18
carbons (FAMES 18:0, 18:1n-9, 18:1n-9t, 18:2n-6, 18:2n-6t,
and 18:3n-3/18:3n-6). Run-to-run precision (repeatability)
was evaluated for three consecutive measurements. The
RSDs ranged from 1.6 to 14.7% with an average of 8.6%.
Day-to-day precision (intermediate precision) was calculated
for three measurements within 7 days. The RSDs ranged
from 1.0 to 13.8% with an average of 6.0%.

The mass spectra obtained with two different APCI
detectors were not the same (Figure 4). All unsaturated
FAMEs provided [M + H]* as the most abundant ion in
both ion sources. In addition to this ion, adducts related to
acetonitrile were detected. While the unsaturated FAMEs
provided molecular adducts [M + 42]* (IM + CH;CN +
H]%) [36,42] in the chip-based ion source, the conventional
APCI source showed [M + 55]*° (M + C;HsN]*™®) peaks.
These ions are known to be formed in conventional high-flow
APCI-MS conditions and they can be used to localize double
bonds in various lipids including FAMEs [28,34-36]. The
formation of different types of ions can be explained by
the ion sources design. While the ion source housing in

the conventional source prevents ambient air from entering
the corona discharge region, the chip-based source is open
to the atmosphere. Oxygen can be involved in ionization
mechanisms in the chip source and thus affects the formation
of acetonitrile-related adducts [43,44]. The saturated FAME
18:0 yielded abundant molecular adducts [M + H]* and [M
+ 417" in both APCI sources (Figure 4A and E).

3.3 | Analysis of seed oil fatty acid methyl
esters

The applicability of the temperature-programming HPLC-
APCI-MS was demonstrated for trans-esterified seed oils.
Two seed oils were used: (i) triacylglycerol-based blackcur-
rant seed oil and (ii) wax ester-based jojoba seed oil. The
samples were processed and trans-esterified as described
previously [37-39] and the reaction products were directly
injected onto the column. The analyses were carried out
with both types of APCI-MS detectors to compare their
performance for real samples (Figure SA and B). FAMEs
of blackcurrant seed oil were identified based on their mass
spectra, retention times, and literature data [30]. The sample
contained mostly unsaturated fatty acids with 18 carbons,
namely FAME 18:4n-3, 18:3n-3, 18:3n-6, 18:2n-6, and
18:1n-9, together with 20:1n-9. The retention times of the
isomeric FAME 18:3n-3 and 18:3n-6 were the same, which
did not allow us to distinguish them in the full scan spectra.
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FIGURE 5 Temperature-programmed capillary HPLC-APCI-MS base-peak chromatogram of FAMEs from triacylglycerol fraction of
blackcurrant seed oil (4 mg/mL) (A and B) and wax esters fraction of jojoba oil (3.5 mg/mL) (C and D) ionized by conventional APCI (A and C) and
chip-based APCI (B and D) sources; flow rate 10 pL/min, acetonitrile with 0.1% FA; for other conditions, see Section 2

However, we were able to prove both isomers using MS/MS
spectra of the [M + C;HsN]*® ions [45]. The sample also
contained saturated FAMEs 16:0 and 18:0; their peaks were
small in the conventional APCI source and almost missing in
the chip-based APCI-MS detector.

The wax esters in jojoba oil consist mainly of long-
chain monounsaturated alcohols esterified to monounsat-
urated fatty acids [38,46]. The temperature-programmed
capillary HPLC-APCI-MS allowed us to detect both moi-
eties of wax esters. In agreement with the literature, FAMEs
18:1n-9, 20:1n-9, 22:1n-9, and 24:1n-9 and alcohols Alc
20:1n-9, Alc 22:1n-9, and Alc 24:1n-9 were detected in both
ion sources (Figure 5C and D). In the conventional APCI
source, the alcohols provided [M + HJ*, [M + 42]*, and
minor peaks of [M + C3HsN]*® (Figure 6A). The MS/MS
spectra of [M + C3H5N]*® contained fragments that made it
possible to determine the position of the double bond (Fig-
ure 6B). Similarly to other lipid classes [30,34-36], the frag-
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FIGURE 6 Ton trap full MS spectrum of Alc 22:1n-9 (A) and
MS/MS spectrum of [M + C;HsN]** from which the position of the
double bond can be determined (B). The spectra were collected under
chromatographic conditions (Figure 5C)

ments corresponded to the cleavages of C-C bonds next to
the original double bond. The o fragment contained hydroxyl,
while the o fragment contained the chain terminus. The
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MS/MS spectra of [M + C;HsN]H® of all FAMEs and alco-
hols from the trans-esterified jojoba oil are shown in Support-
ing Information Figures S2 and S3. The higher sensitivity of
the chip-based APCI source allowed us to detect low abun-
dant FAME 18:3 (Figure 5D), which was undetectable by the
conventional ion source.

4 | CONCLUSIONS

A method for analyzing FAMEs using temperature-
programmed HPLC was developed. The temperature
program was achieved in a simple way, using a standard
column oven from a conventional liquid chromatograph.
Good reproducibility of the temperature profile and retention
times were observed. Increasing the column temperature
during the isocratic HPLC run had a similar effect as a
solvent gradient. Lately eluting compounds provided nar-
rower peaks with shorter retention times, which increased
sensitivity and shortened the overall analysis time. FAMEs
and fatty alcohols were detected using APCI-MS. Since
there are no dedicated APCI-MS detectors for low flow rates
on the market, a conventional high-flow rate detector and
the in-house device with chip-based nebulizer were used.
Both detectors could detect FAMEs, but their performance
was different. The enclosed conventional source provided
better detectability of saturated FAMEs and made it possible
to determine the double bond positions in FAMES using
acetonitrile-related adducts, but its overall sensitivity was
low. The open chip-based ion source tended to provide nar-
rower and more symmetrical peaks likely due to lower dead
volumes (the chip had an integrated fused silica capillary).
It provided better analytical figures of merit for unsaturated
FAME:s, but its applicability to saturated FAMEs was poor
and it did not offer localization of double bonds. Apparently,
a better APCI source for capillary HPLC is needed. The
method was successfully applied to trans-esterified seed oils.
Temperature programming in isocratic HPLC is a promising
method for analyzing neutral lipids in lipidomics and other
applications.

ACKNOWLEDGEMENTS

This project was financially supported by the Czech Sci-
ence Foundation (Project No. 16-01639S), Charles Uni-
versity in Prague (Project SVV), and European Regional
Development Fund; OP RDE; Project: “Chemical biol-
ogy for drugging undruggable targets (ChemBioDrug)”
(No. CZ.02.1.01/0.0/0.0/16_019/0000729). The authors are
indebted to Risto Kostiainen and Markus Haapala from the
University of Helsinki for the microchips, and the Develop-
ment Center of the [OCB, Prague for indispensable assistance
on this project.

CONFLICT OF INTEREST

The authors have declared no conflict of interest.

ORCID
Josef Cvacka (12 https://orcid.org/0000-0002-3590-9009
REFERENCES

1.

10.

11.

12.

13.

Teutenberg T., High-Temperature Liquid Chromatography: A
User’s Guide for Method Development. Royal Soc Chemistry, Cam-
bridge, UK 2010.

. Tran J. V., Molander P., Greibrokk T., Lundanes E., Temperature

effects on retention in reversed phase liquid chromatography. J. Sep.
Sci. 2001, 24, 930-940.

. Sander L. C., Wise S. A., The influence of column temperature

on selectivity in reversed-phase liquid chromatography for shape-
constrained solutes. J. Sep. Sci. 2001, 24, 910-920.

. Hazotte A., Libong D., Chaminade P., High-temperature micro lig-

uid chromatography for lipid molecular species analysis with evapo-
rative light scattering detection. J. Chromatogr. A 2007, 1140, 131—
139.

. Hesse G., Engelhardt H., Temperaturprogrammierung bei der

adsorptionschromatographie von losungen. J. Chromatogr. A 1966,
21,228-238.

. Chen M. H., Horvath C., Temperature programming and gradient

elution in reversed-phase chromatography with packed capillary
columns. J. Chromatogr. A 1997, 788, 51-61.

. Teutenberg T., Potential of high temperature liquid chromatography

for the improvement of separation efficiency-A review. Anal. Chim.
Acta 2009, 643, 1-12.

. Vanhoenacker G., Sandra P., High temperature and temperature pro-

grammed HPLC: possibilities and limitations. Anal. Bioanal. Chem.
2008, 390, 245-248.

. Trones R., Andersen T., Greibrokk T., Hegna D. R., Hindered

amine stabilizers investigated by the use of packed capillary
temperature-programmed liquid chromatography 1. Poly((6-
((1,1,3,3-tetramethylbutyl)-amino)-1,3,5-triazine-2,4-diyl)(2,2,
6,6-tetramethyl-4-piperidyl)imino)-1,6-hexanediyl (2,2,6,6-
tetramethyl-4-piperidyl)imino)). J. Chromatogr. A 2000, 874,
65-71.

Molander P., Thomassen A., Kristoffersen L., Greibrokk T.,
Lundanes E., Simultaneous determination of citalopram, fluoxe-
tine, paroxetine and their metabolites in plasma by temperature-
programmed packed capillary liquid chromatography with on-
column focusing of large injection volumes. J. Chromatogr. B 2002,
766, 77-87.

Yoo J. S., Watson J. T., McGuffin V. L., Temperature-programmed
microcolumn liquid chromatography/mass spectrometry. J. Micro-
column Sep. 1992, 4, 349-362.

Teutenberg T., Goetze H. J., Tuerk J., Ploeger J., Kiffmeyer T. K.,
Schmidt K. G., Kohorst W. G., Rohe T., Jansen H. D., Weber H.,
Development and application of a specially designed heating system
for temperature-programmed high-performance liquid chromatog-
raphy using subcritical water as the mobile phase. J. Chromatogr. A
2006, 1114, 89-96.

https://sunchrom.de/column-oven-2/ (last time accessed: March 31,
2020).


https://orcid.org/0000-0002-3590-9009
https://orcid.org/0000-0002-3590-9009
https://sunchrom.de/column-oven-2/

VRKOSLAYV ET AL.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

https://sim-gmbh.de/en/products/liquid-chromatography/736-ht-
hplc-200-column-oven.html (last time accessed: March 31, 2020).
Urban J., Current trends in the development of porous polymer
monoliths for the separation of small molecules. J. Sep. Sci. 2016,
39, 51-68.

Zajickova Z., Advances in the development and applications
of organic—silica hybrid monoliths. J. Sep. Sci. 2017, 40, 25—
48.

Cajka T., Fiehn O., Comprehensive analysis of lipids in biological
systems by liquid chromatography-mass spectrometry. T7rAC-Trends
Anal. Chem. 2014, 61, 192-206.

Han X., Lipidomics: Comprehensive Mass Spectrometry of Lipids.
John Wiley & Sons Inc, Hoboken 2016.

Ton Max and Ion Max-S API Source, Hardware Manual, 97055-
97044 Revision D, Thermo Fisher Scientific 2008.

Nyholm L. M., Sjoberg P. J. R., Markides K. E., High-temperature
open tubular liquid chromatography coupled to atmospheric pres-
sure chemical ionisation mass spectrometry. J. Chromatogr. A 1996,
755, 153-164.

Strmen T., Vrkoslav V., Paces O., Cvacka J., Evaluation of an ion
source with a tubular nebulizer for microflow atmospheric pressure
chemical ionization. Mon. Chem. 2018, 149, 987-994.

Takeda S., Tanaka Y., Yamane M., Siroma Z., Wakida S., Otsuka K.,
Terabe S., Ionization of dichlorophenols for their analysis by cap-
illary electrophoresis-mass spectrometry. J. Chromatogr. A 2001,
924, 415-420.

Ostman P., Marttila S. J., Kotiaho T., Franssila S., Kostiainen
R., Microchip atmospheric pressure chemical ionization source for
mass spectrometry. Anal. Chem. 2004, 76, 6659-6664.

Ostman P., Jantti S., Grigoras K., Saarela V., Ketola R. A., Franssila
S., Kotiaho T., Kostiainen R., Capillary liquid chromatography-
microchip atmospheric pressure chemical ionization-mass spec-
trometry. Lab Chip 2006, 6, 948-953.

Vrkoslav V., Rumlova B., Strmen T., Nekvasilova P., Sulc M.,
Cvacka ., Applicability of low-flow atmospheric pressure chemical
ionization and photoionization mass spectrometry with a microfab-
ricated nebulizer for neutral lipids. Rapid Commun. Mass Spectrom.
2018, 32, 639-648.

Kromidas S., Gradient HPLC for Practitioners: RP, LC-MS, Ion
Analytics, Biochromatography, SFC, HILIC. Wiley-VCH, Wein-
heim 2019.

Bohm V., Use of column temperature to optimize carotenoid isomer
separation by C30 high performance liquid chromatography. J. Sep.
Sci. 2001, 24, 955-959.

Sander L. C., Craft N. E., Device for subambient tempera-
ture control in liquid chromatography. Anal. Chem. 1990, 62,
1545-1547.

Rezanka T., Analysis of very long chain polyunsaturated fatty acids
using high-performance liquid chromatography - atmospheric pres-
sure chemical ionization mass spectrometry. Biochem. Syst. Ecol.
2000, 28, 847-856.

Vrkoslav V., Cvacka J., Identification of the double-bond position
in fatty acid methyl esters by liquid chromatography/atmospheric
pressure chemical ionisation mass spectrometry. J. Chromatogr. A
2012, 1259, 244-250.

Nikolova-Damyanova B., Christie W. W., Herslof B., Sil-
ver ion high-performance liquid chromatography of esters
fatty acids with short-chain

of isomeric octadecenoic

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

L PARATION SCiENCE T

monounsaturated alcohols. J. 1995, 693,
235-239.

Sehat N., Rickert R., Mossoba M. M., Kramer J. K. G., Yurawecz
M. P, Roach J. A. G., Adlof R. O., Morehouse K. M., Fritsche J.,

Eulitz K. D., Steinhart H., Ku Y., Improved separation of conju-

Chromatogr. A

gated fatty acid methyl esters by silver ion-high-performance liquid
chromatography. Lipids 1999, 34, 407—413.

Kuhnt K., Degen C., Jahreis G., 2-Propanol in the mobile phase
reduces the time of analysis of CLA isomers by silver ion-HPLC.
J.Chromatogr. B 2010, 878, 88-91.

Vrkoslav V., Hakova M., Peckova K., Urbanova K., Cvacka
J., Localization of double bonds in wax esters by high-
performance liquid chromatography/atmospheric pressure chem-
ical ionization mass spectrometry utilizing the fragmentation
of acetonitrile-related adducts. Anal. Chem. 2011, 83, 2978-
2986.

Subgikova L., Hoskovec M., Vrkoslav V., Cmelikova T., Hakova
E., Mikova R., Coufal P., Dolezal A., Plavka R., Cvacka
J., Analysis of 1,2-diol diesters in vernix caseosa by high-
performance liquid chromatography - atmospheric pressure chem-
ical ionization mass spectrometry. J. Chromatogr. A 2015, 1378,
8-18.

Hakova E., Vrkoslav V., Mikova R., Schwarzova-Peckova K.,
Bosakova Z., Cvackal., Localization of double bonds in triacylglyc-
erols using high-performance liquid chromatography/atmospheric
pressure chemical ionization ion-trap mass spectrometry. Anal.
Bioanal. Chem. 2015, 407, 5175-5188.

Vacek M., Zarevicka M., Wimmer Z., Stransky K., Koutek
B., Mackovd M., Demnerovd K., Lipase-mediated hydroly-
sis of blackcurrant oil. Enzyme Microb. Technol. 2000, 27,
531-536.

Vrkoslav V., Urbanova K., Cvacka J., Analysis of wax ester
molecular species by high performance liquid chromatogra-
phy/atmospheric pressure chemical ionisation mass spectrometry.
J. Chromatogr. A 2010, 1217, 4184—-4194.

Stransky K., Jursik T., Simple quantitative transesterification of
lipids .1. Introduction. Fett-Lipid 1996, 98, 65-71.

Kruve A., Haapala M., Saarela V., Franssila S., Kostiainen R., Koti-
aho T., Ketola R. A., Feasibility of capillary liquid chromatography-
microchip-atmospheric pressure photoionization-mass spectrome-
try for pesticide analysis in tomato. Anal. Chim. Acta 2011, 696,
77-83.

Holc¢apek M., Lisa M., Jandera P., Kabatova N., Quantitation of tri-
acylglycerols in plant oils using HPLC with APCI-MS, evapora-
tive light-scattering, and UV detection. J. Sep. Sci. 2005, 28, 1315
1333.

Konstantinova O. V., Antonchick A. P., Oldham N. J., Zhabinskii V.
N., Khripach V. A., Schneider B., Analysis of underivatized brassi-
nosteroids by HPLC/APCI-MS. Occurrence of 3-epibrassinolide in
Arabidopsis thaliana. Collect. Czech. Chem. Commun. 2001, 66,
1729-1734.

Kolakowski B. A., Grossert J. S., Ramaley L., Studies on the
positive-ion mass spectra from atmospheric pressure chemical ion-
ization of gases and solvents used in liquid chromatography and
direct liquid injection. J. Am. Soc. Mass Spectrom 2004, 15, 311-
324.

Strmen T., Vrkoslav V., Bosdkova Z., Cvacka J., Atmospheric
pressure chemical ionization mass spectrometry at low flow rates:


https://sim-gmbh.de/en/products/liquid-chromatography/736-ht-hplc-200-column-oven.html
https://sim-gmbh.de/en/products/liquid-chromatography/736-ht-hplc-200-column-oven.html

B T ON SCIENCE

45.

46.

VRKOSLAYV ET AL.

Importance of ion source housing. Rapid Commun. Mass Spectrom.
https://doi.org/10.1002/rcm.8722

Vrkoslav V., Rumlova B., Cvacka J., Temperature-programed
micro-HPLC analysis of fatty acid methyl esters with APCI-MS
detection. In: 15" International Interdisciplinary Meeting on
Bioanalysis. Foret F., Kfenkova J., Drobnikova I., Kleparnik K.,
Prikryl J. (Eds.), Institute of Analytical Chemistry of the CAS, v.
v. i., Brno 2018, pp. 320-324. http://www.ce-ce.org/user_uploads/
program/CECE%202018%20Proceedings_ WOS.pdf ~ (last time
accessed: March 31, 2020).

Medvedovici A., Lazou K., d’Oosterlinck A., Zhao Y., Sandra P.,
Analysis of jojoba oil by LC-coordination ion spray-MS (LC-CIS-
MS). J. Sep. Sci. 2002, 25, 173-178.

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Vrkoslav V, Rumlova B,
Strmeii T, Cvacka J. Temperature-programmed cap-
illary high-performance liquid chromatography with
atmospheric pressure chemical ionization mass spec-
trometry for analysis of fatty acid methyl esters. J
Sep Sci. 2020;43:2579-2588. https://doi.org/10.1002/
jssc.201901235



https://doi.org/10.1002/rcm.8722
http://www.ce-ce.org/user_uploads/program/CECE%202018%20Proceedings_WOS.pdf
http://www.ce-ce.org/user_uploads/program/CECE%202018%20Proceedings_WOS.pdf
https://doi.org/10.1002/jssc.201901235
https://doi.org/10.1002/jssc.201901235

Supporting information

Temperature-programmed capillary-HPLC/atmospheric
pressure chemical ionization-MS for analysis of fatty acid

methyl esters

Vladimir Vrkoslav!, Barbora Rumlova®?, Timotej Strmen'?, Josef Cvackal?

I Institute of Organic Chemistry and Biochemistry of the Czech Academy of Sciences, Flemingovo

ndm. 2, CZ-166 10 Prague 6, Czech Republic

2 Department of Analytical Chemistry, Faculty of Science, Charles University in Prague, CZ-128 43

Prague 2, Czech Republic

Correspondence: Dr. Josef Cvacka, Institute of Organic Chemistry and Biochemistry of the Czech
Academy of Sciences, Flemingovo nam. 2, CZ-166 10 Prague 6, Czech Republic; E-mail:

josef.cvacka@uochb.cas.cz



Supporting information

1004

©
[&]
c
©
©
f o
3
Q
<
o
=
=
o)
©
14
©
o
=
©
°
o
=
o
<C
o
=
=
]
)
o
©
o
o
©
©
=
5
Q0
<
o
=
=
]
o)
o
©
o
f
©
o
c
>
o]
<
o
=
=
©
[}
@

0_
1 3 5 7 9 1 13 15 17
Time (min)

1. 10:0 6. 12:0 11.13:0 16. 20:3n-3 21. 20:2n-6 26.22:2n-6 31.24:1n-9

2. 11:0 7. 18:3n-3 12.16:1n-7 17. 18:2n-6t 22.16:0 27.18:0 32.22:0

3. 20:5n-3 8. 18:3n-6 13. 18:2n-6 18.17:1n-7 23.18:1n-9t 28.22:1n-9 33.23.0

4. 22:6n-3 9. 20:4n-6 14. 140 19. 15:.0 24.17:.0 29. 20:0 34.24:0

5. 14:1n-5 10. 15:1n-5 15. 20:3n-6 20.18:1n-9 25.20:1n-9 30. 21:0

SUPPORTING FIGURE 1. Temperature-programmed capillary HPLC/APCI-MS chromatograms of
the mixture of FAME standards (total concentration 1 mg/ml) recorded over a period of seven
days. The analytes were detected with the conventional APCl source; for the conditions see the

Materials and Methods section.
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