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Introduction
The integration of chromatographic and spectroscopic analytical techniques now
represents the mainstream in advanced analysis of natural compounds. Usually,
this approach can be described as a two-step procedure. In the first step, the mix-
ture of compounds is separated by a suitable technique such as gas chromatography
(GC) or high-performance liquid chromatography (HPLC). Second, a specific
detection method, for example, mass spectrometry (MS), is used to obtain structural
information about individual substances. In an ideal case, this approach makes it
possible to identify simultaneously the individual compounds in the sample, or at
least estimate their chemical structures.

A combination of GC and MS techniques is currently widely used. This
approach links together in one measurement the separation, with high efficiency,
of individual chemical species by GC, plus the identification of their chemical
structures. However, the GC-MS technique is limited to the identification of
volatile compounds. In the case of poorly volatile compounds, chemical derivati-
zation of the sample must be performed before using GC-MS. The inherent limita-
tion of direct measurement by the volatility, as well as the thermal degradation of
labile compounds, stimulated research into a more sophisticated combination of
techniques, that is, LC-MS, but the two techniques show low compatibility. In
general, MS operates at a high vacuum in the range of 10–3 to 10–5 Pa, whereas the
output from HPLC is a liquid phase with a flow rate between 0.5 and 2 mL/min at
atmospheric pressure. The feasibility of LC-MS coupling thus depends on the fast
and efficient evaporation of the liquid phase from HPLC and reduction of super-
fluous mobile phase in the input flow to the mass spectrometer. Various devices
have been designed for this purpose.

Materials and Methods

Atmospheric Pressure Chemical Ionization

Recently, new “soft” ionization techniques such as electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI) were developed to integrate HPLC
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with MS. The application of these techniques permits us to evaluate the molecular
masses of detected compounds. However, the use of these methods can pose prob-
lems in determining chemical structures, because of the relatively small amount of
fragments formed. If necessary, this disadvantage can be overcome by the use of
tandem MS (LC-MS/MS).

APCI is a method that makes it possible to produce ions by means of a gas
discharge electrode. The electrode is installed near the end of an HPLC capillary
that is equipped with a pneumatic sprayer located in a small heated chamber. In
this way, the liquid mobile phase can be evaporated and preheated to a very high
temperature of a few hundred degrees. The high voltage on the discharge electrode
produces a corona arc that ionizes the molecules of evaporated mobile phase,
which are in excess when compared with the analyte. Subsequently, the ions
formed from the mobile phase ionize the molecules of the analyte in the same way
as in the classical chemical ionization. 

APCI, when used in LC-MS, permits the use of water and organic mobile
phases at flow rates of up to 2 mL/min. Such performance permits the use of both
conventional and micro columns with normal or reversed phases. However, the
method has some limits when applied to the analysis of fatty acid (FA); for exam-
ple, the mobile phase must contain volatile electrolytes such as formic or trifluo-
roacetic acids or ammonium acetate.

Determination of the molecular mass by APCI-MS is based either on the pres-
ence of the protonated molecule, [M+H]+, or on the existence of molecular adducts
with sodium, [M+Na]+, or potassium ions, [M+K]+, when positive ions are detect-
ed. When negative ions are detected, the molecular mass determination can be
based on the occurrence of the deprotonated molecule ions [M–H]–. O c c a s i o n a l l y ,
one can observe the existence of ions of adducts with very different intensities that
originate from the solvents of the mobile phase, such as [M+H+MeOH]+ o r
[M+H+ACN]+.

Generally, a higher voltage applied to the inlet capillary gives rise to a higher
degree of fragmentation of analyte molecules. The proper interpretation of the
fragmentation patterns in APCI-MS mass spectra provides information on the
chemical structures of unknown compounds, or confirms the presence of a target
compound. The APCI-MS technique can be employed in the analysis of a wide
spectrum of compounds in the whole polarity range from nonpolar compounds to
compounds that exhibit an ionic character.

Results and Discussion
Several articles concerning APCI applications in LC-MS have been published
recently. The technique is becoming widely used for the analysis of lipids and their
derivatives. As shown in other chapters of this book, the LC-MS technique was
successfully used in analytical systems with reversed phases (RP) for the analysis
of miscellaneous natural lipid products. 
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FA were one of the first classes of natural products to be analyzed using GC-MS.
The use of LC-MS has opened new possibilities in analyzing complex mixtures of
compounds that are commonly found in biological samples. One of the most exciting
advantages that LC-MS has over GC-MS is that LC-MS permits the separation and
structural elucidation of compounds without purification or derivatization steps, and it
also permits the identification of nonvolatile and thermally labile substances. Several
ionization and detection modes, including ESI or APCI, can be used for FA analysis
by LC-MS. The major advantages of LC/APCI-MS analysis of FA are the fast separa-
tion and identification of FA in natural samples, the use of high flow rates (0.1–2.0
mL/min), and that it is not necessary to derivatize the FA. Using APCI, ions can be
monitored in negative or positive modes, with AcOH, HCOOH, or AcONH4 b e i n g
usually added to the mobile phase to facilitate FA ionization. In LC-MS analysis of
FA using APCI ionization mode, one of the main factors that affects the generation of
ions is the orifice voltage (see the examples herein). Further possible uses of APCI
include MS-MS analysis, in which a precursor ion is mass-selected by a first mass
analyzer, focused into a collision region, and then the fragments are analyzed in the
second mass analyzer. This provides a more specific detection of FA and their deriva-
tives, which makes it possible to determine the double-bond positions or branched
points in the FA chains.

Surprisingly, Murphy and colleagues (1) in their extensive review mentioned
only one application of the LC/APCI-MS technique for detection of FA deriva-
tives, that is, eicosanoids in biological extracts.

APCI-MS of FAME

The APCI-MS mass spectra of FA are relatively simple and typically show a pro-
tonated molecule, [M+H]+, the adduct, and some fragments that make it possible to
conclusively identify positional isomers, but not double-bond positions.

FA with unusually long chain lengths and higher numbers of double bonds in
the chain are extremely sensitive to thermal degradation. The GC-MS method
allows the analysis of very-long-chain polyunsaturated FA up to 30:7, whereas the
identification of longer chain acids has not been possible (2).

Typical fatty acid methyl esters (FAME) containing from 16 to 22 carbon
atoms have been analyzed by means of LC/APCI-MS (3). The effects of orifice
voltage and the total number of carbon atoms versus the number of double bonds
in each homolog on mass spectra were discussed and the correction coefficients for
FA homologs from saturated to hexaenoic were also mentioned.

Although it is commonly accepted that APCI gives very little fragmentation, it
was possible to obtain very fragment-rich spectra by changing the cone voltage
(see Fig. 5.1). At low collision energy (5 eV), the positive-ion APCI-MS mass
spectrum of eicosatrienoic acid methyl ester shows the [M+H]+ ion at m/z 321 as
practically the only peak. Already at a moderate collision energy (50 eV), where
most sample ions would survive, the [M+H]+ ion is converted into fragments:
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[ M – 2 9 ]+ or [M–C2H5]+, [M–31]+ or [M–MeO]+, [M–56]+ or [M–C4H8]+, and
[M–69]+ or [M–C5H9]+, at m/z 292, m/z 289, m/z 265, and m/z 252, respectively.
At the highest collision energy (70 eV), the largest number of fragments are
observed, especially peaks in the low region of m/z, that is, at m/z 67, 79, 93, 95,
108, 121, and so on.

m/z

m/z

m/z

Fig. 5.1. The APCI-MS
mass spectra of 20:3ω-9
methyl esters at different
cone voltages.

Ch5(LipidAnalysis)(242-275)Co1  2/11/05  11:27 AM  Page 245

Copyright © 2005 AOCS Press

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
ca

st
le

] 
at

 0
3:

10
 1

0 
A

ug
us

t 2
01

6 



Figure 5.2 shows mass spectra recorded at 50 eV of all three commercially avail-
able methyl esters of eicosatrienoic acid. On the basis of the well-known rule that
methyl esters of several different fatty acids of the ω-3 family give a characteristic
fragment at m / z 108 whereas those of the ω-6 series give a prominent ion at m/z 1 5 0

m/z

m/z

m/z

Fig. 5.2. APCI-MS mass spec-
tra of positional isomers of
eicosatrienoic fatty acid
methyl esters at 50 eV.
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and the ω-9 family would therefore be expected to have an abundant ion at m/z 1 9 2 ,
we were able to determine the positions of double bonds in methyl esters of polyun-
saturated fatty acids (PUFA) from the abundances of mentioned ions in their APCI
mass spectra.

The theoretical aspects of optimal performance of a suitable interface and selec-
tion of appropriate limiting parameters for interfacing supercritical fluid chromatogra-
phy with MS were presented in the study by Sjoberg and Markides (4). The effects of
different instrumental and chemical parameters were investigated to optimize the ion
current signal and stability of ions in ESI and APCI modes (Fig. 5.3). Besides other
analyzed compounds, the detection of stearic and pentacosanoic acid methyl esters
was optimized and the detection limit in single-ion monitoring mode, based on a S / N
= 3, was found to be 1.1 pg (APCI) or 1.0 pg (ESI) for stearic, and 0.3 pg (APCI) or
0.2 pg (ESI) for pentacosanoic acid methyl esters, respectively.

Fig. 5.3. Superctitical-fluid chromatography MS total ion chromatograms of full scans
obtained in APCI mode (A) and ESI mode (B). Peaks: 1, stearic acid methyl ester; 3, penta-
cosanoic acid methyl ester.
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Partially hydrogenated fat of commercial origin was analyzed for fatty acids that
contained conjugated dienes (5). The peaks eluted from the HPLC and having the
conjugated diene chromophore were analyzed by MS. Protonated molecular species,
[ M + H ]+, and ammoniated molecular species, [M+NH4]+, were detected for all ana-
lytes. The molecular mass of each FAME could be determined, but the use of a single
quadrupole instrument with a soft ionization source precluded determination of the
geometry and position of the double bonds in the fatty chains. For instance, a molecu-
lar mass of 294 was obtained for the methyl esters of linoleic acid and for esters of a
conjugated linoleic acid (Fig. 5.4). Similarly, a molecular mass of 296 was obtained
for the methyl esters of both oleic and elaidic acids (Fig. 5.5).

LC/APCI-MS of Very-Long-Chain Polyunsaturated Fatty Acids (VLCPUFA)

The presence and identity of very-long-chain PUFA from three freshwater crus-
tacean species, Bathynella natans, B. baicalensis, and Baicalobathynella magna
from Lake Baikal and caves of Central Europe were determined by means of
LC/APCI-MS (6). This method permitted the identification of more than 50 very-
long-chain PUFA. These acids, predominantly 26:5ω-6, 28:7ω-6, 30:7ω-3, and
40:7ω-6, were described in the crustaceans for the first time. The mass spectrum of
40:8ω-3, including diagnostic ions, is shown in Figure 5.6.

More recently, the very-long-chain PUFA allZ-4,7,10,13,16,19,22,25,28-tetra-
triacontanonaenoic acid was determined and identified in the freshwater crustacean
species Bathynella natans living in caves of central Europe by means of LC/APCI-
MS (7). The APCI mass spectrum of VLCPUFA had characteristic ions consistent
with 34:9 FAME. The pseudomolecular ion [M+42]+ is conventionally taken to be
mainly characteristic for PUFA, but in fact it also arises by the addition of acetoni-
trile from the mobile phase.

However, the determination of position of double bonds was unsuccessful on
the basis of the cleavage of nitrogen derivatives (i.e., 4,4-dimethyloxazoline or
picolinyl ester; data not shown). Nevertheless, this method was described as suc-
cessful either for substances with equal chain lengths, but having only one double
bond, or for shorter chain compounds having a maximum of eight double bonds
and only 28 carbon atoms. In our case, this technique failed, or its results were
ambiguous. Therefore, we used the method based on the ratios of ions at m/z 109
and 151. The m/z 109/151 ratio is near unity and hence the presumed structure is
ω-6 (see Fig. 5.7). This was the first time that a FA with nine double bonds was
reported as a natural or synthetic product.

The method of enrichment of very-long-chain fatty acids (VLCFA) from total
FA of a heterotrophically cultivated green freshwater alga Chlorella kessleri and of
their identification as picolinyl esters by means of LC/APCI-MS was described by
Rezanka (8). This method is based on the use of preparative RP-HPLC of hundred-
milligram amounts and their subsequent identification by microbore LC/APCI-MS.
A combination of these two techniques was used to identify unusual VLCFA of up
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Fig. 5.4. APCI-MS mass spectra of methyl linoleate (upper), and methyl esters of
linoleic acid isomers with conjugated dienes (middle and lower).
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Fig. 5.5. APCI-MS mass spectra of methyl oleate (upper) and methyl elaidate (lower).

m/z

m/z
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to 47 carbons, both saturated and monounsaturated, having two positional isomers
(ω-9 and ω-26). 

In contrast to EI ionization, in which the mass spectra of the picolinyl esters of
straight-chain saturated FA show the most abundant ions in the lower part of mass
spectra, that is, ions at m/z 92, 108, 151, and 164, these ions are in the minority in APCI,
as shown in Figure 5.8 (e.g., 43:0). Even-numbered ions differing by 14 amu and repre-
senting the products of cleavage between methylene groups also have low intensities. A
different situation can be found in the M+ region. Here we can observe the formation of
two abundant ions: [M–H]+ and [M+H]+, as well as the generation of adducts with the
mobile phase such as [M+40]+ or [M+C2H2N ]+ and [M+54]+ or [M+C3H4N ]+. In all
investigated VLCFA spectra, the ion [M+H]+ is the most abundant.

In the case of monoenoic derivatives, the ions [M–H]+, [M+H]+, [M+40]+, and
[ M + 5 4 ]+ were also very abundant in the M+ region. A large difference in ion distribu-
tion was found with the [M–H]+ ion, which exhibited a threefold higher intensity in
monoenoic VLCFA than in saturated VLCFA. The 38:1 FA, the mass spectrum which
is shown in Figure 5.9, represents a mixture of two positional isomers in a ratio of
approximately 1:1. Detection of ions at m / z 262, 276, and 302 and at 500, 514, and 540
pointed to the presence of a mixture of two positional isomers, ω-9 and ω- 2 6 .

The study reported by Holcapek and colleagues (9) concerned the identifica-
tion by LC/APCI-MS of the individual compounds after partial reesterification of
plant oil used as a biofuel. The pseudomolecular ions, [M+H]+, were observed for

m/z
Fig. 5.6. LC-MS (APCI) of 40:8ω3 FAME from Bathynella natans. Ions: A [M+H+
A C N ]+, B [M+H]+, C [M–H]+, D [M+H–Me]+, E [M+H–Et]+, F [M+H–MeO]+, G
[M+H–Bu]+, H [M+H–pentyl]+, I m/z 109 (diagnostic ion).
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all eluted compounds. In addition to these ions, a series of aliphatic ions similar to
those obtained by conventional EI-MS were observed in the spectra of FAME
under the ionization conditions used.

LC/APCI-MS of Fatty Acids and Resin Acids

LC-MS-based methods were developed for the analysis of 10 resin acids and five
FA in process waters from paper industries (10). No fragmentation of target com-
pounds was observed using APCI with negative ionization. The [M–H]– ions per-
mitted the individual quantification of fatty and aromatic resin acids. Limits of
detection were ~0.1 ng for all compounds. Changes in parameters that were com-
mon for the two interfaces, such as the drying gas temperature, nebulizer pressure,
capillary voltage, and cone voltage, caused only insignificant differences in the
mass spectra. In contrast, an increase in the corona current from 4 to 10 µA
increased the response and a value of 8 µA was selected, which led to slightly
higher sensitivities for most compounds. Once the MS parameters had been opti-
mized for each interface, the responses obtained for the target compounds under
the optimal conditions were compared.

m/z
Fig. 5.7. LC/APCI-MS of 34:9ω6 FAME from Bathynella natans. Ions (abundance): (A)
[M+H+2×CH3CN]+, m/z 587 (28); (B) [M+H+CH3CN]+, m/z 546 (100); (C) [M+H]+,
m / z 505 (37); (D) [M–H]+, m / z 503 (12); (E) [M+H–CH3]+, m / z 490 (26); (F)
[M+H–C2H5]+, m/z 476 (54); (G) [M+H–CH3O]+, m/z 474 (37); (H) [M+H–C4H9]+,
m/z 448 (23); (I) [M+H–C5H9]+, m/z 436 (27); (J) m/z 151 (18) (diagnostic ion); (K)
m/z 109 (16) (diagnostic ion).

H3COOC
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m/z

Fig. 5.8. APCI-MS mass spectrum of the picolinyl ester of 43:0 acid; the structures of
major ions are shown.

m/z
Fig. 5.9. APCI-MS mass spectrum of the picolinyl ester of a 38:1 fatty acid mixture;
the structures of major ions are shown.
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˘

A comparative study (11) of the performance of LC/APCI-MS and GC-MS for
the determination of resin and fatty acids from paper mill process waters (Fig.
5.10) also reported the limits of detection, recoveries, reproducibility, linearity, and
precision of both methods. Although LC/APCI-MS involved coelution of the
nonaromatic resin acids, it also showed good sensitivity (limits of detection ~3
µg/L) and permitted the detection of resin and fatty acids at the µg/L level. 

LC/APCI-MS for Oxidized FA

The FA and FAME commonly encountered in commercial vegetable oils were
tested as substrates for immobilized peroxygenase enzyme from oat (Avena sativa)
seeds, and the epoxide products were characterized by LC/APCI-MS (12). All
reaction products were examined by using MS coupled with LC or GC, and the
authors were able to demonstrate that the oat seed peroxygenase exhibited speci-
ficity for epoxide formation with no other products being detected (Table 5.1). It
was evident that all spectral data included the following ions: [M+H+ACN]+,
[M+H]+, [M+H–H2O]+, [M+H–MeOH]+, and [M+H+–H2O–MeOH]+.

Time (min)
Fig. 5.10. Total-ion chromatogram from LC/APCI-MS in SIM mode of the five fatty
acids and the 10 resin acids (16 ng injected). Acids: 1 = palmitic; 2 = margaric; 3 =
linoleic; 4 = oleic; 5 = stearic; 6–15 resins’ acids.
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LC/APCI-MS was developed (13) as an alternative method for characteriza-
tion of hydroxylated metabolites of oleic and elaidic acids in rat and human liver
microsomes.

Oxidation of oleic and elaidic acids led to the formation of two main metabo-
lites, which were identified as ω- and (ω-1)-hydroxylated (or 17-OH and 18-OH)
fatty acids on the basis of their pseudomolecular ions and their fragmentation. The
assay was accurate and reproducible, with a detection limit of 25 ng per injection.
LC/APCI-MS offers considerable advantages since the method does not require the
use of a radioactive molecule, completely separates the two hydroxymetabolites,
confirms the identification of each metabolite, and is as sensitive as radiometric
analysis.

The corresponding mass spectra of OH-FA and the elaidic acid are shown in
Figure 5.11. The OH-FA were characterized by a deprotonated molecule ion, [M–H]–,
at m / z 297; elaidic acid also exhibited a deprotonated molecule ion at m/z 2 8 1 .

LC/APCI-MS of FA Amide Derivatives

A useful method for analyzing FA by LC/APCI-MS has been developed (14). The
sensitivity of determination of six kinds of palmitamide derivatives monitored by

Fig. 5.11. APCI-MS mass spectra (negative ion mode) of elaidic acid and its hydroxy-
lated metabolites.
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the single [M+H]+ ion was, in decreasing order: N-n-propylamide > anilide > N,N-
diethylamide ~ N,N-diphenylamide > N-l-naphthylamide. This method was used to
detect both hydroxy and nonhydroxy FA (e.g., from 16:0 to 30:0). Many kinds of
FA, including hydroxy FA of the rat brain, were detected in a single run.

N , N-propylamide derivatives exhibited a single and intense [M+H]+ ion. In
the mass spectra of N,N-diethylamide, [M+H]+ ions were also observed as the base
peaks. The mass spectra of N-l-naphthylamide or N,N-diphenylamide derivatives
contained, in addition to [M+H]+ ions, ions at m/z 144 [C10H7NH2+H]+ and m/z
170 [(C6H5)2NH+H]+, respectively, arising from cleavage of the amide group. The
mass spectra of 2-hydroxy FAs showed intense [M+H]+ ions as base peaks, where-
as those of 12-hydroxy FA showed [M+H]+ ions but had [M+H–H2O ]+ ions as
base peaks (Fig. 5.12).

A simple and selective LC/APCI-MS method was developed (15) for the deter-
mination of anandamide (arachidonoylethanolamide), an endogenous cannabinoid

Fig. 5.12. APCI-MS mass spectra of different N-n-propylamide derivatives: (A) 12-OH-
18:1, (B) 12-OH-18:0, (C) 2-OH-22:0, (D) 2-OH-20:0, (E) 2-OH-18:0.

m/z

A

B

C

D

E
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˘

receptor ligand, and its analogs. The calibration curve for standard anandamide was
linear over the range of 625 fmol to 125 pmol and the detection limit was 200 fmol
per injection at a signal-to-noise ratio of 2. The mass spectra obtained from anan-
damide and its analogs are shown in Figure 5.13. All of them produced protonated
molecule ions as the base-peak ions at m/z 348 (anandamide), m / z 300 (palmi-
toylethanolamide), m / z 326 (oleoylethanolamide), m / z 350 (homo- γ- l i n o -
lenoylethanolamide), and m / z 376 (docosatetraenoylethanolamide). To optimize
APCI conditions, the effects of the drift voltage and the nebulizer temperature on
anandamide ion production were examined. The intensity of [M+H]+ decreased as
the drift voltage increased, while the intensity of [M+H–H2O ]+ increased. The
maximum intensity of [M+H]+ was observed when the drift voltage was set at 20
V. The temperature for which the [M+H]+ intensity was at a maximum was around
200°C. Similar results were obtained for anandamide analogs.

Other Applications of LC/APCI-MS to PUFA

LC/APCI-MS analysis proved to be a method superior to GC-MS in the identifica-
tion of PUFA chain length and degree of unsaturation (16). Based on the unequivo-
cal presence of the protonated molecule ion and characteristic acyl daughter ions,
20:5 was clearly identified from Shewanella pealeana (Fig. 5.14). LC/APCI-MS
analysis also resulted in the detection of previously unidentified unsaturated com-

Fig. 5.13. APCI-MS mass spectra of anandamide and its analogs.

Anandamide (mw = 347) Oleoylethanolamide (mw = 325)

Palmitoylethanolamide
(mw = 299)

Homo-γ-linolenoylethanolamide
(mw = 349)

Docosatetraenoylethanolamide
(mw = 375)

m/z m/z

m/z m/z

m/z

[M+H]+ [M+H]+

[M+H]+ [M+H]+

[M+H]+
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ponents. A 16:4 PUFA was detected and identified from the characteristic proto-
nated molecule at m/z 367. Further PUFA components (18:4 and 22:5) were also
clearly identified by LC-MS analysis from the presence of the characteristic proto-
nated parent and MS-MS daughter ions.

The LC retention times also provided confirmatory support for the assignment
of these and other rare or novel PUFA. The correlation of retention time with
unsaturation for the C22 chain series from menhaden oil demonstrated the powerful
ability of the LC/APCI-MS system to directly identify PUFA by the protonated
molecules (Fig. 5.15). The correlations based on both chain length and degree of
unsaturation were also demonstrated for another series of PUFA from menhaden
oil including 28:8, 28:7, 28:6, 26:7, 26:6, 26:5, 26:4, 24:6, and 24:5. Any potential
ambiguity for FA of the same molecular mass (e.g., 27:1 and 28:8) was eliminated
by observation of retention times.

Ionization and detection of PUFA by LC/APCI-MS provided a significant bene-
fit in detection ability when compared to ultraviolet (UV) detection (approximately 20
to 30 times stronger response relative to 16:0). Analysis of a menhaden oil standard
containing the unsaturation series 16:0 to 16:4 demonstrated that the degree of
enhanced detection was approximately proportional to the number of double bonds, in
addition to a small effect of chain length (Table 5.2). Tests with a pure DHA phenacyl
ester standard gave an absolute detection limit in full-scan mode of 200 pg, compara-
ble with UV detection of the pure standard. In the selected reaction-monitoring mode,
the detection limit for docosahexaenoic phenacyl ester based on the acyl daughter ion
at m/z 311, derived from the molecular ion, was 5 pg. This limit is essentially indepen-
dent of whether the sample is a standard or a complex mixture of FA. 

LC/APCI-MS was used to analyze FA split off from lecithins after phospholi-
pase A treatment and also some hydroperoxy FA split off from photo-oxidized

Fig. 5.14. APCI-MS mass spectrum of 20:5 2-oxo-phenylethyl ester from S. pealeana.
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lecithin. The pseudomolecular ions [M+H]+ in 7-methoxy-1,4-benzoxazin-2-one-
3-methyl derivatives (MB; see Fig. 5.16) were the base peaks. Ions observed at m/z
231 in mass spectra of these MB derivatives are assumed to be ions of (MB+ACN)
(17). No significant difference was observed between the spectra of saturated and
unsaturated FA. 

Time (min)

Fig. 5.15. Total ion chromatogram (a) and mass chromatograms (b–f) of the [M+H]+
ions for the C22 2-oxo-phenylethyl esters of menhaden oil.

TABLE 5.2 
Relative Response Factors (Relative to the Detection of 16:0) for APCI-MS Detection
Versus UV Detection of Fatty Acid 2-oxo-Phenylethyl Esters from a Menhaden Oil
Standard and S. pealeana

Fatty acid Response factor

16:4 19.5
16:3 23.6
16:2 2.7
16:1 3.6
16:0 1.0
18:4 23.2
20:5 23.2
22:5 31.6
22:6 25.7
18:0 1.04
16:0 1.00
14:0 0.88
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An [M+H–H2O ]+ ion (base peak) accompanying a smaller pseudomolecular
ion [M+H]+ was observed in the mass spectrum of the 12-OH-18:0 MB (Fig. 5.17).
The spectrum of the 2-OH-18:0 MB derivative was similar. The sensitivity of the
palmitic acid MB derivative was determined by monitoring the single [M+H]+ ion
and amounts as low as 5 ng of palmitic acid could be detected.

FA esters of 3-(N-phenylamino)-1,2-propanediol were considered the best
chemical markers of toxic oils related to the Spanish toxic oil syndrome (18). Their
analysis was based on solid-phase extraction using strong anion-exchange car-
tridges, followed by LC/APCI -MS-MS quantification. Quantitative measurements
were performed  by two different internal standards (Table 5.3): compound 4 for
quantification of the monoesters and compound 9 for the diesters of compound 1.
Analyses were performed in the precursor-ion scan mode. [M+H]+ ions at m/z 4 3 2 ,
420, 684.5, 692.5, 694.5, and 696.5 (for compounds 3, 4, 9, 5, 6, and 8, respectively)
were selected in the first quadrupole and the common product ion at m/z 132 was
monitored in the second analyzer (Fig. 5.18).

In a sphingomyelin-enriched sample of polar lipids from bovine milk, molecu-
lar species of intact sphingomyelin were separated by LC-MS (19). In-source frag-
mentation of sphingomyelin ions by positive APCI led to the formation of
ceramide ions. With the ceramide ions as precursors, ions representative of both
the long-chain base parts and the FA parts were detected in APCI-MS-MS. By
using this procedure, it was possible to determine the sphingomyelin molecular
mass and then the respective long-chain base (LCB)-FA combination(s) by using
APCI(+)-MS-MS. At least 36 protonated molecules of intact sphingomyelin were
detected in the bovine milk sample. The combinations found covered a range of
molecular masses from 673 to 815. The 12 most common protonated molecules
were composed of at least 25 different LCB-FA combinations. Saturated and
unsaturated LCB and FA were detected in addition to hydroxy FA. The most com-
mon LCB were 16:1, 17:1, 18:1, and 19:1, whereas the most common FA were
16:0, 22:0, 23:0, and 24:0.

LCB-FA combinations of sphingomyelin from bovine brain, bovine erythro-
cytes, and chicken egg yolk were also identified. For positive-ion APCI‚ the mass
spectra were more complex than for ESI because of extensive in-source fragmenta-
tion (Fig. 5.19). For sphingomyelin 18:1/18:0, the base peak appeared at m/z 548,
corresponding to protonated molecules with a loss of phosphorylcholine,
[M+H–183]+ (the M-183 part is hereafter denoted Cer, ceramide).

Fig. 5.16. Structure of 7-
methoxy-1,4-benzoxazin-2-
one-3-methyl (MB) ester of
fatty acid.
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Fig. 5.17. LC-MS mass spectra of the MB derivatives of fatty acids. A mixture of eight
kinds of fatty acids (approximately 10 nmol each 14:0, 16:0, 16:1, 18:0, 18:1, 18:2,
18:3, and 20:0) was used.

m/z
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In addition to [Cer+H]+, also [Cer+H–H2O ]+, [Cer+Na]+, and [Cer+K]+ w e r e
abundant. In the molecular ion region, [M+H–CH2]+ ions of m / z 717 were obtained
(formed presumably in a substitution reaction in which one methyl group is replaced
by hydrogen). Also, [M+H–CH2– H2O ]+ and [M–CH2+ N a ]+ were obtained.
Prominent ions of m / z 654 were tentatively assigned as [M+H–N(CH3)3– H2O ]+

wherein one molecule of water was lost from the LCB. In the low-mass region, ions
of m / z 184 corresponding to phosphorylcholine were observed, as in the positive ESI
mode. Similar results were obtained for the other sphingomyelin standards. In APCI
with negative-ion detection, the mass spectra (not shown) were reported to be compa-
rable to those obtained in negative-ion ESI but with lower sensitivity.

Lipid extracts of archaeological shards from late Roman cooking pots were
analyzed by using LC/APCI-MS (20). This advanced technique showed the use of
beeswax through identification of the constituting alkanes and mono- and diesters.
Part of the animal fat was characterized as originating from ruminants because of
the presence of trans FA. The results illustrate how the compositions of complex
mixtures can be unraveled and the original contents of ancient ceramic vessels can
be determined by using specialized analytical equipment.

TABLE 5.3 
Structures and Names of Different of Toxic Compounds

Compound Chemical name (M+H)+

1 3-(N-phenylamino)-1,2-propanediol 168
2 2-hydroxy-3-(N-phenylamino)propyl linoleate 430
3 2-hydroxy-3-(N-phenylamino)propyl oleate 432
4 2-hydroxy-3-(N-phenylamino)propyl heptadecanoate 420
5 2-linoleoyl-3-(N-phenylamino)propyl linoleate 692
6 2-oleoyloxy-3-(N-phenylamino)propyl linoleate 694
7 2-linoleoyl-3-(N-phenylamino)propyl oleate 694
8 2-oleoyloxy-3-(N-phenylamino)propyl oleate 696
9 2-oleoyloxy-3-(N-phenylamino)propyl heptadecanoate 698
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The saturated monoesters were the most important compounds of beeswax and
consisted of long-chain alcohols (C2 4– C3 6) esterified with palmitic acid. The
hydroxymonoesters coeluted with monoesters of a similar carbon number and the
monoesters with a larger carbon number (C46–C50) coeluted with hydroxydiesters.

The most important fragment ions of the saturated monoesters (alkyl palmitates)
were characterized by an intense hydride-extracted molecular ion [M–H]+ a n d
[ C1 5H3 1C O O H – H ]+ ion formed by the loss of the FA. Also, the acylium ion of
palmitic acid at m / z 237, [C1 5H3 1C O O – H2O ]+, was detected. No distinction could be
m a d e between the mass spectrum of saturated and unsaturated monoesters, since u n s a t u-
rated monoesters form abundant [M+H]+ ions. Hydroxymonoesters eluted just after
the saturated monoesters and showed hydride-extracted molecular ions, [M–H]+, and t h e
h y d r o xy-palmitic acid ion [C1 5H3 0O H C O O H – H ]+, formed by the loss of the FA. The
diesters (C5 6– C6 4) showed an abundant [M+H]+ ion and intense fragment ions caused by
the loss of palmitic acid, [ M + H – C1 5H3 1C O O H ]+. Also, hydroxydiesters were detected,
which showed an [M+H]+ ion together with an [M+H–C1 5H30 O H C O O H ]+ i o n
formed by the loss of hydroxy-palmitic acid.

Time (min) Time (min)

Fig. 5.18. LC-APCI-MS/MS chromatogram (left) and extracted ion chromatograms
(right) corresponding to the analysis of toxic oil syndrome-related oil sample.
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Vitamin Metabolites by LC/APCI-MS

The separation of possible metabolites of vitamin D3, that is, 3-stearate, 3-palmi-
tate, 3-oleate, and 3-linoleate, was performed by using LC/APCI-MS (21). The FA
esters were derivatized with a Cookson-type reagent (4-phenyl-1,2,4-triazoline-

Fig. 5.19. APCI mass spectrum of d-18:1/18:0-sphingomyelin.

Fig. 5.20. Fragmentation of
adducts of D3 3-fatty acid
esters with Cookson-type
reagents.

m/z

R1

R1 = –CO(CH2)16CH3 or –CO(CH2)14CH3

R1 F6

N–R1
M-261

or
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3,5-dione) to give stable Diels-Alder adducts (PTAD) (Fig. 5.20) and they showed
a quasimolecular ion as an intense peak.

Endogenous vitamin D3 is present mainly in urine and serum in a nonpolar
esterified form. The LC/APCI-MS of these esters showed their deesterified ion
(m/z 367) as a base peak in the positive-ion mode, but pseudomolecular ions (m/z
651 and 623, respectively) were also detected with weak intensity (<12%). In the
negative mode, these esters did not show any characteristic ions (Table 5.4).

The adducts with PTAD showed pseudomolecular ions with relatively strong
intensities (>53%), together with the corresponding [M–261]+ ions as base peaks
in positive-ion mode. It may be postulated that these fragment ions were formed by
cleavage at the C6–7 bond of the D skeleton and loss of the CD-ring with a side
chain, which can be used to identify the FA moiety of these esters. In the negative-
ion mode, PTAD adducts showed pseudomolecular ions or cluster ions, which
were postulated as the addition of a Cl– ion derived from CHCl3 used as an injec-
tion solvent.

Separation and characterization of 3-FA esters of pregnenolone and dehy-
droepiandrosterone in rat brain were performed by using LC/APCI-MS operating
in the positive-ion mode (22). The FA esters obtained from the rat brain were
derivatized with O-methyl-hydroxylamine to give the respective methyloximes,
which were identified by comparing their chromatographic retention times with
those of authentic samples during LC/APCI-MS.

The xanthoside composition of the crude extract of Umbilicaria proboscidea w a s
characterized by using LC-UV diode array detection and LC/APCI-MS methods (23).
The presence of acylated xanthone-O-glucosides was determined by both positive- and
negative-ion LC/APCI-MS. Based on UV and MS spectral data and nuclear magnetic

TABLE 5.4 
LC-APCI-MS Data on D3 3-Fatty Acid Esters and Their Adducts with Cookson-type
Reagents

Observed ion (m/z)

Compound M.W. Positive Negative

D3 3-Stearate 650 367.4 [M+H–C18H36O2]+ (100)a NDb

651.7 [M+H]+ (10)
PTADc 825 564.5 [M–261]+ (100) 319.1(100)

826.7[M+H]+ (93) 860.5 [M+35]– (76)
D3 3-Palmitate 622 367.4 [M+H–C16H32O2]+ (100) ND

623.6 [M+H]+ (12)
PTAD 797 536.4 [N–261]+ (100) 796.9 [M–H]– (20)

798.8 [M+H]+ (53) 832.6 [M+35]– (100)
886.6 [M–1]+ (61)d

aRelative intensity (%).
bNot detected.
cAdduct.
dAmbiguity still remains in this ion’s identification.
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resonance (NMR) spectroscopy, a total of 14 compounds (6-O-acylated umbilicaxan-
thosides A and B) were identified in U. proboscidea for the first time. To further
develop the applicability of LC-MS techniques to phytochemical characterization, the
effect of different ionization energies on fragmentation was studied using APCI-MS.
Optimal ionization conditions were achieved with positive-ion APCI using ammonium
acetate buffer, and with negative-ion APCI by using formic acid (pH 4).

The (2,4-dinitrophenyl)hydrazones of 1-alkanals (from formaldehyde to
octadecanal) and other carbonyl compounds were separated by LC/APCI-MS (24).
The base peak in the negative-ion APCI mass spectrum was the [M–H]– i o n
(NO2)2C6H3NN=CR1R2 (R1=H for aldehydes). The report described the measure-
ment of carbonyl compounds at the levels of 0.014–0.015 ppb in urban air and the
identification of carbonyls at ppb concentrations as reaction products in laboratory
studies of the atmospheric oxidation of unsaturated organic compounds.

Let us briefly mention some more details about the application of the ESI
method for analyses and identification of FA and their simple derivatives.

LC/ESI-MS Methods for FA Analysis

Low-energy negative-ion ESI-MS and ESI-MS/MS were used (25) to characterize sat-
urated and unsaturated FA. The carbon number and degree of unsaturation of FA were
determined. ESI-MS/MS was used to localize double-bond positions of mono- and
polyunsaturated FA. For compounds with up to two unsaturated bonds, fragmentation
was dominated by the loss of H2O from the carboxyl moiety and very low-intensity
peaks were generated from bonds cleaved at carbons α or β to sites of unsaturation.
There was extensive hydride migration during ESI-MS/MS of compounds with three
or more double bonds and the localization of double and triple bonds was very diffi-
cult. Detection limits for negative-ion ESI-MS/MS were at or below 1 pg.

Features of MS-MS of dilithiated adduct ions of unsaturated FA, obtained by
ESI-MS with low-energy collisionally activated dissociation on a triple-stage
quadrupole instrument, were described (26). These spectra distinguished among
isomeric unsaturated FA and permitted the assignment of double-bond location.
The spectra contained radical cations reflecting cleavage of bonds between the first
and second and between the second and third carbon atoms in the FA chain. These
ions were followed by a closed-shell ion series with members separated by 14 units
that reflected cleavage of bonds between the third and fourth and then between
subsequent adjacent pairs of carbon atoms.

The use of EI and ESI for the determination of branching positions and local-
ization of unsaturation in FA was described in a report by Vetter and colleagues
(27). A new derivative of the carboxyl group, N-methyl-2-alkylimidazoline (MIM),
was introduced with the aim of improving the control of FA fragmentation. The
results obtained from saturated chains were very similar to those generated by EI.
The current data do not permit us to formulate definitive rules for the fragmenta-
tion of the MIM derivatives of PUFA.
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LC/ESI-MS of Dimethylaminoethyl and Trimethylaminoethyl Esters

The development of a new derivative, the dimethylaminoethyl ester (DMAE), for
the analysis of FA by ESI-MS/MS was described by Johnson (28). Qualitative and
quantitative analyses of long-chain to VLCFA in plasma, blood, urine, and wax
were performed. Branched chain, unsaturated, dicarboxylic, hydroxy, amino, and
oxo acids were also studied.

The mass spectrum of the DMAE ester of arachidic acid was dominated by an
[M+H]+ at m/z 384. It yielded strong product ions at m/z 339, 90, and 72. The ion
at m/z 90 was identified as protonated dimethylaminoethanol that had been elimi-
nated from the DMAE ester. The ion at m / z 72 is probably an immonium ion,
MeHC=N+Me2, commonly generated from aliphatic amines. 

Further, the trimethylaminoethyl (TMAE) ester iodide (29) affords between 8
and 12 times greater signal intensity than the corresponding dimethylaminoethyl
ester used in the analysis of long-chain to VLCFA. It is a superior derivative for
unsaturated and monohydroxylated long-chain FAs but was unsuitable for bile
acids and dicarboxylic acids. The product ion spectra of the molecular cations of
all TMAE derivatives of saturated FA from acetic to triacontanoic contained a
[M–C3H9N]+ ion as the most intense ion. As observed for DMAE esters, there was
no difference in the mass spectra or product ion spectra of derivatives of straight-
chain and multiple-branched FA of the same molecular mass. 

In contrast to DMAE esters, the molecular cations of TMAE derivatives of
unsaturated FA yielded [M–C3H9N ]+ product ions of similar intensity to those
obtained from saturated FA with the same number of carbon atoms. Unlike GC-
MS, which separates isomeric forms, the PUFA identified by ESI-MS/MS repre-
sent the total of all of the ω-3, ω-6, ω-9, and so on, series isomers.

An obvious shortcoming of the ESI-MS/MS method used for analyzing
hydroxy FA is that all the isomeric forms such as 2-, 3-, and ω-hydroxy isomers
are measured collectively.

LC/ESI-MS of Oxidized FA

Negative-ion ESI-MS and ESI-MS/MS were used to characterize saturated and unsat-
urated monohydroxy FA and FA metabolites formed by incubation with soybean
lipoxygenase (30). Ions corresponding to the [M–H]– of eicosanoids were readily
observed by using ESI-MS, but double-bond migration precluded the use of MS to
localize double bonds or the position of hydroxyl moieties; however, by following MS
analysis with negative-ion ESI-MS/MS of precursor ions, the position of oxygenation
could be determined for picogram quantities of underivatized monohydroxy FA.

Two reports (31,32) describing ESI and low-energy MS-MS of polyhydroxy
unsaturated FA and negative- i o n ESI-MS/MS structural characterization of leukotriene
B4-derived metabolites were published. The low-energy collision-induced dissociation
(CID) of the carboxylate anions generated by ESI of leukotriene B4 and 16 of its
metabolites was studied in a tandem quadrupole mass spectrometer (31).
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Negative ESI, fast atom bombardment (FAB), and low-energy MS-MS were
used for the analysis of dihydroxyeicosatrienoic acids containing a vicinal diol and
three nonconjugated double bonds, of dihydroxyeicosatetraenoic acids, which con-
tain a conjugated triene structure, and of trihydroxyeicosatetraenoic acids, which
contain a vicinal diol and a conjugated tetraene structure (32).

A rapid method was described for the identification of FA hydroperoxides by
LC/ESI-MS/MS without any derivatization required before analysis (33).

A new interface for capillary electrophoresis (CE-ESI) was presented (34).
The liner has been evaluated for the analysis of FA and prostaglandins, all run with
negative ESI.

Direct analysis (35) of intact long-chain fatty acyl CoA esters was investigated
by using matrix-assisted laser desorption time-of-flight MS and ESI-MS. D e c o m p o s i t i o n
of the [M+H]+ ion of hexadecyl coenzyme A at m / z 1006 yielded a prominent prod-
uct ion at m / z 499 characteristic for the fatty acyl portion of the molecule. Similar
fatty acyl product ion fragments, corresponding to a neutral loss of m / z 609, were
found for the [M+H]+ species of all of the fatty acyl CoA esters investigated.

Acylcarnitines were used for determining the β-oxidation defects in patients
(neonatal and prenatal inborn errors) with biochemically heterogeneous diseases
(see Table 5.5) (36–49). This method was also used for detection of further meta-
bolic disorders (50–52). Also, the structures of lipid A and further bacterial lipids
were determined by ESI-MS methods (53–57).

ESI-MS/MS analyses were performed on phospholipid and cholesterol esters
without any previous chromatographic separation (58). The fragmentation of cho-
lesterol esters was shown and a fragment ion at m/z 369 was the most abundant
product ion of cholesterol esters.

The study by Kerwin and colleagues (59) described the use of positive- and
negative-ion ESI with MS-MS to identify glycerophospholipid and ceramide head-
groups and their alkyl, alkenyl, and acyl constituents.

Conclusions
The largely unsatisfactory state of the art in APCI of simple derivatives of FA can
be summarized as follows:

Fundamental studies that would contain essential details describing the effect
of external parameters such as capillary voltage setting, corona current, nebulizer
pressure, drying gas flow and temperature, vaporizer temperature, fragmenter settings,
and so on, on FA identification have not yet been published. For instance, contradictory
data exist on the addition of mobile-phase components (i.e., acetonitrile) to double
bond(s) of unsaturated FA. Some authors have identified an ion at [M+42]+, others
have found an ion adduct at [M+54]+, and still others did not detect any adduct
ions. However, it is commonly known that ions of all types arise during chemical
ionization (60). Therefore, all of the possibilities have been considered. For full
identification of FA, it is necessary to know the value of the molecular mass, from
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TABLE 5.5 
Quantitative Plasma Acylcarnitine Analysis Using Electrospray Tandem Mass
Spectrometry for the Diagnosis of Organic Acidemias and Fatty Acid Oxidation Defects

Reference controls Patients
Diagnostic (95th centileb), (ranged),

Disorder m/z ratio Acylcarnitinesa µmol/L µmol/L

SCAD/EMA 288/274 C4/C3 0.98c 0.71–9.0c

288/347 C4/C8-d3 0.32 0.80–5.00
302/274 C5/C3 0.80c 0.19–4.52c

302/347 C5/C8-d3 0.22 0.16–0.64
MCAD 316/347 C6/C8-d3 0.12 0.12–2.14

344/347 C8/C8-d3 0.22 1.16–25.78
370/347 C10:1/C8-d3 0.22 0.26–2.24

LCHAD/MTP 472/459 C16OH/C16-d3 0.02 0.12–0.60
498/459 C18:1OH/C16-d3 0.01 0.14–0.86
500/459 C18OH/C16-d3 0.04 0.12–0.78

VLCAD 426/459 C14:1/C16-d3 0.18 0.76–13.28
424/459 C14:2/C16-d3 0.08 0.30–3.48

CPT II 456/459 C16/C16-d3 0.24 2.06–3.94
454/459 C16:1/C16-d3 0.08 0.50–0.86
484/459 C18/C16-d3 0.10 0.64–1.44
482/459 C18:1/C16-d3 0.28 1.56–4.32
480/459 C18:2/C16-d3 0.18 0.54–1.66

GA I 388/347 Glutaryl/C8-d3 0.06 0.46–1.34
GA II/MAD 288/274 C4/C3 0.98c 2.09–12.54c

302/274 C5/C3 0.80c 1.82–6.27c

316/347 C6/C8-d3 0.12 0.22–3.54
344/347 C8/C8-d3 0.22 0.80–7.96
372/347 C10/C8-d3 0.30 0.82–5.88

HMG-CoA-lyase 318/347 Hydroxy-C5/C8-d3 0.06 0.08–1.42
402/347 Methylglutaryl/C8-d3 0.02 0.08–0.70

β-Ketothiolase 300/347 C5:1/C8-d3 0.04 0.14–0.72
318/347 Hydroxy-C5/C8-d3 0.06 0.12–0.30

PA 274/263 C3/C2-d3 1.30 6.50–60.10
MMA 274/263 C3/C2-d3 1.30 13.00–70.50

374/347 Methylmalonyl/C8-d3 0.06 0.12–0.94
IVA 302/274 C5/C3 0.80c 52.96–60.47c

302/347 C5/C8-d3 0.22 15.52–18.38

ad3 depicts a labeled internal standard.
bThe 95th centile of the reference range.
cExpressed as ratio.
dRange of values found in patient samples, not all concentrations and/or ratios were abnormal in each case.
Abbreviations: SCAD, short-chain acyl-CoA dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase;
LCHAD/MTP, long-chain 3-hydroxyacyl-CoA dehydrogenase/mitochondrial trifunctional protein; VLCAD,
very-long-chain acyl-CoA dehydrogenase; CPT II, carnitine palmitoyltransferase II; GA I, glutaric acidemia
type I; GA II/MAD, glutaric acidemia type II/multiple acyl-CoA dehydrogenase; HMG-CoA lyase, 3-hydroxy-3-
methylglutaryl-CoA dehydrogenase; BKT, β-ketothiolase; PA, propionic acidemia; MMA, methylmalonic
acidemia; IVA, isovaleric acidemia.
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which the chain length and number of double bonds can be deduced. However,
some samples of natural origin can contain 27:1 and 28:8 FA. Although both FA
have the same molecular mass, there are no problems in separating them by chro-
matography (16). 

Unfortunately, the APCI-MS method failed in the identification of the position
and configuration of double bonds (E/Z), as discussed herein for the case of ace-
tonitrile addition to the C=C bond. In particular, the method fails in identification
of branched (and polybranched) FA and for FA in which the main chain was sub-
stituted by a hydroxyl group or oxygen atom. One report that confirmed the feasi-
bility of the ACPI method in this field was published earlier (8). 

As follows from the survey of these reports, APCI methods were applied first in
cases of FA identification where classical GC-MS techniques failed. The methods
provided unsatisfactory results in the identification of VLCFA and VLCPUFA in nat-
ural samples, especially those of exotic origin. As shown herein, the higher fixed and
variable costs of analysis by APCI-MS methods must be considered.

Currently, the possibilities of APCI-MS methods are not fully exploited, espe-
cially in analysis of simple derivatives of FA. The technique is relatively new and is
still waiting for its boom. Because of the commercial availability of LC/APCI-MS
systems we would expect an increase of sophisticated APCI applications in LC-MS
in the coming years. Unfortunately, the high purchase price and operating costs seem
to be the main limitations in the use of LC/APCI-MS. However, the robustness and
sensitivity of analyses, the possibility of simultaneous evaluation of the content of
chemical compounds, estimation of their chemical structures, and determination of
molecular masses all combine to make it a technique of extraordinary value.
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