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Abstract A series of different types of wax esters (repre-
sented by RCOOR’) were systematically studied by using
electrospray ionization (ESI) collision-induced dissociation
tandem mass spectrometry (MS/MS) along with pseudo MS?
(in-source dissociation combined with MS/MS) on a quadru-
pole time-of-flight (Q-TOF) mass spectrometer. The tandem
mass spectra patterns resulting from dissociation of ammo-
nium/proton adducts of these wax esters were influenced by the
wax ester type and the collision energy applied. The product
ions [RCOOH,]", [RCOJ* and [RCO—H,O]" that have been
reported previously were detected; however, different pri-
mary product ions were demonstrated for the three wax ester
types including: (1) [RCOOH,]" for saturated wax esters, (2)
[RCOOH,]*, [RCOJ* and [RCO—H,0]" for unsaturated wax
esters containing only one double bond in the fatty acid moiety
or with one additional double bond in the fatty alcohol moiety,
and (3) [RCOOH,]" and [RCO]" for unsaturated wax esters
containing a double bond in the fatty alcohol moiety alone.
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Other fragments included [R’]* and several series of product
ions for all types of wax esters. Interestingly, unusual product
ions were detected, such as neutral molecule (including water,
methanol and ammonia) adducts of [RCOOH,]* ions for all
types of wax esters and [R’—2H]" ions for unsaturated fatty
acyl-containing wax esters. The patterns of tandem mass spec-
tra for different types of wax esters will inform future identifi-
cation and quantification approaches of wax esters in biological
samples as supported by a preliminary study of quantification
of isomeric wax esters in human meibomian gland secretions.
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Abbreviations

APCI Atmospheric pressure chemical
ionization

CI Chemical ionization

CID Collision induced dissociation

EI Electron ionization

ESI Electrospray ionization

MRM Multiple-reaction monitoring

MS/MS Tandem mass spectrometry

MS? (MS/MS/MS)
Pseudo MS?

Q-TOF

Introduction

Multi-stage tandem mass
spectrometry

In source dissociation combined with
MS/MS

Quadrupole time-of-flight

Wax esters are the esters of long chain fatty acids and
fatty alcohols, which are conventionally represented by
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RCOOR’, where R and R’ are the alkyl moieties of fatty
acid and fatty alcohol, respectively. They are an abundant
component in beeswax [1], marine organism waxes [2],
plant surface waxes [3], insect surface waxes [4], skin
lipids [5] and meibomian gland secretions (meibum) [6, 7].
The functions of wax esters include storing energy, provid-
ing buoyancy and insulation, and preventing water loss.

Previously, wax esters were primarily detected and identi-
fied by mass spectrometry using electron ionization (EI) [8—12]
and chemical ionization (CI) [13]. Recently, a relatively new
ionization mode—atmospheric pressure chemical ionization
(APCI), has also been applied to the analysis of wax esters
[14, 15]. However, these ionization modes are energetic, which
leads to in-source dissociation of wax esters and other labile
lipids such as cholesteryl esters [16], complicating the identifi-
cation and quantification of lipid compositions in samples.

Electrospray ionization (ESI), a softer ionization mode, has
been increasingly utilized for detection of wax esters [17, 18]
and other types of lipids [19]. It has the advantage of negligi-
ble in-source dissociation of ions during MS analysis, enabling
more reliable quantitation studies and simultaneous detection
of different classes of intact lipids in biological samples such
as wax esters in meibum [6, 20]. However, wax esters, a type
of neutral lipid lacking polar groups for cation adduct forma-
tion, are generally more difficult to detect with ESI-MS [21]
and thus are often overlooked in lipidomic analysis of biologi-
cal samples. Nevertheless, recent reports show that wax esters
can be readily detected using additives such as ammonium
acetate [6, 17], ammonium formate [20], lithium acetate [18],
sodium acetate [6] or trifluoroacetic acid [22].

The CID spectra of wax esters using ESI [17, 20, 23—
25], CI [13] and APCI [15] have been reported and the
major product ions have been applied for identification and
quantitation of wax esters. Some of these studies utilized
a method known as multiple-reaction monitoring (MRM)
[26] in which only one or very few product/precursor ion
pairs (or transition) were used for detection and quantifica-
tion of specific wax esters in complex biological samples
such as seed oils and meibomian gland secretions [23-25].
This MRM approach negates the need for scanning result-
ing in increased detection sensitivity and greater analysis
throughput. However, this technique has a high probability
of false detection of impurity ions as the intended targeted
ions, as recently emphasized by the proteomics field [27].
The false detection problem is compounded for wax esters
as they are often more difficult to ionize than many com-
mon contaminants [28]. Therefore, obtaining more detailed
information on the dissociation patterns of wax esters under
various conditions will help avoid false positive detection.

In this work, CID was performed on a set of saturated
and unsaturated wax ester standards with the double bond(s)
located in either or both moieties of the wax esters. The dis-
sociation patterns of wax esters varied depending on the type
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of wax esters and the collision energies. In addition to the com-
monly reported product ions, many other novel product ions
were detected expanding our understanding of wax ester disso-
ciation pathways and suggesting that great care must be taken
when using the MRM technique for quantitation of wax esters.

Experimental
Chemicals

Sodium iodide (>99.999 %), chloroform (HPLC grade,
>99.9 %, with amylene as the stabilizer, either Burdick &
Jackson or Sigma brand), methanol (HPLC grade, >99.9 %,
Riedel-de Haen), and ammonium acetate (>98 %, Sigma)
were purchased from Sigma-Aldrich (St. Louis, MO). Ten
wax ester standards, namely, behenyl palmitate, behenyl stea-
rate, palmityl behenate, behenyl palmitoleate, behenyl oleate,
arachidyl oleate, stearyl oleate, oleyl stearate, palmitoleyl
behenate, and oleyl oleate were purchased from Nu-Chek
Prep (Elysian, MN) and Sigma-Aldrich (St. Louis, MO).

Electrospray Time-of-Flight Mass Spectrometry
Analysis

A Quadrupole Time-of-Flight mass spectrometer (Q-TOF
IT; Waters, Milford, MA) was used for all analyses. The
stock standard solutions were prepared by individually dis-
solving 2.1-24 mg of wax ester standard into 1 mL chlo-
roform/methanol mixture (2:1 by volume). The working
solutions were prepared by diluting the stock solutions 100
or 1000 fold using chloroform/methanol mixture (2:1 by
volume) that contained 1 % water and 1 mM ammonium
acetate additive; final concentrations of wax ester standards
were 25-53 pM. Meibum sample collection and solution
preparation has been described previously [6, 29]. Briefly,
meibum was collected in 0.5-pL (32 mm length, 0.0220”
0D, 0.00560” ID) glass microcapillary tubes (Drummond,
Broomall, PA) with a length of about 1 mm, and was then
dissolved in chloroform—methanol solvent mixture (2:1
vol/vol) with a concentration of approximately 6.7 ug/mL
of total lipids and 1 mM ammonium acetate additive.

The working solutions were directly infused into the
mass spectrometer at a flow rate of 10-20 wL/min. The
detection was in positive mode; the cone voltage was set
at 15 V (for MS analysis of wax esters and MS/MS analy-
sis of ammoniated wax esters) or 50 V (for MS/MS anal-
ysis of protonated and sodiated wax esters); the source
and desolvation temperatures were set at 100 and 150 °C,
respectively; the capillary voltage was set at 3 kV. The
instrument was calibrated using sodium iodide cluster ions.
After calibration, the sodium iodide in the system was thor-
oughly cleaned to minimize sodiated adduct formation (a
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trace amount of sodium ions in solvents and glassware is
always present). MS analysis was performed using a col-
lision energy of 5 eV to increase ion transmission in the
absence of significant fragmentation. MS/MS analysis was
performed with collision-induced dissociation (CID) of the
isolated peaks of interest; high mass and low mass resolu-
tions were set at 15; the collision energies were set at 5, 10,
20 or 30 eV. The acquisition time was typically less than
1 min. Pseudo MS? analysis [30, 31], i.e., combining in-
source dissociation and MS/MS analysis, was performed to
confirm assignment of some of the product ion peaks; in-
source dissociation was achieved by raising the cone volt-
age from 15 to 50 V.

Assignments of Peaks in MS/MS Spectra

For the MS/MS spectra of these wax ester standards, the
peaks corresponding to [RCOOH,]*, [R’]T, [RCO],
[M+H]*, and [M+NH,]" were assigned with high con-
fidence. Additional peaks, particularly those at low m/z
regions, were assigned by using the “elemental composi-
tion” program in MassLynx (Waters, Milford, MA). The
spectra were calibrated by a single point lock mass correc-
tion using [RCOOH,]" ions prior to the elemental compo-
sition analysis. The parameters for the elemental composi-
tion analysis were set as follows unless stated otherwise:
(1) tolerance: 25 ppm; (2) DBE (double bond equivalent):
minimum 1.5, maximum 4, 5 or 6 depending on if the wax
ester was saturated, monounsaturated or diunsaturated; (3)
elements used: 0-50 C, 0-100 H, 0-2 O and 0-1 N.

Nomenclature

In the traditional shorthand notation for wax esters, the
fatty alcohol precedes the fatty acid and they are connected
with a hyphen [9, 10, 12]. Alternatively, the fatty acid pre-
cedes the fatty alcohol but they are connected with a slash
[6, 17]. For instance, stearyl palmitoleate is represented by
18:0-16:1 or 16:1/18:0. The latter format was adopted in
this work. Please note that some studies present a mixed
format of wax ester shorthand (e.g., 18:0/16:1 for stearyl
palmitoleate) [23] and one needs to keep this in mind when
comparing the results from different reports.

Results and Discussion

ESI-MS Analysis of Wax Esters

At a cone voltage of 15 V and a collision energy of 5 eV,
the ESI-MS spectra of all the wax ester standards predomi-

nantly showed ammoniated molecular peaks but included
low intensity sodiated and protonated molecule peaks as

well as ammonium and sodium ion linked-dimer peaks
(Supplementary Figure S1). When the cone voltage was
increased to 50 V, the sodiated and protonated molecular
peaks were more intense than the ammoniated molecular
peaks (Supplementary Figure S2). These high-intensity
molecular peaks made it possible to study the fragmenta-
tion pattern of different cation adducts of these wax esters
using varying collision energies.

In contrast, for the MS analysis of wax esters in EI, CI
or APCI mode, typically many fragment ions are gener-
ated while peaks corresponding to the molecular species
(molecular ions or cation—adducts of molecules) are very
small [8, 9, 11-13, 15], which makes accurate detection
and quantitation of wax esters very difficult. The difficulty
in detection and quantitation of wax esters acquired in CI
and APCI mode is further complicated by the presence of
[M—H]" ions and possibly M ions in the spectra of wax
esters [13, 15]. These [M—H]" and M™" ions likely result
from hydride ion abstraction and charge transfer [32].

ESI-MS/MS of Saturated Wax Esters

Three saturated wax ester standards, i.e., behenyl palmi-
tate (16:0/22:0), behenyl stearate (18:0/22:0) and palmityl
behenate (22:0/16:0), were examined by ESI-MS/MS anal-
ysis using collision energies of 5, 10, 20 or 30 eV (Fig. 1
and Supplementary Figures S3-13). At the same collision
energy, similar dissociation patterns were observed for the
protonated species compared to their ammoniated coun-
terparts (behenyl stearate, Supplementary Figures S3-6;
behenyl palmitate, Supplementary Figures S7-9; palmi-
tyl behenate, Supplementary Figures S10-12). The pat-
terns changed gradually with increasing collision energies.
Across all tested collision energies there was always a pre-
dominant peak corresponding to [RCOOH,]" while at rel-
atively low collision energies (<20 eV), a lower intensity
peak (with higher signal-to-noise ratio) corresponding to
[R’]" was also detected. The relative intensity of this pre-
viously reported [R’]1 peak [17] was at its highest when
using a collision energy of 10 eV (Fig. 1 and Supplemen-
tary Figure S13).

In addition to [RCOOH,]" and [R/]* peaks, many frag-
ment peaks of substantially lower intensity were observed.
The relative intensity of these peaks also differed when
collision energies were increased (Supplementary Figure
S3). When using collision energies of 5, 10 or 20 eV, we
observed a predominant series of fragments, most likely
resulting from secondary dissociation of [R’]* ions appar-
ently with a series loss of (CH,),, groups (m > 3). Similar
peaks were observed by Fitzgerald et al.; however, no tenta-
tive assignments were made [17]. When the collision energy
was increased to 30 eV, in addition to the [R’—(CH,),,]"
(m > 3) series, several additional series of fragment peaks
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Fig.1 ESI-CID-MS/MS spectra of the ammonium adduct ion of behenyl stearate (:m/z 610.65) at collision energies of a 30, b 20, ¢ 10, and d

5 eV, respectively
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with a difference of CH, between the components of each
series were observed. The series with the highest inten-
sity peaks likely resulted from secondary dissociation of
[RCOOHZ]+ ions and were represented by [RCOOH,—
CH,=CH(CH,), ;CH;]*, or [RCOOH,—(CH,),]" in sim-
plicity (n > 3). The same patterns were also observed for
the dissociation of other saturated wax ester standards
(Supplementary Figures S4-12). The assignments for these
series of peaks were supported by pseudo MS? analysis of
[RCOOH,]" and [R]" peaks (Figs. 2, 3) as well as elemen-
tal composition analysis (Supplementary Table S1).

The mechanisms of formation for protonated fatty acids
and alkyl ions from dissociation of ammonium/proton
adduct ions of wax esters in ESI-MS analysis are likely
similar to those proposed for dissociation of some short
chain esters (such as alkyl propionates) in chemical ioniza-
tion MS analysis. The proposed mechanism involves pro-
tonation of the ester bond oxygen of the carboxyl group
followed by direct cleavage of the alkyl-oxygen bond (for
formation of alkyl ions) or with an additional proton trans-
fer from the P carbon to the carbonyl oxygen (for formation
of protonated fatty acids) [33]. The charge delocalization
on the protonated fatty acid at least partially explains why
its intensity was much higher than the alkyl ion.

Interestingly, in each of the MS/MS spectra, peaks cor-
responding to neutral molecule (including water, metha-
nol and ammonia) adducts of [RCOOH,]" ions (Supple-
mentary Figures S4, S6, S7, S9, S10, S12 and S13) were
also observed (the corresponding mass errors were less
than 4 5 ppm after lock mass correction). The assignments
of the water or methanol adducted protonated wax esters
were further supported by the pseudo MS? spectra (Fig. 2).
See “Unusual Adducts Formed between the Direct Product
ion [RCOOH2]+ and the Neutral Molecule in ESI-MS/MS
Analysis” for more detailed discussion.

ESI-MS/MS of Wax Esters with Unsaturated Fatty
Acid Moieties

For unsaturated wax esters with a double bond in the fatty
acid moiety, four wax ester standards, i.e., behenyl palmi-
toleate (16:1/22:0), behenyl oleate (18:1/22:0), arachidyl
oleate (18:1/20:0) and stearyl oleate (18:1/18:0), were exam-
ined by ESI-MS/MS analysis using collision energies of 5,
10, 20 or 30 eV (Fig. 4 and Supplementary Figures S14-27).
The fragmentation patterns of these unsaturated wax esters
were influenced by the collision energy (Fig. 4 and Sup-
plementary Figures S14-26). When using the same colli-
sion energy, similar dissociation patterns were observed for
protonated wax esters compared to their ammoniated coun-
terparts (Supplementary Figures S15-26). Unlike saturated
wax esters which exhibited one predominant fragment peak
[RCOOH,]" after dissociation (Fig. 1), unsaturated wax

esters with a double bond in the fatty acid moiety dissociated
into three major peaks that corresponded to [RCOOH,],
[RCO]* and [RCO—H,O]* (Fig. 4 and Supplementary Fig-
ures S14-27). When the collision energy was increased from
5 to 30 eV, the intensity of the [RCOOHZ]Jr peak decreased,
while the intensities of the [RCO]™ and [RCO—H,O]* peaks
increased (Fig. 4 and Supplementary Figures S14-26).

Similar to our observation for saturated wax esters,
there were many fragment ions in the low m/z region, par-
ticularly when using high collision energies (Fig. 4 and
Supplementary Figures S14-26). The relative intensi-
ties of these peaks were much higher compared to those of
saturated wax esters. These peaks appeared to constitute a
related series of peaks resulting from secondary dissocia-
tion of [RCOOH,]*, [RCO]" and [RCO—H,O]" product
ions. The patterns of these series of peaks were collision
energy-dependent. At collision energies of 5-20 eV, the
series of peaks with the highest intensities corresponded
to [RCOOH,—CH,=CH(CH,), ;CH;]", or [RCOOH,—
(CH,),]* in simplicity (Fig. 4, Supplementary Figures
S14-26). When the collision energy was increased to 30 eV,
two other series, i.e. [RCO—CH2=CH(CH2)U_3CH3]+ and
[RCO—H20—CH2=CH(CH2)p_3CH3]+, or [RCO—(CHy),]*
and [RCO—HZO—(CHz)p]+ in simplicity (o > 3, p > 3),
respectively, displayed higher intensities (Fig. 4, Supple-
mentary Figures S14-26). Attributing the low m/z series of
peaks as resulting from dissociation of the three major peaks
was supported by elemental composition analysis (Sup-
plementary Table S1) and pseudo MS® analysis of [RCO—
H,O]", [RCOJ" (data not shown) and [RCOOH,]* (Fig. 3c)
using collision energies of 10 or 20 eV. Pseudo MS® anal-
ysis of [RCO—H,O]" resulted in one major series of frag-
ment peaks, ie., [RCO—H20—CH2=CH(CH2)p_3CH3]Jr
(p > 3); pseudo MS? analysis of [RCO]" resulted in a frag-
ment peak [RCO—H,0]", as well as two major series of
peaks, i.e., [RCO—CH2=CH(CH2)U_3CH3]Jr (o =3) and
[RCO—H2O—CH2=CH(CH2)I,_3CH3]Jr (p = 3); and con-
sistently, pseudo MS® analysis of [RCOOH,]" resulted in
two fragment peaks [RCO]" and [RCO—H,O]*, as well
as three major series of peaks, i.e., [RCOOH,—(CH,) ]"
(when using a lower collision energy of 5 or 10 eV, data not
shown), [RCO—CH,=CH(CH,), ;CH;]" and [RCO—H,0—
CH2:CH(CH2),)_3CH3]Jr (when using a collision energy of
20 eV, Fig. 3c), where n > 3,0 > 3 and p > 3.

Interestingly, in addition to the expected [R’]" peaks
from dissociation of saturated wax esters, unusual
[R’—2H]* peaks were also observed. The [R/—2H]"
peaks were more intense than the corresponding [R’]*
peak at collision energies of 5 or 10 eV (Fig. 4, Sup-
plementary Figures S14, S17, S20, S21 and S24). When
using a collision energy of 20 eV, a peak corresponding
to [R’]" was also observed with an intensity compara-
ble to the [R’—2H]" peak. When the collision energy

]+
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Fig. 2 ESI-CID-MS/MS spectra of product ions that were derived
from in-source dissociation of ammonium adduct of behenyl palmi-
tate and ion—molecule interaction: a the water adduct of protonated
palmitic acid ((RCOOH, + H,0]"), b the methanol adduct of pro-
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tonated palmitic acid ((RCOOH, + CH3OH]+), and c the protonated
palmitic acid ((RCOOH,]™). The cone voltage was 75 V and the col-
lision energy was 10 eV. The isolated ions are shown in the figure



Lipids (2015) 50:821-836 827
®: [RCOOH, - (CH,),* (n23)  ¢: [RCO—(CH,),]*(0>3)  v:[RCO—H,0 - (CHy),|* (p>3) A: [R' = (CH), | (m>3)
b m=13
(a) WE 18:0/18:1+NH, T+ [R(ijg?ol.12]+ 10(0 ? A12¢14A [WE160/220+NH4]+ .582 62 [1{']+
100 - :0/18: : :
[ I Di . :] .55257 113.13 | 141.16 In-source Dissociation 309.20
n-source 1Ssoclation
[C,;H;sCOOH,]* @285.29 188.17 [CyoH,]" @309.35
171135 2 b . CID
A
< < A A183.20
3 n=13 99,11 169.19
[ A
103.07 A21123,4
® | 117.0 A A
85.10 ‘ o 149.13 ° 85.10 239-26A
71.09 o o © 02015 ° A 29119
LAl m_h Tol g, 0tioe o oo S S A P O o
(c) L= [WEIS:1/18:04NH,]" @ss2.57 (@) [R' 2H]*
100 - 13!11' In-source Dissocia?ion . 100 [V"]El&1/22:0_'—NH4]+ .580‘60 307.17
149.12 In-source Dissociation
v ' [C,,H,;CO0H,]* @283.26 N
121.09 oD [CyHys] 307.34
v CID
163.13
" v | o v *1
RCO - H,0[* _
107.08 |¢ |¢ 177.1 [ C(2)47_22201 m=13
191.16 [RCOOH,|* A125.13,
¢ ¢ T\ 4 [RCOJ* : 11T 1014
o 8308 ¢ %25 265.25 | 97.10 153.16, A
69.06 L ¢ ¢ 1 l A19520A A 4 L, A
0 - l s LT VL‘:“JT e by y“y e miz 0 i At aatad i watd Lt w \J\J“\ \h\lﬂ*l\‘\“\‘\ Mpmrapepreptdepresdhrrpedl
60 80 100 120 140 160 180 200 220 240 260 280 300 60 80 100 120 140 160 180 200 220 240 260 280 300

Fig.3 ESI-CID-MS/MS spectra of product ions that were
derived from in-source dissociation of ammonium adducts of
oleyl stearate (18:0/18:1), behenyl palmitate (16:0/22:0), stearyl
oleate (18:1/18:0), and behenyl palmitoleate (16:1/22:0), respec-
tively: a [C,;H3;sCOOH,]" ([RCOOH,]"), b [CpH,slt (IR1), ¢

was increased further, only the [R’]" peak was observed.
We propose a formation mechanism for the [R’—2H]"
peak (Supplementary Scheme Sla, see “Unusual Prod-
uct ions [R’—2H]" vs Product ions [R’]" in ESI-MS/MS
Analysis” for detailed discussion). The identity of the
[R’—2H]" peak was supported by pseudo MS? analysis
(Fig. 3d).

Similar to the MS/MS spectra of saturated wax esters,
peaks corresponding to water adduct ((RCOOH, + H,0]")
and ammonia adduct ([RCOOH, + NH;]T were also
observed for ammoniated or protonated forms of these
unsaturated fatty acyl-containing wax esters (Supplemen-
tary Figures S17, S20, S23 and S26); in contrast, methanol
adducts ([RCOOH, + CH,OH]") were negligible, which
could be due to the low intensity of the [RCOOH,]| " peaks.
See “Unusual Adducts formed between the Direct Product
ion [RCOOH2]+ and the Neutral Molecule in ESI-MS/MS
Analysis” for more detailed discussion.

[C,;H3;COOH,]" ([RCOOH,]*), and d [Cy,H 51" ([R’—2H]T). The
cone voltage was 75 V for b and 50 V for other panels; and collision
energy was 20 eV for a and 10 eV for other panels. The isolated ions
are shown in the figure

ESI-MS/MS of Wax Esters with Unsaturated Fatty
Alcohol Moieties

The double bond location in wax esters also significantly
affected the fragmentation pattern. When the double bond
was in the fatty alcohol moiety instead of the fatty acyl
moiety of a wax ester, the fragmentation pattern for the cor-
responding wax ester significantly changed. Two such wax
ester standards, i.e., oleyl stearate (18:0/18:1) and palmi-
toleyl behenate (22:0/16:1), were examined. Different col-
lision energies were applied for fragmentation of this type
of wax ester (Fig. 5, Supplementary Figures S28-34). At
low collision energies of 5 or 10 eV, the predominant frag-
ments corresponded to [R’]" and [RCOOH,]*, although a
peak corresponding to [RCO]" was also observed (Fig. 5,
Supplementary Figures S28-35). When the collision
energy was increased to 20 eV, the intensity of the peak
corresponding to [R’]T decreased substantially while the
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Fig. 4 ESI-CID-MS/MS spectra of the ammonium adduct ion of behenyl oleate (m/z 608.63) at collision energies of a 30, b 20, ¢ 10, and d 5 eV,
respectively

& springer AOCS &



Lipids (2015) 50:821-836

829

RCOOR':
A: [R' - (CHy),|" (m23) 0
®: [RCOOH, — (CH,),|* (n>3) 0
Ci7H3s
oleyl stearate (C18:0/C18:1)
(@ [RCOOH,|*
100 285.28
Collision energy
30eV
< m=AlO
11111.12
m= m=
f A
: EO 125.14‘ 18717250 ® .21520 [RCOOH2+HZO]+
95.09 1720719 21520 247.24 303.29
0 xx‘x\xl lx“\'l%i.’l‘slx‘lx“x“f\.‘l (x?xx,/x‘ xxLxxxxxxxxxxxxxxxxxwxwxwxwx
(b) [RCOOH,]*
100 285.28
20 eV
B m=10
m=11111'12%25'13m=7
A A A m=5 [RCOJ*
97.10 139.15%53.17 A 267.27 | [RCOOH, + H,0]* [M +HJ*
‘ ( A 18120 265.25 303.29 535.55
0 T \‘\\1\‘\\‘\‘\“\(\4\ \\‘.\\\‘ \l\ e LR A Ly RAnAd A Ly RARAd A LS LALLM LAY LRASE LA AL RAR LA
(C) M+ H]+[M +NH,J*
100 535.54 552.57
10 eV
[RCOJ*
1
< [R1]+ :
251.27 ,
| [RCOOH,|*
1
111.12 139.15153.17 167.18 19501 ! 285.28
0 T \%\\lwﬁ\\h\(\\lw/\\w e LA MMM LAAM LAAR AAR AL T LAAARS RAARS LAA AL
(d) [M + NH,J*
100 10 5ev ¥ 55257
[RCOJ*
R4
1
RT3
251.27 | [RCOOH,J* M+ HJ*
111.12 139.15 167.18 195.21 ! 28528 535.55
0 St 1316 ¢ i

T
60

T T T T T T T T T T T T T T T T T T T TJT T T T T T T T T T T T T T T T T T T T T T T T T T T T T
80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540

Fig. 5 ESI-CID-MS/MS spectra of the ammonium adduct ion of oleyl stearate (m/z 552.57) at collision energy of a 30, b 20, ¢ 10, and d 5 eV

respectively

intensities of the peaks corresponding to [RCOOH,]* and
[RCO]" increased (Fig. 5, Supplementary Figures S28-34).
Additionally, when the collision energy was increased to
30 eV, the [RCOOH,]|* peak was predominant. Regardless

of the collision energy applied, the [RCO—H,O]" peak
was negligible in the MS/MS spectrum of unsaturated
wax esters with the double bond in the fatty alcohol moi-
ety (Fig. 5, Supplementary Figures S28-35), which is in
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contrast to the observation for unsaturated wax esters with
the double bond in the fatty acid moiety (Fig. 4 and Supple-
mentary Figures S14-27).

In the low m/z region, the pattern of the fragment peaks
for unsaturated fatty alcohol moiety-containing wax esters
appeared to be simpler. Compared to several series of frag-
ment peaks for the other type of unsaturated wax esters,
there was only one predominant series which corresponded
to [R’—(CH,),,]" (m > 3) (Fig. 5, Supplementary Figures
S28-35). This series of peaks was supported by elemental
composition analysis (Supplementary Table S1) and pseudo
MS? analysis of [R']" (not shown).

Similar to the MS/MS spectra of saturated wax
esters, relatively high intensity peaks correspond-
ing to water adduct ([RCOOH, + H,0]"), ammo-
nia adduct ([RCOOH, + NH;]*) and methanol adduct
([IRCOOH, + CH;0H]") were observed from dissociation
of ammoniated or protonated forms of these unsaturated
fatty alcohol moiety-containing wax esters (Supplementary
Table S1, Figures S28, S29, S31, S32 and S34). In contrast,
these peaks were smaller for unsaturated fatty acyl-contain-
ing wax esters (Supplementary Figures S17, S20, S23 and
S26), suggesting that the structure of [RCOOH,]* formed
from unsaturated fatty acyl-containing wax esters may be
different from unsaturated fatty alcohol moiety-containing
wax esters. See “Unusual Adducts formed between Direct
Product ion [RCOOHZ]Jr and Neutral Molecule in ESI-
MS/MS Analysis” for a more detailed discussion.

ESI-MS/MS of Wax Esters with Unsaturated Fatty
Acid and Fatty Alcohol Moieties

As a representation of wax esters with both moieties unsat-
urated, oleyl oleate (18:1/18:1) was examined. The frag-
mentation pattern exhibited characteristics similar to wax
esters with either moiety unsaturated. At collision energies
of 5 or 10 eV, the major peaks observed corresponded to
[RCOOH,]*, [RCOJ*, [R’]* and [R’—2H]" (Fig. 6 and
Supplementary Figures S36—39). When the collision energy
was increased, the intensities of the peaks corresponding
to [RCOOH,]", [R’]" and [R'—2H]" decreased, while the
peaks corresponding to [RCO]* and [RCO—H,0]" as well
as those in the low m/z region increased (Fig. 6 and Supple-
mentary Figure S36).

Low collision energies of 5 or 10 eV produced a series
of peaks in the low m/z region resulting from dissociation
of R’ (Fig. 6). When the collision energy was increased, the
intensities for the other series of peaks increased (Fig. 6). At
a collision energy of 30 eV, the following three major series
were observed: (1) [RCOOH,—CH,=CH(CH,), ;CH;]",
(2) [RCO—CH,=CH(CH,), ;CH;]* and (3) [RCO—H,0—
CH2=CH(CH2)p_3CH3]+. These three series can be simpli-
fied to (1) [RCOOH,—(CH,),]*, (2) [RCO—(CH,),]T and
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3) [RCO—HZO—(CHz)p]Jr (n >3, 0> 3, p>3). For the
[R’ —(CHz)m]Jr series, three high intensity peaks (m =9, 10
and 11) were present (Fig. 6), like those observed for wax
esters with an unsaturated fatty alcohol moiety. The assign-
ment of these series of peaks was supported by elemental
composition analysis (Supplementary Table S1) and frag-
mentation patterns discussed above. It was difficult to unam-
biguously determine the double bond position from MS/MS
analysis, likely due to the migration of a hydride ion [34].

Unusual Adducts Formed Between the Direct Product
Ion [RCOOH,]" and the Neutral Molecule in ESI-MS/
MS Analysis

In the ESI-MS/MS spectra of all examined wax esters
(except oleyl oleate), a few peaks corresponding to adducts
formed between the neutral molecule (water, ammonia and
methanol) and the direct product ion protonated fatty acids
([IRCOOH,]", derived from dissociation of wax esters)
were observed. These neutral molecule adducts include
[RCOOH, + H,O]" (Figs. 1, 5, Supplementary Figures
S4, Se, S7, S9-12, S17, S20, S23, S26, S28, S29, S31,
S32 and S34), [RCOOH, + NH;]" (Supplementary Fig-
ures S6, S8, S9, S12, S17, S20, S23, S26, S31 and S34)
and [RCOOH, + CH;OH]" (Supplementary Figures S6-9,
S12, S17, S20, S23 and S31), although the intensities for
the corresponding methanol adducts were much lower.
These neutral molecule-product ion adduct peaks were
detected with mass errors of typically less than £ 5 ppm
after lock mass correction (Supplementary Table S1). Com-
pared to the other wax esters tested, oleyl oleate dissociated
most readily, resulting in more fragments and thus making
it difficult to detect neutral molecule-product ion adducts
(Supplementary Figure S36-39).

The assignment of [RCOOH, + H,0]" was sup-
ported by pseudo MS® analysis of [RCOOH,]*
and [RCOOH, + HZO]+ (Fig. 2): dissociation of
[RCOOH, + H,0]" mainly formed the product ion
[RCOOH,]*, while dissociation of [RCOOH,]" formed
the product ion [RCOOH, + H,O]" in addition to a series
of product ions corresponding to [RCOOH,—(CH,),]"
(n > 3). A similar peak resulting from the dissociation of
a wax ester 16:0/16:0 was reported by Fitzgerald et al.
(Fig. 6a of Ref. [17]). The authors attributed it to an ammo-
niated carboxylic acid group of an odd electron species
[17]; however, their assignment is unlikely as radical ions
are not typically formed during ESI-MS analysis of wax
esters. A peak corresponding to [RCOOH, + H,0]" was
also apparent in Fig. 3b of Ref. [23].

Interestingly, a number of studies have reported unu-
sual adducts between water and direct product ions derived
from a variety of species including guanine [35], guanosine
[36, 37], acetophenone [38, 39], halogenated benzoic acids
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Fig. 6 ESI-CID-MS/MS spectra of the ammonium adduct ion of oleyl oleate (m/z 550.55) at collision energies of a 30, b 20, ¢ 10, and d 5 eV,
respectively
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[40], various substituted isoquinoline-3-carboxamides [41]
and a series of sulfonic groups—containing ionic liquids
[42] in either positive mode [36-39, 41, 42] or negative
mode [35, 40]. These water-product ion adducts resulted
from ion-water interactions in the collision cell [35-42],
where the water molecules were proposed to originate from
solvent molecules [36, 42] or being delivered by the col-
lision gas [37, 40]. Similarly, in our study, the water mol-
ecule appeared to originate from a combination of solvent
and collision gas.

Fragment peaks corresponding to methanol adducts
[RCOOH, + CH;OH]" were also observed. Inter-
estingly, ~dissociation of [RCOOH, + CH;OH]"
resulted in [RCOOHz]+ and the unusual product ions
[RCOOH, + H,0]" and [RCO + CH,OH]", which cor-
responded to exchange of CH,OH with H,O, and loss of
water, respectively (Fig. 2). Adducts between methanol and
direct product ions have also been reported in several stud-
ies including ESI-MS/MS analysis of guanosine [36] and
a series of sulfonic groups-containing ionic liquids [42] as
well as APCI-MS/MS analysis of purine and pyrimidine
[43]; in addition, two of the studies also reported that MS? of
the methanol-direct product ion adducts resulted in the loss
of methanol or exchange of methanol with water [42, 43].

In addition to the observation of water adducts
([IRCOOH, + H,0]") and methanol adducts
([RCOOH, + CH3OH]+) which have been reported previ-
ously, fragment peaks corresponding to ammonia adducts
[RCOOH, + NH;]" were also observed from dissociation
of both ammoniated and protonated wax esters. To the best
of our knowledge, similar finding have not been reported.

The exact mechanism responsible for the formation of
adducts between the neutral molecules and product ions
is unclear. However, the absence of the neutral molecule
adducts of precursor ions, e.g., [RCOOR’ + H + H,0]"
or [RCOOR’ + NH, + H,0]", suggests that the mecha-
nism involves hydrogen bonding with the carboxylic group
of the product ions [RCOOH2]+. The structures of these
neutral molecule adducts including [RCOOH, + H,0]",
[RCOOH, + CH;0H]" and [RCOOH, + NH;]" ions were
likely in the forms illustrated in Supplementary Scheme
S2. Interestingly, the relative intensities of the water adduct
peaks were highest when they were derived from saturated
wax esters, while lowest when they were derived from
wax esters with unsaturated fatty acyl moieties (Figs. 1,
4, 5, and Supplementary Table S2). The difference could
be explained by the charge on the carboxyl group being
important for the formation of the water adduct (Supple-
mentary Scheme 2): for protonated fatty acids derived from
ammonium adducts of saturated wax esters, the carboxyl
group was the only charge location; while the charge could
be located alternatively on the double bond for protonated
fatty acids derived from wax esters with unsaturated fatty
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acyl moieties. The charge location on the double bond
occurs through ammonium adduct formation (or proton
adduct formation after loss of ammonia) with the double
bond via cation—7t interaction [44, 45] and charge-remote
dissociation involving a six-membered ring transition state
[46, 47] (Supplementary Scheme 1a). The carbon—carbon
double bond is a known protonation site in chemical ioni-
zation mass spectrometry [48]. The charge on the carboxyl
group could have promoted the hydrogen bonding with the
water molecule (Supplementary Scheme 2a vs 2d).

On the other hand, the relative intensities of the ammo-
nia adduct peaks were higher than those of the water adduct
peaks when they were derived from wax esters with unsatu-
rated fatty acyl moieties (Supplementary Figures S17, S20,
S23 and S26) compared to when derived from other wax
esters (Supplementary Figures S3, S6, S9, S29 and S32).
The difference may also be caused by protonation at the
carbon—carbon double bond via cation—7t interaction [44,
45] rather than the ester bond. This protonation step com-
bined with charge remote dissociation could lead to the
formation of protonated fatty acid product ions with the
charge located on the double bond instead of the carboxyl
group; the location of the charge on the protonated fatty
acid in turn resulted in different relative strengths of hydro-
gen bonding with the neutral molecules (Supplementary
Scheme S2e vs S2b).

Water adduct formation has been reported to be more
common in ion trap mass spectrometers [40]. It would
be interesting to see if the formation of adducts between
neutral molecule and protonated fatty acids is more pro-
nounced in an ion trap instrument.

Unusual Product Ions [R’'—2H]" vs Product Ions [R’]"
in ESI-MS/MS Analysis

The typical fragments that contain the fatty alcohol moiety
derived from ESI-CID of wax esters were [R’]T ions [15,
17, 23], which most likely resulted from charge-induced
dissociation as proposed for short chain esters by Munson
et al. [33] Interestingly, for dissociation of unsaturated fatty
alcohol moiety-containing wax esters, the intensities of the
[R’T* peaks were much higher (Fig. 5, Supplementary Fig-
ure S35 and Supplementary Table S2), which is reasonably
explained by the mechanism we propose that involves the
formation of a secondary carbocation (in contrast, a pri-
mary carbocation is formed from dissociation of saturated
wax esters) and further delocalization of the charge with
hydride migration (Supplementary Scheme S1b). Again,
the steps include ammonium adduct formation with the
double bond via cation—m interaction [44, 45] and charge-
remote dissociation involving a six-membered ring transi-
tion state [46, 47]. However, more evidence is needed to
confirm this mechanism.
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The observation of the [R’—2H]™ ions only for unsatu-
rated fatty acyl—containing wax esters was a little surpris-
ing (Supplementary Table S2). However, this observation
may also result from ammonium adduct formation (or pro-
ton adduct after loss of ammonia) with the double bond via
cation—m interaction [44, 45] and charge-remote dissocia-
tion involving a six-membered ring transition state [46, 47]
followed by hydride ion transfer (or a series of sequential
transfers) [34, 49] (Supplementary Scheme S1a).

ESI-MS/MS of Sodiated Wax Esters

For sodiated wax esters, the product ions were typically
negligible. It is possible that the energy barrier for breaking
bonds within wax esters is much higher than the energy bar-
rier for removing the sodium ions from wax esters and thus,
the peak corresponding to sodium ion (m/z 23) would be the
most intense. However, with the mass spectrometer we used,
it was difficult to get good detection of this low m/z ion.

Tandem Mass Spectra Patterns of Different Types
of Wax Esters

The major product ions formed from wax esters depended
on the collision energies used for MS/MS. The relative
intensities of these product ion peaks were characteristic
of different types of wax esters and highest when using
a collision energy of 20 eV. At this collision energy, sev-
eral major product ions were observed for the different
types of wax esters: [RCOOH,] " for saturated wax esters,
[RCOOH,]*, [RCO]" and [RCO—H,O]" for wax esters
with unsaturated fatty acyl moieties, and [RCOOH,]"
and [RCO]™ for wax esters with unsaturated fatty alcohol
moieties. The relative intensities of these ions were also
characteristic of different types of wax esters when using
a collision energy of 10 eV (Supplementary Table S2). In
addition, the different types of wax esters each also pro-
duced one or more series of other fragment peaks of differ-
ent patterns, which may be used to confirm their identities.
For instance, at a collision energy 20 eV, the series of peaks
observed corresponded to [R’—(CH,),,]* (m > 3) for wax
esters with unsaturated fatty alcohol moieties, [RCOOH,—
CH,=CH(CH,), sCH;]* (n > 3) mixed with some other
series for wax esters with unsaturated fatty acyl moieties,
and [R’—(CH,), ]" (m > 3) for saturated wax esters; addi-
tionally, the intensities of these peaks were much lower for
saturated wax esters.

Influence of Ionization Modes on Tandem Mass
Spectrum Patterns of Wax Esters

When the precursor ions are protonated wax esters, the
fragmentation patterns are likely similar whether the

ionization mode is CI, APCI or ESI. Indeed, the fragmenta-
tion patterns of wax esters in APCI mode reported in Ref.
[15] share many similarities with our observations. For
example, high intensity [RCOOH,]" ions were observed
for all wax esters, saturated or unsaturated (regardless of
the double bond location); [RCO]" and [RCO—H,0]" ions
were observed for the dissociation of wax esters with unsat-
urated fatty acyl moieties (note wax esters were represented
by fatty alcohol moiety—fatty acyl moiety in Ref. [15],
while our work referred to them as fatty acyl/fatty alcohol
instead); R’ ions were detected from dissociation of both
saturated wax esters and wax esters with unsaturated fatty
alcohols. However, there were also some differences. One
major difference was that Cvacka and colleagues reported a
high intensity peak of about 2 Da less than [RCOOH,] " for
wax ester 20:0/16:1 (they referred to as 16:1-20:0), which
was most likely [RCOO]*, along with two high intensity
peaks corresponding to the loss of 1 and 2 water molecules
from this ion [15]. The major related peaks we observed
correspond to [RCOOH,]" and [RCO]'. The difference
may be caused by the presence of [M—H]" and M*" ions in
addition to the [M + H]" ion as discussed above for chemi-
cal ionization [13, 15]. In addition, the [R’—2H]" ions
observed in our work for wax esters with unsaturated fatty
acyl moieties were not reported in Ref. [15], perhaps due to
the more gentle ionization technique we used.

Implication for Issues in MRM Quantitation of Wax
Esters

Iven et al. proposed several possible sources of false
positive detection of wax esters by MRM, including
matrix-derived background (e.g., steryl esters), untar-
geted product ions from isobaric wax ester species, and
overlapping isotopic peaks of wax esters with different
saturation levels [23]. In our work, we report many novel
wax ester fragment peaks including those of unexpected
(e.g. [R’—2H]" ions, and adducts with neutral mol-
ecules) and under-characterized (e.g., at least four series
of peaks [RCOOH,—CH,=CH(CH,),;CH;]", [RCO—
CH,=CH(CH,), sCH,] ", [RCO—H,0—-CH,=CH(CH,),.
;CH;5]", [R’—CH,=CH(CH,),, sCH;]", where n, o, p or
m > 3) species. These fragment peaks were more com-
plicated when the presence of isotopic distribution was
considered. Therefore caution needs to be exercised when
using MRM to detect and quantitate wax esters, espe-
cially for experiments utilizing direct infusion analysis in
the absence of front-end separation. One possible solu-
tion for minimizing false positive detection is to use more
than one transition for detection of each wax ester spe-
cies. However, quantitation may still be difficult since the
response factor of each transition could be different even
for the same precursor ions.
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Fig. 7 ESI mass spectrometric analysis of the ammonium adduct ion
of wax esters in human meibomian gland secretions: a full MS spec-

and fatty acid and fatty alcohol moieties in (b) and (c) were labeled;
for convenience, the label “FA” was omitted in (¢). The water loss

trum; MS/MS spectra of b wax esters 41:0 (m/z 624.67), and ¢ wax peaks and double water loss peaks in (c) were indicated with “’ ” and
esters 41:1 (m/z 622.65). The cone voltage was 15V and the collision “7” respectively

energy was 20 eV. Major peaks corresponding to wax esters in (a),

Applying the Methodology to the Identification of Wax [RCO—H,0]™, [R’]* and [RCOOH, + H,0]". Approximate

Ester Isomers in Human Meibum

Identification and quantitation of wax esters in human
meibum has been reported by our group. [6, 29] However, for
each peak of a certain m/z, there could be multiple isomers.
Dissociation of each peak generated mixed fragments from
different isomers. By applying the fragmentation patterns
of various types of wax esters, we were able to identify the
major isobaric species of each peak. For instance, wax ester
41:0 was actually composed of three major isomers includ-
ing 15:0/26:0, 16:0/25:0 and 17:0/24:0; while wax ester
41:1 was actually composed of four major isomers includ-
ing 16:1/25:0, 17:1/24:0, 17:0/24:1 and 18:1/23:0 (Fig. 7).
These identifications were supported by the diagnostic prod-
uct ions of these isomers including [RCOOH,]", [RCO]™,

& Springer AOCS &

quantities for the isomers of the wax esters were tentatively
determined based on the relative intensity of these diagnostic
product ions. A more detailed study is ongoing for in-depth
profiling of wax esters in human meibum.

Conclusions

The fragmentation patterns of wax esters depended on sev-
eral factors. The presence and location (on the fatty acyl
moiety or fatty alcohol moiety) of double bonds signifi-
cantly changed the fragmentation pattern of wax esters. On
the other hand, ion—-molecule interactions may have formed
unexpected product ions due to molecules present in the
solvent or delivered by collision gas that were not part of
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the precursor ions. The double bond effect and neutral mol-
ecule adduct formation observed for dissociation of wax
esters could be helpful for identification and quantification
of wax esters in biological samples. Current work is ongo-
ing to utilize these fragmentation patterns in conjunction
with our earlier work of profiling wax esters in meibum
[29] to identify and quantify each isobaric species compo-
sition in meibum samples from the corresponding MS/MS
spectra. [6].

The formation of the complex between ammonium
ion/proton and the carbon—carbon double bond of unsat-
urated wax esters via cation—Tt interaction [44, 45] rea-
sonably explains the formation of unusual [R’—2H]*"
product ions as well as the relative intensity of neutral
molecule adducts (such as [RCOOH, + H20]+) derived
from different types of wax esters. It may also explain
the higher ionization efficiency of wax esters and cho-
lesteryl esters with more double bonds [29]. However,
to the best of our knowledge, only one such report pro-
posed protonation on the carbon—carbon double bond
in chemical ionization mass spectrometry [48]. Con-
sideration of the carbon—carbon double bond as one of
the charge adduct sites may help in the interpretation of
dissociation mechanisms and ionization efficiencies for
other lipid species as well.
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