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ABSTRACT: Desorption electrospray ionization (DESI) mass spectrometry imaging
has become a powerful strategy for analysis of tissue sections, enabling diﬀerentiation
of normal and diseased tissue based on changes in the lipid proﬁles. The most common
DESI workﬂow involves collection of MS1 spectra as the DESI spray is rastered over a
tissue section. Relying on MS1 spectra inherently limits the ability to diﬀerentiate
isobaric and isomeric species or evaluate variations in the relative abundances of key
isomeric lipids, such as double-bond positional isomers which may distinguish normal
and diseased tissues. Here, 193 nm ultraviolet photodissociation (UVPD), a technique
capable of diﬀerentiating double-bond positional isomers, is coupled with DESI to map
diﬀerences in the double-bond isomer composition in tissue sections in a fast, high
throughput manner compatible with imaging applications.

M

therefore go unresolved. In particular, double-bond positions
have been shown to greatly inﬂuence lipid membrane thickness
and ordering18 and play a substantial role in protein−lipid
binding.19 In addition, changes in the relative abundances of
double-bond positional isomers have shown promise for
diﬀerentiation of normal and diseased tissues.20 Advances in
ion mobility spectrometry have enabled fast separation of lipid
isomers in the gas phase,21,22 and tandem mass spectrometry is
crucial for identiﬁcation of the separated lipids. In-spray
Paternò-Büchi reactions with subsequent collisional activation
of reaction products have demonstrated success as a means to
determine double-bond positions.23,24 Alternatively, novel ion
activation methods are another strategy to elucidate doublebond positions. These include high-energy CID,25,26 radicaldirected dissociation,27,28 electron-induced dissociation,29,30
electron impact excitation of ions from organics,31,32 ozoneinduced dissociation (OzID),33−37 and metastable atomactivated dissociation. 38,39 Ultraviolet photodissociation
(UVPD) at 193 nm has also proven to be a compelling ion
activation method for lipid characterization.40−43 For glycerophospholipids and sphingolipids, UVPD generates sets of ions
that are diagnostic for determining double-bond position.41−43
Of the aforementioned methods, only a few have been used
for proﬁling double-bond positional isomers in situ.24,25,34,37
High-energy CID performed on a MALDI-TOF instrument
allowed the detailed structural characterization of glycerophos-

ass spectrometry imaging (MSI) has emerged as a
formidable tool to obtain spatially resolved chemical
proﬁles from tissue sections, thus enhancing the diagnosis and
prognosis of diseases like cancer.1−4 The most widely used
ionization techniques for MSI include matrix assisted laser
desorption ionization (MALDI)5,6 and desorption electrospray
ionization (DESI).7−9 MSI experiments are most commonly
performed by collecting MS1 spectra as the ionization source is
rastered over the tissue section with ion intensities
subsequently plotted in two dimensions. Direct sampling of
tissue produces complex mass spectra with isobaric species
often overlapping or interfering with the analytes of interest.
Implementation of MSI on high performance mass spectrometers has alleviated the problem of isobaric interferences and
exposed the complexity of biomolecular proﬁles within tissue
sections.10−13 While high mass resolution and accuracy
measurements facilitate analysis of congested spectra,
collection of MS1 data provides little structural information
on the detected species. Consequently, isomeric species remain
indistinguishable by MS1 alone; however, structural characterization via tandem mass spectrometry (MS/MS) provides one
approach for deciphering isomers and increasing analyte
speciﬁcity.14,15
Collisionally activated dissociation (CAD) is the most
common MS/MS method used for structural characterization,
particularly for lipids.16 However, a number of subtle features
with signiﬁcant biological implications, including double-bond
position, acyl chain sn-position, and double-bond stereochemistry, are frequently not conﬁrmed by CAD.17 Diﬀerences
in the spatial distribution of isomers arising from these features
© XXXX American Chemical Society

Received: July 5, 2018
Accepted: August 6, 2018
Published: August 6, 2018
A

DOI: 10.1021/acs.analchem.8b03026
Anal. Chem. XXXX, XXX, XXX−XXX

Analytical Chemistry

Letter
25

pholipids in mouse brain tissue. OzID has been integrated
with a DESI platform for the detection of lipid sn-positional
isomers in tissue sections34 and more recently to a MALDIOrbitrap for MSI of lipid isomer spatial distribution.37 PaternòBüchi reactions have been coupled with a liquid microjunction
surface sampling probe system for proﬁling and quantitation of
double-bond positional isomers in situ.24 In the present study,
DESI is performed on an Orbitrap mass spectrometer
equipped with 193 nm UVPD to map spatial distributions of
double-bond isomers in situ. Our ﬁndings reveal that there are
changes in the relative abundances of lipid isomers localized to
speciﬁc tissue features, demonstrating for the ﬁrst time that

Figure 2. Expansions of UVPD (20 pulses, 6 mJ) mass spectra from
DESI proﬁling of (a) endometrial tissue (m/z 782), (b) kidney tissue
(m/z 782), (c) lymph node tissue (m/z 782), (d) ovarian tissue (m/z
782), (e) pancreas tissue (m/z 798), and (f) brain tissue (m/z 798),
showcasing the key diagnostic ions that diﬀerentiate two isomeric
lipids [PC 16:0_18:1(9Δ), PC 16:0_18:1(11Δ)]. The full m/z range
HCD and UVPD mass spectra are shown in Figures S8 and S9.

Figure 1. (a) HCD (NCE 30) and (b) UVPD (20 pulses, 6 mJ) mass
spectra of the ion of m/z 798 obtained from DESI proﬁling of a
mouse brain tissue section with (c) corresponding fragment ion maps
for detected isomers [PC 16:0_18:1(9Δ), PC 16:0_18:1(11Δ)]. The
subscript “K” in the labels of the fragment ion maps indicate ions that
the potassium adduct is retained.

ambient MSI integrated with UVPD-MS allows direct
characterization of double-bond isomers in tissue.
DESI was implemented on an Orbitrap Fusion Lumos mass
spectrometer (Figure S1). Higher-energy collisional dissociation (HCD) and UVPD mass spectra for the prominent ion of
m/z 798 with corresponding fragment ion maps are shown in
Figure 1. Product and neutral loss ions in the HCD spectrum
conﬁrm the identity of this species as potassium-adducted
phosphatidylcholine PC 16:0_18:1. The UVPD mass spectrum
provides greater structural detail, conﬁrming the occurrence of
at least two double-bond positional isomers, namely, PC
16:0_18:1(9Δ) and PC 16:0_18:1(11Δ), through sets of
diagnostic ions spaced apart by 24 Da. These pairs of fragment
ions separated by 24 Da are signatures generated uniquely by
UVPD and are highly characteristic of double-bond position,
as reported previously.41−43 HCD and UVPD mass spectra for
the sodium-adducted and protonated species of PC 16:0_18:1
provide comparable information to the potassium-adducted
ion, indicating that acyl chain composition and double-bond
information can be obtained regardless of adduction status
(Figures S2−S4). Despite the magniﬁcation of the key

Figure 3. (a) DESI-UVPD ion images of two isomeric phospholipid
standards, PC 18:1(6Z)/18:1(6Z) and PC 18:1(9Z)/18:1(9Z), in
varying concentration ratios. Each pair of product ions diagnostic for
the double-bond position are tracked. (b) Plot of concentration ratio
of PC 18:1(6Z)/18:1(6Z) to PC 18:1(9Z)/18:1(9Z)
(CPC 18:1(6Z)/18:1(6Z)/CPC 18:1(9Z)/18:1(9Z)) versus the ratio of the
summed intensities of the diagnostic ions (I(m/z 628+652)/I(m/z 670+694)).

fragment ion region in some of the MS/MS spectra, S/N
ratios of >100 were routinely obtained owing to the high
sensitivity of the Orbitrap analyzer. HCD and UVPD mass
spectra were also collected for other high abundance ions of
m/z 826 and m/z 820 in the lipid proﬁle spectrum (Figures S5
and S6). The UVPD mass spectra for these other lipids reveal
that they are each composed of at least two double-bond
positional isomers, PC 18:0_18:1(9Δ) and PC
B
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Figure 4. Optical images of the H&E stained (a) mouse brain tissue section, (e) human brain tissue section, and (i) lymph node tissue section with
thyroid cancer metastasis. (b) DESI-MS ion image of m/z 798, (c) DESI-UVPD ratio image of the ratio of the summed intensities of the UVPD
double-bond diagnostic ions (Im/z 660+684)/(Im/z 688+712), (d) expanded region of UVPD mass spectra of the white and gray matter, (f) DESI-MS ion
image of m/z 798, (g) DESI ratio image of the ratio of the summed intensities of the UVPD double-bond diagnostic ions (Im/z 660+684)/
(Im/z 688+712), (h) expanded region of UVPD mass spectra of the white and gray matter, (j) DESI-MS ion image of m/z 798, (k) DESI ratio image of
the intensity m/z 684 divided by the intensity m/z 712, and (l) expanded regions of UVPD mass spectra of cancerous and normal parts of tissue.
Representative spectra were taken from areas of tissue marked with a white arrow. DESI-UVPD ion images of each double-bond diagnostic ions
(Im/z 660, Im/z 684, Im/z 688, and Im/z 712), DESI-UVPD ratio images, and corresponding spectra are in Figures S14−S19.

phospholipid isomers during DESI-MSI, a set of phospholipid
isomer standards, PC 18:1(6Z)/18:1(6Z) and PC 18:1(9Z)/
18:1(9Z), in varying concentration ratios and with a summed
concentration of 10 μM, were spotted onto a glass slide and
imaged (Figure 3). UVPD mass spectra of m/z 808,
corresponding to a sodium-adducted ion, shown in Figure
S10, provide structural conﬁrmation of the isomers, with
UVPD mass spectra containing diagnostic sets of ions of m/z
628 and m/z 652 for PC 18:1(6Z)/18:1(6Z) and m/z 670 and
m/z 694 for PC 18:1(9Z)/18:1(9Z). Changes in ion
intensities in the DESI-UVPD images of each diagnostic ion
correlate with variations in the lipid concentration ratios
(Figures 3a and S11). Excellent agreement (R2 = 0.999)
between the concentration ratio of PC 18:1(6Z)/18:1(6Z) to
PC 18:1(9Z)/18:1(9Z) (CPC 18:1(6Z)/18:1(6Z)/
CPC 18:1(9Z)/18:1(9Z)) and the ratio of summed diagnostic ion
intensities (Im/z 628+652)/Im/z 670+694) was achieved (Figure 3b).
The lowest concentration detectable based on the UVPD-MS
method was estimated to be ∼500 nM. These results conﬁrm
that the developed DESI-UVPD-MSI method can successfully
detect changes in the relative abundances of phospholipid
isomers in two dimensions, indicating that diﬀerences detected
in tissue should directly result from changes in isomer
concentrations.
DESI-UVPD-MSI experiments were performed in triplicate
for coronal mouse brain tissue sections (Figures 4a−d and
S12−S14). H&E optical images for all tissues were collected
after collection of DESI data. The MS1 DESI ion image
(Figure 4b) reveals a lower abundance of the lipid ion of m/z
798 (corresponding to PC 16:0_18:1) in the white matter
compared to the gray matter. DESI-UVPD ion images for each
of the diagnostic ions previously detected during DESI-UVPD
proﬁling experiments are shown for each replicate (Im/z 660,
Im/z 684, Im/z 688, and Im/z 712), along with images of the summed
intensities of the diagnostic ions (Im/z 660+684, Im/z 688+712).

18:0_18:1(11Δ) for m/z 826 and PC 16:0_20:4(5Δ,8Δ,11Δ,14Δ) for m/z 820, on the basis of the presence
of paired fragment ions separated by 24 Da. This evidence
conﬁrms that UVPD is capable of localizing the positions of
multiple double bonds within a single acyl chain for lipids
desorbed from tissue.
DESI proﬁling experiments were performed on a number of
human tissue types, including endometrial, kidney, lymph
node, ovarian, pancreas, and brain (Figures 2 and S7−S9).
Figure 2 shows expanded regions of the UVPD mass spectra
for sodium-adducted and potassium-adducted ions of m/z 782
or m/z 798, respectively, collected for each tissue type,
focusing on the diagnostic fragment ions used to identify
double-bond isomers. While the PC 16:0_18:1(9Δ) isomer is
consistently more dominant across the tissue types based on
the greater abundance of the m/z 644/668 or m/z 660/684
ion pair (corresponding to the 9Δ isomer) relative to the m/z
672/696 or m/z 688/712 ion pair (11Δ isomer), respectively,
there is a notable change in the relative abundances of PC
16:0_18:1(9Δ) and PC 16:0_18:1(11Δ) across all ﬁve tissue
types. In some of the mass spectra, most notably Figure 2e,
additional product ions are present, corresponding to fragment
ions from lipid species that are isobaric to the lipid of interest.
The high resolving power and mass accuracy of the Orbitrap
mass analyzer allows these product ions from isobaric species
to be diﬀerentiated from speciﬁc diagnostic ions. Integration of
the UVPD method on an imaging mass spectrometer also
equipped with ion mobility separation capabilities is an
intriguing idea that may enable acquisition of MS/MS spectra
free from extraneous ion peaks.
The proﬁling mode experiments described above conﬁrmed
the successful diﬀerentiation of isomeric lipids by UVPD, thus
motivating the exploration of UVPD for tissue imaging
experiments. To determine the ability of UVPD to discern
spatially resolved diﬀerences in the relative abundances of
C
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Images of the ratio of the summed intensities of the diagnostic
ions (Im/z 660+684/Im/z 688+712) demonstrate that there are, in
fact, notable changes in the relative abundances of PC
16:0_18:1(9Δ) and PC 16:0_18:1(11Δ) throughout the
tissue corresponding to areas of gray matter and white matter.
Key expanded regions of the representative UVPD mass
spectra of gray and white matter are shown in Figure 4d. While
the overall abundance of m/z 798 appears to decrease in the
white matter based on DESI-MSI data, the ratio of PC
16:0_18:1(9Δ) to PC 16:0_18:1(11Δ) increases in the white
matter relative to the gray matter. Our observations of changes
in the relative abundances of isomers between white matter
and gray matter are consistent with results recently obtained by
Paine et al.37 A similar observation is drawn for human brain
tissue (Figures 4e−h and S15) with branches of white matter
in the human brain section observed in both the optical and
DESI images.
DESI-UVPD-MSI also oﬀers the unique opportunity to
investigate diﬀerences in the abundances of lipid isomers
between normal and cancerous regions of tissue sections.
DESI-UVPD-MSI was performed on a section of human
lymph node tissue containing thyroid cancer metastasis based
on monitoring the ion of m/z 798 (Figure 4i−l).44 The
presence of both PC 16:0_18:1(9Δ) and PC 16:0_18:1(11Δ)
was conﬁrmed by UVPD-MS based on the paired fragment
ions (Figures S17 and S18). One selected ion from each pair of
diagnostic ions was used to create a ratio image that revealed a
distinctive change in the relative abundance of the two lipid
isomers between normal and diseased tissue (Figure S18).
Although there appears to be a change in the relative
abundances of the two isomers between the normal and
cancerous portions of tissue, a larger sample set is required to
assess if DESI-UVPD-MSI is capable of diﬀerentiating normal
and cancerous tissue.
This study represents the ﬁrst coupling of ambient MSI with
an ion activation technique capable of determining doublebond positions in phospholipid acyl chains. DESI-UVPD not
only diﬀerentiates phospholipid isomers but also unveils spatial
changes in their relative abundances that are otherwise
undetected during DESI-MSI experiments. The short
activation period of UVPD enables fast acquisition of
diagnostic MS/MS information. Considering the informative
spectra generated by UVPD, application of this method to
other types of lipids oﬀers the potential to provide insights into
the processes that result in altered lipid metabolism.

■

proﬁling spectra from lymph node tissue section with
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