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ABSTRACT: Rapid and in situ profiling of lipids using ambient
mass spectrometry (AMS) techniques has great potential for
clinical diagnosis, biological studies, and biomarker discovery. In
this study, the online photochemical reaction involving carbon−
carbon double bonds was coupled with a surface sampling
technique to develop a direct tissue-analysis method with
specificity to lipid CC isomers. This method enabled the in
situ analysis of lipids from the surface of various tissues or tissue
sections, which allowed the structural characterization of lipid
isomers within 2 min. Under optimized reaction conditions, we
have established a method for the relative quantitation of lipid
CC location isomers by comparing the abundances of the
diagnostic ions arising from each isomer, which has been proven effective through the established linear relationship (R2 = 0.999)
between molar ratio and diagnostic ion ratio of the FA 18:1 CC location isomers. This method was then used for the rapid
profiling of unsaturated lipid CC isomers in the sections of rat brain, lung, liver, spleen, and kidney, as well as in normal and
diseased rat tissues. Quantitative information on FA 18:1 and PC 16:0−18:1 CC isomers was obtained, and significant
differences were observed between different samples. To the best of our knowledge, this is the first study to report the direct
analysis of lipid CC isomers in tissues using AMS. Our results demonstrated that this method can serve as a rapid analytical
approach for the profiling of unsaturated lipid CC isomers in biological tissues and should contribute to functional lipidomics
and clinical diagnosis.

Lipids are hydrophobic or amphipathic small metabolites1

that play a multitude of crucial roles in cells, tissues, and
organ physiology, including energy storage, cell-to-cell signal-
ing, and the formation of cell membranes.2 The ability of an
individual lipid (or class of lipids) to perform its biochemical
and biophysical roles relies on its chemical structure. The
alterations in lipid structures can lead to altered properties. As
one of the most important parameters determining the overall
shape of a lipid, the location of CC bonds in unsaturated
lipids is closely related to the biological function. For instance,
omega-3 fatty acids (also called ω-3 fatty acids or n-3 fatty
acids), polyunsaturated fatty acids (PUFAs) with the final
double bond at the n-3 position, were found to be important in
brain development and visual functions.3,4 In addition, it is
generally believed that omega-6 fatty acids are associated with
chronic inflammatory effects, while omega-3 fatty acids have
anti-inflammatory properties.5 There have also been some

studies investigating the effect of double-bond position on lipid
bilayer properties. For instance, the study by Martinez-Seara et
al. provided insight into the role of double bonds in lateral
pressure profiles, lateral membrane dynamics, and intra-
molecular dynamics.6,7 These studies highlighted the signifi-
cance of double-bond position at the molecular level.
Furthermore, extensive studies have demonstrated the con-
sistent alternations of lipids and lipid CC isomers
compositions in diseased tissue.8,9 For example, significant
differences have been observed for concentration ratios of C
C location isomers from several fatty acid (FA) and
glycerophospholipid (GP) species between normal and cancer-
ous mouse breast tissues.9 To facilitate rapid point-of-care
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(POC) diagnostics, it is therefore important to develop
technologies with the power for rapid and in situ profiling of
unsaturated lipid CC location isomers.
Mass spectrometry (MS) is the most widely used analytical

tool in the field of lipidomics, and a series of MS-based
methods were developed to structurally characterize the
positions of double bonds within a lipid molecule. Conven-
tionally, MS in conjunction with chromatographic approaches,
such as thin-layer chromatography (TLC),10 gas chromatog-
raphy (GC),11,12 and liquid chromatography (LC),13 were
major tools for the analysis of lipids isomers in biological
samples. However, the combination of chromatographic
separation and MS is insufficient for structure elucidation. A
reliable method for identification of the CC location in lipids
involves combining LC-MS with online derivatization following
separation, for instance, in-line ozonolysis reaction14 or ozone-
induced dissociation (OzID).15 However, LC-MS is both labor-
intensive and time-consuming. Direct-infusion electrospray
ionization (ESI) MS or matrix-assisted laser desorption/
ionization mass spectrometry (MALDI MS) was developed
to speed up lipid analysis without involving chromatographic
separation. In this approach, MSn or ozonolysis-induced
dissociation was employed for the generation of diagnostic
ions indicative of the CC locations. Some notable methods
include radical directed dissociation (RDD),16 OzID,17 low-
energy multistage MS,18 ozone electrospray ionization
(OzESI),19 electron-induced dissociation (EID),20 helium
metastable atom-activated dissociation (He-MAD),21 electron
impact excitation of ions from organics (EIEIO),22 electron-
capture dissociation (ETD),23 ozonolysis-MALDI,24 and
MALDI-SpiralTOF (TOF = time-of-flight).25 Each method
has its own unique advantages, but special MS instruments are
typically required, which has limited their widespread use. More
importantly, direct-infusion ESI MS and MALDI MS still
require multistep sample preparations. In contrast, in AMS, the
ionization process is carried out outside the instrument in the
laboratory environment or in samples’ own natural environ-
ment, with no or minimal effort for sample preparation.26,27

Because of the development of AMS techniques, sample
preparation has been greatly simplified and the in situ analysis
of lipid species in complex biological samples has been realized.
To date, a number of AMS techniques have been used for

direct lipid analysis,28−39 and some studies have showcased the
potential of AMS techniques in disease diagnosis, POC
diagnostics, and therapeutic drug monitoring.40−48 Recently,
AMS techniques were also used for rapid identification of C
C isomers, such as low-temperature plasma (LTP),49

desorption electrospray ionization−collision-induced dissocia-
tion/OzID (DESI-CID/OzID),50 and ozonolysis-DESI.51

These methods allow facile analysis of lipids isomers and are
widely applied in both lipid identification and quantitation.
In this work, we report an AMS technique by coupling the

online photochemical reaction (i.e., Paterno−̀Büchi reaction
(PB reaction))52 and tandem MS with in situ lipid extraction
and ionization to develop a direct tissue-analysis method for the
identification and quantitation of lipid CC location isomers.
A liquid microjunction surface sampling probe (LMJ-SSP)53−58

was constructed to extract lipids from the tissue surface for MS
analysis. Within 2 min, the CC locations for lipids of interest
were determined and relative quantitation of the lipid CC
location isomers was achieved. Using this method, we analyzed
lipid CC location isomer compositions in various kinds of rat
tissue sections, including normal and diseased rat tissues. This
method was demonstrated to be capable of the rapid profiling
of lipid CC location isomers in biological tissues and should
contribute to MS imaging (MSI), functional lipidomics, and
clinical diagnosis.

■ EXPERIMENTAL SECTION

Chemicals and Reagents. Oleic acid (FA 18:1 (9Z)), cis-
vaccenic acid (FA 18:1 (11Z)), and 2-oleoyl-1-palmitoyl-sn-
glycero-3-phosphocholine (PC 16:0/18:1 (9Z)) were pur-
chased from Sigma-Aldrich (MO, U.S.A.). Methanol (MeOH),
ethanol, and acetone of high-performance liquid chromatog-
raphy (HPLC) grade were purchased from Merck (Darmstadt,
Germany). Ultrapure water was obtained from a Millipore
Milli-Q integral water-purification system (Bedford, MA,
U.S.A.). Ammonium hydroxide (Macron Fine Chemicals;
Center Valley, PA, U.S.A.) and formic acid (Mallinckrodt
Chemicals; Hazelwood, MO, U.S.A.) were used as solution
modifiers to enhance lipid ionization in the negative and
positive ESI modes, respectively. All lipid standards were
diluted to 10 μM in ethanol.

Figure 1. (a) Schematic of the experimental setup for profiling unsaturated lipid isomers. (b) Direct sampling of tissue section. (c) Direct sampling
of mouse spinal cord.
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In Situ Lipid Extraction, Ionization, and MS Analysis.
The detailed parameters of this homemade LMJ-SSP/PB
reaction/ESI apparatus for unsaturated lipid CC isomers
profiling are shown in Figure 1. Two pieces (i.d. 250 μm/o.d.
365 μm and ∼20 cm long, from surface sampling probe to
metal joint; i.d. 150 μm/o.d. 365 μm and ∼10 cm long, from
metal joint to ESI) of fused silica capillary (Polymicro
Technologies, Phoenix, AZ, U.S.A.) were used to deliver the
solvent. The polyimide coating of a 10-cm-long fused silica
capillary between the probe and metal joint was burnt off,
forming a UV-transparent region (reaction zone). A low-
pressure mercury lamp (model 80-1057-01, BHK, Inc., Ontario,
CA, U.S.A.) was used to apply UV irradiation at 254 nm to
facilitate the PB reaction between the unsaturated lipids and the
acetone. The samples were fixed on a moving x,y-platform
(MTS50-Z8, Thorlabs, Newton, NJ, U.S.A.), which was
controlled by homemade software. The stage and probe were
monitored using a digital USB Dino-Lite AM4515ZT Edge
Microscope (AnMo Electronics Corporation), and the
monitoring camera was focused on the liquid microjunction.
The photo of this apparatus is shown in Figure S1.
Method Validation. For the method validation, test

samples of standards were prepared. Polytetrafluoroethylene
(PTFE)-printed slides (Cat. no. 63425-05, Electron Micros-
copy Sciences, Fort Washington, PA, U.S.A.) were used. The
slides contained 12 5-mm wells surrounded by a hydrophobic
PTFE coating, which restricted the solutions within the wells.
The test samples were prepared by spotting a 10 μL FA 18:1
(11Z) solution and PC 16:0/18:1 (9Z) solution onto the well
area of a PTFE-printed slide and allowing it to dry.
Sample Preparation for Relative Quantitation of Lipid

CC Isomers. To validate relative quantitation of lipid CC
location isomers, mixtures of two lipid CC location isomers
were prepared. Appropriate amounts of FA 18:1 (11Z) solution
and FA 18:1 (9Z) solution were mixed to make mixture
solutions with concentration ratios of 20:1, 10:1, 5:1, 2:1, 1:1,
1:2, 1:5, 1:10, and 1:20. The total concentration of FA 18:1 in
all mixtures is still 10 μM. A mixture solution of 10 μL was
added onto a well of the PTFE-printed slide and allowed to dry
to make one sample. At each ratio, 5 on-surface samples were
prepared.
Tissue Preparation and Sectioning. Animal care

procedures were performed in accordance with the Purdue
University Animal Care and Use Committee guidelines and
ARRIVE guidelines. All tissue samples were provided by Harlan
Laboratory (Indianapolis, IN, U.S.A.). The rat tissues, including
brains, kidneys, lungs, livers, and spleens, were removed from
the bodies of male Sprague−Dawley rats and immediately
frozen at −80 °C. Tissue sections (30 μm) were obtained by a
cryotome (Shandon Cryotome FE Thermo Scientific, Wal-
tham, MA, U.S.A.) and mounted onto adhesive slides. Prior to
analysis, the sections were dried in a desiccator for 1 h; then the
sampling points that were uniformly distributed in the section
were marked using red marker pen on the back of the slide, and
optical images of the tissue sections were taken using a digital
USB Dino-Lite AM4515ZT Edge microscope.
Disease Mouse Model Tissue Specimens. Disease

samples, including cancerous mouse breast tissues and inflamed
mouse spinal cord tissues, were collected from a rat breast
cancer model and rat spinal cord contusion injury model,
respectively, to use for clinical application tests. All samples
were frozen at −80 °C. Before analysis, the sample was

gradually thawed in a −20 °C freezer and then at 4 °C for 1 h,
respectively.

Mass Spectrometry and Apparatus. All experiments
were performed on a TSQ Quantum Access MAX (Thermo
Scientific, San Jose, CA, U.S.A.) in the full-scan mode or
selected reaction monitoring (SRM) mode. For the FA analysis,
ESI was performed in the negative ion mode with a spray
voltage at −3.6 kV; for the PC analysis, ESI was performed in
the positive ion mode with a spray voltage at +5.5 kV. Other
parameters of SRM mode, such as collision energy (CE) and
the tube lens, are shown in Table 1.

When using the LMJ-SSP/PB reaction/ESI apparatus, the
eluting solvent was delivered by a syringe pump at 6 μL/min,
and the aspiration rate of the probe was adjusted to match the
pumped flow rate by adjusting the nebulizing gas flow rate
(∼1.5 L/min) to form a stable liquid microjunction (∼30 μm
thick). A 70/30 acetone/water (v/v) solution with 1%
ammonium hydroxide was used to extract FA and a 60/20/
20 acetone/methanol/water (v/v/v) solution with 1% formic
acid was used to extract PC from the tissue or tissue section.

■ RESULTS AND DISCUSSION
Workflow for the LMJ-SSP/PB Reaction/ESI-MS Anal-

ysis. As shown in Figure 2, the tissue section to be analyzed
was mounted on the x,y-platform. A syringe pump drove the
eluting solvent (including acetone, one reactant of the PB
reaction) to the sample surface, and the solvent was sprayed
with nebulizing gas for ionization after the extraction. The
whole process tooks only ∼2 min as the solvent flow rate was
set to 6 μL/min. Unsaturated lipids in the tissue were extracted
by the solvent in contact with the tissue surface. The extracted
unsaturated lipids were then allowed to react with acetone
under UV irradiation for 50 s. PB products were then ionized
and introduced into the mass spectrometer for MS and MS/MS
analysis. PB reaction products had a mass increase of 58 Da
compared to their lipid precursors. Low-energy collision-
induced dissociation (CID) of PB reaction products produced
abundant fragment ions specific to the CC location
(diagnostic ions). Meanwhile, the ion abundance of the
diagnostic ions correlated with the relative amounts of lipid
CC location isomers, which could be used for the relative
and even absolute quantitation of lipid CC location isomers.9

Taking FA 18:1 (9Z) and FA 18:1 (11Z) as an example,
these two fatty acid CC isomers reacted with acetone under
UV irradiation at 254 nm, forming four PB products at m/z
339. These PB products were ionized simultaneously by ESI
and mass-isolated for subsequent CID. One pair of CC
diagnostic ions was produced for the 9Z or 11Z FA isomer, i.e.,
m/z 171 and m/z 197 for FA 18:1 (9Z) and m/z 199 and m/z

Table 1. MS/MS Setting for SRM

compound
parent
(m/z)

product
(m/z)

tube
lens (V) CE (eV)

PC 16:0−18:1 818.5 650.5 116 19
818.5 676.5 119 19
818.5 678.5 119 19
818.5 704.5 122 19

FA 18:1 339.3 171.1 102 25
339.3 197.2 100 25
339.3 199.2 100 25
339.3 225.2 98 25
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225 for FA 18:1 (11Z). The ion abundance ratio of I9Z (the
sum of the ion abundance of m/z 171 and the ion abundance of
m/z 197) to I11Z (the sum of the ion abundance of m/z 199
and the ion abundance of m/z 225) was proportional to the
concentration ratio (C9Z/C9Z). This relationship can be used
for the relative quantitation of FA CC location isomers.
Method Validation and Optimization of Experimental

Parameters. The results of testing the apparatus using FA

18:1 (11Z) and PC 16:0/18:1 (9Z) are shown in Figure 3.
Lipids were directly extracted by the extraction solvent and
then analyzed. Without PB reaction, i.e., with the UV lamp
turned off, there were only lipid peaks. With PB reaction, the
PB products were observed. The MS2 CID mass spectra of PB
products are also shown in Figure 3c and f, where diagnostic
ions are present. Similar results were obtained for the rat brain
tissue section (Figure 4).

Figure 2. Analytical workflow of rapid unsaturated lipid isomer profiling and schematic representation of PB reactions and formation of CC
diagnostic ions from lipid CC location isomers FA 18:1 (9Z) and FA 18:1 (11Z).

Figure 3. Mass spectra of FA 18:1 (11Z) and PC 16:0/18:1 (9Z) solution deposited on a glass slide and analyzed by LMJ-SSP/PB reaction/ESI. (a)
Full scan of FA 18:1 (11Z) in negative ion mode before PB reaction. (b) Full scan of FA 18:1 (11Z) in negative ion mode after PB reaction. (c) MS/
MS spectrum of m/z 339. (d) Full scan of PC 16:0/18:1 (9Z) in positive ion mode before PB reaction. (e) Full scan of PC 16:0/18:1 (9Z) in
positive ion mode after PB reaction. (f) MS/MS spectrum of m/z 818.
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The reaction time, i.e., the length of UV irradiation region,
was critical and was required to ensure that the reaction could
be carried out adequately. Therefore, the experiment was
conducted to optimize the reaction time (Figure S3). Finally, a
time of 50 s was selected, corresponding to ∼10 cm long UV
irradiation region. In addition to the reaction time, the
formulation of extraction solvent was equally important. It
needed a high extraction efficiency for the lipids, a high
efficiency for the PB reaction, and a high ionization efficiency
for PB reaction products. Several formulations of solvents were
tested (Figures S4 and S5). Solvents of 70/30 acetone/water
(v/v) with 1% ammonium hydroxide as well as 60/20/20
acetone/methanol/water (v/v/v) with 1% formic acid were
found to provide the optimal performance for the analyses of
FA and PC, respectively.
Relative Quantitation of FA 18:1 CC Location

Isomers. Quantitation based on diagnostic ion abundances
was tested with a series of mixtures of FA 18:1 9Z and 11Z
isomers. Extracted ion chromatograms for FA 18:1 (9Z) and
FA 18:1 (11Z) are shown in Figure 5a, which were recorded

with the probe passing across a sample area on a PTFE slide at
a speed of 25 μm/s. As shown in Figure 5a, the sum of I9Z and
I11Z roughly remained unchanged because the total concen-
tration was constant, whereas the relative abundance of I9Z and
I11Z varies while the molar ratios (C9Z/C11Z) change. The ion
abundance ratio (I9Z/I11Z) was plotted as a function of the
concentration ratio (C9Z/C11Z), as shown in Figure 5b. A good
reproducibility (RSD < 10%, 5 sampling points at each
concentration ratio) and a good linearity (R2 = 0.999) were
obtained. Here, on account of lack of standards, we did not
establish the linear relationship between diagnostic ion ratio
and molar ratio of PC 16:0−18:1 CC location isomers.
However, the result of FA 18:1 is similar to the quantitative
result obtained by nanoelectrospray ionization (NanoESI)
method.9 Using NanoESI, the linear relationship of the PC
18:1/18:1 CC location isomers was also established.9 These
linear relationships demonstrate the effectiveness of this
method for relative quantitation of lipid CC location
isomers.

Unsaturated Lipid Analysis from Rat Tissue Sections.
Analysis of lipid CC location isomers was performed for
tissue sections taken from the rat brain, lung, liver, spleen, and
kidney using LMJ-SSP/PB reaction/ESI apparatus, with
particular focus on Δ9 and Δ11 isomers of FA 18:1 and
PC16:0−18:1. Given that the background free fatty acids in
solvents were likely to have impact on the results, signal-to-
noise ratio (S/N) should be calculated for evaluating the effect.
The average S/N of the rat tissue section data was ∼25, and the
maximum was up to 100. Due to the relatively low background
intensity of the PC 16:0−18:1 diagnostic ions, the S/N could
reach >200 (Figure S6). Therefore, the influence of background
could be ignored. The ion abundance ratios of IΔ9/IΔ11 were
calculated to characterize the relative quantities of Δ9 and Δ11
isomers. IΔ9 was the sum of the abundance of Δ9 diagnostic
ions, i.e., m/z 171 and m/z 197 for FA 18:1 or m/z 650 and m/
z 676 for PC16:0−18:1; IΔ11 was the sum of the abundance of
Δ11 diagnostic ions, i.e., m/z 199 and m/z 225 for FA 18:1 or
m/z 678 and m/z 704 for PC16:0−18:1. As shown in Figure 6,
for both FA 18:1 and PC16:0−18:1, the content of Δ9 isomer
was higher than the content of Δ11 isomer in all tissue sections,
particularly in rat brain and lung sections. For different regions
of any individual tissue section, differences in isomeric ratios for
FA 18:1 and PC 16:0−18:1 were more noticeable for rat brain
(standard deviation (SD) = 0.37 and 0.62) and kidney (SD =
0.24 and 0.28) than for lung (SD = 0.16 and 0.06), liver (SD =
0.11 and 0.06), and spleen (SD = 0.15 and 0.04). The
Kruskall−Wallis test was used to determine whether differences
in relative quantity of Δ9 and Δ11 isomers between these

Figure 4. Mass spectrum of rat brain section by LMJ-SSP/PB reaction/ESI in negative ion mode before (a) and after (b) PB reaction. (c) MS/MS
spectrum of the PB reaction products at m/z 339.3.

Figure 5. (a) Extracted ion chromatogram for FA 18:1 (9Z) and FA
18:1 (11Z) obtained from a standard mixture in different proportions.
(b) Linear relationship established between diagnostic ion ratio and
molar ratio of the two FA 18:1 CC location isomers.
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organs were statistically significant. p values of <0.001 for both
FA 18:1 and PC 16:0−18:1 were considered statistically
significant. We also analyzed some other kinds of unsaturated
FAs and glycerophospholipids in rat brain section, and the
results are described in the Supporting Information.
Application in the Analysis of Diseased Tissues. The

lipid CC location isomer compositions could potentially
serve as biomarkers for disease diagnosis.9 As a preliminary test
for this purpose, we analyzed lipid CC isomer compositions
in normal and diseased rat breast tissues (5 sampling points),
with particular focus on the Δ9 and Δ11 isomers of FA 18:1
and PC16:0−18:1. As shown in Figure 6g, the ion abundance
ratios (IΔ9/IΔ11) show significant changes for FA 18:1 and
PC16:0−18:1 between normal and cancer breast tissues. Two-
sample t test statistics was used to determine whether
differences between compared samples were statistically
significant. Differences with p values of <0.005 were considered
statistically significant. A similar result was obtained for
PC16:0−18:1 between normal and inflamed mouse spinal
tissues (Figure 6h), for which the p value was also <0.005.
However, there was no significant change for FA 18:1 between
the normal and inflamed mouse spinal cord tissues. The IΔ9/
IΔ11 ratio was only slightly higher in the inflamed spinal cord.
The t test yielded a p value of 0.07, so the difference was not
statistically significant.

■ CONCLUSIONS

A novel method for the rapid and in situ profiling of
unsaturated lipid isomers based on surface sampling and PB
reaction was developed and validated for the direct analysis of
FA and PC CC location isomers in tissue. Generally, the
analysis results can be achieved in <2 min without sample
pretreatment. In addition to fast analysis, there are also several
unique advantages, including good reproducibility (RSD <
10%), wide applicability to different lipid classes, simplicity of
implementation, and compatibility with commercial MS
instruments with lower-energy CID capability. More impor-
tantly, the calibration curve (R2 = 0.999) for the relative
quantitation of FA 18:1 9Z and 11Z isomers was constructed,
which demonstrated the possibility for the relative quantitation
of lipid CC location isomers using this method. This method
was applied for the relative quantitation of lipid CC location
isomers in tissue sections from rat brain, lung, liver, spleen, and
kidney. The result indicates that there was a statistically
significant difference in isomeric ratios between these organs.
As a preliminary test for clinical diagnosis, lipid CC isomer
compositions in rat normal and diseased tissues were also
analyzed. The results clearly show that significant differences in
CC location isomer compositions exist between normal and
diseased tissues. With further developments, we believe that

Figure 6. (a) Isomeric ratio of FA 18:1 and PC 16:0−18:1 (Δ9 to Δ11) distributed in (b) rat brain section, (c) lung section, (d) liver section, (e)
spleen section, and (f) kidney section (red dots are sampling points). (g) Isomeric ratio of FA 18:1 and PC 16:0−18:1 (Δ9 to Δ11) in normal and
cancerous mouse breast tissue (5 sampling points) and (h) normal and inflamed mouse spinal tissue (5 sampling points).
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LMJ-SSP/PB reaction/ESI should serve as a rapid analytical
method for tissue analysis and clinical examination.
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