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Abstract

Mass spectrometry imaging (MSI) is used increasingly to simultaneously detect a

broad range of biomolecules while mapping their spatial distributions within biolog-

ical tissue sections. Matrix‐assisted laser desorption ionization (MALDI) is recog-

nized as the method‐of‐choice for MSI applications due in part to its broad

molecular coverage. In spite of the remarkable advantages offered by MALDI, imag-

ing of neutral lipids, such as triglycerides (TGs), from tissue has remained a signifi-

cant challenge due to ion suppression of TGs by phospholipids, e.g.

phosphatidylcholines (PCs). To help overcome this limitation, silicon nanopost array

(NAPA) substrates were introduced to selectively ionize TGs from biological tissue

sections. This matrix‐free laser desorption ionization (LDI) platform was previously

shown to provide enhanced ionization of certain lipid classes, such as

hexosylceramides (HexCers) and phosphatidylethanolamines (PEs) from mouse brain

tissue. In this work, we present NAPA as an MSI platform offering enhanced ioni-

zation efficiency for TGs from biological tissues relative to MALDI, allowing it to

serve as a complement to MALDI‐MSI. Analysis of a standard lipid mixture contain-

ing PC(18:1/18:1) and TG(16:0/16:0/16:0) by LDI from NAPA provided an ~49 and

~227‐fold higher signal for TG(16:0/16:0/16:0) relative to MALDI, when analyzed

without and with the addition of a sodium acetate, respectively. In contrast, MALDI

provided an ~757 and ~295‐fold higher signal for PC(18:1/18:1) compared with

NAPA, without and with additional Na+. Averaged signal intensities for TGs from

MSI of mouse lung and human skin tissues exhibited an ~105 and ~49‐fold

increase, respectively, with LDI from NAPA compared with MALDI. With respect

to PCs, MALDI provided an ~2 and ~19‐fold increase in signal intensity for mouse

lung and human skin tissues, respectively, when compared with NAPA. The comple-

mentary coverage obtained by the two platforms demonstrates the utility of using

both techniques to maximize the information obtained from lipid MS or MSI

experiments.
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1 | INTRODUCTION

Triglycerides (TGs) are an essential class of lipids found in most bio-

logical systems, where their primary function is energy storage. With

regard to human health, TGs have been implicated in a host of

potentially life‐threatening diseases. For example, dyslipidemia, a

condition characterized by elevated levels of TGs in plasma, has

been linked to several major diseases such as metabolic syndrome,

type‐2 diabetes, coronary heart disease, and atherosclerosis.1-4

Furthermore, TGs have also been linked to non‐alcoholic fatty liver

disease.5 The prevalence and seriousness of these ailments has led

to routine clinical testing for elevated levels of TGs. To better

understand and treat these diseases, it is vital to develop analytical

platforms capable of providing in‐depth analysis of frequently diffi-

cult to detect neutral lipids in a complex matrix without isolation

or separation.

Mass spectrometry imaging (MSI) is an analytical technique that

allows for detection of a broad range of biomolecules, while simulta-

neously mapping their spatial distributions within a sample. Thus far,

MSI platforms have been used to image biomolecules, including

proteins, peptides, lipids, and small‐molecule metabolites with great

success.6-10 The emergence of MSI can be attributed to the develop-

ment of secondary ion mass spectrometry (SIMS) and matrix‐assisted

laser desorption ionization (MALDI), the first two MSI platforms to

be used broadly.11,12 Due to the low degree of fragmentation for

organic molecules, and the large array of UV‐absorbing matrices avail-

able, many with selectivity for certain biomolecular classes, MALDI is

the current method‐of‐choice for MSI applications in biomedical

studies.13-15 Several matrix‐free MSI platforms have been developed

or adapted, including desorption electrospray ionization (DESI),

desorption/ionization on silicon (DIOS), nanostructure‐initiator mass

spectrometry (NIMS), and laser ablation electrospray ionization

(LAESI).16-20

Although remarkable success has been achieved by MALDI‐MSI,

significant challenges remain in the detection and analysis of neutral

lipids, for example, TGs, from biological tissues.21 This challenge arises

due to suppression of TG ions by phosphatidylcholines (PCs), which

constitute a majority of the lipid species present in mammalian cell

membranes.22,23 While the MALDI matrix 2,5‐dihydroxybenzoic acid

(DHB) is widely considered the gold standard for MS/MSI analysis of

TGs, it has provided limited utility in ionizing TGs in MSI applica-

tions.23-26 To overcome this limitation, several novel laser desorption

ionization (LDI) methods employing silver or gold nanoparticles have

been developed, resulting in significant enhancement in ion yields

for TGs and a reduction in ion suppression by PCs.27-29 While these

alternative LDI methods have demonstrated impressive improvements

in the detection of TGs, uniform deposition of the nanoparticles onto

the tissue surface remains a challenge for successful MSI. Great care

must be taken to avoid inhomogeneous matrix or nanoparticle deposi-

tion, which can lead to so‐called “hot spots” and inaccurate spatial dis-

tributions for analytes.30,31

Silicon nanoposts arrays (NAPAs) are a highly uniform matrix‐free

LDI platform shown to provide ultra‐trace sensitivity and broad
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molecular coverage.32-34 Furthermore, MSI of biological tissues on

NAPA indicated that detection of certain lipid classes, e.g.,

hexosylceramides (HexCers) and phosphatidylethanolamines (PEs),

was enhanced compared to MALDI.35,36 Here, we present NAPA as

a matrix‐free LDI‐MSI platform offering enhanced ionization efficiency

of neutral lipids, such asTGs, and demonstrate imaging applications for

mouse lung and human skin tissue sections.
2 | EXPERIMENTAL

2.1 | Chemicals

TheMALDImatrix 2,5‐dihydroxybenzoic acid (DHB, catalog no. 58707)

was purchased from Sigma‐Aldrich (St. Louis, MO). LC‐MS grade sol-

vents water (catalog no. W6‐212), chloroform (catalog no. C6704‐4),

methanol (catalog no. A452‐4), acetonitrile (catalog no. A955‐4), and

sodium acetate (catalog no. S209‐500) were all purchased

from Fisher Scientific (Hampton, NH). Lipid standards 1,2,3‐

trihexadecanoyl‐glycerol (TG[16:0/16:0/16:0] or TG[48:0], catalog no.

111000) and 1,2‐dielaidoyl‐sn‐glycero‐3‐phosphocholine (PC[18:1/

18:1] or PC[36:2], catalog no. 850376) were purchased from Avanti

Polar Lipids, Inc. (Alabaster, AL).
2.2 | Fabrication of NAPA imaging chips

The nanofabrication process for NAPA chips for spot analysis and for

imaging has been previously described.36,37 Briefly, silicon nanoposts

with final post dimensions of 1100 nm in height, 150 nm in diameter,

and a periodicity of 337 nm were fabricated from high‐conductivity p‐

type silicon wafers (Silicon Valley Microelectronics, Inc., Santa Clara,

CA) using deep ultraviolet projection lithography (DUV‐PL) followed

by deep reactive ion etching (DRIE).
2.3 | Preparation of lipid standards

Lipid standards for TG(16:0/16:0/16:0) and PC(18:1/18:1) were dis-

solved and mixed to create a solution containing each compound at

1 mg/mL. For NAPA, lipid standards were prepared in chloroform

and pipetted onto NAPA wells in 250 nL volumes. For MALDI, lipid

standards were prepared in 73:18:9 isopropanol:methanol:water with

a final concentration of 10 mg/mL DHB and pipetted in 500 nL vol-

umes onto a stainless steel sample plate.

To assess the influence of salt addition on ionization efficiency of

the lipid standard mixture, 250 nL of 100 μM sodium acetate was

deposited onto NAPA wells and allowed to dry at atmospheric

pressure before subsequent deposition of 250 nL aliquots of the

lipid standard mixture. For MALDI, 100 μM sodium acetate was

added to the sample solution prior to spotting. Analyses of the lipid

standard mixture with and without salt were carried out in

triplicates.

Given the different solvent compositions used for depositing the

lipid standards mixture for MALDI and NAPA analysis, necessitated
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by their different surface properties, microscope and chemical

images were collected to ensure co‐localization of the PC and TG

lipid on NAPA substrates (see Figure S1 in the Supporting Informa-

tion). For MALDI, the sample spots were uniform (i.e., they showed

no prominent coffee ring effect), and the survey CPS function, which

randomly samples pixels where matrix is present, was implemented

for analysis.
2.4 | Tissue preparation for MSI

Human skin tissue samples were harvested from patients undergoing

abdominoplasty and provided by The George Washington University

School of Medicine and Health Sciences (Washington, DC) in accor-

dance with protocols approved by the GW Institutional Review Board

(GWU IRB 101419). Whole mouse lungs were provided by Children's

National Medical Center (Washington, DC) in accordance with the

protocol approved by the Institutional Animal Care and Use

Committee (IACUC). All tissue samples were stored at ‐80 °C until

analysis. A cryomicrotome (CM1800, Leica Microsystems Inc.,

Nussloch, Germany) operated at ‐25 °C was used to section 5 μm‐

and 10 μm‐thick tissue sections for NAPA‐LDI‐MSI and MALDI‐MSI

experiments, respectively. Tissue sections were immediately thaw‐

mounted onto NAPA imaging chips or Superfrost Plus microscope

slides (cat. no. 12‐550‐15, Fisher Scientific, Hampton, NH) for NAPA

or MALDI analysis, respectively, and placed in a vacuum desiccator

for 30 minutes before analysis. For MALDI‐MSI experiments, matrix

was applied using a Paasche airbrush TS‐100D (Chicago, IL), with

10‐15 cycles alternating between spraying 100 mg/mL DHB in 60%

methanol for 10 s and a 30 s drying period.
2.5 | Imaging data acquisition and processing

All lipid standard and tissue imaging experiments were performed on

a MALDI‐LTQ‐Orbitrap XL mass spectrometer (Thermo Scientific,
FIGURE 1 Mass spectra obtained by NAPA‐LDI‐MS and MALDI‐MS anal
18:1) in positive ion mode a) without and b) with addition of sodium acetate
+Na‐FA]+, 4: [M+H‐FA]+, 5: [PC‐Trimethylamine]+, 6: [Phosphocholine+H]
San Jose, CA) at a mass resolving power setting of 30,000. The

instrument is equipped with a nitrogen laser emitting radiation at

337 nm with a 60 Hz repetition rate and a focal spot size of ~100

μm × 80 μm. Laser fluences ranging from 8 to 160 mJ/cm2 were

used for analysis of the lipid standard mixture, whereas fluences of

120 mJ/cm2 and 150 mJ/cm2 were used for all MALDI‐ and

NAPA‐MSI analyses, respectively. Experiments with standards used

3 laser shots/scan for NAPA and 10 shots/scan for MALDI. All

MSI experiments used 3 shots/scan.

SPECTROMETRY
2.6 | Tissue extraction and UPLC‐MS/MS

The complete tissue extraction protocol and UPLC‐MS/MS condi-

tions have been previously described.35 Briefly, lipid extracts from

intact mouse lung and human skin tissue samples were prepared

and analyzed by data‐dependent UPLC‐MS/MS to help aid in the

lipid assignments from MSI experiments. Tissue samples were

homogenized using a hand‐held homogenizer (TissueRuptor II,

Qiagen, Hilden, Germany) in a 5 mL centrifuge tube containing 2

mL of 70% methanol (chilled to ‐80 °C). Following homogenization,

an additional 2 mL of chloroform was added to induce phase sepa-

ration and the chloroform layer was extracted and analyzed by

UPLC‐MS/MS. A Waters Acquity (Milford, MA) UPLC system, oper-

ated in reverse phase mode using a Waters Acquity UPLC CSH C18

column (2.1 mm × 100 mm × 1.7 μm) for chromatographic separa-

tion, was interfaced to an LTQ‐Orbitrap XL mass spectrometer

(Thermo Scientific, San Jose, CA).
3 | RESULTS AND DISCUSSION

Analysis of the nearly equimolar mixture of TG(16:0/16:0/16:0) and

PC(18:1/18:1) by NAPA and MALDI demonstrated the ability of

each platform to selectively ionize a particular lipid class (Figure 1).
ysis of a standard mixture containing TG(16:0/16:0/16:0) and PC(18:1/
. Ionic forms are denoted by superscripts: 1: [M+H]+, 2: [M+Na]+, 3: [M
+, and FA = fatty acid
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NAPA demonstrated a high degree of selectivity for TG over PC,

illustrated by a 49‐fold higher signal intensity for that lipid relative

to MALDI, which produced a marginal TG signal (Figure 1a). These

findings are in agreement with previous MALDI studies demonstrat-

ing that PCs strongly suppress ionization of TGs.22,23,38 The [TG

+Na]+ adduct was the major TG‐derived ion detected by NAPA,

followed by diglyceride (DG)‐like ions generated by in‐source frag-

mentation. For NAPA substrates, significant in‐source fragmentation

of the PC lipid species was observed, as indicated by the strong

peak at m/z 184.07, corresponding to the PC head group,

phosphocholine (see Figure S2). In contrast, MALDI proved superior

at ionizing the PC species with a 757‐fold higher signal intensity for

PC relative to NAPA (Figure 1a). For MALDI, the spectrum was dom-

inated by the [PC+H]+ species, with lower detection of the [PC+Na]+

species.

To explore the role of alkali metals in ionization selectivity,

sodium acetate was added to the lipid standard mixture before anal-

ysis by both NAPA and MALDI (Figure 1b). With added sodium ace-

tate, NAPA provided a 227‐fold higher signal intensity for TG

relative to MALDI (see Table 1). This observation can be explained

by both the increased availability of sodium ions, leading to a larger

initial ion population, and to the increased stability of TG sodium

adducts compared to protonated TGs, leading to significant

SPECTROMETRY
TABLE 1 Relative intensities of TG(16:0/16:0/16:0) and PC(18:1/
18:1) ions detected by NAPA‐LDI‐MS and MALDI‐MS analysis of a
binary mixture. Samples were analyzed without additive and with 100
μM sodium acetate. Values represent intensities summed for H+, Na+,
and K+ adduct species and are scaled to the lowest intensity for the
given lipid.

Without sodium acetate With sodium acetate

Lipid standard NAPA MALDI NAPA MALDI

TG(48:0) 49 1 227 4

PC(36:2) 4 757 1 295

FIGURE 2 Relative lipid signal intensities as a function of laser fluenc
containing TG(16:0/16:0/16:0) and PC(18:1/18:1) in positive ion mode a)
detected at the lowest laser fluence (8 mJ/cm2) for NAPA‐LDI‐MS with ad
reduction in in‐source fragmentation of TG ions into DG‐like

ions.39-41 Interestingly, in the case of MALDI, the addition of sodium

acetate led to a modest (4‐fold) increase in TG signal (Table 1).

Instead, the excess sodium cations available for potential adduction

to TG shifted the ionization of PC from protonated to sodiated spe-

cies. With sodium acetate, MALDI yielded a 295‐fold higher signal

intensity for PC relative to NAPA.

Analysis of the lipid standard mixture containing PC and TG at var-

ied laser fluences showed that in the case of NAPA, increasing fluence

led to increased TG signal and reduced PC signal (Figure 2a). At higher

laser fluences (e.g., 80 mJ/cm2 and above), considerable melting of the

nanoposts occurs, freeing up sodium cations for adduction toTG. Fur-

thermore, at elevated laser fluences, PC appears to undergo significant

in‐source fragmentation when analyzed by NAPA (see Figure S2),

resulting in the intact PC lipid being barely detected. This observation

is in stark contrast to MALDI results, where the lipid signal composi-

tion remained unchanged across the fluence range examined. For all

fluences, PC dominated the spectrum, indicating that ionization of

TG by MALDI in the presence of PC is not fluence dependent. Similar

experiments performed on lipid standards containing sodium acetate

showed little to no fluence dependence for either NAPA or MALDI,

with PC and TG dominating MALDI and NAPA spectra, respectively,

at all tested fluences (Figure 2b). This finding supports the assumption

that increased fluences in NAPA analysis liberate sodium for

cationization.

To compare the ability of NAPA and MALDI to selectively ionize

and imageTGs and PCs from biological tissue, serial mouse lung tissue

sections were analyzed. The PC and TG assignments based on accu-

rate m/z from NAPA‐LDI‐MSI and MALDI‐MSI and fragmentation

data from UPLC‐MS/MS analysis of tissue extracts are tabulated in

Table S1. The integrated intensity of PC ions obtained by MALDI‐

MSI analysis of lung tissue was 2× higher than that obtained by NAPA

(see Table 2). Conversely, NAPA provided an ~105‐fold increase in

integrated signal intensity for TGs relative to MALDI. Likewise, the

number of detected PC species was higher with MALDI‐MSI, whereas
e in NAPA‐LDI‐MS and MALDI‐MS analysis of a standard mixture
without and b) with addition of sodium acetate. No signal was
dition of sodium acetate



TABLE 2 Relative intensities for PC and TG type ions, IPC and ITG,
and total number of assigned species, nPC and nTG, from mouse lung
and human skin tissue samples obtained by NAPA‐LDI‐MSI and
MALDI‐MSI. Intensities are scaled to the lowest intensity for the two
techniques for each sample type. Lists of assigned PC and TG ions in
mouse lung and human skin are available as Supplementary Informa-
tion in Tables S1 and S2, respectively.

I and n

Mouse lung Human skin

NAPA MALDI NAPA MALDI

IPC 1 2 1 19

nPC 12 23 1 9

ITG 105 1 49 1

nTG 40 15 44 23
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moreTGs were present in the NAPA spectra (see Table 2). The effects

of this complementarity on tissue imaging experiments are highlighted

in Figure 3. The distributions of PC(36:4) and TG(52:3) are clearly
FIGURE 3 Optical images (a and d) and

chemical images (b, c, e, and f) of serial mouse
lung tissue sections imaged by NAPA‐LDI‐MSI
and MALDI‐MSI platforms, respectively.
Chemical images b) and e) represent the [M
+H]+ ionic species of PC(36:4), whereas c) and
f) represent the [M+Na]+ adduct of TG(52:3).
Maximum image intensities are scaled equally
between the two platforms to illustrate the
differences in ionization efficiency of the
respective lipids. Individually scaled images
are available in Figure S2 of Supporting
Information. g) Spectral comparison of MS
scans averaged across entire tissue region
observed in the MALDI and NAPA datasets, respectively, but are

weakly detected by the alternate technique. Individual (per image)

normalization does reveal localized intensities for both lipids in both

datasets (Figure S3) but due to the weak ion intensities, the distribu-

tions of the lower‐intensity species (PC by NAPA and TG by MALDI)

are not well defined.

Imaging of a diversity of compound classes was demonstrated on

10 um thick sections of mouse liver tissue. Distributions of additional

TG species (TG(52:2) and TG(52:3), and other compound classes

(DG(32:0), PE(38:4), heme b, and taurocholic acid) were successfully

acquired (see top panel in Figure S4). Comparing the NAPA‐LDI and

MALDI mass spectra gathered from these tissue sections, highlights

the complementary nature of these techniques (see bottom panel in

Figure S4).

To further explore the complementary coverage offered by

NAPA‐LDI‐MSI and MALDI‐MSI platforms across various sample

types, serial human skin tissue sections were also imaged (see

Figure 4). When comparing the overall coverage of PCs (Table 2),

SPECTROMETRY



FIGURE 4 Optical images (a and d) and
chemical images (b, c, e, and f) of serial human
skin tissue sections imaged by NAPA‐LDI‐MSI
and MALDI‐MSI platforms, respectively.
Chemical images b) and e) represent the [M
+H]+ ionic species of PC(36:5), whereas c) and

f) represent the [M+Na]+ adduct of TG(52:2).
Maximum image intensities are scaled equally
between the two platforms to illustrate the
differences in ionization efficiency of the
respective lipids. g) Spectral comparison of MS
scans averaged across entire tissue region.
Note that MALDI signal is amplified 5× above
m/z 650
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MALDI again outperformed NAPA by providing a 19× higher inte-

grated signal intensity for PCs relative to NAPA. Conversely, NAPA

demonstrated the ability to selectively ionize TGs by providing an

~49‐fold increase in integrated signal intensity relative to MALDI.

With regards to lipid distributions within the tissue, TG(52:2) was

detected uniformly throughout the tissue by NAPA, whereas

TG(52:2) was weakly detected throughout the tissue by MALDI.

Conversely, MALDI detected PC(36:5) with relatively high sensitivity

throughout the skin tissue as opposed to NAPA, where detection

was sporadic.
4 | CONCLUSIONS

Analysis of a lipid standard mixture and MSI of different biological tis-

sue types demonstrated that NAPA can serve as an MS/MSI platform

providing enhanced ionization efficiency for TGs when compared to

MALDI. In contrast, MALDI provided selectivity for PCs over TGs.

The ability of NAPA‐LDI‐MSI to selectively ionize TGs while in the

presence of PCs presents the possibility of using these two platforms

in complementary MSI experiments to maximize molecular coverage

for lipids. The use of MALDI to image certain lipid classes (e.g., PCs

and sphingomyelins [SMs]) and NAPA to image other lipid classes

(e.g., TGs, PEs, and HexCers) from serial sections promises to greatly

expand the capabilities of MSI for studying the role of lipids in disease,

infection, metabolism, and a host of other applications.
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Figure S1 Optical images (a and b) of sodium acetate and sodium acetate plus lipid standards mixture 
deposited onto NAPA, respectively. Chemical images (c and d) of sodiated PC(36:2) detected at m/z 
808.6 and TG(48:0) detected at m/z 829.7, illustrating the co-localization of the deposited lipid 
species. 
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Figure S2 Ratio of ion intensities for phosphocholine headgroup fragment, IPCHG, to 
summed intact PC lipid adducts, IIntact PC, as a function of laser fluence for a lipid standard 
PC(18:1/18:1) analyzed by MALDI-MS and NAPA-LDI-MS. 
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Figure S3 Optical images (a and d) and chemical images (b, c, e, and f) of serial 
mouse lung tissue sections imaged by NAPA-LDI-MSI and MALDI-MSI platforms, 
respectively. Chemical images b) and e) represent the [M+H]+ ionic species of 
PC(36:4), whereas c) and f) represent the [M+Na]+ adduct of TG(52:3). Individual 
images were not scaled equally (maximum image intensity in arbitrary units is 
found in top right corner of respective image) between the two platforms to 
illustrate the differences in ionization efficiency for the respective lipids. g) 
Spectral comparison of MS scans averaged across the entire tissue region. 
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Figure S4 Top panel shows chemical images for diverse compound classes by NAPA-LDI-MSI from 
10 µm thick sections of mouse liver tissue. Comparing the NAPA-LDI and MALDI mass spectra 
gathered from these tissue sections (see Bottom panel) highlights the complementary nature of these 
techniques. 
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Table S1 PC and TG lipid identifications from NAPA-LDI-MSI, MALDI-MSI, and UPLC-MS/MS analysis of 
mouse lung tissue.  

Lipid ID Fatty Acids from             
LC-MS/MS 

Chemical 
Formula Ionic Species Calc. 

m/z 
Δ ppm 
(NAPA) 

Δ ppm 
(MALDI) 

PC(30:0) 14:0, 16:0 C38H76NO8P [M+H]+ 706.5381 x 0.7 
   [M+K]+ 744.4940 -2.0 0.4 
   [M+Na]+ 728.5201 x 0.1 

PC(32:1) 14:0, 18:1, 16:0, 16:1 C40H78NO8P [M+2K-H]+ 808.4656 -1.1 x 
   [M+H]+ 732.5538 x 0.3 
   [M+K]+ 770.5097 -0.8 -0.1 
   [M+Na]+ 754.5357 -0.5 0.2 
   [M+Na+K-H]+ 792.4916 -0.1 x 

PC(32:2) 14:0, 18:2, 16:1 C40H76NO8P [M+K]+ 768.4940 -4.0 x 
   [M+Na]+ 752.5201 x 1.6 

PC(32:3)  C40H74NO8P [M+H]+ 728.5225 x -3.2 
PC(34:0) 16:0, 18:0 C42H84NO8P [M+2K-H]+ 838.5125 -0.1 x 
PC(34:1) 16:0, 18:1 C42H82NO8P [M+2K-H]+ 836.4969 -0.9 x 

   [M+H]+ 760.5851 x 0.4 
   [M+K]+ 798.5410 0.8 1.1 
   [M+Na]+ 782.5670 x 0.6 

PC(34:2)  C42H80NO8P [M+2K-H]+ 834.4812 0.2 x 
   [M+K]+ 796.5253 -2.0 -0.1 
   [M-H20+H]+ 740.5589 x -4.0 

PC(34:3) 16:0, 18:3, 16:1, 18:2 C42H78NO8P [M+H]+ 756.5538 -3.5 -3.0 

   [M+K]+ 794.5097 -3.2 x 
   [M+Na]+ 778.5357 x -1.7 

PC(34:4) 14:0, 20:4 C42H76NO8P [M+H]+ 754.5381 -3.7 -3.0 
   [M+K]+ 792.4940 -3.1 x 

PC(34:5)  C42H74NO8P [M+H]+ 752.5225 x -1.6 
PC(36:1) 18:0, 18:1 C44H86NO8P [M+K]+ 826.5723 x 1.1 

PC(36:2) 16:0, 20:2, 18:0, 
18:2, 18:1 C44H84NO8P [M+H]+ 786.6007 x 0.8 

   [M+K]+ 824.5566 -1.0 0.5 
   [M+Na]+ 808.5827 x 0.5 

PC(36:4) 16:0, 20:4, 18:2 C44H80NO8P [M+H]+ 782.5694 1.3 -2.5 
   [M+K]+ 820.5253 -1.0 -0.1 

PC(36:5) 16:0, 20:5, 16:1, 20:4 C44H78NO8P [M+H]+ 780.5538 x -3.2 
PC(36:7)  C44H74NO8P [M-H20+H]+ 758.5119 -2.3 -1.7 
PC(38:4) 16:0, 22:4, 18:1, 20:3 C46H84NO8P [M+H]+ 810.6007 x -1.9 

   [M+K]+ 848.5566 x 0.4 
   [M+Na]+ 832.5827 x 0.7 
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PC(38:5) 16:0, 22:5, 18:0, 
20:5, 18:1, 20:4 C46H82NO8P [M+K]+ 846.5410 x 0.8 

   [M+Na]+ 830.5670 x 0.8 
PC(38:6) 16:0, 22:6, 18:2, 20:4 C46H80NO8P [M+H]+ 806.5694 x -1.8 

   [M+K]+ 844.5253 x -0.2 
   [M+Na]+ 828.5514 x 0.1 

PC(38:7)  C46H78NO8P [M+H]+ 804.5538 x -2.5 
PC(38:8)  C46H76NO8P [M-H20+H]+ 784.5276 x -1.7 
PC(40:6) 18:0, 22:6 C48H84NO8P [M+K]+ 872.5566 x -2.3 

   [M+Na]+ 856.5827 x 0.4 
TG(42:0)  C45H86O6 [M+2Na-H]+ 767.6136 3.2 x 
TG(42:1)  C45H84O6 [M+2Na-H]+ 765.5980 3.3 x 
TG(42:2)  C45H82O6 [M+Na]+ 741.6004 0.1 x 
TG(44:0)  C47H90O6 [M+2Na-H]+ 795.6449 3.1 x 

TG(44:1) 
14:0, 16:1, 14:1, 
18:1, 12:0, 16:0, 

10:0, 16:0 
C47H88O6 [M+2Na-H]+ 793.6293 3.3 x 

TG(44:2) 12:0, 14:0, 18:2, 
10:0, 16:0 C47H86O6 [M+K]+ 785.6056 0.9 x 

   [M+Na]+ 769.6317 -0.2 x 
TG(44:3)  C47H84O6 [M+Na]+ 767.6160 0.1 x 
TG(44:4)  C47H82O6 [M+Na]+ 765.6004 0.1 x 
TG(46:0)  C49H94O6 [M+K]+ 817.6682 0.1 x 

   [M+Na]+ 801.6943 -0.2 x 

TG(46:1) 14:0, 18:1, 16:0, 
16:1, 14:1, 12:0 C49H92O6 [M+2Na-H]+ 821.6606 3.2 x 

   [M+K]+ 815.6526 0.8 x 
   [M+Na]+ 799.6786 0.0 x 
   [M+Na+K-H]+ 837.6345 3.8 x 

TG(46:2) 
14:0, 18:2, 12:0, 
16:1, 14:1, 16:0, 

10:0, 18:1 
C49H90O6 [M+K]+ 813.6369 0.8 x 

   [M+Na]+ 797.6630 -0.1 x 

TG(46:3) 
14:0, 18:3, 14:1, 
18:2, 12:0, 16:0, 
10:0, 18:1, 16:1 

C49H88O6 [M+K]+ 811.6213 1.6 x 

   [M+Na]+ 795.6473 0.1 x 
TG(48:0)  C51H98O6 [M+K]+ 845.6995 1.1 1.5 

   [M+Na]+ 829.7256 -0.3 -0.3 

TG(48:1) 16:0, 16:1, 18:0, 
14:0, 18:1 C51H96O6 [M+K]+ 843.6839 1.3 1.4 
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   [M+Na]+ 827.7099 0.1 -0.2 

TG(48:2) 14:0, 16:0, 18:2, 
16:1, 18:1, 14:1 C51H94O6 [M+K]+ 841.6682 0.8 1.0 

   [M+Na]+ 825.6943 0.5 0.4 

TG(48:3) 14:0, 16:1, 18:2, 
14:1, 16:0, 12:0, 18:1 C51H92O6 [M+K]+ 839.6526 0.9 x 

   [M+Na]+ 823.6786 0.6 x 
TG(50:1) 16:0, 18:1 C53H100O6 [M+K]+ 871.7152 0.7 1.2 

   [M+Na]+ 855.7412 -0.4 -0.3 
TG(50:2) 16:0, 16:1, 18:1 C53H98O6 [M+K]+ 869.6995 1.1 1.1 

   [M+Na]+ 853.7256 0.4 0.3 

TG(50:3) 16:0, 16:1, 18:2, 
14:0, 18:1 C53H96O6 [M+K]+ 867.6839 0.9 0.9 

   [M+Na]+ 851.7099 0.6 0.5 

TG(50:4) 14:0, 18:2, 16:1, 
14:1, 18:1 C53H94O6 [M+K]+ 865.6682 0.8 0.2 

   [M+Na]+ 849.6943 0.6 0.2 
TG(50:5)  C53H92O6 [M+K]+ 863.6526 1.4 x 
TG(52:2) 16:0, 18:1 C55H102O6 [M+K]+ 897.7308 -0.7 0.6 

   [M+Na]+ 881.7569 -1.2 -0.5 
TG(52:3) 16:0, 18:1, 18:2 C55H100O6 [M+K]+ 895.7152 0.0 0.8 

   [M+Na]+ 879.7412 0.0 0.4 
TG(52:4) 16:0, 18:2, 16:1, 18:1 C55H98O6 [M+K]+ 893.6995 0.3 0.4 

   [M+Na]+ 877.7256 0.4 0.4 
TG(52:5) 16:1, 18:2, 18:1, 18:3 C55H96O6 [M+K]+ 891.6839 0.4 -0.4 

   [M+Na]+ 875.7099 0.6 -0.3 
TG(52:6) 16:1, 18:2, 18:3 C55H94O6 [M+K]+ 889.6682 0.6 x 

TG(54:3) 18:0, 18:1, 18:2, 
16:0, 20:1 C57H104O6 [M+K]+ 923.7465 -1.2 0.4 

   [M+Na]+ 907.7725 -1.6 -0.5 
TG(54:4) 18:0, 18:2, 18:1 C57H102O6 [M+K]+ 921.7308 -0.7 0.6 

   [M+Na]+ 905.7569 -0.9 0.0 

TG(54:5) 18:1, 18:2, 16:0, 
22:5, 20:3, 20:4, 18:3 C57H100O6 [M+K]+ 919.7152 -0.4 0.1 

   [M+Na]+ 903.7412 -0.4 0.2 

TG(54:6) 18:2, 18:1, 18:3, 
16:1, 20:3 C57H98O6 [M+K]+ 917.6995 -0.1 -0.5 

   [M+Na]+ 901.7256 -0.8 -0.7 
TG(54:7) 18:2, 18:3, 18:1 C57H96O6 [M+K]+ 915.6839 -0.4 x 
TG(56:3)  C59H108O6 [M+K]+ 951.7778 -2.7 x 

   [M+Na]+ 935.8038 -2.3 x 
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TG(56:4) 18:1, 18:1, 20:2 C59H106O6 [M+2Na-H]+ 955.7701 1.4 x 
   [M+K]+ 949.7621 -0.7 x 
   [M+Na]+ 933.7882 -1.0 x 
   [M+Na+K-H]+ 971.7441 2.8 x 

TG(56:5)  C59H104O6 [M+K]+ 947.7465 0.1 x 
   [M+Na]+ 931.7725 -0.8 x 

TG(56:6)  C59H102O6 [M+K]+ 945.7308 0.0 x 
   [M+Na]+ 929.7569 -1.3 x 

TG(56:7)  C59H100O6 [M+K]+ 943.7152 0.2 x 
TG(56:8)  C59H98O6 [M+K]+ 941.6995 -0.2 x 
TG(58:8)  C61H102O6 [M+K]+ 969.7308 0.4 x 

TG(60:13)  C63H96O6 [M-H20+H]+ 931.7174 0.3 x 
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Table S2 PC and TG lipid identifications from analysis of human skin tissue. 

Lipid ID Fatty Acids from                    
LC-MS/MS 

Chemical 
Formula Ionic Species Calc. 

m/z 
Δ ppm 
(NAPA) 

Δ ppm 
(MALDI) 

PC(38:4) 16:0, 22:4, 18:1, 20:3 C46H84NO8P [M+H]+ 810.6007 x -3.1 
PC(36:5) 16:0, 20:5, 16:1, 20:4 C44H78NO8P [M+H]+ 780.5538 -2.6 -2.9 

PC(34:3) 16:0, 18:3, 16:1, 18:2 C42H78NO8P [M+H]+ 756.5538 x -2.7 

PC(36:4) 16:0, 20:4, 18:2 C44H80NO8P [M+H]+ 782.5694 x -2.5 

TG(54:2) 18:0, 18:2, 16:0, 
20:0, 16:0, 18:1, 20:1 C57H106O6 [M+Na]+ 909.7882 -4.2 -2.4 

PC(38:7)  C46H78NO8P [M+H]+ 804.5538 x -2.4 
PC(38:6) 16:0, 22:6, 18:2, 20:4 C46H80NO8P [M+H]+ 806.5694 x -2.0 
PC(34:2)  C42H80NO8P [M+K]+ 796.5253 -3.0 -1.5 

TG(52:4) 16:0, 18:2, 16:1, 18:1 C55H98O6 [M+K]+ 893.6995 -0.2 -1.2 

PC(36:2) 16:0, 20:2, 18:0, 
18:2, 18:1 C44H84NO8P [M+H]+ 786.6007 x -1.1 

TG(56:4) 18:1, 20:2 C59H106O6 [M+Na]+ 933.7882 -2.5 -0.9 

TG(50:3) 16:0, 16:1, 18:2, 
14:0, 18:1 C53H96O6 [M+K]+ 867.6839 0.8 -0.8 

PC(34:1) 16:0, 18:1 C42H82NO8P [M+H]+ 760.5851 x -0.8 

TG(46:1) 14:0, 18:1, 16:0, 
16:1, 14:1, 12:0 C49H92O6 [M+Na]+ 799.6786 -0.4 -0.3 

PC(34:2)  C42H80NO8P [M+H]+ 758.5694 x -0.2 
TG(52:2) 16:0, 18:1 C55H102O6 [M+Na]+ 881.7569 -1.1 -0.2 
TG(56:5)  C59H104O6 [M+Na]+ 931.7725 -1.3 -0.1 

TG(54:3) 18:0, 18:1, 18:2, 
16:0, 20:1 C57H104O6 [M+Na]+ 907.7725 -1.2 0.0 

TG(48:3) 14:0, 16:1, 18:2, 
14:1, 16:0, 12:0, 18:1 C51H92O6 [M+Na]+ 823.6786 0.2 0.1 

TG(50:1) 16:0, 18:1 C53H100O6 [M+Na]+ 855.7412 -0.4 0.1 
TG(56:3)  C59H108O6 [M+Na]+ 935.8038 -1.4 0.2 
PC(34:1) 16:0, 18:1 C42H82NO8P [M+K]+ 798.541 x 0.4 
TG(52:3) 16:0, 18:1, 18:2 C55H100O6 [M+Na]+ 879.7412 0.1 0.5 

TG(54:3) 18:0, 18:1, 18:2, 
16:0, 20:1,  C57H104O6 [M+K]+ 923.7465 -0.7 0.6 

TG(54:6) 18:2, 18:1, 18:3, 
16:1, 20:3 C57H98O6 [M+Na]+ 901.7256 -1.2 0.6 
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TG(54:4) 18:0, 18:2, 18:1 C57H102O6 [M+Na]+ 905.7569 -0.9 0.6 

TG(48:2) 14:0, 16:0, 18:2, 
16:1, 14:0, 18:1, 14:1 C51H94O6 [M+Na]+ 825.6943 0.2 0.6 

PC(34:1) 16:0, 18:1 C42H82NO8P [M+Na]+ 782.567 x 0.6 
TG(50:2) 16:0, 16:1, 18:1 C53H98O6 [M+Na]+ 853.7256 0.1 0.7 

TG(52:5) 16:1, 18:2, 18:1, 18:3 C55H96O6 [M+Na]+ 875.7099 0.8 0.7 

TG(56:7)  C59H100O6 [M+Na]+ 927.7412 -1.6 0.7 

PC(36:2) 16:0, 20:2, 18:0, 
18:2, 18:1 C44H84NO8P [M+Na]+ 808.5827 x 0.7 

PC(38:4) 16:0, 22:4, 18:1, 20:3 C46H84NO8P [M+Na]+ 832.5827 x 0.8 

TG(54:5) 18:1, 18:2, 16:0, 
22:5, 20:3, 20:4, 18:3 C57H100O6 [M+Na]+ 903.7412 -0.6 0.8 

TG(56:6)  C59H102O6 [M+Na]+ 929.7569 -1.0 0.8 

TG(48:1) 16:0, 16:1, 14:0, 
18:0, 14:0, 18:1 C51H96O6 [M+Na]+ 827.7099 -0.2 0.8 

TG(50:3) 16:0, 16:1, 18:2, 
14:0, 18:1 C53H96O6 [M+Na]+ 851.7099 0.5 0.8 

TG(52:4) 16:0, 18:2, 16:1, 18:1 C55H98O6 [M+Na]+ 877.7256 0.5 0.9 

TG(52:3) 16:0, 18:1, 18:2 C55H100O6 [M+K]+ 895.7152 -0.2 0.9 

TG(50:4) 14:0, 18:2, 16:1, 
14:1, 18:1 C53H94O6 [M+Na]+ 849.6943 0.5 1.1 

TG(52:2) 16:0, 18:1 C55H102O6 [M+K]+ 897.7308 -0.4 1.2 
TG(50:2) 16:0, 16:1, 18:1 C53H98O6 [M+K]+ 869.6995 1.3 1.3 

PC(36:2) 16:0, 20:2, 18:0, 
18:2, 18:1 C44H84NO8P [M+K]+ 824.5566 x 1.3 

TG(46:0)  C49H94O6 [M+Na]+ 801.6943 -0.1 1.3 

TG(48:1) 16:0, 16:1, 14:0, 
18:0, 18:1 C51H96O6 [M+K]+ 843.6839 1.0 1.8 

TG(50:1) 16:0, 18:1 C53H100O6 [M+K]+ 871.7152 1.2 2.0 

TG(54:2) 18:0, 18:2, 16:0, 
20:0, 18:1, 16:0, 20:1 C57H106O6 [M+K]+ 925.7621 -3.5 x 

TG(42:1)  C45H84O6 [M+Na]+ 743.616 -2.5 x 
TG(60:10)  C63H102O6 [M-H2O+H]+ 937.7644 -1.8 x 
TG(56:4) 18:1, 20:2 C59H106O6 [M+K]+ 949.7621 -1.7 x 
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TG(46:2) 
14:0, 18:2, 12:0, 
16:0, 16:1, 14:1, 

18:1, 10:0 
C49H90O6 [M+Na]+ 797.663 -0.8 x 

TG(44:3)  C47H84O6 [M+Na]+ 767.616 -0.7 x 
TG(58:6)  C61H106O6 [M+Na]+ 957.7882 -0.7 x 
TG(42:2)  C45H82O6 [M+Na]+ 741.6004 -0.7 x 

TG(54:5) 18:1, 18:2, 16:0, 
22:5, 20:3, 20:4, 18:3 C57H100O6 [M+K]+ 919.7152 -0.7 x 

TG(44:2) 12:0, 14:0, 18:2, 
10:0, 16:0 C47H86O6 [M+Na]+ 769.6317 -0.6 x 

TG(54:4) 18:0, 18:2, 18:1 C57H102O6 [M+K]+ 921.7308 -0.6 x 

TG(44:0)  C47H90O6 [M+Na]+ 773.663 -0.6 x 
TG(56:8)  C59H98O6 [M+K]+ 941.6995 -0.6 x 

TG(54:7) 18:2, 18:3, 18:1 C57H96O6 [M+K]+ 915.6839 -0.5 x 

TG(54:6) 18:2, 18:1, 18:3, 
16:1, 20:3 C57H98O6 [M+K]+ 917.6995 -0.4 x 

TG(44:4)  C47H82O6 [M+Na]+ 765.6004 -0.4 x 
TG(52:6) 16:1, 18:2, 18:3 C55H94O6 [M+K]+ 889.6682 -0.3 x 
TG(46:5)  C49H84O6 [M+Na]+ 791.616 -0.3 x 

TG(46:3) 
14:0, 18:3, 14:1, 
18:2, 16:1, 12:0, 
16:0, 10:0, 18:1 

C49H88O6 [M+Na]+ 795.6473 -0.2 x 

TG(52:5) 16:1, 18:2, 18:1, 18:3 C55H96O6 [M+K]+ 891.6839 -0.2 x 

TG(56:5)  C59H104O6 [M+K]+ 947.7465 -0.1 x 
TG(56:7)  C59H100O6 [M+K]+ 943.7152 -0.1 x 
TG(50:5)  C53H92O6 [M+Na]+ 847.6786 0.1 x 
TG(46:0)  C49H94O6 [M+K]+ 817.6682 0.1 x 
TG(56:6)  C59H102O6 [M+K]+ 945.7308 0.1 x 
TG(58:6)  C61H106O6 [M+K]+ 973.7621 0.2 x 
TG(48:5)  C51H88O6 [M+Na]+ 819.6473 0.5 x 

TG(60:11)  C63H100O6 [M-H2O+H]+ 935.7487 0.5 x 

TG(48:2) 14:0, 16:0, 18:2, 
16:1, 18:1, 14:1 C51H94O6 [M+K]+ 841.6682 0.5 x 

TG(58:8)  C61H102O6 [M+K]+ 969.7308 0.6 x 
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TG(46:1) 14:0, 16:0, 16:1, 
14:1, 12:0, 18:1 C49H92O6 [M+K]+ 815.6526 0.8 x 

TG(50:4) 14:0, 18:2, 16:1, 
14:1, 18:1 C53H94O6 [M+K]+ 865.6682 0.8 x 

TG(46:2) 
14:0, 18:2, 12:0, 
16:0, 16:1, 14:1, 

18:1, 10:0 
C49H90O6 [M+K]+ 813.6369 1.0 x 

TG(48:3) 14:0, 16:1, 18:2, 
14:1, 16:0, 12:0, 18:1 C51H92O6 [M+K]+ 839.6526 1.0 x 

TG(50:5)  C53H92O6 [M+K]+ 863.6526 1.3 x 
TG(58:8)  C61H102O6 [M+Na]+ 953.7569 1.4 x 

TG(46:3) 

14:0, 18:3, 14:1, 
18:2, 18:2, 12:0, 

16:0, 10:0, 18:1, , 
16:1 

C49H88O6 [M+K]+ 811.6213 1.7 x 

TG(56:4) 18:1, 20:2 C59H106O6 [M+2Na-H]+ 955.7701 2.3 x 
TG(40:1)  C43H80O6 [M+2Na-H]+ 737.5667 2.4 x 
TG(42:0)  C45H86O6 [M+2Na-H]+ 767.6136 2.4 x 

TG(44:2) 12:0, 14:0, 18:2, 
10:0, 16:0, 18:2 C47H86O6 [M+2Na-H]+ 791.6136 2.8 x 

TG(42:1)  C45H84O6 [M+2Na-H]+ 765.598 2.8 x 
TG(44:0)  C47H90O6 [M+2Na-H]+ 795.6449 2.8 x 
TG(56:4) 18:1, 20:2 C59H106O6 [M+Na+K-H]+ 971.7441 2.8 x 

TG(44:1) 
14:0, 16:1, 14:1, 
16:0, 12:0, 18:1, 
12:0, 10:0, 18:1 

C47H88O6 [M+2Na-H]+ 793.6293 2.9 x 

TG(46:1) 14:0, 18:1, 16:0, 
16:1, 14:1, 12:0 C49H92O6 [M+2Na-H]+ 821.6606 3.1 x 
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