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Abstract

Diacylglycerols (DAGs) are a subclass of neutral lipids actively involved in cell signaling and 

metabolism. Alteration in DAG metabolism has been associated with onset and progression of 

several human-related diseases. The structural diversity of DAGs and their low concentrations in 

biological samples call for the development of methods that are capable of sensitive identification 

and quantitation of each DAG species as well as rapid profiling when a biochemical pathway is 

perturbed. In this work, the thiol–ene click chemistry has been employed to introduce a charge-tag, 

namely, cysteamine (CA), at a carbon–carbon double bond (C=C) of unsaturated DAGs. This one-

pot photochemical derivatization is fast (within 1 min), universal (monotagging) for DAGs varying 

in fatty acyl chain lengths and the number of C=Cs, and suitable for small sample volume (e.g., 1–

50 μL plasma). Because of the presence of the amine group in CA, tagged DAGs showed at least 

10 times increase in response to electrospray ionization as compared to conventional ammonium 

adduct formation. Low-energy collision-induced dissociation of CA tagged DAGs allowed 

confident assignment of fatty acyl composition. A neutral loss scan based on characteristic 95 Da 

loss (a combined loss of CA and H2O) of tagged DAGs has been established as a sensitive means 

for unsaturated DAG detection (limit of detection = 100 pM) and quantitation from mixtures. The 

analytical utility of CA tagging was demonstrated by shotgun analysis of unsaturated DAGs in 

human plasma, including samples from type 2 diabetes mellitus patients.
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Graphical abstract

Neutral lipids, including sterol lipids and glycerol lipids, are important components of 

cellular lipidomes, performing distinct biological functions as compared to polar lipids. As a 

subclass of glycerol lipids, diacylglycerols (DAGs) share a generic structure, in which two 

hydroxyl groups in the glycerol backbone are substituted by fatty acyls through ester bonds. 

DAGs play a variety of roles inside cells; they are produced as metabolites of 

triacylglycerols (TAGs), while they can be precursors or intermediates in the biosynthesis of 

TAGs, glycerophospholipids, and glyceroglycolipids.1 DAGs also serve as signaling 

molecules.2 For example, DAG accumulation is associated with activation of protein kinase 

C in skeletal muscle and liver cells, which ultimately influences downstream insulin 

signaling.3 Abnormal accumulation of DAGs has been reported in disease states associated 

with insulin resistance, such as cardiac hypertrophy,4 diabetes,5 and cardiac lipotoxicity.6 

Recently, plasma DAG composition has been used as a biomarker of metabolic syndrome 

onset in rhesus monkeys.7

In terms of DAG profiling, gas chromatography–mass spectrometry (GC-MS) is a 

traditionally used technique.8 In this workflow, DAGs need to be separated from other lipid 

classes and subsequently derivatized (e.g., trimethylsilyl ethers) to increase their volatility.9 

The overall process requires relatively large sample amount and long analysis time. More 

recently, high-performance liquid chromatography (HPLC)-MS has been increasingly 

applied to DAG analysis. DAGs together with other neutral lipids can be well-separated on 

the column, allowing quantitation of 1,2-DAG and 1,3-DAG sn-isomers from complex 

mixtures.10 The advancement of electrospray ionization-tandem mass spectrometry (ESI-

MS/MS) of lipids has facilitated global lipid analysis without the need of a prior lipid class 

separation, coined as “shotgun lipid analysis” by Han and Gross.11 Shotgun analysis has the 

advantages of fast analysis speed and the capability of detecting a broad range of lipid 

classes, which has found increasing applications in biomedical discoveries.12 Per the 

nonpolar nature, DAGs are detected as adduct ions, viz. [DAG + X]+ (X = Li+, Na+, NH4
+) 

by ESI.13,14 Collision-induced dissociation (CID) of the ammonium adduct ions forms 

abundant fatty acyl specific fragment ions (as combined loss of NH3 and free fatty acid), 

allowing the assignment of DAG structures.13 An obvious drawback of using adduct ion 

formation in DAG analysis is that the ionization efficiency is not high, which also varies 

according to the fatty acyl chain lengths and the degree of unsaturation.15,16 These variations 

require the use of multiple DAG internal standards for quantitation.13
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Charge derivatization is an effective approach to boost ionization efficiency of neutral lipids 

via ESI-MS.17 Established derivatization methods target the free hydroxyl group in DAGs 

through ester bond formation with a charge reagent. This strategy also blocks potential fatty 

acyl migration in DAGs.18 N-Chlorobetainyl chloride,19 N,N-dimethylglycine (DMG),18 

and DMG imidazolide20 have been demonstrated as efficient charge derivatization reagents, 

enhancing the ion signal of DAGs by at least 2 orders of magnitude than forming their 

adduct ions.19 CID of charge derivatized DAGs typically produces tag specific fragment in 

high abundance, facilitating the development of MS/MS transitions for sensitive quantitation 

(limit of quantitation (LOQ), 100 pM via DMG derivitization).18 Because fatty acyl chain 

specific fragment ions are absent from direct CID of the charge tagged DAGs, adduct 

formation of the derivatized DAGs with Li+ or NH4
+ is still needed for structural 

elucidation. This approach although requires the addition of salt into ESI solution, the Han 

group demonstrated that it provided a distinct benefit of quantifying the sn-1,2- and 1,3-

isomers based on CID of lithiated DMG-DAG ions.18

In biological systems, a substantial proportion of DAGs consists of unsaturated fatty acyls. 

As an example, the concentration of unsaturated DAGs was found to be ∼0.81 μM out of 

∼0.88 μM, the total DAG concentration in human plasma; that is, 92% of DAGs are 

unsaturated.21 Given the prevalence of unsaturated DAGs in lipidomes, we are interested in 

exploring alternative charge derivatization methods that target the carbon–carbon double 

bond (C=C) as a site for the introduction of a charge tag. Recently, we have demonstrated 

thiyl radical tagging for sterol lipid analysis by linking an ionizable thiol reagent 

(thioglycolic acid, TGA) to the unsaturated B ring in sterols.22 This derivatization when 

coupled with ESI-MS/MS via low energy CID provided rapid (in minutes) and sensitive 

quantitation (limit of detection (LOD) in nM) of sterols from complex mixtures.

Thiol–ene coupling reaction, involving thiyl radical addition to an alkene function group, is 

a widely adopted methodology for the formation of carbon–sulfur bonds.23 It fulfills the 

“click-chemistry” paradigm of high reaction rates, quantitative conversion in mild condition, 

and simple workup procedures (i.e., removal of byproducts by nonchromatographic 

methods).24 Thiol–ene chemistry has found broad applications in polymer and material 

synthesis,25 surface functionalization,26 and drug delivery.27

Taking advantage of its high specificity for C=C transformation, herein we explored a charge 

derivatization strategy based on thiol–ene chemistry to tag the C=C in unsaturated DAGs as 

illustrated in Scheme 1a. The success of the tagging would allow enhanced sensitivity of the 

DAGs via ESI-MS. Moreover, the newly formed C–S bond in the derivatized DAG species is 

less likely to be a facile dissociation site under charge driven fragmentation conditions due 

to the relatively nonpolar nature of the C–S bond. This property should facilitate the 

formation of structural informative fragment ions, that is, fatty acyl chain related fragments. 

In this work, synthetic DAG standards with varying chain lengths and degrees of 

unsaturation were used for method development, including optimizing reaction conditions, 

screening for suitable thiol compounds as charge tags, and developing MS/MS methods for 

identification and quantitation. The analytical capability of the established method was 

demonstrated by performing analysis of DAGs from human plasma samples of type 2 

diabetes mellitus (DM) patients using a shotgun lipidomic approach.
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EXPERIMENTAL SECTION

Lipid Nomenclature

Shorthand notations for glycerolipids are based on the guidelines provided by LIPID MAPS.
28 For synthetic lipid standards with known sn positions, “/” separator is used such as in 

DAG 16:0/18:1/0:0 to represent DAG consisting of C16 and C18 fatty acyls at sn-1 and sn-2 

positions, respectively. DAG 16:0/0:0/18:1 stands for a DAG with C16 and C18 fatty acyls at 

sn-1 and sn-3 positions, respectively. 0:0 represents no fatty acyl chain is linked. The “0” 

and “1” after the carbon number represents the degree of unsaturation. The interchangeable 

“_” notation, such as in DAG 16:0_18:1, is adopted for DAG with unidentified sn positions.

Materials

All the chemical reagents and solvents were purchased from commercial sources and were 

used without further purification. DAGs 16:0/18:1(9Z)/0:0, 15:0/18:1-d7(9Z)/0:0, 

18:0/20:4(5Z,8Z,11Z,14Z)/0:0, 18:1(9Z)/18:1(9Z)/0:0, and 18:1(9Z)/0:0/18:1(9Z) were 

purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). DAGs 14:1(9Z)/14:1(9Z)//

0:0, 16:1(9Z)//16:1(9Z)//0:0, 17:1(9Z)/17:1(9Z)/0:0, 18:1(6Z)/18:1(6Z)/0:0, 18:2-(9Z,12Z)/

18:2(9Z,12Z)/0:0, 18:3(9Z,12Z,15Z)/18:3-(9Z,12Z,15Z)/0:0, 20:1(9Z)/20:1(9Z)/0:0, 

22:1(9Z)/22:1(9Z)/0:0, and 24:1(9Z)/24:1(9Z)/0:0 were purchased from Nu-Check Prep, 

Inc. (Elysian, MN, USA). Thioglycolic acid (TGA), sodium-2-mercaptoethanesulfonate 

(MESNA), cysteamine (CA) hydrochloride, dimethylformamide (DMF), 2,2-dimethoxy-2-

phenylacetophenone (DMPA), hydrochloric acid, and ethyl acetate were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Deionized water was obtained from a purification 

system at 0.03 μS·cm (model: Micropure UV; Thermo Scientific; San Jose, CA, USA). 

Pooled human plasma (Li Heparin used as anticoagulant) was purchased from Innovative 

Research (Novi, MI, USA).

Human Plasma Sample Collection

Six human plasma samples, including 3 healthy normal controls and 3 type 2 DM patients 

were collected from Affiliated Dongfeng Hospital, Hubei University of Medicine (Shyian, 

Hubei Province, China).

Lipid Extraction

The procedure for total lipid extraction from plasma (Section 1, Supporting Information) 

was based on established protocols.29,30 Briefly, 50 μL of plasma, 0.3 mL of 0.67 M 

phosphate buffer solution, and 2.0 mL of chloroform–methanol (3:1, v/v) were combined in 

100 mm × 13 mm glass test tubes. The mixture was vortex-mixed for 2 min and then was 

centrifuged at 1200 g for 5 min for phase separation. The aqueous layer was removed using 

a glass Pasteur pipet, while the remaining organic layer was transferred to another glass test 

tube and was dried under a stream of nitrogen gas. For quantitative analysis, DAGs were 

fractioned from other classes of lipids using a 100-mg Isolute silica cartridge (Biotage, 

Charlotte, NC, USA). The lipid extracts were stored at −20 °C until further analysis.
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Derivatization of DAG Standards, Plasma Lipid Extract, and Plasma

DAG (0.01–200 μM), thiol reagent (100 mM), and DMPA (photoinitiator, 0.5 mM), were 

dissolved in DMF and degassed with nitrogen gas before photochemical reactions. The 

solution was pumped through a flow microreactor (in μL/min flow rate range), made from 

UV transparently coated fused silica capillary (100 μm i.d., 375 μm o.d.; Polymicro 

Technologies; Phoenix, AZ, USA). A low-pressure mercury lamp with an emission band at 

351 nm (model number: 80–1057–01/351; BHK, Inc.; Ontario, CA, USA) was placed in 

parallel to the capillary at a distance of 0.5 cm. This whole setup was enclosed in a 

cardboard box to prevent stray light. At the exit of the microflow reactor, the reaction 

solution (100 μL) was collected in a glass vial and added with ethyl acetate (200 μL). The 

mixture was washed twice with 0.1 M aq. HCl (400 μL) to remove excess thiol reagent (e.g., 

CA) before MS analysis. The same procedure was applied to direct derivatization of lipids in 

plasma (1–20 μL) without a prior lipid extraction step.

MS Analysis of Neutral Lipid Standards and Lipid Extracts

MS analysis of charge derivatized DAG standards and lipid extracts were performed on a 

4000 QTRAP and a 4500 QTRAP mass spectrometer (SCIEX, Toronto, ON, CA) equipped 

with a home-built nanoESI source (pulled borosilicate glass emitters). Optimized MS 

parameters were as follows: nanoESI spray voltage: ± (1400–1800) V; curtain gas: 10 psi; 

declustering potential: ± 20 V; a scan rate of 1000 Da/s for 4000 QTRAP and 10 000 Da/s 

for 4500 QTRAP. The instrument was used in a linear ion trap MS analysis mode or in triple 

quadrupole linked scan mode (precursor ion scan (PIS) or neutral loss scan (NLS)).31

RESULTS AND DISCUSSION

Charge Tagging via Thiol–ene Chemistry

Scheme 1a shows a classic view of thiol–ene reaction with an unsaturated lipid depicted for 

the conventional alkene.24 Briefly, upon exposure to 351 nm UV irradiation, DMPA (the 

photoinitiator, PI) undergoes Norrish Type I cleavage to generate benzoyl radical and 1,1-

dimethoxy-1-phenylmethyl radical. These carbon-centered radicals abstract the sulfur–

hydrogen in the thiol reagent, forming alkylthiyl radical. The thiyl radical then adds to the 

C=C to form a carbon-centered radical, which subsequently abstracts a hydrogen atom from 

another thiol molecule to produce the derivatized product, while the newly formed thiyl 

radical propagates in the radical chain process. Thiol–ene reactions are not regioselective for 

internal double bonds; so two regio-isomers resulting from the addition to either carbon in 

the original C=C are formed.32

Using DAG 16:0/18:1/0:0 as a model compound, three thiol reagents, TGA, MESNA, and 

CA (structures shown in Scheme 1b), were tested for thiol–ene charge tagging. These thiols 

were selected based on the presence of readily ionizable functional group either for 

protonation or deprotonation under typical ESI conditions, reasonable solubility, and 

commercial availability. Moreover, it was preferred that the charge tagged DAG ions could 

generate structurally informative fragment ions upon CID. DMPA, a commonly used 

photoinitiator for thiol–ene reactions was adopted here, while DMF was used as the reaction 

solvent.23 Prior to MS analysis, a simple wash procedure was performed to reduce signal 
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suppression from remaining thiol reagent. The reaction progress was monitored through the 

intensity of tagged DAG ions via nanoESI-MS.

Figure 1a–c summarizes the postreaction nanoESI-MS spectra of DAG 16:0/18:1/0:0 (1 μM) 

resulting from three individual thiol reagents after reaching equilibrium. A single reaction 

product was detected at high ion intensities (counts per second, cps) from each reagent, that 

is, m/z 685.5 ([TGA−DAG – H]−), m/z 735.4 ([MESNA−DAG – H]−), m/z 672.5 ([CA−DAG + 

H]+) from TGA and MESNA in negative ion mode, and CA in positive ion mode, 

respectively. The mass differences (insets in Figure 1) between the detected products and the 

DAG molecule (594.2 Da) match well with the mass of the corresponding thiol reagent, 

suggesting successful thiol–ene coupling. Moreover, all three thiol reagents significantly 

improved ionization of DAG in nanoESI. Using CA as an example, the ion intensity of CA 

tagged DAG was 10 times higher than its ammonium adduct (Figure S1).

The data in Figure 1d represent typical MS2 beam-type CID (CE = 35 V) of TGA 

derivatized DAG anions (m/z 685.5) in negative ion mode. Different from CID of TGA 

derivatized sterols,22 44 Da loss (−CO2) from TGA carboxylic group was not observed; 

neither was the tag loss. Instead, the fatty acyl anions, including [C16:0–H]− (m/z 255.3) and 

[TGA−C18:1-CO2–H]− (m/z 329.2, a sequential loss of CO2 from the TGA tag) were quite 

abundant. Beam-type CID of MESNA derivatized DAG anions (CE = 60 eV, Figure 1e) 

produced three major fragments, neutral loss of C16:0 (m/z 479.2), thiol tagged C18:1 

anions ([MESNA−C18:1-CO2–H]−, m/z 423.2), and [C16:0–H]− (m/z 255.3). Clearly, CID of 

TGA and MESNA tagged DAG anions readily allow identification of fatty acyl composition 

in DAG.

Beam-type CID spectrum of protonated CA−DAG (Figure 1 f, CE = 32 V) is rather simple 

with three fragment peaks produced present at almost equal abundance. The fragment peak 

at m/z 577.5 resulted from sequential loss of CA tag (77 Da) and H2O (18 Da), leading to a 

characteristic neutral loss of 95 Da. The fragment ions at m/z 339.5 and 313.5 derived from 

sequential loss of CA tag and the fatty acyl chains, C18:1 and C16:0, respectively. The 

above sequences of fragmentation were supported by accurate mass measurement and MS3 

CID experiments (Figures S2 and S3). The possible structures for the observed major 

fragments are presented in Scheme 2, while possible fragmentation pathways are proposed 

in Schemes S1–S5.

Although the three thiol reagents all delivered improved ionization and useful structural 

information (fatty acyl chain composition) upon CID, we decided to choose CA for further 

method development. This is because, besides the fatty acyl information, the distinct 95 Da 

neutral loss associated with the CA tag facilitates the development of NLS for detection and 

quantitation of DAGs from mixtures.

Optimization of CA Thiol–ene Coupling

In synthetic settings, the thiol reagent is typically placed in stoichiometric relationship to the 

alkenes in thiol–ene reactions.23 Although the concentrations of DAGs in biological samples 

are typically at sub-μM level or lower, it is necessary to use high concentrations of PI and 

thiol reagent (both in mM) to maintain adequate steady-state concentrations of the thiyl 
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radical so as to sustain radical chain reactions depicted in Scheme 1a. For instance, reactions 

involving 10 mM CA, 0.5 mM DMPA, and 5 μM DAG 16:0/18:1/0:0 produced a major 

product at m/z 670.5, two Da less than the expected thiol–ene coupling product (Figure S4). 

This type of product has been observed in polymer synthesis and identified by NMR to have 

a shifted C=C in the structure.33 By increasing the concentration of CA to 100 mM or 

higher, this side product could be effectively reduced to less than 2% of the thiol–ene 

coupling product. Although higher concentrations of CA led to faster and cleaner reactions, 

there was no significant benefit to increase CA concentrations over 100 mM. With the use of 

a flow microreactor, CA tagging could be accomplished within 40 s for a variety of DAGs 

consisting of different lengths of fatty acyls and different numbers of C=Cs. The 

representative kinetic curves can be found in Figures S5 and S6, Supporting Information.

Polyunsaturated DAGs

For DAGs consisting of polyunsaturated fatty acyls, we wondered if multiple tagging could 

happen. Figure 2 summarizes the postreaction spectra of DAG 15:0/18:1-d7/0:0, DAG 

18:3/18:3/0:0 and DAG 18:0/20:4/0:0, which were derivatized separately but under identical 

reaction conditions using the flow microreactor setup. The production of mono-CA tagging 

products reached steady state within 1 min of UV exposure. Despite the presence of multiple 

C=Cs in the latter two DAGs, only single CA tagging products were observed (m/z 690.3 

and 722.3), same as the tagging of DAG 15:0/18:1-d7/0:0 (m/z 665.3), which has one C=C 

in the molecule. It is worth noting that no doubly charged ions corresponding to sequential 

tagging were present in the lower mass range (Figure S7). Irradiation of reaction mixture 

with UV for 1 h in bulk processes, led to <10% of second tagging (Figure S8). Under the 

same reaction condition, derivatization using TGA produced >35% of second tagging 

products of DAG 18:1/18:1/0:0 (Figure S9). Such difference can be attributed to the higher 

reactivity of TGA than CA.34 Although the preferred formation of mono-CA tagging 

products in the polyunsaturated system is not fully understood at this moment, the 

phenomenon nonetheless is advantageous for sensitive detection and quantitation in 

subsequent MS/MS experiments.

The CA derivatized DAG species was further analyzed by MS/MS via beam-type CID 

(Figure 2d–f). Upon CID (CE = 32 V), fragments corresponding to sequential loss of CA 

and fatty acyl chains are consistently observed with high intensities.

However, the relative intensity of the 95 Da loss (the combined loss of CA and H2O) 

decreases as the degree of unsaturation in a fatty acyl chain increases, for example, C20:4 < 

C18:3 < C18:2 < C18:1. This aspect suggests that the application of 95 Da NLS to the 

polyunsaturated system may have a lower sensitivity than the ones consisting lower degree 

of unsaturation in the fatty acyl chains. In this case, NLS targeted for a specific 

polyunsaturated fatty acyl chain, for example, 381 Da NLS for the combined losses of CA 

(77 Da) and C20:4 (304 Da), can be used to get around this problem and achieve sensitive 

detection. Table S2 summarizes the combined loss of CA and various fatty acyl chains 

present in DAGs.
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DAG sn- and C=C Positional Isomers

We also explored the potential of differentiating sn- and C=C positional isomers of DAGs 

via CA tagging and subsequent CID. For instance, sn-1,2- and 1,3-DAG 18:1(9Z)/18:1(9Z) 

were derivatized by CA and analyzed. Unfortunately, the MS/MS spectra for the two sn-

isomers were identical and thus, did not provide any distinction (Figure S10). CID of CA 

tagged DAG 18:1(6Z)/18:1(6Z)/0:0 showed similar fragmentation pattern to DAG 18:1(9Z)/

18:1(9Z)/0:0 (data not shown). Therefore, no distinction on the C=C location was achieved 

from CA tagging and CID.

Quantitative Analysis

It has been shown that the ionization response of DAGs in alkali metal adduct forms are 

highly dependent on chain lengths and the degrees of unsaturation of fatty acyls.13 Here we 

examined if such bias also existed for DAGs after CA tagging. Nine unsaturated DAGs 

(equal molar, 1 μM each) with fatty acyls varying from C28 to C48 and degrees of 

unsaturation in the range of 1 to 4 were mixed together, while 0.5 μM DAG 15:0/18:1-d7/0:0 

was added as the internal standard (IS). This mixture was then subjected to CA 

derivatization for 1 min using the flow microreactor setup. Figure 3a shows the postreaction 

nanoESI-MS spectrum. The derivatized DAG species yielded similar ion response regardless 

of the change of fatty acyl chain length and unsaturation. The relative standard deviation 

(16%, n = 3) of the DAG signals are within the expected errors arising from sample 

handling. The above results suggest that CA tagging can successfully minimize ionization 

bias for DAGs in ESI due to variations in fatty acyl composition. Moreover, signal 

suppression among DAGs during mixture analysis is very limited.

We further assessed the performance of 95 Da NLS for DAG quantitation. A good linear 

correlation (R2 = 0.9981) was achieved between MS response and concentration (DAG 

16:0/18:1/0:0, 0.1–2 μM) by employing 1.0 μM DAG 15:0/18:1-d7/0:0 as IS (Figure 3b and 

c). Since monotagging was dominant for DAGs consisting of multiple C=Cs, 95 Da NLS 

also provided good linear correlations for their quantitation (Table S1). The LOD for DAG 

16:0/18:1/0:0 could be achieved at 100 pM from 95 Da NLS (S/N 3:1, Figure 3d). Such level 

of LOD is comparable to values reported from other charge derivatization approaches, for 

example, LOQ of 100 pM using DMG via ESI-MS/MS18 and LOD of 10 nM using N-

chlorobetainyl chloride via ESI-MS.19 Overall, CA tagging of DAG followed by ESI-

MS/MS enjoys the benefits of fast analysis (less than 2 min per run) and sensitive detection.

Analysis of DAGs from Human Plasma

The analysis of DAGs from crude mixture is often hindered from their relatively low 

abundance (∼0.88 μM) and ion suppression from other neutral lipids, such as CEs (∼3.5 

mM) and TAGs (∼1.0 mM).21 Conventional analytical methods typically involve multistep 

liquid–liquid extraction, enrichment and/or chromatographic separation before MS. Herein, 

we tried to achieve rapid and sensitive analysis of DAGs by thiol–ene derivatization without 

resorting to chromatographic separation on clinical human plasma samples. As a 

demonstration, 1 μL of human plasma was directly subjected to CA derivatization (1 μM of 

DAG 15:0/18:1-d7/0:0 added as IS). Figure 4a shows the postreaction nanoESI-MS 

spectrum. Three classes of neutral lipids were detected, representing CA tagged CEs, DAGs, 

Adhikari et al. Page 8

Anal Chem. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and TAGs. These assignments were based on the detected monoisotopic m/z values and 

corresponding MS/MS data. For instance, the peak at m/z 726.9 was identified as CA−CE 

18:2. CID of this peak produced a dominant fragment peak at m/z 369 (cholestene cations) 

due to sequential loss of CA and C18:2 from the tagged CE. Similarly, ions at m/z 962.8 

were identified as CA−TAG 18:1/18:1/18:1 based on the detection of sequential loss of CA 

and C18:1 (Figure S12).

As expected, CA tagged DAGs were detected at low intensities as compared to CEs and 

DAGs in the MS1 spectrum (Figure 4a). However, by using 95 Da NLS, 7 distinct DAG 

molecular species were observed (Figure S12). The above data clearly demonstrate the 

capability of CA tagging followed by 95 Da NLS for selective detection of DAGs even at the 

presence of other more abundant neutral lipids. We further examined if unsaturated 

phosphocholines (PCs) would be tagged by CA given their relatively high abundance in 

plasma. It turned out that PC had very low reactivity toward CA; CID of the CA tagged PC 

ions presented different fragmentation pattern from that of CA−DAG ions (Figure S13). 

Therefore, the presence of unsaturated PCs would not interfere with DAG detection.

For quantitative analysis DAGs were extracted and purified from 50 μL of human plasma 

(recovery rate = 94 ± 3%). Eleven peaks of CA−DAGs were detected from 95 Da NLS 

(Figure 4b). MS/MS analysis proved that many DAGs consisted of fatty acyl compositional 

isomers. For example, CID of ions at m/z 644.2, CA−DAG 32:1, showed abundant losses of 

359 Da (CA + C18:1), 333 Da (CA + C16:0), 331 (CA + C16:1), and 305 Da (CA + C14:0), 

corresponding to product ions at m/z 285, 311, 313, and 339, respectively (Figure 5c). Based 

on the number of fatty acyl carbon atoms and double bonds, DAG 32:1 was assigned to 

contain two fatty acyl compositional isomers: DAG 14:0_18:1 and DAG 16:0_16:1. 

Similarly, DAG 34:2 (the peak at m/z 670.2 in Figure 4b) contained DAG 16:1_18:1 and 

DAG 16:0_18:2 (Figure S15). In order to assess the relative change of the distinct DAG 

species within the parent ion, fatty acyl chain specific NLS and PIS can also be employed 

(Figure S16). PIS of 339 and 337 Da revealed the existence of DAGs containing C18:1 and 

C18:2, respectively. Overall, 18 distinct DAG species were identified to the level of fatty 

acyl composition as summarized in Table 1. Quantitative analysis of DAGs from the pooled 

human plasma was performed using 95 Da NLS. Calibration curves for each individual DAG 

species were obtained using DAG 15:0/18:1-d7/0:0 (1 μM) as IS (Table S1). These values 

fall within the range of reported unsaturated DAGs measured from human plasma using 

HPLC-MS/MS.21 However, since CA tagging is specific for unsaturated DAGs, saturated 

DAGs (e.g., DAG 16:0/16:0) could not be detected. Besides, CA tagging followed by CID 

cannot differentiate sn-isomers.

DAG Analysis of Type 2 Diabetes Mellitus Human Plasma

Various studies have shown the correlation of increased intracellular DAG content in liver 

and muscle in type 2 DM.35 Recently, Shaw et al. have demonstrated aberration of plasma 

lipidome occurs prior to the onset of type 2 DM.36 We were interested to test if CA tagging 

followed by 95 Da NLS was capable in providing quick profiling of DAGs in plasma for 

type 2 DM patients. Figure 5 summarizes the relative intensity changes of unsaturated DAGs 

relative to IS (DAG 15:0/18:1-d7/0:0, 1 μM) from two sets of samples (normal controls, N = 
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3; DM patients, N = 3). Representative 95 Da NLS spectra can be found in Figure S14. The 

major DAG species include DAG 34:2, 34:1, 36:3, and 36:2. The relative intensities of DAG 

34:2, 34:1, and 36:2 decreased by 2.5 ± 0.7, 2.8 ± 1.1, and 1.6 ± 0.4 times in DM patients as 

compared to the control, respectively. However, DAG 36:4 in the DM patients increased by 5 

± 2 times relative to the control. In terms of the change of fatty acyl compositional isomers, 

CID of CA−DAG 36:2 revealed a reduction of DAG 16:0_18:1 relative to isomer DAG 

16:0_18:2 in DM patients (Figure S17). Further studies are required with the use of a larger 

sampling size and controlled medication of the type 2 DM patients.

CONCLUSIONS

In this study, we have utilized thiol–ene click chemistry as an effective charge derivatization 

method to enable fast analysis of unsaturated DAGs by nanoESI-MS. Cysteamine (CA) was 

identified as a proper derivatization reagent, which allowed fast charge tagging (in 1 min) 

and enhanced ionization (by 10 times) of a variety of unsaturated DAGs as compared to 

conventional adduct ion formation. Low-energy CID of CA tagged DAGs led to simple 

product ion spectrum, yet rich in structural information. Specifically, the combined neutral 

loss of the tag (CA) and fatty acyls (RCOOH) readily allowed the assignment of fatty acyl 

chains, leading to confident identification of multiple fatty acyl compositional isomer of 

DAGs in biological samples. The other major fragmentation channel was the combined loss 

of CA and H2O (95 Da). On the basis of this characteristic loss, 95 Da NLS was established 

as a sensitive means for detection (LOD of 100 pM) and quantitation of unsaturated DAGs. 

The above method was further applied to DAG analysis of pooled human plasma and plasma 

samples from type 2 DM patients. In comparison with methods based on GC-MS and 

HPLC-MS for DAG analysis, CA tagging followed by ESI-MS/MS has several advantages, 

such as fast analysis speed (2 min vs up to 60 min for analysis) and the potential of direct 

analysis of small quantity of clinical sample (e.g., 1 μL plasma). In terms of limitations, this 

method cannot analyze saturated DAGs and it is not capable to provide sn-position 

information. Preliminary LC-MS data showed multiple or broadened elution peaks resulting 

from mono-CA tagging of DAGs having more than one C=C, likely due to formation of 

multiple regio-isomers (Figure S19). This phenomenon suggests that CA tagging could 

increase the complexity for mixture analysis when coupled with LC-MS. CA tagging for 

DAG analysis is just one example of applying thiol–ene click chemistry to solve a specific 

analytical problem, viz. DAG analysis. As shown in the example of direct analysis of human 

plasma, other classes of unsaturated neutral lipids (CEs and TAGs) were also detected. In 

future studies, we plan to expand the thiol–ene derivatization toolbox and develop methods 

to enhance analysis of other important neutral lipids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Charge tagging of DAG 16:0/18:1(9Z)/0:0 (1 μM) using thiol–ene chemistry. The inset at the 

top shows a generic reaction scheme for charge tagging. Post reaction nanoESI MS spectra 

after derivatization with (a) TGA and (b) MESNA in negative ion mode, and (c) CA in 

positive ion mode. MS2 beam-type CID of (d) TGA-DAG at m/z 685.5 (CE = 35 V) in 

negative ion mode, (e) MESNA-DAG at m/z 735.4 (CE = 60 V) in negative ion mode, and (f) 
CA−DAG at m/z 672.5 (CE = 32 V) in positive ion mode.
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Figure 2. 
Post-CA tagging nanoESI MS spectra of (a) DAG 15:0/18:1-d7/0:0, (b) DAG 18:3/18:3/0:0, 

and (c) DAG 18:0/20:4/0:0.MS2 beam type CID (CE 32 V) of (d) CA−DAG 15:0/18:1-d7/0:0 

(m/z 665.3), (e) CA−DAG 18:3/18:3/0:0 (m/z 690.2), and (f) CA−DAG 18:0/20:4/0:0 (m/z 
722.3).
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Figure 3. 
(a) Post-CA tagging nanoESI MS spectrum of equimolar (1 μM each) mixture of DAG 

14:1/14:1/0:0 (m/z 586.3), 16:1/16:1/0:0 (m/z 642.4), 17:1/17:1/0:0 (m/z 670.4), 

16:0/18:1/0:0 (m/z 672.5), 18:2/18:2/0:0 (m/z 694.4), 18:1/18:1/0:0 (m/z 698.4), 

20:1/20:1/0:0 (m/z 754.8), 22:1/22:1/0:0 (m/z 810.8), and 24:1/24:1/0:0 (m/z 866.8), with 

0.5 μM of IS (15:0/18:1-d7/0:0, m/z 665.5). (b) 95 Da NLS of CA−DAG 16:0/18:1/0:0 (1 

μM) and IS (1 μM). (c) A linear plot resulted from 95 NLS for DAG 16:0/18:1/0:0 (R2 = 

0.9981). Error bars represent standard deviation; n = 3. (d) 95 Da NLS of 100 pM DAG 

16:0/18:1/0:0 after CA tagging.
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Figure 4. 
(a) Post-CA tagging nanoESI mass spectrum of 1 μL pooled human plasma with 1 μM DAG 

15:0/18:1-d7/0:0 added as the IS. The m/z regions correspond to tagged neutral lipid classes 

are indicated. (b) 95 Da NLS for unsaturated DAGs (mass range m/z 600–740). (c) MS2 CID 

of m/z 644.2 ([CA−DAG 32:1 + H]+) reveals two fatty acyl composition isomers, DAG 

14:0_18:1 and DAG 16:0_16:1.
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Figure 5. 
Comparison of relative amount of major unsaturated DAGs in human plasma samples from 

normal control and type 2 DM patient. One μM of the internal standard (DAG 15:0/18:1-

d7/0:0) was added before the derivatization step. Error bars represent standard deviation; n = 

3, *p < 0.05, **p < 0.01, ***p < 0.001 (t test).
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Scheme 1. (a) Charge Tagging of Unsaturated Lipid via Thiol–ene Click Chemistrya and (b) 
Chemical Structures of the Three Thiol Reagents
aDMPA is a commonly used photoinitiator (PI) for thiyl radical formation upon 351 nm 

wavelength UV irradiation
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Scheme 2. 
Proposed Structures for Fragments at m/z 577, 339, and 313 Resulting from CID of 

[CA−DAG 16:0/18:1/0:0 + H]+
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Table 1

Identified DAG Species in Pooled Human Plasma

DAG MW_(Da) detection (m/z) acyl chain composition conc. (μM)

30:1 538.5 616.4 14:0_16:1 0.1 ± 0.01

30:2 536.5 614.3 14:1_16:1 0.08 ± 0.01

32:1 566.5 644.5 16:0_16:1/14:0_18:1 1.1 ± 0.1

32:2 564.5 642.5 16:1_16:1/14:0_18:2 0.7 ± 0.2

34:1 594.5 672.5 16:0_18:1/16:1_18:0 6.4 ± 1.0

34:2 592.5 670.6 16:0_18:2/16:1_18:1 7.7 ± 1.1

34:3 590.5 668.6 16:1_18:2/16:0_18:3 1.4 ± 0.3

36:1 622.5 700.4 18:0_18:1 1.3 ± 0.4

36:2 620.5 698.3 18:1_18:1/18:0_18:2 5.3 ± 0.6

36:3 618.5 696.3 18:1_18:2 6.0 ± 1.0

36:4 616.5 694.3 18:2_18:2/18:1_18:3 1.6 ± 0.6
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