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Abstract 

In this work, we present an on-demand electrochemical mass spectrometry workflow for lipid structural 

characterization with the capability of identifying double-bond and sn-positional isomers.  Two voltage-controlled 

electrochemical reactions, interfacial electro-epoxidation and anodic corrosion of a cobalt electrode, are cascaded 

in this strategy. The epoxidized products and Co-adducted ions of lipids are fragmented in tandem MS to generate 

structure characteristic fragments that indicate double-bond and sn-positions. The unique feature of this workflow 

lies in the sequential localization of double bonds, elucidation of sn-positions, and collection of native lipid 

information in a single system and simply by tuning ESI voltages. This feature, as well as low sample consumption, 

no need for extra apparatus, and quantitative analysis, should allow wide applications in the lipidomic field. 

 

Introduction 

Lipids are principal components of biological membranes, and play vital roles in maintaining cellular functions.1, 2 

Recent studies have recognized the dysregulated lipid metabolism in the pathogenesis of many diseases including 

obesity,3 diabetes,4 cancers,5 cardiovascular diseases,6 and neurodegenerative disorders.7 Full characterization of 

lipid compositions is significant for identifying lipid networks and understanding disease mechanisms.8-11 Complete 

lipid structural elucidation has proven to be quite difficult since lipids are structurally diverse and often contain 

various types of isomers.12 As the major components of eukaryotic membranes and significant molecules in cell 

signaling,2 glycerophospholipids (GPLs) are found to have numerous structural isomers due to the variations in their 

head-groups, fatty acyl chain lengths, degree of unsaturation, sn-positions (relative positions of fatty acyls esterified 

on the glycerol backbone), as well as the positions and configurations of double bonds.13 Such small variations in 

structures could result in unique roles in lipid homeostasis and pathology, and can be used as biomarkers in disease 

diagnosis.14-16 For example, Ellis et. al. demonstrated that changes in relative concentrations of lipid double-bond 

and sn-positional isomers reflect cell-specific enzyme activities.17 Cao and co-workers reported that subtypes of 

breast cancer cells display different compositions of double-bond and sn-positional isomer, and human lung 

cancerous tissues can only be distinguished from normal tissues using both kinds of isomers.18 These results 

highlight the importance of structure characterization of lipids at the isomer level in disease diagnosis and in 

understanding their pathologies. 



 

  

     Mass spectrometry (MS) coupled with tandem MS (MS/MS) has been widely used in lipid analysis.19-21 Tandem 

MS in the form of collision-induced dissociation (CID) aids the lipid assignments of class and chain length isomers 

from the fragment ions associated with headgroup loss and fatty acyl chain loss. To achieve lipid structure 

characterization at the double-bond and sn-positional isomer level, recent efforts have gone into developing new 

derivatization and ion activation methods. Chemical derivatization methods such as methoxylation,22, 23 

methylthiolation,24-26 olefin cross-metathesis,27 ozonolysis,17, 28-30 Paternò-Büchi (PB) reaction,31-34 as well as the 

plasma-induced35-37 and off-line meta-chloroperoxybenzoic acid (m-CPBA) epoxidation38, 39 have been developed to 

functionalize lipid double-bonds and to produce characteristic fragment ions in tandem MS to locate double-bond 

positions. Novel ion activation methods including ultraviolet photo-dissociation (UVPD),40 ozone-induced 

dissociation (OzID),41 and electron impact excitation of ions from organics (EIEIO)42 also successfully achieved 

double-bond localization. Moreover, UVPD, OzID, EIEIO and radical induced fragmentation are able to identify sn-

position of lipid isomers.13, 43-46 These studies build the field of structural lipidomics and shed light on lipid 

biochemistry.  

     Our previous work described the first electrochemical (EC) probe for lipid structural analysis, and showed that it 

allows the elucidation of double-bond positional isomers.47 This was achieved by developing a novel voltage-

controlled electro-epoxidation reaction at the Taylor cone interface using a wire-in-a-capillary ESI emitter with a 

large orifice (LO-ESI emitter), followed by CID fragmentation of the epoxides to form two characteristic ions in 

MS/MS. The electro-epoxidation of double-bonds can be rapidly switched on/off by simply changing the applied 

electrospray voltage. 

      Encouraged by these powerful and on-demand features, we develop a novel EC derivatization method for 

characterization of lipid sn-positional isomers in this work. We found that cobalt ions (Co2+) produced by anodic 

corrosion of ESI electrode can be used to form complexes binding to lipids at the sn-positions, which leads to 

characteristic fragment ions in CID.  It is worth noting that the formation of Co-lipid complexes in this method is 

voltage-dependent, which allows us to cascade it with electro-epoxidation of lipids for simultaneous identification 

of double-bond isomers. Therefore, we present an EC-MS-based workflow where double-bond location, sn-position 

as well as native lipid structure can be sequentially determined by tuning ESI voltages. The characterization can be 

completed in a single sample. 

Results and Discussion 

EC-MS-based Workflow for Simultaneous Characterization of Lipid sn-Positional and Double-Bond Positional 

Isomers  

The on-demand EC-MS-based workflow is illustrated using a pair of unsaturated sn-positional lipid isomers, 

phosphatidylcholine (PC) 18:1 (9)-16:0 and PC 16:0-18:1 (9). We dissolved the two PC lipids in a mixture of solvent 

(acetonitrile/water = 1/4, v/v) and 10 mM hydrochloride acid to achieve a concentration of 20 μM. Samples were 



 

  

loaded into two LO-ESI emitters separately, then placed 8 mm away from the inlet of a mass spectrometer (Thermo 

LTQ Orbitrap Velos Pro).  A Co wire was inserted into the LO-ESI emitter to serve as the ESI electrode.  

 

Figure 1. (a) Schematic of the set-up of LO-ESI used in the on-demand EC-MS-based workflow, and (b) selective ion chronograms of the 

protonated native lipid PC 18:1(9)-16:0 at m/z 760.58, the product ions of electro-epoxidation of double bonds at m/z 776.57 and the Co-

adducted lipid ions at m/z 409.25. Mass spectra of (c) protonated, (d) epoxidized, and (e) Co-adducted PC 18:1(9)-16:0.  

     The workflow achieves (i) localization of double bonds by fragmenting the product of electro-epoxidation of 

lipids when the voltage is 1.8 kV; (ii) elucidation of sn-positions by fragmenting the lipid-Co complex ions when the 

voltage is switched to 3.0 kV. (iii) Interestingly, one can also obtain the MS spectrum of native lipids at a voltage of 

3.0 kV with the Co electrode positioned in the middle of the LO-ESI emitter. 

     We now describe the characterization of isomeric PC 18:1_16:0 using the on-demand EC-MS-based workflow of 

a single sample injection. Protonated PC 18:1 (9)-16:0 and PC 16:0-18:1 (9) were both observed at m/z 760.5760. 

CID fragmentation of the protonated lipids produced the ions associated with headgroup loss and fatty acyl chain 

loss which allow identification of the backbone of lipids. For example, the tandem spectrum of protonated PC 18:1 

(9)-16:0 shows characteristic ions at m/z 577.50, m/z 522.34 and m/z 496.25 (Figure 3 a), corresponding to the 

structures 2, 3, and 4 in Figure 2.  The epoxidized PC 18:1 (9)-16:0 and PC 16:0-18:1 (9) were found at m/z 776.5720. 

Fragmentation of the mono-epoxidized products results in the cleavage of the epoxide ring at both sides of C-O 

bond, generating two diagnostic ions that have 15.9954 Da mass difference to pinpoint double-bond positions. The 

presence of ions at m/z 634. 4402 and m/z 650.4351 in tandem spectrum of epoxidized PC 18:1 (9)-16:0 (Figure 3b) 



 

  

confirms that the double-bond was located between the C-9 and C-10 in its unsaturated fatty acyl chain (FA) 18:1. 

Figure 2 (b) provides the fragmentation pathway of epoxidized PC 18:1 (9)-16:0 and the corresponding structures 

of the two diagnostic ions. Co-adducted PC 18:1 (9)-16:0 and PC 16:0-18:1 (9) ions were found at m/z 409.2543.  sn-

Positions in lipids are then identified via tandem spectra of the Co-adducted products. PC 18:1 (9)-16:0 has its FA 

18:1 (9) at sn-1 position and FA 16:0 at sn-2 position (structure 1 in Figure 2). When the Co2+ ions are bound to PC 

18:1 (9)-16:0, it is proposed that a five-membered ring prefers to form containing the phosphate group and FA 16:0 

at sn-2 position (structure 8 in Figure 2), and then this gives a pair of fragment ions associated with the FAs attached 

to sn-2 position (see pathway a in Figure 2c). Alternatively, an analogous fragmentation pathway that occurs via a 

six-membered ring (see pathway b in Figure 2) may also exist in a small amount. The tandem spectrum of Co-

adducted PC 18:1 (9)-16:0 ions contains two pairs of diagnostic ions having significantly different intensities (Figure 

3c). The dominant fragment ions have m/z at 314.1629 and 504.3413, corresponding to structure 9 and 10 in Figure 

2. Ions at m/z 340.1782 and 478.3259 are observed in low abundance, and these correspond to structure 12 and 

13 (Figure 2). In contrast, dominant species at m/z 340.1782 and 478.3259 are observed in the fragmentation of 

Co-adducted PC 16:0-18:1 (9) ions (Figure 3d).  

 

Figure 2. Structure characterization of PC 18:1 (9)-16:0 using the on-demand EC-MS-based workflow (R2=n-C15H31).  



 

  

 

Figure 3. Tandem mass spectra of (a) protonated PC 18:1 (9)-16:0; (b) electro-epoxidized PC 18:1 (9)-16:0; (c) Co-adducted protonated PC 

18:1 (9)-16:0, and (d) Co-adducted protonated PC 16:0-18:1 (9). 

 

Quantitation of Lipid Double-Bond and sn- Positional Isomers 

    Quantitation of lipid double-bond and sn-positional isomers can be achieved based on diagnostic ions intensities. 

A pair of lipid double-bond positional isomers, PC 18:1 (6)-18:1 (6) and PC 18:1 (9)-18:1 (9), and two lipid sn-

positional isomers, PC 18:1 (9)-16:0 and PC 16:0-18:1 (9) are selected for the quantitation experiments. 

     In the quantitative analysis of double-bond positional isomers, a series of mixed solutions of PC 18:1 (6)-18:1 (6) 

and PC 18:1 (9)-18:1 (9) were used, with the concentration of PC 18:1 (6)-18:1 (6) being constant at 30 μM and PC 

18:1 (9)-18:1 (9) varying from 10 μM to 50 μM. The two isomers were electro-epoxidized upon the application of a 

1.8 kV voltage in a LO-ESI emitter and they generated both mono-epoxidized and di-epoxidized products at m/z 

802.5996 and m/z 818.5936, respectively (see Supporting Information S4 for details). The mono-epoxides were 

then mass-selected and fragmented by CID. In their tandem mass spectra, PC 18:1 (6)–18:1 (6) showed diagnostic 

ions at m/z 618.4158 and 634.4122, and the ions at m/z 660.4618 and 676.4572 were seen as the diagnostic ions 

of PC 18:1 (9)–18:1 (9) (Figure 4a and b). The total ion intensities ratios of the two pairs of double-bond diagnostic 

ions, e.g. total ion intensities of m/z at 660.4618 and 676.4572 from PC ∆9 divided by the intensities of m/z 618.4158 

and 634.4122 from PC ∆6, were plotted against their concentration ratios. Good linearity (R2=0.9967) was obtained 

(Figure 4c).  



 

  

To quantify the sn-positional isomers, a series of mixtures of PC 18:1 (9)-16:0 and PC 16:0-18:1 (9) was analyzed, 

with the total concentration kept constant at 50 μM, and molar ratios varied. In the tandem mass spectrum of Co-

adducted PC 18:1 (9)-16:0, the ratio calculated by using the total intensities of ions at m/z 314.1629 and 504.3413 

divided by the total ion intensities of the four diagnostic fragment ions at m/z 314.1629, m/z 504.3413, m/z 

340.1782 and m/z 478.3259 is 0.8622, while the calculated ratio for Co-adducted PC 16:0-18:1 (9) is 0.2649. A good 

linear relationship was found when the ratios were plotted against the molar percentage of PC 18:1 (9)-16:0 in the 

mixed solutions (R2=0.9965) (Figure 4d). These results demonstrate that the on-demand EC-MS-based workflow 

can be used for quantification of both lipid double-bond and sn-positional isomers. 

     The detection limit was evaluated using PC 18:1 (9)-16:0 and PC 16:0-18:1 (9). The double-bond diagnostic ions 

can be  observed with acceptable signal/noise at 50 nM for PC 18:1 (9)-16:0 and 10 nM PC 16:0-18:1 (9), which is 

comparable to the value reported in our previous work (10 nM for PC 18:1 (9)-18:1 (9) and 80 nM PC 18:1 (6)-18:1 

(6))25 . The sn-position diagnostic ions can be clearly seen, and used to identify sn-positions of the two lipid isomers 

even at 10 nM (see Supporting Information S5 for details).  

 

 

Figure 4. Tandem mass spectra of mono-epoxidized (a) PC 18:1 (9)-18:1 (9) and (b) PC 18:1 (6)-18:1 (6); and the calibration curves of (c) 

double-bond positional isomers and (d) sn-positional isomers. 

 

Multi-functions of the parameters in EC-MS-based lipid analysis  

EC-MS-based lipid analysis is highly efficient. Many parameters in the design are multifunctional. Voltages that 

initiate electrospray also control the occurrence of two electrochemical reactions. The cobalt electrode employed 



 

  

not only serves as an ESI working electrode, but also provides Co2+ ions via metal electrolysis to form [lipid+Co]2+ 

ions. Hydrochloric acid is the reagent for electro-epoxidation as well as assisting in electrode corrosion to form 

metal ions.  

     Metal ions formed in situ by anodic corrosion have many advantages compared to the external addition of salts: 

i) a metal electrode is typically required in an ESI source, so it can be used readily as a source of metal ions; ii) 

Release of the metal ions can be controlled by the applied spray voltage; iii) Release of metal ions in a mild and 

sustained way allows many reactions to occur efficiently; iv) External addition of metal ions often suffers from time-

consuming sample preparation steps and incapacity when unstable metal ions are needed. 

Conclusions 

In summary, we have developed a new electrochemical strategy that uses Co2+ formed in situ by voltage-

controlled anodic corrosion of an ESI electrode to achieve the identification of lipid sn-positions due to 

differentiated fragment pathways of the Co-lipid complexes in CID. Furthermore, we cascade this 

experiment with interfacial electro-epoxidation to form a novel EC-MS-based workflow for lipid structural 

characterization. In this workflow, the electro-epoxidation reaction and anodic corrosion of Co electrode 

are voltage-dependent, therefore the double-bond localization, the sn-position and the lipid base structure 

can be sequentially determined by tuning ESI voltages. Besides this feature, the on-demand EC-MS 

workflow for lipid analysis also possesses the following characteristics: (i) low sample consumption; (ii) no 

requirement for extra instrumentation; (iii) compatibility with the direct infusion lipidomics workflow; (iv) 

collection of lipid structural information at a high level of specificity using a single sample, and (v) 

quantitative analysis of lipids isomers. The unique features of this strategy and its simple setup show great 

potential for its future applications in the lipidomics field. 
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