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a b s t r a c t

There is a close relationship between the biological functions of lipids and their structures, and vari-

ous isomers greatly increases the complexity of lipid structures. The C=C bond location and sn-position

are two of the essential attributes that determine the structures of unsaturated lipids. However, simul-

taneous identification of both attributes remains challenging. Here, we develop a visible-light-activated

aziridination reaction system, which enables the dual-resolving of the C=C bond location and sn-position

isomerism of in lipids when combines with liquid chromatography-mass spectrometry (LC-MS). Based

on the derivatization of C=C bonds with PhI=NTs, their location in lipids could be easily identified by

tandem MS. Especially, the sn-position isomers of unsaturated phosphatidylcholine (PC) can be separated

and quantified by LC-MS after the derivatization. By using the proposed method, the significant changes

of the sn-position isomers ratios of PC in mouse brain ischemia were revealed. This study offers a pow-

erful tool for deep lipid structural biology.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lipids is a kind of organic molecule that are very important to

living organisms [1]. They are not only a component of cell mem-

brane, but also plays an important role in signal transduction, co-

ordination of metabolism and energy storage [1,2]. More and more

studies have indicated the alteration of lipid metabolism is closely

related to various diseases, such as tumor, diabetes, and cardiovas-

cular diseases [2–6]. Unsaturated lipids are those with single or

multiple C=C bonds on the fatty acyl chains, and they have differ-

ent kinds of isomers that endows lipids with different structures

and functions in living organisms [7–9]. For example, the position

of the C=C bonds on fatty acyl chains gives rise to numerous iso-

mers of unsaturated lipids [10–13]. In addition, a large number of

sn-position isomers were also generated due to the different order

of fatty acyl chains attached to the glycerol backbone in glycerides

[14,15]. The biosynthesis and metabolism of lipid isomers are as-

sociated with many important biological processes and, as such,

changes in these isomers have been found to be closely associated

with many diseases [15,16]. Thus, the resolving of C=C location

and sn-position isomers of unsaturated lipids could provide mul-
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tidimensional information for in-depth understanding of the rela-

tionship between their structures and biological roles [15].

Mass spectrometry (MS) has become an effective method for

lipid isomer analysis because of its high sensitivity and structural

resolution [5,17–19]. For the analysis of positional isomers of dou-

ble bonds, accurate identification of the double bond positions on

the lipid chain can be achieved by subjecting the double bonds to

chemical activation followed by tandem MS analysis [12,13,20,21].

However, the identification of sn-position isomers is more diffi-

cult and usually requires special fragmentation methods with MS3

pathways [14,15]. For example, ozone-induced dissociation [13], ul-

traviolet photodissociation [14], and specific fragmentation induced

by phospholipid-ion complexes [15]. Although these studies have

enriched the library of methods for the analysis of lipid structure,

the simultaneous identification of the C=C location and sn-position

in unsaturated lipids with simple workflow remain challenging.

In this work, we aim to develop a new strategy that allows

the simultaneous resolving of the C=C bond location and sn-

position isomers of unsaturated lipids (Fig. 1). We envision that

the chemical derivatization for C=C bond position identification

may increase the chromatographic retention differences between

sn-position isomers if the structure and property of the introduced

group differ significantly from those of the aliphatic chains, which

would allow for the separation and analysis of the sn-position iso-

mers. To achieve this goal, we developed a visible-light-activated
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Fig. 1. Strategy for the simultaneous analysis the C=C bond location and sn-position isomers of unsaturated lipids with the aziridination derivatization. The derivative reagent

PhI=NTs could react with unsaturated lipids under the photocatalysis of Ir[dF(CF3)ppy]2(dtbbpy)PF6 to form the aziridination product. The product could be fragmented to

the diagnostic ions to indicate the locations of C=C bonds via collision-induced dissociation in tandem MS. For the analysis of sn-position isomers, the derivatized products

of isomers could be separated and analyzed by LC-MS.

aziridination reaction [22,23] that allows selective derivatization

of the double bonds of unsaturated lipids, which subsequently al-

lows fragmentation of the products using collision induced disso-

ciation (CID) for C=C bond location identification. Meantime, the

formed aziridine ring structure on one of the fatty acyl chains in-

creases the separation resolution of the sn-position isomers by liq-

uid chromatography (LC), allowing their qualitative and quantita-

tive analysis. Using this method, we realized the identification of

C=C bond locations of different types of unsaturated lipids, as well

as the analysis of sn-position isomers of glycerophospholipids. Fi-

nally, the method was applied to the quantitative analysis of sn-

isomers of phosphatidylcholine (PC) during cerebral ischemia in

mice. We found that the process of cerebral ischemia was accom-

panied by significant changes in the proportion of PC sn-isomers.

The derivatization of C=C bonds in lipids typically form the

O-containing ring structures [12,13,24]. However, the transferring

of nitrenes to olefins to form N-containing three-membered ring

by means of transition metal catalysts or photochemistry was also

recognized well [22,23,25]. We reason that this aziridination reac-

tion and the formed aziridine ring structure for unsaturated lipids

could be adopted to identify the location of C=C bonds [26] and

improve the separation of sn-position isomers when combined

with LC-MS/MS. However, the previously reported reactions usually

need the long reaction time or heating [22,25]. Therefore, we aim

to develop a visible-light-activated rection system that could re-

alize the aziridination of unsaturated lipids under accelerated and

mild conditions.

We first synthesized the common nitrene precursor [(N-

tosylimino)iodo]benzene (PhI=NTs) as derivatization reagents, and

PC 16:0/18:1(9Z) as representative unsaturated lipids to screen

the reaction systems under different photocatalysts. The blue light

Kessil lamp (456nm) was used to trigger the photoreaction. The

aziridination product could be clearly observed in LC-MS analysis

(Fig. S1 in Supporting information), which confirmed the visible-

light-activated aziridination reaction indeed happened. After eval-

uating the efficiencies of different reaction systems, the photocat-

alyst Ir[dF(CF3)ppy]2(dtbbpy)PF6 was chosen for the following ex-

periments due to its highest efficiency (Fig. S2 in Supporting infor-

mation).

To investigate the capability of the aziridination reaction for the

identification of C=C bonds location, different kinds of lipid stan-

dards were used as examples. The lipid standards (100 μmol/L)

first react with PhI=NTs under the photocatalysis for 3min. Then,

the reaction solution was subjected to the LC-MS/MS analysis (Fig.

S3 in Supporting information). All the N-Ts aziridine products were

observed that show a mass increase of 169Da. Fig. 2 shows the

MS/MS spectra of the formed aziridination products of oleic acid

(FA 18:1(9Z)), linoleic acid (FA 18:2 (9Z)), DG 16:0/18:1(9Z), and

PC 16:0/18:1(9Z). In a typical MS/MS spectrum, a pair of C=C di-

agnostic fragment ions generated by the cleavage of C–C bond and

N–C bond in aziridine ring, denotated as FM (containing Ts-N=C-

unit and methyl end) and FC (containing Ts-N=C- unit and car-

boxylic acid end), should be observed for each C=C (structures

shown in Fig. 1).

For the analysis of oleic acid, both of the fragments contain-

ing methyl end (FM, m/z 296.1684) and carboxylic acid end (FC,

m/z 326.1426) were observed in MS/MS spectrum of the product

in positive ion mode, which clearly indicate the location of C=C

bond at �9 position. In addition, the locations of C=C bonds in

polyunsaturated linoleic acid FA 18:2 (9Z,12Z) could also be identi-

fied by this method. Interestingly, the products are mainly mono-

substituted at each C=C bond that could simplify the identifica-

tion. As shown in Fig. 2b, two pairs of the diagnostic fragment

ions derived from the two products could be observed in the aver-

age MS/MS spectrum. The fragments at m/z 294.1530 and 326.1427

(FM and FC), and m/z 254.1212 and 366.1751 (FM and FC), unam-

biguously indicate the C=C bonds at �9 and �12, respectively.

The 40Da mass difference of fragments FM (�9 vs. �12, m/z 294

and 254) and FC (�9 vs. �12, m/z 366 and 326) also indicates the

three-carbon shift (C3H4) of the C=C position.

The pinpointing of C=C bonds in glycerides and phosphoglyc-

eride were also carried out. Figs. 2c and d show the MS/MS spec-

tra of the aziridination products of PhI=NTs with DG 16:0/18:1(9Z)

and PC 16:0/18:1 (9Z), respectively. Both of the diagnostic fragment

ions (FM at m/z 296.1682, FC at m/z 620.3986) could be detected for

DG, but the FC fragment was observed with the loss of H2O. For

the analysis of PC 16:0/18:1(9Z), only the FC ion at m/z 803.2641

could be observed after the CID, and the other FM ion with the

theoretical m/z of 296.1679 was not detected due to the limita-

tion of ion trap for the low mass fragments. It is worth mentioning

that the fragment ions derived from the loss of one of the intact

fatty acyl chains were also observed. For example, m/z 691.3751 de-

notes the fragment ion that lost the 16:0 fatty acyl chain, while m/z

496.3399 denotes the fragment that lost the fatty acyl chain con-

taining the N-Ts aziridine structure. This information is helpful to

identify the length of fatty acyl chains and their degree of unsatu-

ration in phospholipids.

To further investigate the generality of this aziridination reac-

tion and demonstrate its capability in C=C bond position loca-

tion, 17 more unsaturated lipids were taken for study (Table S1
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Fig. 2. MS/MS spectra of the derivatized products of PhI=NTs with different lipids: (a) Oleic acid (FA 18:1(9Z)), (b) linoleic acid (FA 18:2 (9Z,12Z)), (c) DG 16:0/18:1(9Z) and

(d) PC 16:0/18:1(9Z). The chemical structures at the top of each MS/MS spectrum shows the positions of derivatized C=C bonds and the m/z values of the possible diagnostic

fragment ions of reaction products via CID. The detailed dissociation pathways of these products are shown in Fig. S4 (Supporting information).

and Figs. S5-S21 in Supporting information), including monoun-

saturated and polyunsaturated fatty acids, PC, phosphatidic acid

(PA), phosphatidylserine (PS), ceramide (Cer), triglyceride (TG), and

lysophosphatidylethanolamine (LPE). The results show that all the

locations of C=C bonds in these unsaturated lipids could be accu-

rately identified, which indicates the wide applicability of the pro-

posed method.

The above experiments have demonstrated the validity of this

aziridination derivatization can help in the identification of dou-

ble bond positions. However, for unsaturated glycerides, the quan-

tification of the sn-position isomers is another challenge. We next

want to examine whether the aziridination derivatization could

benefit the analysis of sn-position isomers. The common pair of sn-

position isomers PC 18:1(9Z)/16:0 and PC 16:0/18:1(9Z) was chosen

as an example. The MS/MS spectra show that the two isomers have

almost the same fragment ions, but the ratios between the neutral

loss of the fatty acids as ketene [M−RCH=C=O+H]+ and the neu-

tral loss of free fatty acid [M−RCH2COOH+H]+ are different (Fig.

S22 in Supporting information). In the case of the loss of the acyl

group at sn-1, the abundances of [M−RCH2COOH+H]+ ions were

higher than those of the corresponding [M−RCH=C=O+H]+ ions,

but, in the case of sn-2 substituents, the reverse was true. Although

this information could be used to distinguish the sn-position iso-

mers of PC, both of the isomers show almost the same retention

time during chromatographic analysis (Fig. S23 in Supporting in-

formation). Thus, it is difficult to quantitatively analyze the iso-

mer mixture directly. However, if the isomers were reacted with

PhI=NTs, the resulting aziridination products can be well separated

by LC (Fig. 3a). The possible reason is that the introduction of the

N-Ts group greatly enhances the polarity of one of the fatty acyl

chains, thus increasing the difference in affinity to the chromato-

graphic stationary phase brought about by the difference in the sn-

position of the fatty chains. The MS/MS spectra of the two prod-

ucts also follow the rules that the loss of fatty acid is more abun-

dant than the loss of ketene in sn-1 position (Fig. 3b and Fig. S24

in Supporting information). More importantly, the location of C=C

bond in the fatty acyl chain could be simultaneously identified. The

FC ion at m/z 803.4641 could be observed after the CID, which in-

dicates the location of C=C bond at �9. The above results indicate

that the combination of this aziridination derivatization and LC-

MS/MS could provide an integrated solution for the identification

of double bond positions and the analysis of sn-position isomers of

unsaturated PCs.

To further examine the quantitative capability of this method, a

series of mixtures of PC 18:1(9Z)/16:0 and PC 16:0/18:1(9Z) was

quantitatively investigated (Fig. S25 in Supporting information).

The ratios of the chromatographic peak areas of the isomers were

found to be directly proportional to their molar ratios, with a good

linearity (R2 =0.9964). Notably, the slope of the curve (0.94) is

close to 1, which means the molar ratio of the two isomers could

be directly obtained from the ratio of their peak areas. This re-

sult demonstrated the capability of the proposed method for the

relative quantification of sn-position isomers. In this case, the pair

of derivatized isomers were not baseline-separated. Although the

peak fitting can aid in accurate quantification, the optimization of

chromatographic conditions to achieve baseline separation of the

isomers is still recommended.

Having validated the method for the qualitative and quantita-

tive analysis the isomers of unsaturated lipids, we next want to

apply the method to the analysis of sn-position isomers of PC in bi-

ological samples. The sn-position of the fatty acyl chain is closely

related to the biosynthesis and metabolic processes of glycerides,
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Fig. 3. Separation and analysis of PC sn-position isomers after derivatization by LC-MS/MS. (a) EICs of the mixture of PC 18:1(9Z)/16:0 and PC 16:0/18:1(9Z) before and after

the PhI=NTs derivatization. (b) MS/MS spectra of the aziridination derivatization products of PC 18:1(9Z)/16:0 and PC 16:0/18:1(9Z) at m/z 929.60.

and changes in the ratio of sn-position isomers are likely to re-

flect abnormal physiological states in the disease process. There-

fore, we first established the mouse middle cerebral artery occlu-

sion (MCAO) model of focal ischemia, and identified the paired

sn-position isomers of PC in mouse brain tissues by the PhI=NTs

derivatization and LC-MS/MS (Fig. 4 and Fig. S26 in Supporting in-

formation). Then, analyzed the ratio changes of these isomers in

normal and ischemic sides of the brain after different periods of

reperfusion. We aim to examine the relationship between the rel-

ative changes of sn-position isomers and the ischemia. As shown

in Fig. 4, two pairs of sn-position isomers of PC (PC 16:0/18:1

(�9) vs. PC 18:1 (�9)/16:0, and PC 16:0/18:1 (�11) vs. PC 18:1

(�11)/16:0) were identified in brain tissue, and the derivatized

products could be separated and detected by LC-MS (Fig. 4a). Then,

the peak area ratios of sn-position isomers in normal (left) and is-

chemic (right) brains after 1-day and 3-day reperfusion were com-

pared. The results show that the ratios of PC 16:0/18:1 (�9) to PC

18:1 (�9)/16:0 were significantly higher in ischemic brain tissues

(P < 0.05) than that in normal part after both 1-day and 3-day

reperfusion. However, for the ratios of PC 16:0/18:1 (�11) to PC

18:1 (�11)/16:0, no significant change was observed between the

ischemic and normal parts. We also found that isomers with dou-

ble bonds at the sn-2 position (e.g., PC 16:0/18:1 (�9)) were higher

than those with double bonds at the sn-1 position (e.g., PC 18:1

(�9)/16:0), which may indicate a preference for fatty acyl chain

structures in the biosynthesis of phospholipids. These results sug-

gest that the cerebral ischemia is accompanied by the changes in

the ratio of sn-position isomers of PC, and that this change shows

a preference for C=C bond positional isomers. The changes may

be ascribed to the dysregulated biosynthesis or metabolism of the

sn-position isomers of PC in brain ischemic process. These find-

ings further validated the applicability of the proposed method to

a deeper understanding of the relationship between the structural

specificities and the biological functions of lipids.

In summary, we developed a visible-light-activated photocat-

alytic aziridination reaction system for the derivatization of un-

saturated lipids. Based on this reaction system and LC-MS/MS, a

Fig. 4. Analysis of the sn-position isomer of PC by the PhI=NTs derivatization and

LC-MS/MS. (a) EIC at m/z 929.60 showing the derivatized sn-position isomers of PC

34:1. The peak fitting was accomplished by using Origin software. (b, c) Compar-

isons of the ratio changes of sn-position isomers of PC 34:1 in normal (left) and

ischemic (right) mouse brain tissues. The right brains were subjected to 1h focal

ischemia and then received reperfusion for 1 and 3 days. Two-sided Student’s t-test

was used without adjustment. ∗ P < 0.05; ∗∗ P < 0.01; n.s., no significant difference.

Data are presented as mean values ± SD, n=5 and n=4 biologically independent

replicates for 1-day and 3-day reperfusion, respectively.
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method features the simultaneous identification of the C=C bond

location and sn-position in unsaturated lipid isomers was estab-

lished. The fine structures and relative ratios of the unsaturated

sn-position isomers of PC were identified and quantified in mouse

brain tissue, which revealed the significant changes of sn-position

isomers ratio in the cerebral ischemia for the first time. This

study provides a promising approach for the in-depth structural

lipidomics.
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