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Abstract  
 
Mass spectrometry allows the relative quantification of the regioisomers of triacylglycerides 

by the calibration of their fragmentation patterns. However, due to the plethora of 

regioisomers of triacylglycerides, calibration with every standard is not feasible. An analytical 

challenge in the field is the prediction of the fragmentation patterns of triacylglycerides to 

quantify their regioisomers. Thus, we aimed to model these fragmentation patterns to quantify 

the regioisomeric composition, even for those without commercially available standards. In a 

first step, we modeled the fragmentation patterns of the regioisomers of triacylglycerides 

obtained from different published datasets. We found the same qualitative trends of 

fragmentation beyond differences in the type of adduct in these datasets (both [M+NH4]
+ and 

[M+H] +), and the type of instrument (orbitrap, Q-ToF, ion-trap, single quadrupole, and triple 

quadrupole). However, the quantitative trends of fragmentation were adduct and instrument 

specific. From these observations, we modeled quantitatively the common trends of 

fragmentation of triacylglycerides in every dataset. In a second step, we applied this 

methodology on a Synapt G2S Q-ToF to quantify the regioisomers of triacylglycerides in 

sunflower and olive oils. The results of our quantification were in good agreement with 

previous published quantifications of triacylglycerides, even for regioisomers that were not 

present in the training dataset. The species with more than two highly unsaturated fatty acids 

(arachidonic, eicosapentaenoic, and docosahexaenoic acids) showed a complex behavior and 

lower predictability of their fragmentation patterns. However, this framework presents the 

capacity to model this behavior when more data are available. It would be also applicable to 

standardize the quantification of the regioisomers of triacylglycerides in an inter-laboratory 

ring study. 
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docosahexaenoic acid; EPA, eicosapentaenoic acid; ESI, electrospray ionization; GLA, γ-

linolenic acid; L, linoleic acid; La, lauric acid; M, myristic acid; Mo, myristoleic acid; O, 

oleic acid; MU, monounsaturated; P, palmitic acid; Po, palmitoleic acid; PUFA, 

polyunsaturated fatty acids; S, stearic acid; SM, supplementary material; SP, structural 

parameter; SV, structural vector; TG, triacylglyceride; UHPLC-MS, ultrahigh performance 

liquid chromatography hyphenated to mass spectrometry.  
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1. Introduction 

Triacylglycerides (TGs) are key components of foodstuffs because of their impact on 

their physical, textural, sensory, and nutritional properties. TGs also constitute the main 

daily source of dietary fatty acids (close to 90%), which play a key role in different 

physiological processes, such as energetic metabolism, cell structure, and innate immunity 

[1,2]. To achieve their physiological role, dietary lipids and constitutive fatty acids have to 

be digested. During this process in the gastrointestinal tract, gastric lipase in the stomach 

first hydrolyzes the TGs, which releases the fatty acids in the sn-3 position of the glycerol 

backbone. Subsequently, pancreatic lipase in the small intestine hydrolyzes the sn-1 and 

sn-3 positions. These successive reactions yield mainly free fatty acids from the sn-1 and 

sn-3 positions. The fatty acids in the sn-2 position yield mainly 2-acylglycerol (Figure 1A). 

Consequently, the regioisomeric composition of TGs – i.e. the relative composition of the 

fatty acids at the sn-2 position of TGs– conditions how the fatty acids are absorbed. This 

different absorption affects the nutrition characteristics of dietary fats in foodstuffs. As 

classical example, when palmitic acid is esterified in the sn-1 and sn-3 positions of TGs in 

infant formulas, it is released during digestion as free palmitate. It interacts with calcium 

ions to form and insoluble soap that is excreted in feces. Consequently, palmitic acid in 

this type of formulas is not available as source of energy for the infant [3]. In addition, 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are more efficiently 

absorbed and redistributed in tissues when they are esterified in the sn-2 position of the 

dietary TGs [4,5]. EPA and DHA play a key role in inflammation as precursors of pro-

resolving lipid mediators [6]. This is one of the rationales behind the recommendation of 

ingestion of fish oils with ω-3 fatty acids to prevent cardiovascular diseases. However, due 

to the enzyme specificity during the digestion, fish oils with different regioisomeric 

composition may have different effects on cardiovascular risks. In summary, the 
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quantification of the regioisomers of TGs in fish oils may have a direct impact on public 

health [7].  

Traditionally, TG regioisomers have been determined by enzymatic hydrolysis and the 

subsequent characterization of the products by liquid, thin layer, or gas chromatography 

[8–11]; but this procedure is cumbersome. In addition, silver-ion chromatography separates 

TG regioisomers, but it is not high-throughput [8,12]. On the contrary, lipidomics enables 

the high-throughput study of lipids in complex samples, even with quantitative approaches 

[13]. Specifically, lipidomics already plays a key role in food authentication [14] and in 

new approaches to precision nutrition [15–17]. State-of-the-art lipidomics uses ultrahigh 

performance liquid chromatography hyphenated to mass spectrometry (UHPLC-MS), 

which allows the identification of the lipids under collision induced dissociation [18–21]. 

In mass spectrometry, TGs ionize in electrospray (ESI) as adducts of single charged 

cations [22] ([M+Cation]+ with Cation=Li+, Na+, K+, or NH4
+) or in atmospheric pressure 

chemical ionization (APCI) as [M+H]+. Both [M+NH4]
+ and [M+H]+ adducts suffer 

neutral losses of the fatty acids to yield diacylglycerol-like ions [23,24] (Figure 1B). From 

a structural point of view, the MS2 fragmentation tendency of a fatty acid in a TG depends 

on the type of adduct, on the position of the fatty acid, on the structure of the fatty acid, 

and on the influence of the other fatty acids esterified to the glycerol backbone (interaction 

term). On the other hand, MS2 fragmentation does not allow for the fatty acids in the sn-1 

and sn-3 positions to be distinguished. Because of this reason, the sn-1 and sn-3 positions 

are usually called external positions, and the sn-2 position is called internal position. 

Pioneering studies in the fragmentation of TGs proposed mechanisms of reaction to 

explain the fragmentation patterns for TGs with saturated and monounsaturated fatty acids 

[25–28]. They reported a higher tendency of the fatty acids to be lost in the external 

positions when compared with the internal position, which has been studied by 
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computational chemistry [29]. Nevertheless, mass spectrometry lacks of reproducibility 

and the fragmentation patterns of molecules depend on the specific instrument. By 

calibrating the relative abundance of the neutral losses of the fatty acids of a TG in a 

specific instrument, the regioisomeric composition can be quantified [30]. In the literature, 

this calibration is restricted to species with two different fatty acids without constraints. 

This calibration uses simple linear regression and can yield quantifications of the 

regioisomers below 0%, above 100%, or with the sum of the regioisomers different from 

100%. 

By using fragmentation patterns in mass spectrometry, we aimed to quantify the 

regioisomeric composition of TGs. Up to date, this quantification faces three main 

challenges: A) the application of multivariate constrained calibration to species with three 

different fatty acids; B) the calibration for every regioisomer of TGs in complex samples is 

not feasible; and C) the MS2 fragmentation patterns are instrument specific. Here we 

address these three challenges and report a model to quantify the regioisomeric 

composition of TGs in the context of lipidomics. To achieve these aims, we hypothesized 

that there are fragmentation patterns of available TGs can be used to predict the 

fragmentation of non-available TGs. Consequently, 1) we applied the multivariate 

constrained calibration to the quantification of the regioisomers of TGs; 2) we studied the 

influence of the fragmentation energy on the fragmentation patterns of TGs; 3) we 

analyzed qualitatively the fragmentation patterns of the regioisomers of TGs in published 

datasets; 4) we modeled the identified fragmentation patterns in terms of the position of the 

fatty acids, the structure of the fatty acids, and the interaction among the fatty acids; and 5) 

we quantified the regioisomers of TGs in vegetable oils with a limited number of 

standards.   
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2. Materials and methods 

2.1. Notation of the TGs, of the quantification of their regioisomers, and of their 

fragmentation patterns. 

For a TG with three fatty acids A, B and C, the notation TG(A/B/C) expressed the 

three possible regioisomers, which were represented as TG(rac-B/A/C), TG(rac-A/B/C), 

and TG(rac-A/C/B). The prefix rac- differed from the prefix sn- to denote a combination 

of enantiomers, which cannot be distinguished by fragmentation in mass spectrometry. 

Consequently, the relative quantification of the regioisomers TG(rac-B/A/C), TG(rac-

A/B/C), and TG(rac-A/C/B) was defined as the percentage of the internal position 

esterified with, respectively, the fatty acids A, B, and C.  

The structure of a TG affects the relative abundance of the neutral losses of the 

fatty acids under fragmentation by collision induced dissociation (CID) [26]. We defined 

a structural parameter (SP) as the logarithm of the ratios of the signals of the neutral loses 

of two fatty acids, corrected by their multiplicity in the TG (Equation 1). These structural 

parameters compare the relative tend of two fatty acids to suffer neutral loss in a pure 

regioisomer or a mixture of regioisomers. We also defined the structural vectors (SV) to 

organize these structural parameters for the pure regioisomers and the mixtures of 

regioisomers. In a TG with three different fatty acids (A, B, and C), the structural vector 

possessed three different structural parameters that expressed mathematically the 

fragmentation patterns (Equation 2). Under the assumption of linear behavior, we 

considered the structure vector of a mixture as the linear combination of the structure 

vectors of the pure regioisomers (Equation 3). The regioisomeric composition of the 

mixture is, by definition, the coefficients of this linear combination (αi, for the possible 

pure regioisomers i in Equation 3). As the quantification of the regioisomers must be in 

the interval [0%, 100%], we constrained these coefficients to avoid negative values, 
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quantifications above 100%, and quantifications of regioisomers that do not sum 100%. 

Full development of the equations for the different multiplicities of fatty acids and an 

illustrative example for the regioisomers of TG(P/O/L) are provided in SM-B. 

 

2.2. Datasets to characterize, model, and quantify the regioisomers of TGs 

To build fragmentation models, only the TGs containing common fatty acids of 

vegetable or fish oils were selected: lauric acid (La), myristic acid (M), palmitic acid (P), 

stearic acid (S), arachidic acid (Ar), behenic acid (B), myristoleic acid (Mo), palmitoleic 

acid (Po), oleic acid (O), linoleic acid (L), α-linolenic acid (ALA), γ-linolenic acid 

(GLA), arachidonic acid (AA), EPA, or DHA. The structural vectors of the datasets 

selected are provided in SM-A. 

The Boston dataset contained the fragmentation data of regioisomers of TGs ionized 

in ESI as [M+NH4]
+ adducts were acquired on a ThermoFinnigan LCQ Advantage ion-

trap mass spectrometer with ESI (Sunnyvale, CA) at the University of Massachusetts 

Boston [31–34]. The fragmentations were performed at relative collision energy of 30 

(unitless scale). Calibration curves for the regioisomers of TG(rac-O/S/O)-TG(rac-

S/O/O); TG(rac-S/O/S)-TG(rac-S/S/O); and TG(rac-P/S/O)-TG(rac-S/P/O)-TG(rac-

P/O/S) were also acquired at the University of Massachusetts Boston. 

The Pardubice dataset contained regioisomers of TGs with P, S, O, L, ALA, and GLA 

that were ionized by APCI as [M+H]+ in five different instruments: orbitrap, Q-ToF, ion-

trap, single quadrupole, and triple quadrupole [35]. In all five instruments the [M+H]+ 

adduct fragmented spontaneously to suffer the neutral loss of the fatty acids.  

The Nantes dataset was built by using the regioisomers TG(rac-P/O/P), TG(rac-

P/P/O), TG(rac-P/L/P), TG(rac-S/P/O), TG(rac-O/P/O), TG(rac-O/O/P), TG(rac-P/L/S), 

TG(rac-P/O/L), TG(rac-L/L/P), TG(rac-M/O/B), TG(rac-O/L/O), TG(rac-O/O/L), 
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TG(rac-L/S/L), TG(rac-L/O/L), TG(rac-L/L/O), TG(rac-O/O/ALA), and TG(rac-

L/L/GLA) purchased from Larodan, Solna, Sweden. The regioisomers were analyzed on 

an Acquity-Synapt G2S Q-ToF (Waters). The standards and oils were separated on a 

BEH C18 2.1x150 mm (Waters) by a 16-minute gradient of solvents: A) methanol, 2 mM 

ammonium acetate, 6 mM acetic acid; and B) methanol/isopropanol 50:50, 2 mM 

ammonium acetate, 6 mM acetic acid. The chromatographic system did not separate the 

regioisomers of TGs but partially separated TGs with the same number of carbons and 

unsaturations to obtain spectra without interferences (e.g. TG(52:2) in Figures S-1 and S-

2). The analytes were ionized by ESI in positive mode and yielded the adduct [M+NH4]
+. 

After optimization (see Section 3.2), the fragmentations were carried out in the trap at 13 

V of energy of fragmentation. The signals of the fragments were corrected by the isotopic 

distribution of the diacylglycerol-like ions [35].  

 

2.3. Software and statistics   

Data analysis and model development were performed in R 3.3.1 run under RStudio 

0.99.902. The optimization of the fragmentation parameters was carried out with function 

optim from package stats (Nelder-Mead method, minimization of the sum of squares of 

the prediction of the measured structural vectors). The multivariate constrained regression 

to quantify the regioisomers was carried out by the function pcls from package mgcv [36]. 

In all cases log stands for natural logarithm. The deviation of the quantification of the 

regioisomers was expressed by the bias. As the sum of the abundance of the possible 

regioisomers is necessarily 100%, the values are linearly dependent and the differences 

between the quantification and the reference values is always zero. To avoid this effect, 

the bias was defined as the absolute value of the difference between the measured 

regioisomeric composition and the prepared regioisomeric composition (in-house 
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reference material). Outliers were detected by Dixon’s Q test. Comparisons were 

analyzed by differences-average plots [37]. 

All molecules were drawn in MarvinSketch 15.9.7.0 and figures were processed in 

GIMP 2.8.16.  
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3. Results and Discussion  

 

3.1. Quantification of the regioisomers by multivariate constrained regression. 

Interpolation among pure standards 

To avoid senseless calibrations of the regioisomeric composition we used 

multivariate regression with constraints according to Equations 1, 2, and 3 (further 

details in SM-B). To study the error of the multivariate constrained calibration we used 

at least 10 different mixtures of regioisomers of TG(rac-O/S/O)-TG(rac-S/O/O); of 

TG(rac-S/O/S)-TG(rac-S/S/O); and of TG(rac-P/S/O)-TG(rac-S/P/O)-TG(rac-P/O/S), 

which were acquired at the same conditions as the Boston dataset. The matrices of 

regression were fitted by minimum of squares, which yielded the average of the biases 

below 5% (minimum sum of squares column in Table 1). While previous publications 

had quantified TGs with two different fatty acids, our methodology was also suitable for 

species with three different fatty acids. In comparison with previous studies, our 

methodology also avoided the quantification of the relative abundance of the 

regioisomers with values below 0%, above 100%, and with sum of the possible 

regioisomers different from 100%. 

On the other hand, by knowing the extremes of the calibration –i.e. the structural 

vectors of the pure regioisomers– we could estimate the matrix of regression (an 

example of the calculations can be found in SM-B5). This substitution assumed a linear 

relationship in the regression. In this case, the average of the bias of the quantification 

was slightly higher for the three types of mixtures, but below 5% in all cases (Table 1). 

In conclusion, the characterization of the fragmentation patterns of the regioisomers of 

TGs allowed the quantification of mixtures by interpolation. The underlying assumption 
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is the linear relationship between the regioisomeric composition and the structural 

vectors.  

 

3.2. Influence of the energy of fragmentation on the fragmentation patterns 

represented by the structural vectors. 

To study the specific impact of the fragmentation energy on the structural vectors, 

we modified this parameter during the fragmentation of the TGs constituting the Nantes 

dataset. In this case, the fragmentation was performed on a Synapt G2S Q-ToF by CID 

of the [M+NH4]
+ adducts (parent ion). All standards showed three types of fragments: 

1) [M+H]+ ions by neutral loss of ammonia (minor peak); 2) diacylglycerol-like ions by 

the neutral losses of the fatty acids (predominant at low energy of fragmentation); and 

3) [fatty acid-CO]+ and [fatty acid-CO+74]+ ions (predominant at high energy of 

fragmentation). Previous studies have suggested that these ions are generated 

sequentially in three steps: 1st) neutral loss of ammonia from [M+NH4]
+ to yield the 

[M+H] + ion (primary fragment), 2nd) neutral loss of the fatty acids from [M+H]+ to yield 

the diacylglycerol-like ions (secondary fragments), and 3rd) further dissociation of the 

diacylgycerol-like ions to yield the [fatty acid-CO]+ and [fatty acid-CO+74]+ ions 

(tertiary fragments) [26,38]. As the relative abundance of the diacylglycerol-like ions 

(secondary fragments) contains the structural information that we aim to model to 

quantify the regioisomers, we center the discussion about the factors that govern the 

generation of these ions. The signal of these secondary fragments presented a wide 

maximum in relation to the energy of fragmentation (e.g. TG(rac-POL) in Figure 2A). 

However, the changes were not proportional for the neutral losses, which affected the 

structural parameters (Figure 2B). Considering this behavior, the signal of the secondary 

fragments depended on two reactions: 1) the reaction of production by the neutral loss 
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of the fatty acids from the primary fragment, and 2) the reactions of consumption to 

yield the tertiary fragments. At low energy of fragmentation, the production overrode 

the consumption; situation that changed gradually by increasing the energy of 

fragmentation until they were equal at the maximum. At high energy of fragmentation, 

the consumption overrode the production and the signals of the secondary fragments 

disappeared (Figure 2A). From a structural point of view, the reaction of production 

depended on the structure of the parent ion –this structure was what we aimed to model 

in attempt to quantify the regioisomers. However, the reactions of consumption of the 

secondary fragments were not directly related to the structure of the parent ion, but to 

the structure of the secondary fragments [26]. Consequently, the presence of tertiary 

fragments hampered the possibility of modeling the fragmentation patterns of TGs from 

their structure. These tertiary fragments must be minimized to relate the patterns of 

fragmentation into the primary ions to the structure of the parent ion (and, hence, the 

regioisomeric composition). Considering this factors, we chose an energy of 

fragmentation of 13 V in the Nantes dataset. At this energy of fragmentation, the 

production of the secondary fragments dominated their signal and there were no tertiary 

fragments. We will discuss in detail the mechanism of fragmentation in different 

instruments and adducts in Section 3.4, after the identification and modeling of the 

fragmentation patterns in the datasets. 

In conclusion, to model the fragmentation patterns of the regioisomers in 

different instruments, the neutral losses of the fatty acids of TGs should be the main 

mechanism of fragmentation (i.e. the secondary fragments should not decompose into 

tertiary fragments). This behavior is expected to take place at low energy of 

fragmentation. As the energy transfer and the type of adduct are instrument-specific, the 

fragmentation conditions should be optimized on every instrument as described before.  
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3.3. Identification of the qualitative fragmentation patterns of pure regioisomers of 

TGs when ionized as [M+NH4]
+ in ESI and [M+H]+ in APCI. Influence of the type 

of analyzer and adduct on the fragmentation patterns from a qualitative point of 

view. 

To identify trends in the neutral losses of fatty acids in TGs as [M+NH4]
+ adduct 

in ESI, we analyzed qualitatively the datasets from Boston [31–34] and from Nantes. To 

study the trends of fragmentation of TGs ionized as [M+H] + adduct in APCI, we 

analyzed qualitatively the Pardubice dataset [35]. By exploratory data analysis of the 

structural parameters (SM-A), we found four patterns of TG fragmentation in CID to 

yield the neutral loss of the fatty acids:  

I. Species with only saturated fatty acids. A) The structural parameters 

comparing two saturated fatty acids in external positions were close to zero. This 

behavior indicates that the number of carbons showed a minor influence in the patterns 

of fragmentation [19].  B) The structural parameters comparing a saturated fatty acid 

in the internal position and a saturated fatty acid in the external position were lower 

than zero. This behavior indicates a higher trend of saturated fatty acids to be lost in 

the external position, which agrees with previous results [29]. 

II.  Species with saturated and mono-unsaturated fatty acids with an 

unsaturation cis in position 9 (Mo, Po and O). When compared with a saturated fatty 

acid, the monounsaturated fatty acids showed a higher tendency to be lost in both the 

external and the internal positions. When a TG species had three monounsaturated 

fatty acids, the structural parameters depended only on the position of the fatty acid (in 

this case, the structural parameters were close to those of a TG with three saturated 

species, e.g. TG(rac-Mo/O/Mo) and TG(rac-P/S/P) in SM-A). This behavior indicates 
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that the fragmentation tendencies in these TGs depended only on the position and the 

type of fatty acid. Consequently, there is no interaction term in these TGs. 

III.  Species with one polyunsaturated fatty acid (PUFA, i.e. L, ALA, GLA, 

AA, EPA, or DHA). When compared with saturated and monounsaturated fatty acids, 

the tendency of PUFAs to suffer a neutral loss correlated positively with the number of 

unsaturations. All other factors equal, the tendency to be lost was higher when the first 

unsaturation was closer to the carboxylic group (e.g. GLA vs ALA, SM-A). This 

behavior suggests the introduction of a fragmentation parameter for every PUFA in the 

fragmentation models. 

IV.  Species with two or three PUFAs. When there were more than one 

PUFA, they presented lower differences in the structural parameters than expected. 

For example, under the assumption of independence of the fragmentation of fatty 

acids, the structural parameter between palmitic acid and linoleic acid in TG(rac-

S/P/L) was expected to be similar to TG(rac-L/P/L). Nevertheless, in the first case the 

value was -1.34 while in the second one it was, on average, 0.13 (SM-A, Boston 

dataset). As PUFAs show a globular-like structure, we attribute this behavior to an 

interaction among PUFAs via intramolecular London dispersion forces. These forces 

would be weaker for species with saturated fatty acids, which present a linear 

structure. As the neutral loss of these PUFAs is inhibited, these forces would increase 

the energy of the transition state of the reaction of fragmentation. From a modeling 

point of view, this behavior suggests the introduction of a fragmentation parameter for 

the inhibition of the neutral loss of PUFAs when more than one PUFA is present in the 

TG species. 

If we compare the ionization type in the three datasets, the [M+H]+ adduct in 

APCI (Pardubice dataset) showed the same qualitative fragmentation patterns as the 
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[M+NH4]
+ adduct in ESI, but the quantitative values differed. For example, SPP/O in 

TG(rac-P/O/P) was, on average, 0.89 for the adduct [M+NH4]
+ in the Boston dataset, 

while the value was 0.99 in the Nantes dataset (SM-A). On the other hand this 

structural parameter was, on average, 0.57 for the adduct [M+H]+ in the Pardubice 

dataset (SM-A). Consequently, the neutral loss of P was favored over O in the three 

datasets for TG(rac-P/O/P), but the degree of this difference depended on the 

instrument and adduct. These facts point to the existence of homogeneous qualitative 

trends of fragmentation in the three datasets. However, the quantitative trends were 

adduct and instrument specific. Further comparisons among adducts and instruments 

are provided in the next Section, after modeling these fragmentation patterns. 

 

3.4. Modeling the fragmentation patterns of TGs: assumptions and comparison of the 

fragmentation models among adducts and instruments 

To predict the fragmentation patterns of the regioisomers of TGs by the structural 

vectors, we modeled the structural parameters as differences of the tendency of the 

fatty acids to suffer a neutral loss. These tendencies were quantified by the parameters 

Γ for a fatty acid in a specific regioisomer. These parameters eventually depended on 

the ratios of the rate constants of the neutral losses, considered as reactions in 

competition [38]. To relate the parameters Γ with the structure, the parameter Γ of a 

fatty acid was modeled as a sum of the fragmentation parameters γ. The fragmentation 

parameters γ depended on 1) the position of the fatty acid in the glycerol backbone, 2) 

the structure of the fatty acid, and 3) the interaction among fatty acid chains. 

Consequently, we modeled the fragmentation tendencies of the fatty acids by the 

fragmentation parameters γ according to the trend groups identified in Section 3.3: A) 
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γext for the external position; B) γMU for monounsaturated fatty acids with the double 

bond in position 9 (Mo, Po, O); C) γL, γALA , γGLA, γEPA, and γDHA for respective 

PUFAs; and D) γIN for the interaction among PUFAs. As the model was based on the 

differences of the parameters Γ, the origin of the scale was fixed for the saturated fatty 

acids in the internal position (i.e. Γsat,int, γint, and γsat equaled zero). Formulae and 

further details can be found in SM-C. The fitted fragmentation parameters γ 

reproduced and quantified the trends observed in Section 3.3 (Table 2). All other 

factors equal: 1) the loss of an external fatty acid was favored in comparison with the 

internal fatty acids (γext < 0); 2) the neutral loss of a fatty acid increased with the 

number of unsaturations and the closer the position of the first unsaturation was to the 

carboxylic group (γMU, γL, γALA , and γGLA, in all datasets with also γEPA, and γDHA in 

the Boston dataset); and 3) the presence of more than one PUFA inhibited the 

tendency of a PUFA to suffer a neutral loss (γIN > 0). Regarding model repeatability, 

the relative standard deviation of the parameters γext, γMU, γL, γALA , γGLA, and γIN was, 

respectively, 2.8, 5.4, 2.5, 5.7, 2.5, and 5.2% (four batches in the Nantes dataset). 

Consequently, despite the difference among adducts and instruments (Table 2), the 

fragmentation model showed good repeatability for the same instrument.  

To test the capacity of quantification of the regioisomers of TGs by the model, we 

compared the quantification bias of the regioisomers of TG(S/O/O), TG(S/S/O), and 

TG(P/S/O) in the Boston dataset with the quantification by multivariate constrained 

regression (Section 3.1). First, we predicted the structural vectors by the γ parameters 

in Table 2 for the Boston dataset as in SM-C. Subsequently we used these vectors as 

the columns of the regression matrix to apply the multivariate constrained regression 

as in SM-B. The average of the quantification bias by using the model was below 10% 

in all cases (right column in Table 1). In comparison with the quantifications without 
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non-modeled structural vectors, the bias was higher for the regioisomers of TG(S/O/O) 

and TG(S/S/O), but lower for the regioisomers of TG(P/S/O) (Table 1, last column). In 

conclusion, despite a moderate increase of the error, the bias below 10% was also 

acceptable to use the model to quantify the regioisomers of TGs. 

The complexity of the fragmentation of PUFAs affected the quality of the 

prediction, specifically in species with highly unsaturated fatty acids (AA, EPA, and 

DHA) when another PUFA was present in the TG. For example, SPO/AA in TG(rac-

O/AA/L) in the Boston dataset was -0.80 while the model predicted 0.49 (SM-A). We 

address this lack of predictability to a simplification in modeling the interaction 

between PUFAs into only one parameter. Most of the species in the Boston dataset 

with more than one highly unsaturated fatty acids were of the form TG(rac-A/B/A) 

whereas the interaction via London dispersion forces between the highly unsaturated 

fatty acids could be different in the regioisomer TG(rac-A/A/B). Consequently, we 

speculate that the interaction between highly unsaturated fatty acids depended on the 

structure of the fatty acids and their relative position in the glycerol backbone. 

Considering that these species corresponded to the adduct [M+NH4]
+, we also 

speculate that the hydrogens of the ammonia and the folded structure of the highly 

unsaturated fatty acids interact via hydrogen bonds to produce complex fragmentation 

patterns. This factor would be absent in adducts without this effect, such as [M+Li]+ or 

[M+Na]+. In summary, this complex behavior warrants further research to understand 

and model the fragmentation patterns of different adducts of TGs with highly 

unsaturated fatty acids [39]. Specifically, this research is necessary to allow the 

quantification of the regioisomers of TGs in fish oils or derived products, such as oils 

enriched in DHA and EPA (accounting for more than 50% of the fatty acids in these 

oils). 
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Comparing adducts and instruments in the datasets under study, the 

fragmentation parameters (γext, γMU, γL, γALA , γGLA, and γIN) showed the same sign but 

different absolute value. This behavior of the fragmentation parameters was the 

mathematical expression of the observation of common qualitative trends of 

fragmentation for the adducts and modes of ionization (Section 3.3). However, this 

behavior cannot be extrapolated to other adducts, as discussed later.  

Considering the same adduct in different instruments, we can first compare the 

behavior of the [M+NH4]
+ adducts in the Nantes and Boston datasets. On the one 

hand, the Nantes dataset was acquired by CID in a Q-ToF at low energy of 

fragmentation to prevent the presence of tertiary fragments (see Section 3.2). On the 

other hand, the Boston dataset was acquired on an ion-trap analyzer with CID energy 

of fragmentation of 30 (unitless scale) without the presence of tertiary fragments. CID 

fragmentations in both Q-ToF and ion-trap are classified as low energy activation and 

the energy transferred is vibrational [40]. However, we observed tertiary fragments in 

the Nantes dataset at high energy of fragmentation, but not in the Boston dataset. This 

fact points to a higher transfer of energy on the Q-ToF system, at least when compared 

to the ion-trap. At low energy of fragmentation in the Q-ToF, the energy transferred 

would be sufficient to excite the vibrational states of the ester groups of the fatty acids 

of TGs to yield their neutral loss of the fatty acids (secondary fragments). However, it 

would not be enough to excite the vibrational states of the functional groups of these 

secondary fragments to yield the tertiary fragments. Consequently, at low energy of 

fragmentation, we would expect the same mechanism of fragmentation by CID on the 

ion-trap in the Boston dataset and on the Q-ToF in the Nantes dataset. Another 

potential difference in the fragmentation process during CID is the gas of collision. In 

CID, the collisions with a noble gas convert the translational energy of the ion into 
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internal energy, including the vibrational states. In this process, the heavier the 

collision gas, the higher the transfer of energy [40]. In this context, we would not 

expect to change the mechanism of fragmentation by changing the gas of collision, 

only the degree of dissociation would change. In conclusion and despite the 

differences in the analyzers, we expected the same mechanism of fragmentation of the 

[M+NH4]
+ adducts in the Nantes and Boston datasets. This justifies the presence of the 

same qualitative fragmentation patterns for the two datasets. We address the 

differences in the quantitative patterns among instruments to: 1) the differences in 

energy transfer to the analytes during both the ionization and the fragmentation, and 2) 

the different time-range between fragmentation and detection for Q-ToF and ion-trap 

instruments. 

We can also compare the fragmentation trends for the [M+H]+ adducts on the 

five instruments in the Pardubice dataset. In this case, the regioisomers of TGs 

fragmented spontaneously in APCI from the [M+H] + adduct and did not report the 

presence of tertiary fragments in any of the five analyzers [35]. As TGs are 

thermolabile, we address the fragmentation to thermal decomposition during the 

ionization and/or the ion transfer in the mass spectrometers. Despite the differences in 

the analyzers, thermal energy is also transferred to the vibrational states of the molecule. 

Thus, we would expect the same mechanism of fragmentation among the five analyzers 

used in the Pardubice dataset. This common mechanism justifies the same qualitative 

fragmentation patterns for the [M+H]+ adducts in APCI in these five analyzers. In a 

similar way, we address the differences in the quantitative patterns to the differences in 

energy transfer to the analytes during both the ionization (e.g. differences in the 

temperature of ionization [35]). 
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Considering different adducts, we could expect differences even in the 

qualitative trends of fragmentation. These differences would originate in putative 

qualitative differences in the vibrational states of the different parent ions. In last term, 

these differences would be linked to the different interaction between the analyte and 

the cation, which would affect the structure of the parent ion in gas phase. As discussed 

in Section 3.2, the neutral losses of the fatty acids for the adduct [M+NH4]
+ in ESI 

originated from the fragment [M+H]+. Despite we observed the same qualitative trends 

of fragmentation for the [M+NH4]
+ adduct in ESI and [M+H]+ adduct in APCI, we 

cannot assume that the structure of the parent ion [M+H] + in APCI is the same as the 

primary fragment [M+H]+ from [M+NH4]
+ in ESI. From a general point of view, other 

adducts (e.g. [M+Li] +, [M+Na]+, or [M+Ag]+) also present an inhibition of the neutral 

loss of the fatty acids in the internal position of the glycerol [22,25]. However, the type 

of cation could affect the intramolecular London forces and, consequently, the other 

qualitative fragmentation patterns described in Section 3.3. 

 

3.5. Quantification of the regioisomers of TGs in vegetable oils by using a Synapt G2S 

Q-ToF instrument 

3.5.1. Assumptions of the quantification by interpolation of the fragmentation patterns 

of pure regioisomers 

Two underlying assumptions should be studied on a specific instrument to apply 

this quantification: 1) the linearity of the response, and 2) the equal efficiency of 

fragmentation for the regioisomers. We studied these two assumptions for the adduct 

[M+NH4]
+ on a Synapt G2S Q-ToF fragmenting at 13 V of energy in the trap. 
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Regarding linearity, we injected four types of mixtures of regioisomers and we 

obtained a linear relationship (e.g. the pair TG(rac-O/P/O) and TG(rac-O/O/P) in 

Figure 3). 

Regarding the efficiency of fragmentation, we studied the sum of the signal of 

the neutral losses normalized by the signal of the parent ion (Table 3). Our results 

reproduced those previously published for the [M+H]+ adduct [41]. The number of 

carbons (C) and the number of unsaturations (U) of a TG species explained the 

variation in the efficiency of fragmentation by the equation log(Efficiency)= -4.1-

0.054C-0.20U (error of the fitting in Figure S-3). Consequently, for coeluting species 

with the same number of carbons and unsaturations, we reconstructed the signal of the 

common fatty acids in proportion. Subsequently, the regioisomeric composition was 

calculated by using the reconstructed spectra. 

3.5.2. Quantification of the regioisomers in vegetable oils 

After ensuring the underlying assumptions of the model, we predicted the 

regression matrices of the different regioisomers from the fragmentation parameters 

γext, γMU, γL, γALA , γGLA, and γIN in the Nantes dataset (Table 2). An illustrative 

example of the calculations can be found in SM-C6. As the samples were vegetable 

oils, we considered that all fatty acids with 18 carbons and 3 unsaturations were ALA, 

which cannot be distinguished from GLA by the mass of their neutral loss. The 

absences of GLA was verified by gas chromatography analysis of the fatty acids (data 

not shown). No species contained highly unsaturated fatty acids, which are not present 

in vegetable oils.  

We compared our quantification and the previously reported values for these oils 

(Table 4, Figure S-4). As example of a TG with all regioisomers in the training 
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dataset, we can consider the quantification of the regioisomers of TG(O/O/P) in both 

sunflower and olive oils. In both cases, our quantification yielded the pure regioisomer 

TG(rac-O/O/P). This quantification agrees previous studies, which had reported an 

abundance of this regioisomer of at least 91% in sunflower oil, and 95% in olive oil. 

As example of a TG without any regioisomer in the training dataset, we can consider 

the quantification of the regioisomers of TG(S/O/L) in sunflower oil. In this case, our 

quantification yielded a composition of 42% of TG(rac-S/O/L), 58% of TG(S/L/O), 

and 0% of TG(rac-O/S/L). A previous study by chemical deacylation reported a 

composition of, respectively, 45%, 55%, and 0%, which is in good agreement [11]. 

For a broader comparison beyond specific examples, we used the difference-average 

plot (Figure S-4). This plot did not show systematic deviations by type of regioisomer, 

amount of regioisomer, and type of oil. The average of the independent differences 

was -1.4% and the standard deviation was 17%. Considering the interval of 

confidence, only one measurement was out (95% of confidence in Figure S-4). This 

point corresponded to the regioisomers of TG(S/S/L) in sunflower oil. TG(S/S/L) 

partially coeluted with TG(O/O/S), being, respectively, approximately 3% and 97% of 

the peak. In the spectrum of fragmentation of TG(S/S/L) there was a minor 

contribution of TG(O/O/S), which affected the quantification of the regioisomeric 

composition. After discarding this outlier (Dixon’s Q test p-value < 2.2 10-16), the 

average of the differences was 1.2% and the standard deviation 11%. In addition, the 

species present in the training dataset did not show differences with the species not 

present in the training dataset (Figure S-4). 
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4. Conclusions 

In this study, we describe a framework to quantify the regioisomeric composition of 

TGs by modeling their mass spectrometry fragmentation. This methodology was 

applicable even for species of TGs that were not included in the training dataset. To 

achieve this aim, we enclosed the structural information of the TGs in the fragmentation 

parameters γ. These parameters predicted the tendency of a fatty acid to suffer a neutral 

loss, which were considered as reactions in competition. The fragmentation parameters γ 

presented the same sign for the different adducts and instruments in the studied datasets. 

This behavior suggests the existence of common fragmentation mechanism and the use of 

a common model predict the fragmentation patterns of TGs in different instruments. 

However, the fragmentation parameters γ presented different absolute values for the 

different adducts and instruments in the studied datasets. This behavior suggests the 

necessity of fitting the common model for every instrument.  

After the study of the assumptions of the model, the quantification of the regioisomers 

of TGs in vegetable oils was in good agreement with previous results, even for 

regioisomers that were not present in the training dataset. As limitation, the fragmentation 

patterns of TGs with more than one highly unsaturated fatty acids were too complex to be 

modeled with the up-to-date data. However, after description of these patterns, this 

framework presents the capability of predicting the fragmentation patterns of these TGs, 

which are the main components of fish oils. 

As an interesting perspective to this work, an inter-laboratory ring study may establish 

a universal minimal set of standards of TGs to model their fragmentation patterns. The 

TGs with highly unsaturated fatty acids would be of special interest in this ring study. In 

addition, this ring study may establish: 1) the ionization and fragmentation conditions in 
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different instruments to homogenize the quantitative fragmentation patterns, and 2) a full 

validation of the quantification of regioisomers of TGs. This full validation would be 

achieved by the quantification of the regioisomers of TGs in fish and vegetable oils by 

both reference enzymatic methods and the framework we present in this study. 

In conclusion and despite the transitory limitation for TGs with highly unsaturated 

fatty acids, this framework opens the quantification of all regioisomers of TGs by using a 

minimal number of standards in high-throughput lipidomics.  

 

5. Appendix A. Supplementary Materials 

The datasets from Boston, Pardubice, and Nantes are provided in SM-A. The 

mathematical expression of the fragmentation patterns for the quantification of 

regioisomers by multivariate constrained regression is provided in SM-B. The description 

and formulae of modeling the fragmentation patterns of the TGs are described in SM-C. 

Supplementary figures can be found in SM-D. 
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Figure 1. Structure and fragmentation of TGs. A) Structure of TG(sn-16:0/18:1/18:2). The 

fatty acids esterified in the sn-1 or sn-3 positions are collectively known as external fatty 

acids; the fatty acid esterified in the sn-2 position is known as internal fatty acid. B) 

Fragmentation pattern of the regioisomer TG(rac-16:0/18:1/18:2) at low energy of 

fragmentation (13 V on a Synapt G2S Q-ToF). No tertiary fragments were detected at this 

energy of fragmentation. 

 

Figure 2. Influence of the fragmentation energy on the signal of the neutral losses and 

the structural parameters of the adduct [M+NH4]
+ on a Synapt G2S Q-ToF. A) 

Logarithm of the signal (arbitrary units, AU) of the parent ion of TG(rac-P/O/L) and the 

neutral losses (NL) of NH3 and the fatty acids as a function of the energy of fragmentation. B) 

Structural parameters (SP) of TG(rac-P/O/L) as a function of the energy of fragmentation.  

 

Figure 3. Response of the structural parameters to the regioisomeric composition. Linear 

response of the structural parameter between oleic and palmitic acids (SPO/P) for mixtures of 

TG(rac-O/O/P) and TG(rac-O/P/O). The adduct [M+NH4]
+ was fragmented on a Synapt G2S 

Q-ToF at 13V of fragmentation energy (R2=0.99).  
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Table 1. Calibration bias of the multivariate constrained regression. The bias of 

quantified regioisomeric composition is expressed as the average of the absolute value of the 

deviation of the quantified value. The regression matrix was fitted by: A) minimizing the sum 

of squares of the measured structural parameters in every type of mixture, B) interpolation 

among the average of extremes (pure regioisomers), and C) by using the modeled structural 

vectors as columns in the regression matrix. The data were acquired in the same conditions as 

the Boston dataset. In all cases the parent ion of the fragmentations was the adduct [M+NH4]
+. 

 

Table 2. Fragmentation parameters (γ) fitted for the different datasets.  

 

Table 3. Efficiency of the fragmentation of the TGs depending on the number of carbons 

and unsaturations. The efficiency of fragmentation was quantified as the sum of the signal 

of the neutral losses of the fatty acids divided by the signal of the parent ion 

(ΣNL/[M+NH 4]
+). The experiments were carried out on a Synapt G2S Q-ToF in Nantes at 13 

V of fragmentation energy. C and U stand, respectively, for the total number of acyl carbons 

and unsaturation in the TG. 

 

Table 4. Comparison of the quantification of the regioisomeric composition of TGs in 

sunflower and olive oils with previously reported results. The regioisomers of TGs were 

quantified by the prediction of the fragmentation patterns by the parameters in Table 2 for the 

Nantes dataset. The regioisomers that were not present in this dataset are in marked with an 

asterisk. 
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Table 1 

Regression 
matrix 

Calibration Bias (%) 

Minimum sum  
of squares  

Interpolation 
between average 

of extremes 

Modeled 
fragmentation 

patterns 

TG(rac-O/S/O) 
TG(rac-S/O/O) 

2.9 5.0 9.5 

TG(rac-S/O/S) 
TG(rac-S/S/O) 

2.1 4.1 8.7 

TG(rac-P/S/O) 
TG(rac-S/P/O) 
TG(rac-P/O/S) 

3.1 3.9 3.0 
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Table 2  

 
 

ESI, [M+NH4]
+ 

CID fragmentation 
 APCI, [M+H]+ 

Spontaneous fragmentation 
 Dataset Boston Nantes  Pardubice 
 Instrument Ion-trap Q-ToF  Orbitrap Q-ToF Ion-trap SQ TQ 

Position 
γint 0 0  0 0 0 0 0 

γext -0.96 -0.65   -0.66 -0.65 -0.64 -0.70 -0.67 

Type of 
fatty 
acid 

γsat 0 0  0 0 0 0 0 

γMU -0.21 -0.28  -0.0026 -0.050 0.014 -0.047 -0.018 

γL -0.32 -0.20  -0.22 -0.30 -0.11 -0.29 -0.18 

γALA  -0.59 -0.22  -0.20 -0.16 -0.081 -0.17 -0.14 

γGLA -1.45 -0.82  -1.30 -1.14 -1.10 -1.27 -1.14 

γAA -2.16 NA*  NA NA NA NA NA 

γEPA -1.86 NA  NA NA NA NA NA 

γDHA -3.15 NA  NA NA NA NA NA 

Interaction γIN 1.31 0.27  0.39 0.32 0.43 0.36 0.48 

*NA, non-applicable because the fatty acid was not available in the dataset
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Table 3 

TG(C:U) TG Efficiency of fragmentation 

TG(50:1) 
TG(rac-P/O/P) 9.47 10-04 
TG(rac-P/P/O) 8.11 10-04 

TG(50:2) TG(rac-P/L/P) 8.19 10-04 
TG(52:1) TG(rac-S/P/O) 7.42 10-04 

TG(52:2) 
TG(rac-O/P/O) 7.95 10-04 
TG(rac-O/O/P) 7.42 10-04 

TG(52:2) TG(rac-P/L/S) 6.72 10-04 
TG(52:3) TG(rac-P/O/L) 5.56 10-04 
TG(52:4) TG(rac-L/L/P) 3.56 10-04 
TG(54:1) TG(rac-M/O/B) 6.53 10-04 

TG(54:4) 
TG(rac-O/L/O) 5.28 10-04 
TG(rac-O/O/L) 4.34 10-04 

TG(54:4) TG(rac-L/S/L) 3.54 10-04 

TG(54:5) 
TG(rac-L/O/L) 3.21 10-04 
TG(rac-L/L/O) 3.05 10-04 

TG(54:5) TG(rac-O/O/ALA) 3.20 10-04 
TG(54:7) TG(rac-L/L/GLA) 2.13 10-04 
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Table 4 

 

   Sunflower seed oil  Olive oil 

 Regioisomer  Quantified Bibliography  Quantified Bibliography 

TG(50:1) 
TG(rac-P/O/P) 

TG(rac-P/P/O) 

 100 

0 

100 [11]; 100 [42]  

0 [11]; 0 [42]  

 100 

0 

97 [22]; 98 [43] 

3 [22]; 2 [43]   

TG(50:2) 
TG(rac-P/L/P) 

TG(rac-P/P/L)* 

 91 

9 

100 [11]; 100 [42]  

0 [11]; 0 [42] 

 88 

13 
- 

  

TG(52:1) 

TG(rac-P/S/O)* 

TG(rac-P/O/S)* 

TG(rac-S/P/O) 

 0 

100 

0 

0 [11] 

100 [11] 

0 [11] 

 0 

100 

0 

-5
¥
 [31] 

105 [31] 

8 [31] 

  

  

TG(52:2) 
TG(rac-O/P/O) 

TG(rac-O/O/P) 

 0 

100 

0 [11]; 2 [42]; 9 [44] 

100 [11]; 98 [42]; 91 [44] 

 0 

100 

2 [22]; 5 [43] 

98 [22]; 95 [43]    

TG(52:2) 

TG(rac-P/S/L)* 

TG(rac-P/L/S) 

TG(rac-S/P/L)* 

 21 

71 

9 

0 [11] 

100 [11] 

0 [11] 

  

- 

 

 

- 

 

  

  

TG(52:3) 

TG(rac-P/O/L) 

TG(rac-P/L/O)* 

TG(rac-O/P/L)* 

 52 

48 

0 

45 [11]; 36 [42]  

55 [11]; 63 [42]  

0 [11]; 1 [42]  

 47 

53 

0 

 

- 

 

  

  

TG(52:4) 
TG(rac-L/P/L)* 

TG(rac-L/L/P) 

 0 

100 

3 [42]  

97 [42] 

 20 

80 

26 [43] 

74 [43]   

TG(54:2) 
TG(rac-O/S/O)* 

TG(rac-O/O/S)* 

 0 

100 

0 [11] 

100 [11] 

 0 

100 

6 [43]; -5¥ [31] 

94 [43]; 105 [31]   

TG(54:2) 
TG(rac-S/L/S)* 

TG(rac-S/S/L)* 

 35
§
  

65
§
 

100 [11] 

0 [11] 

 0
§
 

100
§
 

- 
  

TG(54:3) 

TG(rac-S/O/L)* 

TG(rac-S/L/O)* 

TG(rac-O/S/L)* 

 42 

58 

0 

45 [11] 

55 [11] 

0 [11] 

 26 

74 

0 

 

- 

 

  

  

TG(54:4) 
TG(rac-O/L/O) 

TG(rac-O/O/L) 
 

41 

59 

38 [11]; 39 [45] 

62 [11]; 61 [45] 
 

62 

38 

49 [22]; 39 [43] 

51 [22]; 61 [43] 

TG(54:4) 
TG(rac-L/S/L) 

TG(rac-L/L/S)* 
 

1  

99 

0 [11]  

100 [11] 
 

17 

83 
- 

TG(54:5) 
TG(rac-L/O/L) 

TG(rac-L/L/O) 
 

47 

53 

29 [11]; 27 [44]; 7 [45] 

 71 [11]; 73 [44]; 93 [45] 
 

26 

74 

15 [22]; 33 [43]; 0 [44] 

85 [22]; 67 [43]; 100 [44] 
§Minor component 

¥Negative values correspond to external quantifications without constrained calibration 
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Equations 

 

���/� = 	ln 
��/����/�� = ln 
���� − 	ln 
����	(��������	1) 
 

����(�/�/�) = ����/�,��(�/�/�)���/�,��(�/�/�)���/�,��(�/�/�) 	(��������	2) 
 

��"#$%&'( =)*# ∗ ��## 	 ; -��.�/���. 0 )*## = 1
0 ≤ *# 	≤ 1, ∀	�	(/45���.�64/)	(��������	3) 

 

 






