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Abstract: Triacylglycerols (TAGs), as the main components of edible oils and animal fats, are re-
sponsible for the nutritional value, organoleptic features and technological properties of foods; each
lipid matrix shows a unique TAG profile which can serve as fingerprint to ensure the quality and
authenticity of food products. The high complexity of many foodstuffs often makes untargeted
elucidation of TAG components a challenging task; thus, more efficient separation techniques may be
mandatory. In this research, the TAG profile of a borage (Borago officinalis) seed o0il was obtained by
two-dimensional comprehensive liquid chromatography (LCxLC), by the coupling of silver thiolate
and octadecylsilica monodisperse materials. A total 94 TAG compounds were identified by ion
trap-time of flight detection, using atmospheric pressure ionization, with the degree of unsaturation
varying from 0 to 9, and partition values ranging from 36 to 56. The group-type separation afforded
by this analytical approach may be useful to quickly fingerprint TAG components of oil samples.

Keywords: borage; lipids; triacylglycerols; PUFA; linoleic acid; silver-ion chromatography; NARP-
UHPLC; comprehensive liquid chromatography; APCI-MS

1. Introduction

Nowadays, lipid analysis represents one of the most promising research fields, given
the extensive involvement of these molecules in several biological processes, as well as in
determining the nutritional and sensory value of different foods. Consequently, analytical
techniques allowing for the comprehensive elucidation of lipid species in different matrices,
such as biological samples (tissues, body fluids), foodstuffs and natural products, appear to
be mandatory [1]. Among lipid species, triacylglycerols (TAGs) represent the major lipids in
oils and fats, both of animal and plant origin. TAG components, which consist of three fatty
acids (FAs) esterified to a glycerol (positions sn-1, 2 and 3), can be viewed as concentrated
stores of metabolic energy. The high number of possible FA combinations, differing for the
total carbon number (CN), degree of unsaturation, position and configuration of double
bonds (DB), results in a specific TAG profile, which is unique for each lipid matrix [2].

Lipids have been extensively investigated by means of liquid chromatography (LC),
which also represents the technique of choice for TAG analysis, as well as thin-layer chro-
matography (TLC), and super critical fluid chromatography (SFC), to a lesser extent [3,4].
Particularly, hydrophilic interaction liquid chromatography (HILIC) and normal-phase
(NP) LC modes have been widely used to achieve lipid class separation, still affording
a limited discrimination of lipid species inside each class [5]. However, silver ion (Ag*)-
and non-aqueous reversed phase-LC (NARP-LC) have been by far the most widespread
approaches to TAG analysis [6]. Separations by Ag*-LC are ruled by TAG unsaturation
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degree and position of DBs. The retention mechanism is based on the ability of unsaturated
organic compounds to complex with transition metals bonded to the stationary phase. The
organometallic complexes are of the charge-transfer type, i.e., the unsaturated compound
acts as an electron donor and the silver ion as an electron acceptor [7]; the differences in the
strength of the weak reversible complexes formed during the elution process have allowed
for the successful separation of TAGs differing in the number and position of double bonds.
In general, the retention increases with increasing DBs and distance among them; moreover,
the complexes’ stability decreases with the increasing chain-length and with an increasing
number of substituents at the DB. The mobile phase may interact both with the solute and
the support material; thus, the proper choice of solvents will affect the selectivity of the
separation and the migration of the different species, to an appreciable extent. As for the
stationary phase, two techniques have been traditionally employed for embedding Ag*
ions in the LC system: by impregnating a support with a silver salt (usually silica gel and
silver nitrate, respectively) or by binding the silver ions to an ion-exchange medium, in
which Ag™ ion replaces the protons of the functional groups (such as -SO3H) and forms
a stable ionic interaction, or finally, by adding a silver salt to the mobile phase during a
conventional RPLC separation (the latter being incompatible with mass spectrometry (MS)
detection [7,8]. Besides the cumbersome preparation steps, requiring practice and skill,
the major problem related to silver ion LC performed on such columns has consisted in
the development of a stable and reproducible system, with a controlled silver content and
reasonable operational life. The obvious limitations have been the reduced commercial
availability of these type of stationary phases, a short column life (due to loss of Ag*
ions), and poor reproducibility (due to the variable Ag* content). These drawbacks have
in turn posed significant issues in performing experiments in different laboratories, by
keeping the same analytical conditions. In more recent times, Ag*-LC columns of silica gel
functionalized with thiol groups have been introduced to achieve the separation of lipids,
especially TAGs [9,10]. Thiol groups are capable of forming stable covalent complexes
with Ag(I), and the derived silver thiolate chromatographic material (AgTCM) offers many
advantages, consisting of higher stability, longer operational life, controlled silver content,
reproducibility across extended use, a lack of silver leaking from the stationary phases,
and thus, MS compatibility. The effectiveness of AgTCM for the separation of unsaturated
organic compounds was successfully demonstrated by Aponte et al., who reported the
comparison between silver thiolate chromatographic material and other stationary phases
impregnated with Ag* to test olefinic interactions [11]. AgTCM columns interact less
strongly with unsaturated compounds if compared to the conventional silver ion columns
and, thus, are in general less retentive. The quality of column packing, especially in terms
of the density, stability and accessibility of Ag* ions, also plays an important role in the
retention process.

For the analysis of complex food samples, often consisting of different lipid species,
a combination of two or more separation modes may be recommendable, aiming at en-
hancing the resolving power of the chromatographic system [12]. For this, a NARP-LC
separation mechanism based on the analyte hydrophobicity may effectively complement
Ag*-LC. In NARP-LC, TAGs elute according to the increasing partition number (PN), de-
fined as the total carbon number (CN) minus twice the number of DBs (PN = CN-2DBs) [13].
This separation mode, employing non-aqueous solvents, may fit the analytical purpose of
non-polar compounds separation and is much more suitable to linkage to MS detection; for
such reasons, NARP-LC-MS has been extensively employed for TAG analysis [3,14]. The
coupling between Ag*- and NARP-LC can be conveniently employed in multidimensional
separation approaches, aiming to increase the number of resolved compounds, as demon-
strated by Holcapek et al., for the analysis of TAGs in plant oils and animal fats, with
atmospheric pressure chemical ionization (APCI) MS detection [15]. The orthogonality of
the two separation modes was successfully exploited in an off-line setup using NARP-LC
in the first dimension (D), followed by Ag*-LC analysis of the collected fractions in the
second dimension (D). The work resulted in the highest number of identified TAGs ever
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reported for the studied samples. Despite the high potential of the comprehensive LC
approach (2D-LC, LC xLC), inherent drawbacks of the off-line technique are related to a
longer analysis time and the risks associated with sample manipulation. Likewise, online
LCxLC techniques, using a modulator (switching valve) for transferring the 'D eluate,
minimize sample losses and contamination with the likelihood for system automation [16].
On-line Ag"-LC xNARP-LC was employed by Mondello et al., for the analysis of Borago
officinalis oil with evaporative light scattering detection (ELSD) [17]. A total of 78 TAG
compounds were tentatively identified on the basis of their chromatographic behavior;
however, ELSD response, being dependent upon the size and the shape of the analyte
particles, did not provide any information related to the molar masses. On the other hand,
MS detection is regarded as the most useful approach to attain informative data for TAG
identification, and APCI is the most convenient technique for the high ionization efficiency
of non-polar analytes and the easier coupling to NARP-LC [18].

In this research, an LCxLC system composed of silver thiolate (D) and C18 (*D)
columns coupled to ion trap-time of flight (IT-ToF) MS was investigated for the elucidation
of TAGs in a borage oil sample. The coupling of orthogonal separation techniques and MS
detection turned out to be a useful strategy when dealing with such a complex food sample.
The use of MS represents an added dimension to the LC separation system, unravelling
post-column co-eluting components and enabling the identification of 94 TAGs in the
sample in a reliable and repeatable way.

2. Materials and Methods
2.1. Reagents and Sample Preparation

LC-MS grade acetonitrile (AcN), butyronitrile (BN), n-hexane and 2-propanol were
obtained from Merck Life Science (Darmstadt, Germany). The following standard TAGs:
POP, OOP, OOO, LLP, LLO, and LLL (P: palmitic acid, O: oleic acid, L: linoleic acid)
were from Merck Life Science; LLyLn, yLnLyLn (Ln: linolenic acid) were from Cayman
Chemical (Ann Harbour, MI). Standard TAG solutions were 100 ppm each in n-hexane.
Borage oil was purchased at a local market, diluted in n#-hexane (1000 ppm) and filtered
through a 0.45 um Whatman nylon membrane (Merck Life Science).

2.2. Instruments and Analytical Conditions

LCxLC analyses were carried out on a Nexera LC-30A system consisting of a CBM-
20A controller, four LC-30AD parallel-flow pumps, a DGU-20A5R degassing unit, a CTO-
20A column oven, and a SIL-30AC autosampler; the system was coupled to an LCMS-
IT-ToF mass spectrometer by an APCI source (Shimadzu Europa, Duisburg, Germany).
The two LC dimensions were connected using two electronically controlled two-position,
six-port high-pressure FCV-32AH switching valves, placed inside the column oven and
equipped with two 11 pL empty loops. The entire system, including the switching valves,
was controlled by the LCMSsolution software ver. 3.50.346 (Shimadzu Europa, Duisburg,
Germany). The LCxLC data were visualized and elaborated into two and three dimensions
using Chromsquare ver. 1.3 software (Shimadzu Europa, Duisburg, Germany).

Separations in !D were performed on a lab-made silver thiolate column, 150 x 1.0 mm
LD., 5 um d.p. (oven at 30 °C) with a mobile phase consisting of 1% BN in n-hexane (solvent
A) and 10% BN in n-hexane (solvent B), at a flow rate of 7 uL/min, under the following
linear gradient: 0 min, 10% B; 76 min, 25% B; 120 min, 35% B; 160 min, 85%B. Two uL of
the n-hexane sample solution were injected. The switching valve time (modulation time)
was 1.5 min, corresponding to the 2D gradient duration. Separations in 2D were achieved
on a Titan C18 column, 50 x 4.6 mm 1.D., 1.9 um d.p. (Merck Life Science, Darmstadt,
Germany) with a mobile phase consisting of AcN (solvent A) and 2-propanol (solvent B),
at a flow rate of 4 mL/min, under the following repetitive gradient: 0 to 0.12 min, 30% B;
0.16 min, 50% B; 1.20 min, 70% B; 1.21 min, 30% B (hold for 0.29 min). For MS detection,
1 mL of the 2D flow was directed to an APCI source operated in positive ionization mode.
The following parameters were applied: detector voltage, 1.60 kV; interface temperature,
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350 °C; CDL temperature, 250 °C; block heater temperature, 200 °C; nebulizing gas flow
(N2), 2.5 L/min; ion accumulation time, 30 msec; full scan range, 500 to 1100 m/z; event
time, 300 ms (repeat, 3; ASC, 70%).

Repeatability studies of the monodimensional Ag*-LC separation were performed
on a mixture of eight TAGs differing in unsaturation degree: POP (DB = 1), OOP (DB = 2),
OOO (DB = 3), LLP (DB =4), LLO (DB =5), LLL (DB = 6), LLyLn (DB = 7), and yLnLyLn
(DB = 8). The following gradient program of (A) n-hexane and (B) BN was employed for
the separation: 0 to 36 min, 1 to 6% B; 36.01 min, 20% B (hold for 20 min); 40.01 min, 1% B.
For estimation of the precision, five consecutive 5-pL injections were performed intra- day.
For estimation of the intermediate precision, 15 replicate 5-uL injections were performed
over three consecutive days. Repeatability studies of the two-dimensional comprehensive
Ag*-LCxNARP-UHPLC separation were performed by three replicate 5 uL injections of
the borage seed oil sample, over three consecutive days.

3. Results and Discussion

Vegetable oils derived from plant sources are complex mixtures mostly constituted
from TAGs, which may contain saturated and unsaturated FAs, oleic, linoleic, linolenic,
palmitic and stearic being the most common; extensive work in this field has been carried
out by the research group of Hol¢apek [19]. Specifically, Borago officinalis L. (borage) seed
oil is considered one of the most complex vegetable oils and further represents a valuable
source of y-linolenic acid; thus, this sample has considerable commercial value [20,21].
Given the high complexity of borage oil, efficient analytical tools are mandatory for the
full elucidation of borage TAG constituents: to this aim, additional separation power was
attained by the serial coupling of octadecylsilica (ODS) columns in NARP-LC; the resulting
increase in identification capability obviously came at the expense of longer analysis times,
e.g., approximately two hours were needed for the separation of 88 TAG constituents on a
total column length of 45 cm [14,22,23]. A different analytical strategy consisting of LC xLC
was employed for borage oil analysis [17], using micro-Ag™ and partially porous ODS
columns in 'D and 2D, respectively. The complementary separation selectivity provided
by the two columns allowed to locate a total of 78 TAGs in the 2D-LC retention plane,
making the approach useful for identification purposes. However, such an approach did
not provide any structural information, since ELSD was employed for detection.

In this research, an LCxLC approach based on the coupling of Ag*-LC to NARP-LC
separation performed under ultra-high-pressure conditions (NARP-UHPLC) was devel-
oped to achieve pattern-type separation of borage seed oil TAGs, accounting for around
96% of the sample constituents. As far as the first separation dimension is concerned, a
prototype silver thiolate chromatographic material was investigated, in which Ag* ions
are covalently anchored to a mercaptopropyl stationary phase. Such AgTCM material is
claimed to offer a number of benefits over conventional silver ion columns, among which
the reproducibility of separations afforded by a controlled silver content is of the utmost
importance. The latter was investigated by performing intra-day and inter-day replicate
injections of a standard TAG mixture available in the laboratory, with the unsaturation
degree in the 1 to 8 range, as representative of the sample composition. Precision was evalu-
ated in terms of the intra-day repeatability of five consecutive analyses, while intermediate
precision or within-lab reproducibility was evaluated in terms of the inter-day variation
of the retention times of 15 analyses performed over three days. Since the intra-day and
inter-day %RSD values were lower than 1%, it was possible to conclude that the within-
and between-days chromatographic injection variability was globally satisfactory, as can
be appreciated from the results reported in Table 1, and fairly superior to those usually
obtained with in-lab argentated columns [17].
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Table 1. Intra- and inter-day variabilities for TAGs retention times (15 injections).

Retention Time (Minutes)

Peak
Intra-Day Assays Inter-Day Assays
tRrts %RSD tRrts %RSD
1 16.19 & 0.05 0.30 16.29 + 0.09 0.55
2 17.65 4 0.03 0.17 17.72 + 0.09 0.51
3 19.12 £ 0.05 0.26 19.19 £ 0.08 0.42
4 20.59 £ 0.06 0.29 20.72 £0.20 0.97
5 22.47 +0.06 0.27 22.52 +0.08 0.36
6 24.49 4 0.06 0.24 24.53 £ 0.08 0.33
7 26.53 £0.05 0.19 26.57 £ 0.07 0.26
8 28.50 + 0.04 0.14 28.51 £ 0.07 0.25

tr + s, average retention time + standard deviation; %RSD, relative standard deviation percentage. Peak
compounds: POP (1), OOP (2), OO0 (3), LLP (4), LLO (5), LLL (6), LLyLn (7), yLnLyLn (8).

For the analysis of a borage seed oil sample, separations in the two chromatographic
dimensions were optimized separately, and afterwards, combined in a 2D approach; for
this purpose, a number of stringent requirements must be satisfied. Ag*-LCxNARP-
UHPLC represents one of the most orthogonal approaches in LCxLC, due to independent
separation mechanisms operating on the two stationary phases; however, such a coupling
is not straightforward due to the incompatibility of the solvents that are used in the two
dimensions, and the possible lack of peak focusing at the head of the 2D. In the setup
developed here, the possible mismatch between the immiscible solvents employed in the
two dimensions and the possible lack of peak focusing at the head of the 2D were partially
circumvented by the employment of a microbore !D column. The latter could be operated
at low flow rates (7 uL/min), and this in turn allowed for the transfer of a very small eluent
fraction in each modulation. Finally, only 11 uL of the 1D eluent were transferred for the
2D separation, in each modulation.

A 150 x 1.0 mm LD., 5 um d.p. silver thiolate column was operated as 'D under
a step gradient starting from 10% of solvent B (BN:n-hexane, 10:90, v/v) into solvent
A (BN:n-hexane, 1:99, v/v) and reaching 85% B after 160 min. The LCxLC setup was
configured around two electronically activated two-position, six-ports switching valves for
within-loop automated fraction collection/re-injection, equipped with two storage loops of
identical volume, viz. 11 pL.; a schematic of the system is depicted in Figure 1.

LCMS-IT-ToF

LCMS-IT-ToF

(a) (b)

Figure 1. Schematic of the LC x LC system, showing the routes for each 2D separation, corresponding to different positions

of the two six-port, two-position switching valves. (a) Loop 1 becomes filled with the D eluent, while the 2D pumps flush

the content of loop 2 towards the 2D column. (b) Loop 2 becomes filled with the 'D eluent, while the 2D pumps flush the

content of loop 1 towards the 2D column.
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The whole 'D effluent was fractionated every 1.5 min, and transferred to the 2D
column, consisting of a 50 mm length, 4.6 mm I.D. of a C18 column (1.9 um d.p.), the
modulation time (cycle time) of the switching valves being equal to the 2D analysis time.
Such a choice was dictated by the need for the separation occurring in the 2D to be
completed before the injection of another fraction eluting from the 'D column. Moreover,
the transfer of a large number of cuts is also highly recommendable, since undersampling
of the first-dimension peaks would determine a serious loss of information in the 2D
separation. As a practical hindrance, 2D analysis should be fast enough to permit at
least three to four transfers of the same 'D peak. These requirements were met by the
employment of a high mobile phase flow rate in 2D (4 mL/min), under a gradient starting
with a high amount of the weaker solvent (AcN) to ensure better on-column focusing. A
fast ramp up to 70% of the stronger solvent (2-propanol) ensured the complete compound
elution from the 2D column at the end of each gradient. Repetitive gradients were in
fact necessary due to the large differences of the sample components in terms of polarity
and hydrophobicity, making it impossible to find suitable isocratic conditions for their
separation in a very short timeframe. Within each gradient cycle, proper time for the
column reconditioning was also allotted (17 s). The requirements for very fast and efficient
2D separations were satisfied by the employment of a monodisperse silica column, consiting
of spherical, sub-2 um fully porous particles. The reduced particle size and the ultra-narrow
particle size distribution enable an increase of efficiency and allow for faster separation
and short reconditioning times, as demonstrated in a number of recent studies [24-27].

The Ag*-LC xNARP-UHPLC separation of a borage seed oil sample is shown in
Figure 2 (relevant part of the TAGs elution region); the contour plot was obtained by IT-ToF
detection through an APCI interface operated in the positive ionization mode. As can be
easily appreciated, the TAGs are located characteristically in the 2D space according to their
DB and PN values, as a result of the separation occurring in the 'D and 2D, respectively. The
TAG sample components cover an extensive range of DB (between 0 and 9) and PN values
(from 36 to 56), and were resolved by Ag*-LCxNARP-UHPLC through the complementary
separation mechanisms of the two columns.

For the evaluation of the system performance, the system peak capacity, nc, was
calculated using the method defined by Neue [28]:

nC=1+t7g 1)
(}) T

in which te is the gradient run time, 1 is the number of peaks selected for the calculation,
and w is the average peak width. For the calculation of the peak capacity in !D and 2D, the
peak widths in the raw chromatograms were employed, i.e., before interpolation by the 2D
software. The overall peak capacity of the Ag*-LC xNARP-UHPLC separation, obtained
with a modulation time of 1.5 min, was calculated as equal to 925 (theoretical n¢ 5p), being
multiplicative of the individual values obtained for the two dimensions (11 X n¢p). How-
ever, such values are overestimated, since they do not take into account two phenomena
that practically lower the final peak capacity, with respect to the “product rule”, viz. the
degree of correlation between 'D and 2D separations, and the undersampling of the 'D
peaks. The first factor may have a significant effect in 2D LC systems based on RPxRP,
since the retention mechanisms would be identical; likewise, in the system employed here,
the two separation dimensions (Ag* and RP) are, at least in principle, truly orthogonal.
On the other hand, the actual peak capacity achieved in !D was severely affected by the
undersampling effect; this contribution was quantitatively estimated according to the
approach originally proposed by Guiochon [29], and further developed by Carr [30,31].
The loss of 'D peak capacity due to undersampling was estimated by <, according to the
number of fractions effectively transferred for each peak, based on the following equation:

V12 3424
V= @

r
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where 7 is the fraction collection ratio, derived by the relationship between the average
peak widths (*w) and the sampling time (i.e., the total analysis time in 2p, 2tcyc):

1
w
2 tcyc = 7 (3)

For the Ag*-LCxNARP-UHPLC separation, the number of colleted fractions per
average peak width was calculated as equal to 2.59, the 2D cycle time being 1.5 min (equal
to the 2D gradient time plus the 2D reconditioning time), and the average first dimension
peak width being 3.89 min. Thus, the peak capacity in 'D was reduced by a factor (y) of
1.23, to a “practical” value of approx 31. Finally, Equation (4) could be applied for the
calculation of the peak capacity achieved in the LCx LC separation:

1tG A 1
2w \/r2+3424

where 1t is the 'D gradient time, A is the 2D gradient time (fraction of the 2D cycle time
devoted to the separation), and 2w is the average peak width in 2D (in this system, equal to
0.12 min). The practical peak capacity value was estimated as equal to 507.

(4)

ncap =

Increasing DB

v

z
E 56 4
o
o
™ '
o |
=9 H 52
1
3l O '
N
1 \\I'
0 y
o 1 )
= 1
o J
o 1
o
B -
O- - 5
36
o 1 pd
= o
o o
£
s = »
o
i : o
£

75.000 100.000 125.000 (min.)

Figure 2. Ag*-LCxNARP-UHPLC separation of a borage seed oil (total ion chromatogram obtained
by APCI-MS in positive ion mode).

The stability of the developed LCxLC system was assessed in terms of intermediate
precision or within-lab reproducibility, by performing three Ag*-LC xNARP-UHPLC anal-
yses over three days. The variability of retention times and peak areas of five different
peaks are shown in Table 2, relative to TAG compounds eluted within the 160 min 'D
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gradient and covering the whole 2D gradient duration. The values were taken from the
raw (non-interpolated) 2D chromatogram.

Table 2. Inter-day variabilities for TAGs retention times * and peak areas (three injections).

Retention Time (Minutes) Peak Area
Peak -
tRrts %RSD Average=ts %RSD

37,513,401 +

1 141.005 £+ 1.23 0.92 2 479 635.81 6.61
712,277,629 +

2 111.005 + 2.01 1.81 140314913.8 5.66
677,656,664 +

3 97.505 + 0.84 0.86 45.470,762.2 6.71
483,139,425 +

4 73.505 + 0.75 1.02 29.906,330.4 6.19

9,674,556 +
5 61.505 £+ 0.20 0.33 248,636,089 2.57

tr £ s, average retention time + standard deviation; %RSD, relative standard deviation percentage. * Total
retention times are given by the sum of 'D retention time + 2D retention time.

Individual TAGs were identified on the basis of their APCI-MS spectra, by evaluating
[M+H]* ions for the molecular weight determination and [M+H-RCOOH]* fragment
ions for the identification of the individual fatty acids. Non-polar TAGs were easily
ionized by APCI-MS, and abundant in-source fragmentation was obtained under positive
ionization mode, useful for the structure elucidation through the evaluation of the DG*
(diacylglycerol-like fragment) ions, resulting from the loss of a single FA group from the
glycerol backbone, inferring TAGs composition in terms of FAs. The cleavage of fatty
acids from the sn-1/3 positions on the glycerol skeleton is preferred compared to the sn-2
position, and this is reflected in a higher abundance of the corresponding [M+H-R; COOH]*
and [M+H-R3COOH]* fragment ions. Thus, the lower [M+H-R,COOH]* ion is generally
used to determine the prevailing FA in the sn-2 position [23]. Following this criterion,
a total of 94 TAG compounds could be indentified in the sample investigated and are
reported in Table 3.

Table 3. Triacylglycerols identified in the borage seed oil, their DB and PN. For each molecule, 1/z values of the theoretical

protonated molecular ion ((M+H]* theor) and the observed protonated molecular ion ([M+H]* exp), the experimental mass

accuracy (error, ppmy), and the observed diglyceride ions (DG* exp) are reported.

[M+H]* [M+H]* DG* DG* DG* Error

# TAG DB PN Theor Exp Exp Exp Exp (ppm)
1 PPP 0 48 807.7436 nd PP, 551.4641 -
2 SPP 0 50 835.7749 nd SP, 579.5520 PP, 551.4970 -
3 POP 1 48 833.7593 nd PP, 551.4877 PO, 577.5152 -
4 SOpP 1 50 861.7906 nd OP, 577.5122 SP, 579.5578 SO, 605.5433 -
5 SOS 1 52 889.8219 nd SO, 605.5468 SS, 607.5575 -
6 AOP 1 52 889.8219 nd AO, 633.5779 OP, 577.5107 AP, 607.5575 -
7 BOP 1 54 917.8532 nd BO, 661.5996 OP, 577.5149 BP, 635.5797 -
8 AOS 1 54 917.8532 nd AO, 633.5785 0OS, 605.5499 AS, 635.5797 -
9 LgOP 1 56 945.8845 nd LgO, 689.6104 OP, 577.5140 LgP, 663.6274 -
10 BOS 1 56 945.8845 nd BO, 661.6147 SO, 605.5388 BS, 663.62840 -
11 PLP 2 46 831.7436 831.7494 PP, 551.5020 PL, 575.4978 6.9
12 oor 2 48 859.7749 859.7733 PO, 577.5152 00, 603.5265 1.9
13 SLP 2 48 859.7749 859.7733 SL, 603.5265 LP, 575.4973 SL, 603.5265 1.9
14 GOP 2 50 887.8062 887.8080 GO, 631.5566 OP, 577.5161 GP, 605.5420 2.0
15 ALP 2 50 887.8062 887.8080 AL, 631.5565 LP, 575.505 AP, 607.5447 2.0
16 SLS 2 50 887.8062 887.8080 SL, 603.5271 SS, 607.5447 2.0
17 SOO 2 50 887.8062 887.8080 00, 603.5271 SO, 605.5420 2.0
18 C22:10P 2 52 915.8375 915.8354 C22:10, 659.5895 OP, 577.5151 C22:1P, 633.5715 2.3
19 AOO 2 52 915.8375 915.8354 AO, 633.5715 00, 603.5296 23
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Table 3. Cont.

[M+HI* [M+HI* DG* DG* DG* Error
# TAG DB PN Theor Exp Exp Exp Exp (ppm)
20 GOS 2 52 9158375  915.8354 GO, 631.5572 SO, 605.5437 GS, 6335715 23
21 BLP 2 52 9158375  915.8354 BL, 659.5895 LP, 575.4986 BP, 635.6066 23
» ALS 2 52 9158375 9158354 AL, 631.5572 LO, 601.5243 AO, 6335715 23
23 C24:10P 2 54 9438688 9438705  C24:10,687.6199  OP,577.5144 C24:1P, 661.6041 18
2% C22:108 2 54 9438688 9438705  C22:10,659.5888  0S, 6055433  C22:1S, 661.6041 18
25 BOO 2 54 9438688  943.8705 BO, 661.6041 00, 603.5324 18
2% LgLP 2 54 9438688  943.8705 LglL, 687.6196 LP, 5754772 LgP, 663.6432 18
27 BLS 2 54 9438688  943.8705 BL, 659.5888 LS, 603.5324 BS, 663.6432 18
28 C24:108 2 56 971.9001 nd C24:10, 6875943 08, 6055515  C24:1S, 689.6465 -
29 LgOO 2 56 9719001 nd LgO, 689.6465 00, 603.4264 ;
30 LgLs 2 56 971.9001 nd LoL, 687.5943 LS, 6034264 LgS, 691.6627 ;
31 PyLnP 3 44 8297280 8297257 PP, 551.5008 PyLn, 573.4831 28
0 OLP 3 46 8577593  857.7545 PL, 575.5003 PO, 577.5140 LO, 601.5109 56
33 SyLnP 3 46 8577503  857.7545 SyLn, 6015109  PyLn, 573.4830 SP, 579.5282 56
34 000 3 48 8857906 8857939 00, 603.5292 37
35 GLP 3 48 8857906  885.7939 GL, 629.5392 LP, 575.5004 GP, 605.5375 37
36 SLO 3 48 8857906 8857939 LO, 601.5169 SL. 603.5292 SO, 605.5375 37
37 SyLnS 3 48 8857906  885.7939 SS, 607.5575 SyLn, 601.5169 37
38 ALO 350 9138219  913.8202 AL, 631.5587 LO, 601.5143 AO, 633.5729 19
39 ByLnP 350 9138219  913.8202 ByLn, 6575726 PyLn, 5734856 BP, 635.5901 19
40 GLS 350 9138219  913.8202 GL, 629.5421 LS, 603.5285 GS, 6335729 19
" GOO 3 50 9138219  913.8202 GO, 631.5587 00, 603.5285 19
0 C22:100 3 52 9418532 9418515  C22:10,659.5001 OO, 603.5278 18
3 C24:1LP 3 52 9418532 9418515  C24:1L, 685.6038 LD, 575.4989 C24:1P, 661.6040 18
44 C22:10G 3 54 960.8%45  969.8789  C22:10,659.5889  OG,631.5591  C22:1G, 687.6163 5.8
45 C24:100 3 54 969.8%45  969.8789  C24:10,687.6163 0O, 603.5286 5.8
46 C24:11S 3 54 960.8845  969.8789  C241L,685.6038 LS, 603.5286 C24:1S, 689.6339 58
47 LgLO 3 54 969.8%45  969.8789 LgL, 687.6163 OL, 601.5146 LgO, 689.6339 58
48 C210C221 3 56 997.9158 nd C22:10, 659.5894 C;f'slgézo'l' ;
49 C2410G 3 56 9979158 nd C2410,687.6221  OG, 631.5586  C24:1G, 715.6480 ;
50 LLP 4 44 8557436 8557401 LP, 575.5005 LL, 599.4967 41
51 vLnOP 4 44 8557436 8557401 Oyln,599.4967  PyLn, 573.4853 PO, 577.5146 41
5 oLo 4 46 8837749 8837694 00, 603.5799 OL, 6015135 6.2
53 SLL 4 46 8837749 8837694 LL, 599.4969 SL, 603.5799 6.2
54 GyLnP 4 46 8837749 8837694 GyLn, 6275231 PyLn, 573.4848 GP, 605.5386 6.2
55 SOyLn 4 46 8837749 8837694 OyLn, 5994969  SyLn, 6015135 SO, 605.5386 6.2
56 GLO 4 48 9118062 9117993 GO, 631.5567 OL, 601.5146 GL, 629.5449 7.6
57 C22:1yLnP 4 48 9118062 9117993  C22:1yLn, 6555573  yLnP, 5734834  C22:1P, 6335735 76
58 ALL 4 48 9118062 9117993 LL, 599.5042 AL, 631.5567 7.6
59 GyLnS 4 48 9118062  911.7993 GyLn, 627,5336  SyLn, 601.5146 GS, 633.5735 76
60 C22:1LO 4 50  939.8375  939.8345  C22:1L,6575740  LO,6015142  C22:10, 659.5886 32
61 GLG 4 50 9398375  939.8345 GL, 629.5450 GG, 659.5886 32
62 BLL 4 50 9398375  939.8345 BL, 659.5886 LL, 599.5040 32
63 C24:1yLnP 4 50 9398375  939.8345  C24:1yLn,683.5854 PyLn, 5734833  C24:1P, 661.6029 32
64 C24:11.0 4 52 967.8688  967.8639  C241L,685.6038  LO,6015137  C24:10,687.6177 5.1
65 LgLL 4 52 9678688  967.8639 LgL, 687.6177 LL, 599.4961 5.1
66 C24:1yLnS 4 52 967.8688  967.8639  C24:1yLn, 6835891  SyLn, 6015137  C24:1S, 689.6338 5.1
67 C22:1LC22:1 4 54 995.9001 9958019  C22:1L, 657.5935 Cgf;ggjzél' 82
68 C24:1LG 4 54 9959001 9958919  C241G,7156449  GL,6295437  C24:1L, 685.6041 82
C24:1C2211, C22:1L, .

69 C241LC22:1 4 56 10239314 nd S e C24:11, 685.6038 ;
70 yLnLP 5 4 8537280 8537251 PyLn, 573.4852 LP, 575.4991 LyLn, 597.4786 34
71 OLL 5 44 8817593 8817557 LL, 599.4979 LO, 6015102 41
72 0OyLn 5 44 8817593 8817557 00, 603.5791 OyLn, 599.4979 41
73 SLyLn 5 44 8817593 8817557 SL, 603.5791 LyLn, 5974829  SyLn, 601.5102 41
74 GLL 5 46 9097906 9097893 LL, 599.4985 GL, 629.5434 14
75 GOvyLn 5 46 9097906  909.7893 GO, 631.5538 OyLn,599.4985  GyLn, 627.5617 14
76 ALyLn 5 46 9097906  909.7893 AL, 631.5538 LyLn, 597.4820  ALn, 629.5434 14
77 C22:1LL 5 48 9378219  937.8167 LL, 599.4983 6C5§25'%é 55
78 BLyLn 5 48 9378219  937.8167 BL, 659.5866 LyLn, 597.4889 BLn, 657.5733 55
79 C24:11L 5 50 965.8532  965.8522  C2411L,685.6172  LL,599.4981 10
80 C2410yLn 5 50 9658532  965.8522  C2410,687.6172  OyLn, 5994981 C24:1yLn, 6835902 1.0
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Table 3. Cont.

[M+HI* [M+HI* DG* DG* DG* Error
# TAG DB PN Theor Exp Exp Exp Exp (ppm)
81  C21yLnC221 5 52 9938845  993.8809  C22:1yLn, 6555937 C;f:51§62025:1, 36
82 yLnyLnP 6 40 8517123 8517112  yLnyLn, 5954679  PyLn,573.4847 13
83 LLL 6 42 8797436 8797394 LL, 599.4968 48
84 OLyLn 6 42 8797436  879.739% OL, 601.5088 LyLn,597.4845  OyLn, 599.4968 48
85 SyLnyLn 6 42 8797436 8797394  yLnyLn,595.4684  SyLn,601.5088 48
86 GLyLn 6 44 9077749  907.7733 GL, 629.5408 Lyln,597.4845  GyLn, 627.5283 1.8
87 C22:1LyLn 6 46 9358062 9358065  C22:1L, 6575728  LyLn,597.4825 C22:1yln, 6555612 03
88 C24:1LyLn 6 48 9638375 9638337  C24:1L,685.6049  LyLn,597.4802 C24:1yLn, 6835907 3.9
89 yLnyLnPo 7 38  849.6967 8496957  yLnyLn,595.4453 55(1)1?816 12
90 LLyLn 7 40 8777280  877.7222 vLnL, 597.4834 LL, 599.4971 6.6
vYLnyLn,
91 yLnOyLn 7 40 8777280  877.7222 OyLn, 599.4971 o 6.6
vYLnyLn,
92 GyLnyLn 7 42 9057593 9057592 GylLn, 627.5271 el 0.1
93 yLnLyLn 8 38 8757123 875.7076 LyLn, 597.4819 §9L§Z6L§;’ 54
94 yLmyLnyLn 9 36  873.6967  873.6966  yLnyLn,595.4670 0.1

Abbreviations of FAs: P, palmitic (C16:0); Po, palmitoleic (C16:1); S, stearic (C18:0); O, oleic (C18:1); L, linoleic (C18:2); Ln, linolenic (C18:3);
A, arachidic (C20:1); G, gadoleic (C20:1); B, behenic (C22:0); Lg, lignoceric (C24:0).

According to a widely accepted criterion, the investigated compounds were annotated
employing initials of FA trivial names; sn-1 and sn-3 positions were not assigned and
considered as equivalent, thus named according to the decreasing molecular masses of
the FAs. Moreover, a preference of unsaturated fatty acids (mainly linoleic acid) in the
sn-2 position is reported in the literature for plant oils [32]. For TAGs resulting from the
combination of different FAs, three DG* ions were observed, while for TAGs consisting
of two or three moieties of the same FA, only two or one DG* ions could be observed. As
an example, the TAG showing a [M+H]* ion of m/z 857.7504, could be assigned as the
combination of oleic (O), palmitic (P) and linoleic acid (L), due to the presence of DG*
ions at m/z 575.5003, 577.5140 and 601.5109 (PL*, PO* and LO", respectively), i.e., the OLP
molecule (#32 in Table 3). Likewise, two DG?* ions at m/z 603.5799 and 601.5135 (OO*
and OL", respectively) appeared from the parent OLO molecule (#52 in Table 3), and
only one DG™ ion at m/z 603.5292 (OO™) appeared from the parent OOO molecule (#34
in Table 3). The TAG composition of the sample investigated was in agreement with
previously published data, in that a common characteristic of borage oil is the high levels
of w-6 polyunsaturated FAs (PUFAs), including linoleic acid (18:2) and y-linolenic acid
(18:3) [20,23].

Detection by APCI-MS ensured full compatibility with 2D NARP-UHPLC conditions,
and with this, the better front-end separation afforded by LCx LC was highly beneficial
prior to MS analysis, since clearer spectra were obtained. The TAG compounds reported in
Table 3 as #50 (LLP), #52 (OLO), #56 (GLO), #61 (GLG), #64 (C24:1LO), and #68 (C24:1LG)
are in fact characterized by the same unsaturation degree (DB = 4) and would coelute under
Ag*-LC conditions. In the 2D approach employed here, they were separated according to
the different PN values (i.e., 44, 46, 48, 50, 52 and 54), under 2D NARP-UHPLC conditions.
Noticeably, TAG species showing the same DB and PN values could be partially separated,
since the retention mechanism in Ag*-LC also enables separation according to the distri-
bution of unsaturations within the FA chains in the TAG molecule [33]. In silver ion, the
retention pattern of TAGs generally follows the same rules as for FAs, and TAG species
are separated based on the overall number of DBs in the molecule. However, among two
species having the same unsaturation degree, the TAG in which the double bonds are
concentrated in one acyl moiety is retained more strongly, though unpredictable variations
may occur, depending on the experimental conditions, and most of all, on the mobile phase
composition [34,35]. Noteworthy examples are the species OLP and SyLnP (#32 and #33 in
Table 3, respectively). These two TAG molecules have the same DB (3) and PN value (46),



Separations 2021, 8, 88

11 0of 13

but a different distribution of the DBs in the FA moieties. In SyLnP, a single FA contributes
to the overall unsaturation degree, while in OLP, the three DBs are located in two FA chains.
As a result, these two species were partially separated by Ag*-LCxNARP-UHPLC (data
not shown), and identified by the APCI-MS spectra reported in Figures 3 and 4. The two
isobaric molecules generated identical [M+H]* ions; nonetheless, they could be easily
differentiated on the basis of the characteristic [M+H-RCOOH]* fragment ions, i.e., m/z
577.5140, 575.5003 and 601.5109 corresponding to PO*, PL* and LO™ ions, respectively,
originated from OLP, and m/z 601.5109, 573.4830 and 579.5282, corresponding to SyLn*,
PyLn* and SP” ions, respectively, originated from SyLnP.

Event#: 1 MS(C+) Ret. Time : 81.810-> 81.835 Scan#: 16363 -> 16368
Inten.(x1,000,000)

401 601.5109
3.0 577.5140
575.5003
2.0
1.0
857.7504
0.0 . . ; . .
500 600 700 800 900 m/z
Figure 3. APCI-MS spectrum obtained for the peak of OLP.
Event#: 1 MS(C+) Ret. Time : 81.860 -> 81.880 Scan#: 16373 -> 16377
Inten.(x1,000,000)
4.01
3.0 579.5282
2.0 601.5109
573.483
1.04
857.7490
0. Lok : . A ;
500 600 700 800 900 m/z

Figure 4. APCI-MS spectrum obtained for the peak of SyLnP.

4. Conclusions

In this research, the separation of a complex vegetable sample, represented by borage
seed oil, was achieved by Ag*-LCxNARP-UHPLC. The highest orthogonal selectivity
of the two separation dimensions afforded a useful fingerprint-type distribution of the
lipid components, characteristically located in the 2D space according to their DB values
(in the 0 to 9 range) and PN values (in the 36 to 56 range). The enhanced separation
power afforded by the LCxLC approach improved the quality of the APCI-MS spectra
obtained after 2D NARP-UHPLC of the separated compounds, leading to the identification
of 94 TAG compounds. The group-type separation afforded by this analytical approach
may be useful to quickly fingerprint TAG components of oil samples.
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