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a  b  s  t  r  a  c  t

Fatty  acyl-Coenzyme  A  species  (acyl-CoAs)  are  key  biomarkers  in studies  focusing  on  cellular  energy
metabolism.  Existing  analytical  approaches  are  unable  to simultaneously  detect  the full range  of  short-
, medium-,  and long-chain  acyl-CoAs,  while  chromatographic  limitations  encountered  in  the analysis
of  limited  amounts  of  biological  samples  are  an  often  overlooked  problem.  We  report  the  systematic
development  of  a UHPLC–ESI-MS/MS  method  which  incorporates  reversed  phase  (RP)  and  hydrophilic
interaction  liquid  chromatography  (HILIC)  separations  in  series,  in  an automated  mode.  The  protocol  out-
lined encompasses  quantification  of  acyl-CoAs  of  varying  hydrophobicity  from  C2  to  C20  with  recoveries
in  the range  of 90–111  % and  limit  of detection  (LOD)  1–5  fmol,  which  is substantially  lower  than  previ-
ously  published  methods.  We  demonstrate  that  the  poor  chromatographic  performance  and  signal  losses
in MS  detection,  typically  observed  for phosphorylated  organic  molecules,  can  be avoided  by  the  incorpo-
iver
ells
ipid biomarkers

ration  of a  0.1%  phosphoric  acid  wash  step  between  injections.  The  methodological  approach  presented
here  permits  a highly  reliable,  sensitive  and precise  analysis  of  small  amounts  of  tissues  and  cell  sam-
ples  as  demonstrated  in mouse  liver,  human  hepatic  (HepG2)  and  skeletal  muscle  (LHCNM2)  cells.  The
considerable  improvements  discussed  pave  the way  for acyl-CoAs  to be incorporated  in  routine  targeted
lipid  biomarker  profile  studies.

© 2017  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article  under  the CC
. Introduction

Fatty acids originating from the diet or de novo synthesized are
ntracellularly processed in their activated form following ester-
fication with Coenzyme A. Fatty acyl-CoAs are key effectors at
he crossroads of converging metabolic pathways [1] and thought
o act as signaling intermediates in insulin resistance and related
iseases [1,2]. Despite extensive research on the role of acyl-
oAs in mitochondrial dysfunction and the metabolic syndrome,
etails of direct mechanisms have not yet been identified, high-

ighting the need for more robust analytical methods to enable
omprehensive profiling of acyl-CoAs in different matrices and

odels. While liquid chromatography followed by electrospray

onization tandem mass spectrometric detection (LC–ESI-MS/MS)
as been routinely employed, most methods are capable of only
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BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

detecting either short-, medium-, or long-chain acyl-CoAs [3–8].
Although their MS  detection is well characterized, chromatogra-
phy remains the most challenging part of the technique due to the
structural complexity of the compounds. Even with advances in
the latest generation of LC–MS systems and their superior ana-
lytical power per se,  problems encountered with small amounts
of biological samples requiring enhanced sensitivity have not
been adequately addressed. The majority of published protocols
rely on the well-established selected reaction monitoring (SRM)
or multiple reaction monitoring (MRM)  scan mode and mon-
itor the transition that yields the most abundant fragment of
acyl-CoAs formed by the cleavage of the 3′-phosphate-adenosine-
5′diphosphate subunit of the CoA part of the molecule (Fig. S1)
[3,5,7,9–15]. Neutral loss [9,16,17] and precursor ion scanning
[11,18] have also been utilized, enabling a non-targeted profiling
approach. In comparison, reported chromatographic approaches

vary considerably implying that an optimal method has not been
established yet. To adapt for ESI-MS detection, phosphate buffer
used in earlier protocols employing LC separation by UV at slightly

e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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cidic pH (4.5–5.5) is substituted with a volatile buffer(s) such as
mmonium-formate [4,12,19] or highly alkaline mobile phase con-
itions (pH ∼10–11) adjusted with NH4OH solution [7,17]. Methods
pplying ion pairing chromatography using triethyl amine [10] or
imethylbutyl amine have also been reported [6].

Depending on chain length, acyl-CoAs vary greatly in polarity,
nd this has become the bottleneck in developing comprehen-
ive methods [4,6,7,18,19]. In addition, severe peak tailing, signal
eterioration and poor detection limits are often observed in
C–MS analysis of acyl-CoAs, especially for later eluting species
8,9,16,18–20]. In comparison, the potential of hydrophilic interac-
ion liquid chromatography (HILIC) for the highly polar acyl-CoAs
as not been fully explored [21].

We initially conducted experiments to better understand what
auses the poor chromatographic behavior of acyl-CoAs. This
pproach facilitated the development of an improved automated
HPLC-ESI-MS/MS analytical protocol combining both reversed
hase (RP) and HILIC separations in series, capable of resolving
nd quantifying acyl-CoAs in biological tissues ranging from short-
hain (e.g. acetyl (C2)) to long-chain (e.g. arachidonoyl (C20)).

. Experimental section

.1. Chemicals

Crystalline malonyl-CoA (C3, referred to as malonyl),
13C3)malonyl-CoA, 3-hydroxybutyryl-CoA (3OH-C4), acetyl-
oA (C2), butyryl-CoA (C4), isovaleryl-CoA (iC5), n-heptanoyl-CoA
C7), n-ocanoyl-CoA (C8), lauroyl-CoA (C12), palmitoleoyl-CoA,
is-9 (C16:1), palmitoyl-CoA (C16), n-heptadecanoyl-CoA (C17),
leoyl-CoA, cis-9 (C18:1), stearoyl-CoA (C18), arachidonoyl-CoA
C20), high purity ammonia solution and glacial acetic acid
Trace SELECT), LC–MS grade ammonium bicarbonate, triethyl-
mmonium acetate (TEAA) and dexamethasone were purchased
rom Sigma-Aldrich (Dorset, UK). The n-hexanoyl-CoA (C6), n-
ecanoyl-CoA (C10), myristoyl-CoA (C14) and linoleoyl-CoA, cis-9,
is-12 (C18:2) were from Avanti Polar Lipids (Alabaster, AL, USA)
nd n-pentanoyl-CoA (C5) was from Advent Bio (Downers Grove,
L, USA). Newborn calf serum (Invitrogen 16010159), horse serum
Invitrogen 16050130) and basic fibroblast growth factor (bFGF,
ibco PHG6015) were from Thermo Fisher Scientific and epidermal
rowth factor (EGF, AF-100-15) was from PeproTech (London, UK).
ll solvents were of UHPLC–MS grade and water used was  of high
urity (18.2 M� cm−1, Milli-Q, Merck Millipore).

.2. Liquid chromatography

A Thermo Fisher Scientific Vanquish binary UHPLC (Thermo
cientific, Santa Clara, USA) system was used, with a Waters
cquity BEH C18 (2.1 × 50 mm,  1.7 �m)  and a BEH HILIC

2.1 × 50 mm,  1.7 �m)  column, in-line with guard columns (Van-
uard, 2.1 × 5 mm)  of matching stationary phases. During the initial
tages of developing the chromatographic separations a UV-DAD
etector was connected in line to monitor signals at 260 nm,  the
ptimum wavelength for acyl-CoA species [22]. Columns were
hermostatted at 30 ◦C, and a switching valve was  used to divert

obile phase to one column at a time at a flow rate of 0.7 ml/min
Fig. 1). Mobile phase A1 consisted of ammonium bicarbonate
10 mM),  adjusted to pH 8.5 with high purity ammonia solution,
nd acetonitrile (ACN) was used as mobile phase B1. Two solu-
ions were introduced to clean the system between injections.
ater/ACN/phosphoric acid 40/60/0.1 (v/v) (pH ≈ 2.5) was used
s an ‘acidic wash’ (B2 channel), and 50/50 ACN/water (channel
3) as a ‘neutral wash’. For RP separation, gradient elution started
t 95% A1/5% B1 and after 0.2 min  hold time, B1 was  increased lin-
. A 1534 (2018) 111–122

early to 45% at 1.0 min, 65% at 3.0 min  and to 100% at 3.2 min  and
kept at 100% B1 until 5.0 min. At 5.01 min, 100% B1 was changed
to 100% B2 to initiate the ‘acidic wash’ to pump B. At 5.1 min, elu-
ent was  diverted to waste for the cleaning protocol, bypassing the
MS,  by use of a diverter valve inserted in the flow path between
the LC and the MS.  After 3 min  of acidic wash, at 8.0 min, the selec-
tion valve of pump B was  switched to 100% B3 ‘neutral wash’ to
remove the acidic mobile phase from the system. Following rinsing
for 3 min  (11.01 min), 100% B1 was selected to exchange mobile
phase to ‘B1’, and after 3 min  initial mobile phase composition set-
tings (95% A1/5% B1) were applied. The system was equilibrated
for 3 min  (until 17.0 min) before the next injection. Eluent flow was
diverted back to the MS  at 10.5 min.

The gradient program for the HILIC separation started at 5%
A1/95% B1, and B1 was decreased linearly to 70% at 3.0 min, 50%
at 3.2 min  and kept at 50% until 5.0 min. Eluent was diverted to
waste at 5.0 min  and mobile phase composition was set to 100% B2
(‘acidic wash’). After 3 min  (8.0 min total), 100% B3 (‘neutral wash’)
was introduced to remove the acidic solution from the system.
Following 3 min  rinsing, initial mobile phase composition settings
(5% A1/95% B1) were applied and the system was equilibrated for
4 min  (until 15.0 min) before the next injection and eluent flow was
diverted back to the MS  at 14.0 min. The total run time for both the
analytical protocols in series and the wash step was 32 min.

2.3. Mass spectrometry

A TSQ Quantiva triple quadrupole MS/MS  instrument (Thermo
Scientific) equipped with a heated electrospray ion source (HESI)
was used in positive ion mode with the following settings: spray
voltage: 3500 V, sheath gas: 56 (Arb) ≈ 6.2 L/min, auxiliary gas 18
(Arb) ≈ 11.3 L/min, sweep gas: 2 (Arb) ≈ 2.7 L/min, ion transfer
tube temperature: 368 ◦C, vaporizer temperature: 460 ◦C. When the
eluent flow of the LC was  not delivered to the MS,  the spray volt-
age on the HESI needle was set to 0V. Mass spectrometer settings
for each acyl-CoA were optimized by using commercially available
standards (Table S1).

2.4. Sample preparation

Mouse liver tissue (C57BL/6) was purchased from Seralab (Sera
Laboratories International Ltd, West Sussex, UK) and pulverized
in a cryogenic tissue homogenizer (Cellcrusher Limited, Ireland).
10–30 mg  of frozen powder was  weighed in a polypropylene vial
and an appropriate volume of ice cold extraction solvent mixture
was added according to Minkler et al. [23]. Samples were spiked
with 20 �L of 2.5 �M ISTD spiking mix ((13C3)malonyl- and C17-
CoA in MeOH containing 10 mM TEAA) and kept in a dry ice/ethanol
cooling bath until further processing by homogenization (Omni TH,
Camlab, UK) and solid phase extraction (SPE) as described below.

Human hepatocellular carcinoma cells, HepG2 (HB-8065, ATCC,
LGC Promochem, UK), and LHCNM2 immortalized human skele-
tal muscle cells (a gift from Dr V. Mouly, UMR  S 787, INSERM &
UPMC, Institut de Myologie, Paris, France) were grown at 37 ◦C in
humidified air with 5% CO2 as per standard protocols. LHCNM2 cells
were grown on 0.2% gelatin-coated tissue culture dishes and dif-
ferentiation was  induced at ∼95% confluence by replacing growth
medium (Dulbecco’s minimum essential modified medium, DMEM,
10% heat-inactivated fetal calf serum, 10% newborn calf serum,
EGF, bFGF, dexamethasone) with differentiation medium (DMEM,
2% horse serum) for a period of 5 days before cell harvesting. For
analysis, cells were washed twice and collected in ∼0.2 mL phos-

phate buffered saline (PBS) containing phosphatase and protease
inhibitors (Roche Diagnostics, Sigma, UK). Cell suspensions were
transferred to tubes containing 0.4 mL  acetonitrile: isopropanol
(3:1 v/v), and extracted for 30 s with a cell disruptor (Disruptor
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Fig. 1. Overview of the applied setup of the LC–MS system using the dual chrom

enie, Scientific Industries, NY, USA). 100 �L 0.1M phosphate buffer
pH 6.7) and 20 �L of 0.5 �M ISTD spiking mix  (C5- and C17-CoA in
0 mM TEAA in MeOH) were added and the samples were further
xtracted for 30 s. Following centrifugation (5 min, 16,000 x g, 4 ◦C)
he supernatant was acidified with 150 �L glacial acetic acid. The
ell pellet was retained for protein determination by the BCA pro-
ein assay (Pierce, Rockford, IL, USA) following re-solubilization in

 M urea and 0.5% (m/v) SDS in 50 mM Tris-HCl, (pH 8.0) according
o Hummon et al. [24].

Isolation of acyl-CoAs from the supernatant was carried out
y SPE with 2-(2-pyridyl)ethyl- functionalized silica sorbent
Sigma-Aldrich, UK) as previously described [23]. The eluate was
vaporated to dryness under vacuum at ambient temperature
∼2.5 h) in a Genevac EZ2 system (Genevac, SP Scientific, UK) and
amples were stored at −80 ◦C until analysis.

Dried samples were first reconstituted in 10 �L water (20 �L for
iver tissues) and full recovery of the dried matter was  facilitated

ith sonication and vortexing. 40 �L MeOH (80 �L for liver tis-
ues) was added and the sonication/vortexing steps were repeated.
amples were centrifuged (21,000 × g, 4 ◦C, 5 min) and 2 �L of the
upernatant was injected to the analytical column of the LC–MS.

. Results and discussion

.1. Optimization of mass spectrometric settings

Targeted MS  analysis of acyl-CoAs employed SRM of the par-
nt compounds and subsequent fragment(s) as defined by infusing
riginal standard solutions to the MS  prepared in 10 mM TEAA in
eOH. Although acyl-CoAs are most likely present in their anionic

orms in aqueous methanolic solution [25], higher sensitivity was

bserved in positive ion mode. [M+H]+ was the most abundant par-
nt ion detected, resulting from the loss of NH3 from [M+NH4]+ ions
n solution, during transition to the gas phase at the final stages of
lectrospray ionization [26].
phic system and the workflow of the harmonized sample preparation protocol.

Fragmentation of acyl-CoAs in positive ion mode also gives rise
to several abundant fragments common to all acyl-CoA species
such as m/z 136.1, 229.2, 261.1, and 428.0 (Fig. S1). The most
dominant fragment results from the cleavage of the 3′-phosphate-
adenosine-5′-diphosphate moiety of the molecule and is specific
and distinctive for each acyl-CoA as it contains the species-defining
fatty-acyl residue (indicated by R in Fig. S1). This fragment was
selected as the primary transition while the common fragments
at m/z 428, m/z 261 and m/z 136, were used as confirmatory SRM
transitions for all monitored acyl-CoAs (Table S1).

3.2. Chromatographic improvements for enhanced sensitivity at
low concentrations

RP separation on a C18 column is the preferred method of choice
for the analysis of the majority of acyl-CoAs while HILIC separation
was essential for the very polar compounds. Overlaid SRM traces
of 15 acyl-CoA species obtained with our finalized RP method are
shown in Fig. 2A. SRM chromatograms of five selected acyl-CoA
standards acquired with the finalized HILIC gradient program are
shown in Fig. 2B. The few published chromatographic methods
that have attempted to combine analysis of very polar and very
long-chain acyl-CoAs without the use of ion-pairing reagents in
the mobile phase [12,19] report poor chromatographic behavior
and poor sensitivity, especially in the case of the later eluting com-
pounds. Although it is generally accepted that ion-pairing agents
such as trimethylamine (TEA) [5,10,14], tributylamine [18], and
dimethylbutylamine [6] can enhance the retention and separation
of hydrophilic charged/ionizable species on RP columns, such alkyl-
ammonium cations can cause significant ion suppression in the ESI
source, and were therefore avoided.
However, the addition of TEAA when using pure standards con-
tributed to enhanced stability of the acyl-CoAs in solution and led
to better signals. We  hypothesize that TEAA is possibly acting as a
chelator and blocking silanophilic interactions with the phosphate
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Fig. 2. (A) Overlaid SRM traces of 15 acyl-CoA species in a standard mixture analyzed with reversed phase UHPLC separation. Butyryl-CoA (C4:0), hexanoyl-CoA (C6:0),
octanoyl-CoA (C8:0), decanoyl-CoA (C10:0), lauroyl-CoA (C12:0), myristoyl-CoA (C14:0), palmitoleoyl-CoA (C16:1, n-9), palmitoyl-CoA (C16:0), linoleoyl-CoA (C18:2, n-6,
n-9),  oleoyl-CoA (C18:1, n-9), stearoyl-CoA (C18:0), arachidonoyl-CoA (C20:0) were all at 0.25 �M (500 fmol on column); isovaleryl-CoA (iC5) and heptadecanoyl-CoA (C17:0)
(both  at 0.5 �M,  1 pmol on column) are internal standards. (B) HILIC separation of a standard mixture of acyl-CoA species. SRM traces of acetyl-CoA (C2), butyryl-CoA (C4:0),
isovaleryl-CoA (iC5), 3-hydroxy-butyryl-CoA (3OH-C4:0) and malonyl-CoA (C3). All at 0.25 �M,  500 fmol on column except for iC5 (0.5 �M,  1 pmol on column).
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Fig. 3. Effect of the pH and buffer composition of the mobile phase on separation of four representative acyl-CoA species. The primary SRM transitions of butyryl-CoA (C4),
o (C20)
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rachidonoyl-CoA (C20) was not detected when 10 mM ammonium-formate buffe
hroughout the experiment.

roups of the acyl-CoAs on the surface of the C18 RP stationary
hase as previously reported by others for EDTA and phospho-
ic acid in the case of peptide analysis [27,28]. Residual unreacted
ilanol groups are impossible to avoid even with the newest genera-
ion of highly end-capped, hybrid, silica-bonded stationary phases
uch as the one we used for the applications described here, and
lthough less prominent in higher pH they can still interfere with
he analysis of compounds bearing multiple charged moieties such
s acyl-CoAs.

Guided by the literature [12,15,29,30], we tested RP separations
f five representative acyl-CoAs (C4, C8, C12, C16, C20) employing
mmonium formate, ammonium acetate and ammonium bicar-
onate buffers at varying pH (4.5–9.5, Table S2), with a generic
radient (from 5 to 100% acetonitrile in 5 min). Obtained SRM
races are shown in Fig. 3. In particular, 10 mM ammonium for-

ate or ammonium acetate at pH 4.5 and acetonitrile resulted
n strikingly poor chromatographic performance. Analysis of later
luting acyl-CoAs was not possible in both chromatographic sys-

ems at 0.25 �M (500 fmol on column of each acyl-CoA, Fig. 3).

hen a larger injection volume was used for the lower concen-
ration of acyl-CoAs standard mix  (e.g. 15 �L of a 5 �M solution),
etected peak areas were comparable to those obtained with a
 are shown injected from a mixed standard of 500 fmol each (0.25 �M).  Note that
H 4.5 was used as mobile phase A. ACN was used as the organic mobile phase B

1.5 �L injection of a 50 �M solution. This indicated that analyte loss
is not strictly concentration-dependent while signal deterioration
was remarkably lower when standard solutions of acyl-CoAs were
introduced to the MS  by flow injection.

Tuytten et al. [31] previously argued that the primary cause
of losses when analyzing phosphorylated organic molecules by
LC–ESI-MS is binding of the analytes to the iron (hydr)oxides
present on the surface of the stainless steel ESI probe. To explore
this possibility, we tested the same protocol for only the UHPLC
using UV detection at 260 nm.  Standard UV RP traces acquired
with ammonium-bicarbonate at pH 9.5 were compared to those
acquired with ammonium-formate at pH 4.5 from injections of
0.25, 1.25 and 2.5 �M of a mixture of 14 acyl-CoAs (Fig. 4). The later
eluting components suffered a progressive decline in peak height
and increase in peak width relative to the early eluting species,
while the peak quality deteriorated with replicate injections for
acyl chains of >12 carbons. Such analyte loss and peak deteriora-
tion was  less pronounced at higher concentrations (>50 �M)  both

in RP and HILIC. The fact that signal losses were already evident by
UV detection indicated to us that the stainless steel ESI probe is not
the primary cause. However, as pH is a critical factor in such sorp-
tion events and given that the process becomes kinetically slow
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Fig. 4. UHPLC-UV chromatograms of standard mixtures of 14 acyl-CoAs acquired
with the same gradient program and different buffer systems as mobile phase
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.  Ammonium-formate at pH 4.5 is shown in the top panel and ammonium-
icarbonate at pH 9.5 in the bottom panel. Chromatograms of lower concentrations
re magnified 2- and 10-fold for 2.5 (1.25 �M)  and 5 pmol (2.5 �M) respectively.

nly at pH > 8.5 [31], we cannot rule out that the interactions with
he ESI stainless steel probe may  have a minor contribution to the
oor signals observed with ammonium formate and ammonium
cetate at pH 4–6.

These lines of evidence led us to the conclusion that the limit-
ng factor in the LC–MS analysis of acyl-CoAs in terms of analytical
ower at the lower concentration range is the chromatography
omponent rather than the MS  part. Typical UHPLC column dimen-
ions (e.g. 50 × 2.1 mm)  limit injection volumes to the range of
–10 �L compared to 10–50 �L volumes possible on standard HPLC
olumns; this translates to a 10-fold difference in the absolute
mount of analyte loaded to the column. To exclude the column
pecific aspect of acyl-CoA signal losses, we tested the hypothesis
hat a modest amount of acyl-CoAs is retained on the chromato-
raphic column by comparing RP separation on various columns
Waters X-Bridge 2.1 × 100 mm,  3.5 �m,  Phenomenex Kinetex C18
nd C8 both 100 Å, 2.1 × 100 mm,  2.6 �m,  Shiseido Capcell Pak
18, 2.0 × 100 mm,  3 �m).  Comparable signal deterioration was
bserved in all tested columns.

As an alternative possible cause of the losses, we postulated
nteractions between divalent cationic (metal) ions, present on the
urface of the LC flow path, with the anionic phosphate groups

f acyl-CoAs. Metal cations have previously been reported on the
tainless steel tubing, the column stainless steel tube and the
olumn frits [32]. Haddad and Foley reported that metal frits
ccounted for approximately 96% of the total metal surface in con-
. A 1534 (2018) 111–122

tact with eluent therefore being the main source of metal ions
and particularly Fe(III) [33]. For example, the interaction of Mg2+

with phosphate groups has been previously reported while Mg2+

quite effectively precipitates palmitoyl-CoA from solution [34].
Such interactions are also possible under acidic conditions as the
3′-phosphate of the CoA moiety of acyl-CoAs is anionic even at
very low pH [25]. In agreement, we observed that signal intensity
and peak shape deterioration was more pronounced for later elut-
ing acyl-CoA species at acidic pH where chelation would be more
pronounced. Although the hypothesis of metal ions-related precip-
itation in chromatographic systems is supported by the findings of
others [28,32,35], we  could not fully explain why the longer chain
acyl-CoAs seem to be more affected than the shorter chain ones.
Given that signal intensity was influenced by the buffer type and
pH (Fig. 3), a logical explanation could be that the shorter chain
species suffer smaller losses as they elute at a higher proportion of
buffer which is thought to be superior in suppressing metal chela-
tion [36]. In another study of nucleotide analysis by LC–MS, clearly
sharper peaks were observed when ammonium bicarbonate was
used as the mobile phase, indicating a superior effect on counter-
acting processes involved in analyte loss [37].

A strong acidic wash with 0.1% phosphoric acid solution in
60% ACN and 40% water introduced in between every injec-
tion successfully addressed the issue. At the end of the gradient
program, pump B (channel B2) was filled with 60/40/0.1 (v/v)
ACN/water/phosphoric acid (‘acidic wash’), and ∼10 column vol-
umes were delivered. Avoidance of signal deterioration was
achieved, even in the targeted sub �M concentration range. A sec-
ond wash step to remove the phosphoric acid was necessary. A
‘neutral wash’ with ∼10 column volumes of 1:1 ACN/water on chan-
nel B3 was  introduced before equilibration to the starting mobile
phase conditions. This automated cleaning protocol successfully
prevented peak deterioration, when tested with a 0.5 nM standard
mixture solution (1 fmol of each analyte on column).

The critical role of the phosphate ions in the reconditioning
step is also supported by the observations of Constantinides and
Steim [34] who reported that the solubility of 50 �M palmitoyl-
CoA in 50 mM phosphate buffer was little affected by addition
of 1–3 mM Mg2+ whereas it was completely precipitated when in
Tris-HCl buffer. This can also explain the absence of this particular
problem in the classic, but much less sensitive, HPLC-UV meth-
ods using phosphate buffer as aqueous mobile phase [36], whereas
chromatographic problems such as peak tailing, peak distortion
[8] as well as sensitivity loss [18] for later eluting compounds
(e.g., palmitoyl-CoA, oleoyl-CoA) are much more pronounced in
the “LC–MS compatible” mobile phases. Similar observations have
been reported for nucleotides [31,37]. When multiple injections
were carried out omitting the acidic wash step in between, less
analyte loss was  observed after several injections with ammonium
bicarbonate at pH 9.5 (Fig. 5).

Based on this evidence, we concluded that the use of
ammonium-bicarbonate buffer at slightly alkaline pH (pH ≥ 8.5)
along with the use of an acidic wash step with 0.1% phospho-
ric acid solution between injections can efficiently eliminate the
observed analyte loss, even at low concentrations. Our  data cannot
dissect to what extent the phosphoric acid wash simply suppresses
interactions with the metal ions on the flow path of the LC or pro-
tonates unreacted silanol groups. Whatever the case, we believe
it is sufficient to remove retained acyl-CoAs as shown in Fig. 5. In
this experiment, we show traces from injections performed in the
absence of the acidic wash, followed by a blank injection, a gradient
with an acidic wash and afterwards repeat of the same sequence

of injections. The later acyl-CoAs retained on the column elute at
the expected retention times with progressively increasing peak
areas, suggesting to us that they were adsorbed at the head of the
column and consecutive injections were not able to elute them. A



L. Abrankó et al. / J. Chromatogr. A 1534 (2018) 111–122 117

Fig. 5. Signal enhancement of acyl-CoAs following an “acidic wash”. The elution profile of 16 acyl-CoAs was compared in ammonium-bicarbonate (pH 9.5, A–F) and
ammonium-formate buffer (pH 9.5, G–L) after 1 (A, G) and 7 injections (B, H) in the absence of the acidic wash, followed by a blank injection (C, I). After a single blank injection
with  a gradient including the acidic wash the same sequence of injections was  repeated, 1st (D, J) and 7th (E, K) followed by a blank injection (F, L). Total ion chromatograms
from  RP separations are shown, 1; malonyl-CoA, 2; acetyl-CoA, 3; butyryl-CoA, 4; isovaleryl-CoA, 5; hexanoyl-CoA, 6; octanoyl-CoA, 7; decanoyl-CoA, 8; lauroyl-CoA, 9;
myristoyl-CoA, 10; palmitoleoyl-CoA, 11; linoleoyl-CoA, 12; palmitoyl-CoA, 13; oleoyl-CoA, 14; heptadecanoyl-CoA, 15; stearoyl-CoA (C18:0), 16; arachidonoyl-CoA, all at
0.5  �M, 1 pmol on column. Standards were prepared in 1:1 water: MeOH containing 10 mM TEAA.
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Fig. 6. Acyl-CoA profiles of mouse (C57BL/6) liver. Ion chromatograms were
acquired with neutral loss (NL) scan mode (A) and predefined SRM transitions (B)
using the same RP separation. Peaks in black are included in the targeted SRM
method, identified with reference standards. Peaks in bold are putatively assigned
based on precursor ion spectra derived from the NL acquisition. Y-axis is expanded
9×  (A) and 15× (B) compared to C2 for better visibility of minor peaks. Example
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ingle gradient with an acidic wash step has positive effects on the
lution of acyl-CoAs in the injections that followed, while levels of
rapped acyl-CoAs were significantly reduced.

.3. Harmonizing HILIC and RP methods

Acyl-CoAs ranging from C4-C20 were monitored with the opti-
ized RP method described above (Fig. 2A). Highly polar acyl-CoAs

uch as C2, 3OH-C4 and malonyl were poorly separated by RP. The
ame mobile phases were therefore tested on a HILIC column and
he same protocol including the ‘acidic wash’ and ‘neutral wash’
teps. Buffers at pH 6.5, 7.5 and 8.5 were compared to evaluate the
ffect of pH on HILIC separation. Although the more hydrophobic
ompounds (from C4 to C20) were poorly separated, malonyl, 3OH-
4 and C5 were successfully resolved (Fig. 2B). In contrast, iC5 could
ot be separated from nC5, even by varying the pH. At higher pH
alues, acyl-CoAs were less retained on the column and eluted in a
igher proportion of ACN, resulting in higher sensitivity.

The separation of iC5, 3OH-C4 and malonyl (Fig. 2B) is necessary
n order to avoid interference derived from common transitions
f these three compounds using the 854 → 347 SRM transition.
pecificity of the method for malonyl can be improved if the
ess abundant but more specific fragment of m/z 303 is selected
or the SRM transition (see trace of 854 → 303 in Fig. 2B). The
ragment of m/z 303, formed after a CO2 loss from the terminal
arboxyl group of the malonyl residue and a typical loss for car-
oxylic acids, is sufficiently specific for malonyl-CoA detection.
5, 3OH-C4 and malonyl are not isomeric compounds, but nev-
rtheless they all provide signal for the same apparent 854 → 347
RM transition, since the differences between the ion masses of
oth precursor and product ions of these three compounds are not
nough to be separated exclusively on the mass resolving power
ypical for a triple quadrupole MS/MS  (ion formulae and exact ion

asses of malonyl, 3OH-C4 and the M + 2 isotopologue of C5 are
24H39N7O19P3S+; 854.1229 Da, C25H43N7O18P3S+; 854.1593 Da
nd C24

13C2H45N7O17P3S+; 854.1867 Da, respectively).
The fact that the same mobile phases used for RP separation

ere also applicable for HILIC separations facilitated a harmonized
etup for fast and comprehensive acyl-CoA profiling in an auto-
ated procedure requiring only a total of 32 min.

.4. Sample preparation strategy

Sample preparation followed the method developed by Min-
ler et al. for animal tissues [23], modified by the addition of an
vaporation/reconstitution step after the SPE, to allow sample con-
entration and storage. For LC–MS/MS analysis, samples were first
econstituted using water, followed by an appropriate volume of
eOH to a final ratio of 4:1 MeOH:water, which was deemed

ssential to maintain longer chain (>12 carbons) hydrophobic com-
ounds in solution. When samples were previously reconstituted

n as high as 50% aqueous MeOH, the longer chain (C > 12 carbons)
cyl-CoAs showed very poor recoveries (i.e. 107% for C4, 92% for C12
ut only 33% for C17, 19% for C18:0 and 9% for C20). Although recon-
titution in 80% MeOH fits the requirements of the HILIC protocol, it
s too strong for the RP separation as early eluting compounds (C2,

alonyl) were not adequately retained. Acetyl- and malonyl-CoA
ere therefore excluded from the RP analysis.

.5. Acyl-CoA profiling in biological samples

We  first tested to what extent the acyl-CoAs included in the

argeted method reflect the endogenous species present in mouse
iver. C57BL/6 liver tissue was chosen as a representative matrix
xpected to contain the highest total amount of acyl-CoAs to allow
etection of less abundant species. The neutral loss scan mode (NL)
mass spectrum of the two  major species found in the precursor ion spectrum at
2.1  min  (C) along with the extracted ion chromatograms of m/z  1030.4 (C18:2) and
m/z  1054.4 (putatively assigned as C20:4) (D).

of the MS/MS  was employed for initial profiling in a non-targeted
manner. The 507 Da neutral loss was  followed using the precur-
sor mass range of m/z  800–1100, a scan rate of 1000 Da/s and 32 V
collision energy (CE). The same sample was also analyzed with
the targeted SRM method and the resulting chromatograms were
compared (Fig. 6).

The majority of the compounds that produced prevalent peaks
in the NL chromatogram (Fig. 6A) were also present in the tar-
geted SRM method (Fig. 6B), indicating that the SRM method is
comprehensive and representative of most acyl-CoAs present in
the C57BL/6 liver tissue. Several additional non-targeted species on
the NL scan chromatogram (Fig. 6A) could also be putatively identi-
fied based on the observed ion masses in the precursor ion spectra
derived from the NL acquisition and retention time of closely
eluting targeted acyl-CoAs. For example, the prominent peak at
0.58 min  with a precursor ion mass of m/z 824 most likely corre-
sponds to propionyl-CoA (nC3). Similarly, the precursor spectrum
of the highly abundant peak at 2.13 min  (Fig. 6C) indicates that an
abundant compound with m/z 1054.4, putatively assigned as C20:4-
CoA, co-elutes with C18:2. Extracted ion chromatograms (Fig. 6D)

further confirmed this observation. In addition to the primary
screening using the TIC of NL, additional compounds were searched
for by extracting the (calculated) [M+H]+ ion traces of a num-
ber of additional unsaturated acyl-CoAs including decadienoyl-CoA
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Table 1
Average slope of C17-CoA (ISTD) normalized calibration function of each acyl-CoA
in  each matrix (n = 3).

HepG2 cells C57BL/6 mouse
liver tissue

Muscle cells

C4OH-CoA 2.91 1.77 2.21
C4-CoA 3.44 2.29 3.05
C2-CoA 5.10 2.67 3.49
M-CoA 0.20 0.12 0.19
C6-CoA 3.09 1.08 8.09
C7-CoA 3.30 0.76 6.23
C8-CoA 3.75 0.85 5.73
C10:0-CoA 4.86 1.21 6.75
C12:0-CoA 6.79 1.81 8.28
C14:0-CoA 3.32 1.43 5.37
C16:1-CoA 4.10 1.26 5.25
C18:2-CoA 3.91 1.85 5.10
C16:0-CoA 4.68 1.47 5.93
C18:1-CoA 4.50 1.48 4.81
L. Abrankó et al. / J. Chrom

C10:2), decenoyl-CoA (C10:1), tetradecadienoyl-CoA (C14:2) and
etradecenoyl-CoA (C14:1), which stem from chain shortening of
onger chain unsaturated acyl-CoAs, along with odd chain acyl-
oAs such as nonanoyl-CoA (C9) and undecanoyl-CoA, (C11), which
re related to branched chain amino acid metabolism [38]. Chro-
atographic peaks in the extracted ion chromatograms indicated

he presence of additional minor acyl-CoA compounds. Based on
he known m/z  of the [M+H]+ ions of these non-targeted com-
ounds, SRM transitions were defined and incorporated in the SRM
ethod. In addition to two SRM transitions, elution order is con-

idered a very important piece of evidence for the identification,
specially when reference standards are not available. In the top
anel of Fig. S2, the retention time of C9 and C11 fit perfectly in
he elution order of the homologue series of straight chain satu-
ated acyl-CoAs (hydrophobicity increases with chain length of the
cyl group in RP chromatography). Similarly, in the mid  and bottom
ane of Fig. S2, elution order of mono- and di-unsaturated C10:1;
10:2 and C14:1, C14:2, respectively, also fit to the expected elu-
ion pattern, i.e., retention time decreases with presence of one or
wo double bonds.

The developed strategy was also applied to acyl-CoA profiling of
epG2 human liver (Fig. 7D–F) and LHCNM2 human skeletal mus-
le (Fig. 7G-I) cells, which are more challenging than mouse liver
Fig. 7A–C) due to the limited amount of biological material, espe-
ially in the case of LHCNM2 muscle cells. When comparing signal
ntensities among the three types of biological samples differences
n both the profile and abundance already become apparent, which
re representative of the studied model. For instance, HepG2 cells
re thought to support more lipogenic processes in the absence
f exogenous fatty acids [39] as reflected in the higher levels of
alonyl-CoA when compared to LHCNM2 muscle cells. Similarly,

16-CoA which is thought to have an important role in fatty acid
ynthesis and act as a signaling intermediate is about 5x higher in
epG2 compared to LHCNM2 muscle cells. Profiles shown are in
greement with others published in the literature for HepG2 cells
30].

.6. Quantitative aspects

Recovery studies of acyl-CoAs to address losses during sample
reparation (extraction, SPE and evaporation/reconstitution) were

nitially conducted by addition of 5, 10 or 15 pmol of each stan-
ard in the case of cell samples and 50, 100 and 150 pmol of each
tandard in the case of mouse liver at the extraction step. Consid-
ring all three studied matrices and analytes, an average recovery
f 64 ± 10% was obtained. Similar moderate recovery values are
eported in the literature for biological samples, independently of
he sample preparation method applied [12,16,40]. To address the
ssue of moderate recovery values, we included surrogate com-
ounds, not present in the matrix, with chemical and physical
ehavior representative of the native analytes. N-Heptadecanoyl-
oA (C17), which could not be detected in either of the original
iological sample types and had an average recovery of 58 ± 6%
rom all matrices was chosen as an internal standard. Isovaleryl-
oA (iC5), with an average recovery of 65 ± 11%, was also tested
s an alternative, in order to evaluate whether the chain-length
as an influence. As iC5 and/or nC5 were present in liver tis-
ues at substantial amounts, it was only included in HepG2 and
HCNM2 cell samples, in which it was only present at residual lev-
ls compared to the spiked amount (<5% of the level of the spike).
amples from all matrices were prepared again for recovery studies
s described above, and 10 or 50 pmol of each surrogate was also

dded to cell (iC5-, C17-CoA) and tissue samples ((13C3)malonyl-,
17-CoA), respectively, prior to sample preparation. For matrix-
atched calibrations separate samples were prepared following

he same protocol and were spiked with surrogates just before
C18:0-CoA 5.27 1.87 7.45
C20:0-CoA 6.15 2.91 12.54

injection at a level identical to the nominal expected concentra-
tion in the recovery samples. Un-spiked samples with acyl-CoA
standards but with surrogates were also included for “level zero”
concentration.

Peak areas normalized to that of the surrogate were used for
calculations. Using this approach, and iC5 and C17 as surrogate
compounds, both with RP and HILIC separations, satisfactory cor-
rections for recoveries between 80–120 % could be achieved in
all three studied matrices for the majority of acyl-CoAs. Interest-
ingly, the level of correction was comparable for both surrogates.
However, despite satisfactory corrections for the majority of acyl-
CoAs, extreme under- or over-corrections were also derived,
independently of the surrogate used. For example, in the case of
malonyl-CoA, which is generally known to have low recoveries
from biological samples [40], only 33 ± 2% was  recovered in our
study from mouse liver tissue. Use of C17-CoA as a surrogate was
inappropriate for malonyl-CoA correction in this matrix. When
(13C3)malonyl-CoA was  used, a recovery of 97 ± 4% was obtained for
malonyl-CoA, but the use of this compound overcompensated the
recovery of C2 in the HILIC separation which was more accurately
corrected by C17.

The use of multiple surrogates, each of them matched in
recovery to a subgroup of analytes, is the preferred approach,
however not without limitations. As recovery values can be matrix-
dependent, if a given surrogate is found to be suitable for a certain
matrix it is not necessarily guaranteed to be in another, or vice
versa. For example, C17 was  found to be inappropriate to correct for
the low recovery of malonyl-CoA in liver tissue as discussed above,
whereas in HepG2 cells the 56 ± 5% recovery for malonyl-CoA was
corrected to 93 ± 5% and 83 ± 6% with C17 and iC5 respectively.
Furthermore, apart from (13C3) isotopes, it is difficult to find sur-
rogates that represent the chemical behavior of a native analyte
closely enough and at the same time are not endogenously present
in the sample.

As an alternative for using individual isotope-enriched acyl-CoA
standards, most of which are not commercially available, a standard
type addition protocol is suggested such as the one described for
recovery and calibration studies here. Samples were spiked with
standard mixtures at multiple levels and with constant levels of
surrogates as described above, prior to sample preparation. Peak
areas normalized to that of the respective surrogate were used to
set up calibration curves. Concentrations of different species were

derived based on the peak area of the analyte normalized to that of
the surrogate, divided by the slope of the calibration function of the
corresponding analyte in the specific matrix (Table 1). Recoveries
ranging between 90–111, 90–109 and 98–104% were obtained for
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espectively.

In HepG2 cells (from one 6-well of ∼ 9.5 cm2 surface area,

ontaining ∼ 200 �g protein from ∼ 1.5 × 106 cells), individual acyl-
oAs were in the range of 0.3–286 pmol/mg protein (2-2300 fmol
cyl-CoAs on column) (Fig. 7F) while a single 6-well of LHCNM2
ells typically contained 0.2–65 pmol/mg protein (1–260 fmol acyl-
HepG2) ((D–F)) and muscle (LHCNM2) ((G–I)) cells.Overlaid SRM chromatograms
 in panels B, E, H. Internal standard (C17) is present at 0.2 �M in cell samples (C–F)
amples in each group (n = 3).

CoAs on column) in ∼ 4 × 105 cells (∼ 100 �g protein) (Fig. 7I),
∼ 5-fold lower in comparison to HepG2 cells. Detected acyl-
CoA species in liver tissue were in the range of 0.1–4.8 pmol/mg

(40–2000 fmol acyl-CoAs on column) when starting from ∼ 20 mg
sample (Fig. 7C). Despite the low amounts of acyl-CoAs present,
samples were stable for >24 h in the auto-sampler at 10 ◦C, in con-
tradiction to other authors, who reported increasing hydrolysis of



L. Abrankó et al. / J. Chromatogr

Table  2
Method detection limits (MDL) of each acyl-CoA.a

Acyl-CoA MDL, nM fmol on column
(2 uL inj)

HILIC C4OH-CoA 0.7 1.4
C2-CoA 1.5 3.1
M-CoA 1.2 2.4
C4-CoA 1.9 3.8

C18 C6-CoA 1.6 3.3
C7-CoA 0.7 1.4
C8-CoA 1.5 3.0
C10:0-CoA 1.6 3.2
C12:0-CoA 1.1 2.2
C14:0-CoA 1.4 2.9
C16:1-CoA 1.6 3.1
C18:2-CoA 2.4 4.9
C16:0-CoA 0.5 1.1
C18:1-CoA 2.3 4.6
C18:0-CoA 1.9 3.9
C20:0-CoA 1.2 2.3
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[

[12] F. Kasuya, T. Masuyama, T. Yamashita, K. Nakamoto, S. Tokuyama, H.
a Method Detection Limits (MDL) were calculated using the protocol suggested
y  the US EPA [25].

he acyl-CoAs with the acyl chain length [30] as a possible expla-
ation. We  believe the instability issues reported by others are a

unction of the analytes precipitating in solution due to insuffi-
ient ionic and organic strength of the applied solvent for sample
reparation and chromatography issues as discussed here.

In cases where the amount of available sample is highly limited
e.g., LHCNM2 cells), the detection power of the analytical system is
rucial. The extensively used method to determine detection lim-
ts (LOD) based on the estimation of signal-to-noise ratios (S/N) in
lank samples was considered inappropriate in our study due to
he high specificity of the SRM (MRM)  mode that resulted in zero
ystem background noise. This leads to infinite S/N that offsets real-
stic estimation of LODs. An alternative approach was applied and
ODs were estimated by analyzing a series of dilutions of standard
ixtures to find the lowest concentration at which the analytes

ould be detected. The 0.5 nM level was found to be the lowest
evel where all acyl-CoA species produced identifiable chromato-
raphic peaks. However, note that at that low level, which can be
onsidered as the realistic LOD of the method, the repeatability
f measurement substantially deteriorated. If the Method Detec-
ion Limits (MDL) were calculated using the protocol suggested by
he US EPA [41], where repeatability is accounted for, MDL  values
� = 0.01, t� = 2.76) between 0.5–2.4 nM were obtained that cor-
espond to 1–4.9 fmol analyte on column (Table 2) based on the
pplied 2 �L injection volume. Even though in most reports LODs
re calculated based on the S/N = 3 approach, which presumably
esults in better than realistic LODs, the LODs achieved with this
ethod are substantially superior to the ones reported in literature

ased on 3x S/N. For instance, Kasuya et al. [12] reported detec-
ion limits of palmitoyl-CoA, arachidonoyl-CoA and octanoyl-CoA,
f 60, 92 and 51 fmol, respectively, Yang et al. [30] reported LODs
f 70–140 fmol for C10:0 to C20:0 acyl-CoAs, whereas Li et al. [19]
eported 40 fmol for malonyl-CoA and C8 and 142 fmol for C16.

. Conclusions

In the work presented here, we aimed to describe optimal
hromatographic conditions for reproducible analysis of acyl-CoAs
rom various matrices and discuss how their low abundance and
ature may  challenge the robustness of previous approaches. The

HPLC–ESI-MS/MS analytical system developed was equally suit-
ble for high sensitivity analysis of short-, medium, and long
hain acyl-CoAs spanning from acetyl- (C2:0) to arachidonoyl-CoA
C20:0) in biological samples. When fold changes of acyl-CoAs are
. A 1534 (2018) 111–122 121

of primary study interest, we  propose that the use of C17 is practi-
cal and necessary both to enable corrections for occasional sample
losses during sample preparation and for routine fluctuations of
the MS  signal, for the majority of acyl-CoAs in cellular samples, but
not for malonyl-CoA. The developed harmonized dual chromato-
graphic method enables both RP and HILIC analyses from the same
sample that remarkably improves the throughput of the assay. The
enhanced sensitivity achieved enables analysis of small biological
samples which is of particular importance in the case of cellular
experiments and clinical biopsies, and can help unravel the role
of these important intermediate signaling molecules in cellular
energy balance.
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