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1 Introduction

Metabolomics is considered within the field of analytical
chemistry a well-accepted analytical approach for the global
profiling of metabolites, i.e., small (endogenous) molecules
with a molecular weight below 1500 Da. Currently, the
Human Metabolome Database contains more than 100 000
metabolite entries with a wide dynamic concentration range,
ie., from mM to the pM-level [1]. A major part of these
metabolite entries consists of lipids and exogenous com-
pounds derived from nutrients and drugs. The metabolome
is affected by both internal and external factors/stimuli and,
therefore, directly reflects the underlying biochemical activ-
ity and status of the biological system in question. Metabolic
profiles may provide a wealth of information which can be
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CE-MS for anionic metabolic profiling: An
overview of methodological developments

The efficient profiling of highly polar and charged metabolites in biological samples re-
mains a huge analytical challenge in metabolomics. Over the last decade, new analytical
techniques have been developed for the selective and sensitive analysis of polar ionogenic
compounds in various matrices. Still, the analysis of such compounds, notably for acidic
ionogenic metabolites, remains a challenging endeavor, even more when the available
sample size becomes an issue for the total analytical workflow. In this paper, we give an
overview of the possibilities of capillary electrophoresis-mass spectrometry (CE-MS) for
anionic metabolic profiling by focusing on main methodological developments. Attention
is paid to the development of improved separation conditions and new interfacing de-
signs in CE-MS for anionic metabolic profiling. A complete overview of all CE-MS-based
methods developed for this purpose is provided in table format (Table 1) which includes
information on sample type, separation conditions, mass analyzer and limits of detec-
tion (LODs). Selected applications are discussed to show the utility of CE-MS for anionic
metabolic profiling, especially for small-volume biological samples. On the basis of the
examination of the reported literature in this specific field, we conclude that there is still
room for the design of a highly sensitive and reliable CE-M S method for anionic metabolic
profiling. A rigorous validation and the availability of standard operating procedures would
be highly favorable in order to make CE-MS an alternative, viable analytical technique for
metabolomics.
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used for disease prediction, disease progression, and treat-
ment outcome [2, 3].

Nowadays, analytical techniques such as NMR spec-
troscopy, LC-MS, and GC-MS are generally used for
metabolic profiling studies [4—6]. CE-MS has emerged as a
strong analytical tool for the profiling of polar and charged
metabolites, such as phosphorylated sugars, organic acids,
amino acids, and nucleotides, since its separation mecha-
nism is based on charge-to-size ratios, thereby providing com-
plementary information to other separation techniques [7].
Like CE-MS, hydrophilic interaction liquid chromatography
(HILIC)-MS also emerged as a powerful analytical tool for the
profiling of (highly) polar metabolites. Recent studies have in-
dicated that both analytical techniques provide complemen-
tary metabolic information and in that context the use of both
approaches is preferably required in order to get a full picture
of the polar and charged compounds present in a given bio-
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logical sample [8-10]. It would also be interesting to compare
CE-MS with zwitter-ionic HILIC columns and recently devel-
oped ion-exchange LC systems for metabolic profiling stud-
ies. lon-pair reversed-phase LC-MS has also been employed
for the profiling of polar and charged metabolites [11, 12].
However, the use of ion-pair agents in LC-MS may result in

liquid chromatography; IPR, ion-pair reagent; MSI, multi-

segment injection; PIESI, paired ion electrospray ionization;

SL, sheath-liquid
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severe jon suppression and may contaminate the ion source
and ion optics. In addition, ion-pair agents may contribute to
column instability and increased re-equilibration time.

The first research where CE-MS was used for global
metabolic profiling of biological samples was performed by
Soga and co-workers [13]. In this work, a bare fused-silica
capillary and acidic separation conditions were used for
the analysis of cationic metabolites, performing CE-MS in
positive ionization mode. In general, this CE-MS method
has been used now by various research groups as it provides
acceptable performance metrics for the profiling of cationic
metabolites [14-20]. However, in order to attain full coverage
of ionogenic metabolites, both cationic and anionic metabo-
lites need to be analyzed by CE-MS. However, for anionic
metabolic profiling the number of studies with CE-MS re-
ported in the literature is far less than the number of studies
involving cationic metabolic profiling. Soga et al. studied
the anionic metabolic profile of extracts from Bacillus subtilis
cells by CE-MS using a cationic polymer-coated capillary and
weakly alkaline ammonia buffers, employing reversed CE
polarity and negative ionization mode [21, 22]. Biischer et al.
performed a cross-platform study for metabolic profiling of
yeast extracts, and indicated CE as the least suitable platform
for analyzing biological samples as it lacked the required
robustness [23]. On the other hand, the CE-MS method
at low-pH separation conditions employing a fused-silica
capillary could be used in a robust way for cationic metabolic
profiling of a yeast extract, and observed matrix effects were
significantly lower as compared to the other chromatographic
methods evaluated in this work. In agreement with the work
of Biischer etal., Soga etal. demonstrated in another work that
the long-term stability of the CE-MS method using a cationic-
coated capillary for anionic metabolic profiling was relatively
poor [24]. Authors found that the stability issue with the
CE-MS method for anionic metabolic profiling appeared to
be caused by corrosion of the stainless steel ESI needle when
employing reversed CE polarity and negative ionization mode
conditions. To overcome this issue, a platinum sprayer needle
was used for CE-MS analysis in reversed polarity mode [24],
although the platinum sprayer is not necessary for anionic
metabolic profiling when applying normal CE polarity at high-
pH separation conditions. Because of these stability issues to-
gether with lower sensitivity using negative ionization mode
detection, the perception had risen that CE-MS was not suit-
able for global metabolic profiling, especially when compared
to other chromatographic techniques such as LC-MS and
GC-MS.

It is clear that the development of a robust and sensitive
CE-MS approach for anionic metabolic profiling requires
special attention. The improvement of CE-MS separation
conditions and recent developments in interfacing designs,
such as the sheathless porous-tip interface and the use of
modified sheath-liquid (SL) interfaces, show great potential
for sensitivity enhancement of profiling anionic metabolites.
Therefore, in this review an overview of CE-MS approaches
for anionic metabolic profiling is provided, covering the
literature published between May 2002 and December
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2018. In that context, the current work can be regarded
as an important (complementary) addition to our previous
CE-MS-based metabolomics reviews [25-30], which we
provide bi-annually for Electrophoresis and in which the
usefulness and developments of CE-MS approaches for
anionic metabolic profiling were not considered in detail so
far. Major methodological developments that led to the im-
provement of the reproducibility and sensitivity of CE-MS for
anionic metabolic profiling are considered and representative
examples in various application fields are highlighted.

2 Methodological developments

In this section, we will pay attention to CE-MS approaches
that have been developed for the profiling of anionic metabo-
lites, with a main focus on improvement of detection sen-
sitivity (i.e., metabolic coverage) and reproducibility. A com-
prehensive overview of CE-MS methods developed for the
profiling of anionic metabolites in the time period from May
2002 until December 2018 is provided in Table 1. Only those
studies are included in Table 1 which report the development
of new CE-MS approaches for anionic metabolic profiling.
For a complete overview of classical CE-MS employing a stan-
dard co-axial SL interface at high-pH separation conditions
and MS detection in negative ion mode, i.e., the approach also
used by the company Human Metabolome Technologies, we
refer to especially the tables of our previous reviews [25-30].

2.1 Improving sensitivity/metabolic coverage

A major issue observed in CE-MS using negative ionization
mode are the relatively low metabolite responses in compari-
son to those in positive ionization mode. Kok et al. evaluated
different BGE compositions and SL additives in order to en-
hance metabolite responses in CE-MS in negative ionization
mode [31]. It was found that the inclusion of triethylamine
(TEA; pH 11.7) in the BGE and SL provided lower limits of
detection and greater metabolome coverage than common
negative ionization CE-MS methods for metabolic profiling
where ammonia containing buffers are used. However, when
using the same method in positive ion mode, TEA could lead
to ion suppression issues.

A few years ago, a novel technique called paired ion elec-
trospray ionization (PIESI) was developed by Armstrong and
co-workers [32]. PIESI employs specially synthesized multi-
functional cationic ion-pair reagents (IPRs) to form positively
charged adducts with the anions to be analyzed. The adducts
are detected in the positive ion mode and at higher m/z ra-
tios providing improved S/N and LODs that often are orders
of magnitude better than those obtained with native anions
in the negative ion mode. Recently, Lee et al. developed a
CE-PIESI-MS method to analyze fatty acids (FAs) [33]. In this
study, di-cationic IPRs were continuously introduced into the
SLinterface to generate positively charged adducts for anionic
metabolites after electrophoretic separation. A preliminary

www.electrophoresis-journal.com



2351

General, CE and CEC

Electrophoresis 2019, 40, 2349-2359

(panunuoy)
Jaqueyd
seb yieq gN e ul pabiawsa di
leniwe |$3-3 ‘8oep8Iul |SI-3) (z'8 Hd) a1euogueIIq
[££] MO|}-L1e8YS |eIXE-09 }|INg-WO0ISnY NUG'G 401-0 Asejjideo eojjis-pasny wniuowwe [\jWw og S|189 eaIuI0)Ijed eISAdy
uoneoynuenb Joy
spJepuejs |eulaju| ‘Aijawosioads (66 Hd) 81e1898 WINIUOWWE
ssew-sisaloydooa|a ut jouedoidosi %G
Ate|jidea snoanbe-uou pue ‘0zH %01 ‘|joueyiaw
[6¥] uonaaluruawbhas-yn NT0L0 401 deo ealjis-pasn4 %G1 ‘8[141u0189e %0/ wnJas pue ewse|d uewny
uoneaynuenb (58 Hd)
[6G] 10} spJepueis |eulaiu| ‘su 401 Asejjideo eojjis-pasny 8]e1898 WNIUOWWe AW 0§ ewse|d uewny
18Ul 33 8yl le Jequl O 0
ainssaud ‘paidde seb buizingau
ou ‘apow uol aAlisod ul pajoalap
sajjoqgelaw ajuoiue ‘Buijyoid
[ot] ogejaw duojue Jo} 39g Hd mo] ‘su 4101 ded eaj|is-pasny (z'z Hd) proe onae 9,01 SI189 1v6¢ M3H
‘Joy SaloN 2101 1azAjeue S|\ Atepdes 399 Xujew ajdweg pjay uonealddy
(5L
Hd) joueyiaw snoanbe 9,08 (@Xxouano)
[ot] ‘su desnqiQ 11 Asejideo eorjis-pasn4  ul 81e}99E WINIUOWWE [\|W Q] HMIAT PUB gelixLYy
uoneiedas
Bunp parjdde juaipesb ainssaid
olweuApoipAy ‘SIN-32-(ISI) (6'8 Hd) a1euoguelq
(1] uonoalul Juswbhas-n|p 'su 401 Asejideo eoyjis-pasng wniuowuwe AW og auun uewny
ERLEIEN]]
ssa|y1eays diy sno.od Buijiyoad dip snoJod e
[6€] oljogelaw dluojue o} 39g Hd Mo INlU 00Z-01 40L yum Asejides eaijis-pasng (z'z Hd) proe anade %01 S|[89 ewoise|qol|9
aoeyialul ssajyieays dn
snoJod {(39yN) sisatoydosyos|a dip snoJod e (A/A) 0Z:08 HO®IN/NIY
[57] Ase|idea snoanbe-uop qw/bu g ajodnipeng  yum Asejjidea eoijis-pasn4 Ul 911998 WNIUOWWE AW § auln uewny
(801
[£8] 99BJIBJUI SSB|YIBAYS 9pEeL-3WOH INY 18°0-500 obD Asejideo eonis-pasn4  Hd) 83e189€ WNIUOWWE AW G wnias uewny
(66 Hd) 81euoquealq
[95] AT 70 401 1dea ealjis-pasn4 wniuowwe |\JW Qg auun uewny
[5G 1€] W 1'6-L°0 401(-0) deo eayjis-pasny (11 Hd) auiwejAyieLn Nw Gz aulIn JeJ ‘auln uewny
uoneoyuenb 1oj spiepuels Atefjided (+)0INS09 (g'g Hd)
¥zl |eulsjul ‘a|paau |S3 wnuneld INY £8°0-€0°0 401 :JawAjod o1uonen 9]e18998 WNIUOWWE [\JW 0§ S19B1IXd JBAI| 8SNO|\
ERINT]
Atejpideo (+)371NS (G'g Hd) pajeaJ-uaydouiwelaae
[¥5] ‘su 401 :JawAjod o1uonen 8]e1898 WNjUoWWe AW 0§ JO S]0BJIX8 WNJBS PUB JBAI |eaipawoig
‘Joy SaloN 2101 1azAjeue g\ Atepden 399 Xujew ajdweg pjaly uonealddy

810z 1eqwiaoa(Q pue zooz AeIA usamiaq parodal saipnis b

0.d o1j0qeIBW d1UOIUR PASE]-SIN—ID O MBIAIBAQ L d]qeL

l.com

is-journa

www.electrophores

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



Electrophoresis 2019, 40, 2349-2359

M. van Mever et al.

2352

apouw
uot anusod ul saxa|dwod Jjed
UuoI/SaH|0qeIaW dIuoIUE }08)ap
01 pinbi| yeaYSs au1 0} uonIppe

Jayipow
8|LIu0189e 9 0p Bululelu0d

[ee]  sesabeal buuied uor jo uonippy  Jw/Bw 88z 01 €10 401 Ateidea eoijis-pasny Jayng alew.o} wniuowwe sa|dwes 8a}409 pue 8saay)
‘Joy S910N 20071 JazAjeue g\ Atejpdes 399 xijew ajdwes pjay uonealddy
[9v] wdd $'91—-1'0 401 AJejjided pa1eod Hld $'Z HA ‘p1oe a1wioy |\ | auIm paJ pue aainl abueiqg
(01 Hd)
[69] Jw/br gg—1'| 1l Atejidea eoijis-pasny 9]BWW.0} WNIUOWWE AW 0Z aoIn[ a|ddy
(1°g Hd) $30]1eWO0}
[89] qw/bri g-10 ajodnupenp Ateidea eoijis-pasny 9]BW.I0} WNIUOWWE AW Z& ‘sabuelo ‘sadesb ‘sajddy
(68
[£9] qw/6M 1'0-50°0 ajodnipenp Asejideod eonjis-pasng  Hd) sul Nw G pue YIAL INW Z aly |BIUBIUOIIAUS/PO0
|oueylaw 9%0g Buiuieluod
(0°01 Hd) @1€3908
uoneayuenb 1oy spiepuels wniuowwe w oG {(0'g Hd) (suajed
[99] |eulaju| ‘39 paisIsse ainssald N L1-€1°0 1l Ate|idea eoijis-pasny 9]BULIOJ WNIUOWWE \W 0§  &//8/310ISAl) }9BIIXa SSO|\
[¥€] paydde moyy seb yieays paads-ybiy WM 01-50 obo Ateidea eoijis-pasny (8°1 Hd) proe oo A | sanea| ajddeauiy
uoneaynuenb Ase|jidea (8'9
[59] 10} SPIBPURIS |RUIBIU| 'su ajodnipenp  XVAA-9Q JewAjod [esnap  Hd) 81e189€ WINIUOWWE WW 07 syue|d aou oiuabsuel|
Ase|jidea
1-9Q 18wAjod [esnapy (G Hd) a1e1808E
Il ‘Aseqided (+)3INS wnjuowwe W Qg ‘(g Hd)
[¥9] L[S0 AT £'9-€0 ajodnipenp :JawAjod o1uoney 81e199e Wniuowuwe AW Qg sjue|d 80w oluabsuel|
uonaunl snoJod apew-awoy uonaunl snoJod e (56 Hd) (A/A Z:8)
[€9] UM 80BLIB1UI SSB|YIRBYS AT 62200 110 yum Asejidea eoljis-pasn4  jouedoud-z wniuowwe AW 0z S10BJIX® [|89 /09
£2¢-3A10d yum pajeod ('8 Hd)
[29] WM z-z0 40l ‘Ae|jideo ealjis-pasn4 9]8190E WNIUOWWE |\|W 0§ S10BJIX® [|89 /09 T
(09
Hd) a1ew.o)/a1eUOGIRD
[19] 37 palsISse ainssald 'su 1l Aejides 334 -uaboupAy wniuowuwe AW QG| 1Sea\
S adAy 39-degung (06 Hd) ARLNNG]
[09] (WYWN) Buionuow uonaeal ajdiny NT 8'8-10 1]-eaul DL :Ale|jides pajeuoyng 9]8190E WNIUOWWE [\|W 0§ 1|99 snasoJ snyjueleyie)
‘Joy SaloN 2101 1azAjeue g\ Atepdes 309 X1jew ajdwes pjaly uonealddy
anbiuyoay (G'L Hd)
[6G]  dSew |oujis ‘3] palsIsSe ainssald AT £71-60 1 Ale|idea eoijis-pasng 811998 WNIUOWWE [\|W 0§ S19BJIXD [|89 /09
(0°01 Hd) @1€3008
[8g] 37 palsISse ainssald ‘su 1l Atejidea eolis-pasny aulwelAylawny W g SpJepueis aluoluy
Ase|des (G H)
[12] (39Vd) 39 paisisse ainssald NT e-170 1l 1-9q :JowAjod |esnapy 818190E WNIUOWWE [\|W 0§ 10BJIXD ||99 SI[IqNs snjjioeg
Ateqdea (+)37INS (06 HA)
[ez] AT £'9-€0 1l :JawA|od 21uoneq 8]8190E WNIUOWWE [\|W 0§ 10BIIXD ||99 SI[IqNS snjjioeg jue|d/jelqoaaiy
‘Joy SaloN 2101 1azhAjeue g\ Aiejpdeg 399 x1jew ajdwes pjayy uonealddy

panunuo) 'L a|qeL

l.com

is-journa

www.electrophores

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



Electrophoresis 2019, 40, 2349-2359 General, CE and CEC 2353
x10 6 %106
11 A ./ B
0.9 0.9+
0.8 0.8
0.7 1 0.7 7
0.6 1 4
z g 0.6
3 0.5 £ 05
z =
0.4 0.4 -
0.3 0.3+
T 1 g &
0.2 0.2 &9
0.1 - 011 -’/“"\ < 2
¥ ¥ [HITH 2
Sl 6 oAl
7 8 9 10 11 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29
X106 Counts vs. Acquisition Time (min) x10 8 Counts vs. Acquisition Time (min)
11 C 1 D
0.9 0.9
0.81 0.8
0.7 0.7- 43
= = |
Z 061 Z 06
£ £ Il =
£ o5 £ 05 ‘ |
0.4 0.4 I\: ‘
0.3 0.31 | F I |
| |
0.2 0.2 [
0.1 § H 0.1 \ iy
-1 ki , s 17 NI
, J A _,,2 0 i '”‘l-'u L UL

7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29

Counts vs. Acquisition Time (min)

— — — r i ——
7 8 9 10 11 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

Counts vs. Acquisition Time (min)

Figure 1. Extracted ion electropherograms of 21 linear FAs (C2~C22:0, 100 ng/mL) obtained (A) in negative ESI mode by CE-MS using a
BGE of 40% acetonitrile in 30 mM ammonium formate at pH 10 (B) in positive ESI mode with a pre-column technique and adding 250 uL
ion pair reagent 1 (IPR1) in the FA standard mixtures, (C) in positive ESI mode with an on-column technique and adding 250 uL IPR1 into
the BGE solution, and (D) in positive ESI mode with a post-column technique using a SL containing 250 uL IPR1 in 50% IPA solution.

Reproduced from [33] with permission.

study has shown that the addition of IPR prior to or during
separation showed less effective complex formation and thus
less improvement in terms of sensitivity compared to nega-
tive ion mode detection (Fig. 1). An optimized concentration
of 250 uM IPR was added to the SL, as this ensured suf-
ficient complexation without contaminating the ion source.
The developed method (BGE: 30 mM ammonium formate
in 40% acetonitrile, pH 10) provided LODs which ranged
from 0.13 to 2.88 pg/mL for 15 FAs in a test mixture. The
CE-PIESI-MS method was used to determine FAs in cheddar
cheese and powdered coffee samples and showed that regard-
ing sample preparation, in contrast to GC-MS and LC-MS
methods, only a simple sample extraction step was needed to
measure the FA concentration in the samples without signal
suppression.

In order to achieve coverage for a broad range of metabo-
lite classes, analytical approaches are needed that can be used
for the profiling of both cationic and anionic metabolites, ide-
ally using the same separation conditions (i.e., capillary, BGE,
and SL), and in some cases the same CE polarity and/or MS
detection mode, as described by the following examples. In
2010, Wakayama et al. created a separation method for the

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

analysis of amino acids and carboxylic acids, where detection
of both species was achieved in a single CE-MS run by chang-
ing the polarity of the ESI-MS during the time difference
of the detection time between cationic and anionic metabo-
lites [34]. When analyzing solely in positive ion mode, amino
acids were mainly detected in their protonated form: [M+H]",
whereas the anionic carboxylic acids were mostly detected as
adduct peaks: [M+NH,4]*. Subsequently, when analyzing the
same compound mixture in negative ion mode without ad-
justing the main parameters, several amino acids were de-
tected in their deprotonated form: [M—H]~. In the optimized
CE-MS method, the ESI-MS polarity was changed from pos-
itive to negative after the detection of amino acids. A rela-
tively high sheath-gas pressure (20-25 psi versus 5 to 10 psi
in conventional CE-MS experiments) was required for stable
spray formation, especially in negative ion mode. The CE-MS
method was used to study the Crassulacean acid metabolism
in pineapple leaf extracts, and showed effective determination
of both anionic and cationic metabolites in a single run. The
results confirmed the diurnal change in malate, aspartate,
asparagine, and citrate concentration in the pineapple leaves,
and showed an opposite pattern for succinate and glutamine.

www.electrophoresis-journal.com
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Drouin et al. developed a CE-MS method for the analysis
of both cationic and anionic metabolites in one single run
by measuring solely in positive ion mode [10]. A two-step
approach was conducted, where cationic metabolites were
measured in normal CE polarity, and reverse CE polarity
was used to measure anionic metabolites. In agreement
with the study performed by Wakayama et al. [34], adduct
formation was observed when applying positive ion mode.
Moreover, it was found that the formed ammonium adducts
for compounds (cations and anions) without amino groups
showed higher analyte responses compared to their depro-
tonated species when detected in negative ion mode. The
sensitivity was further enhanced by adjusting some MS
source parameters (higher capillary voltage: 5500 V, higher
sheath-gas: 11 L/min) and turning off the nebulizing gas.
The CE-MS method could be used for the analysis of both
cationic and anionic species in positive ion mode, as shown
in Fig. 2 for a test mixture of metabolites. The method was
applied to analyze a commercially available metabolomics
library, and more than 76% of the 596 compounds could be
observed. The obtained findings revealed that CE-MS was
especially well-suited for the analysis of polar and charged
metabolites, providing complementary results in comparison
to chromatographic-based techniques. However, it should be
noted that this CE-MS method employed a relatively high
fragmentor voltage (380 V), which might induce in-source
fragmentation due to energetic collisions that occur in the
ESI source. This effect was earlier studied by Godzien et al.,
who evaluated the impact of the enhancement of fragmentor
voltage (150-230 V) on in-source fragmentation [35].

Next to the conventional SL interface, new low-flow SL
interfacing designs have been recently developed for CE-MS-
based metabolomics studies. Liu et al. developed a modified
co-axial SL nanosprayer to analyze nucleotides in single neu-
ronal cell extracts [36]. The lab-fabricated nanosprayer has
a smaller diameter capillary outlet [20], which is 40 pm in-
stead of a typical 50 or 75 pm internal diameter, allowing
lower SL flow rates (<1 uL/min) and no nebulizer gas. These

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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conditions using 10% acetic
acid as BGE. Reproduced from
[10] with permission.
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adjustments reduced sample dilution, improved repeatability,
and detection limits. In order to withstand corrosion, a plat-
inum alloy emitter was used. Analysis was performed using
a BGE of 20 mM ammonium bicarbonate (pH 10) and a SL of
isopropanol/water (1:1, v/v) containing 0.2 mM ammonium
bicarbonate, which was delivered at 600 nL/min. The method
allowed the analysis of nucleotides in extracts of individual
Aplysia californica sensory neurons with LODs ranging from
2 to 22 nM. The implementation of an on-line preconcen-
tration method, i.e., large-volume sample stacking, further
improved the detection limits of the method.

Recently, Portero et al. developed a method that allows
sequential cationic and anionic analysis of metabolites in a
single cell off a live vertebrate embryo of the South African
frog Xenopus laevis [37]. The low-flow SL CE-MS interface
was custom-built and supplemented with a nitrogen gas
filled chamber to minimize electrical discharges and produce
a stable ESI spray in both positive and negative ion mode.
The design of the interface and how the behavior of the elec-
trospray at the ESI emitter tip was evaluated, which included
a comparison with the stable Taylor-cone normally obtained
in positive ion mode and with electrical discharge observed
in negative ion mode without using the nitrogen gas filled
chamber, is shown in Fig. 3A. Additionally, Fig. 3B illustrates
the stabilization of the total ion electropherogram signal
measured in negative ion mode when including the nitrogen
bath gas. The sample was collected via in situ capillary micro-
sampling [38], where circa 10 nL of the cell content (i.e., 5% of
the total cell volume) was aspirated. Subsequently, a one-pot
metabolite extraction was applied by ejecting the collected
sample into 4 pL mixture of acetonitrile/methanol/water
(4:4:2, v/v/v). The resulting cell extract was analyzed by
CE-MS using low-pH separation conditions for cationic
metabolites. The separation performance was comparable to
other CE-MS methods, such as CE-MS employing a sheath-
less porous tip interface [39]. Overall, the proposed approach
is very promising for single cell analysis, although, a single
cell with relatively large dimensions (circa 200 nL content)
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Figure 3. CE-MS for cationic and
anionic metabolic profiling. (A)
The CE-MS interface with major
components labeled. Microscopy
comparison of stable Taylor-cone
in ESI+ (top panel) and non-axial

\" MS Orifice ESI-, No N2 Gas (rim) emission (middle panel)
and electrical discharge (spark) in
ESI— without nitrogen bath gas.
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was used in this work. It would be of great interest to develop
a CE-MS workflow for single cell mammalian metabolomics,
as the content of such cells often range in the low pL-range
(e.g., content of single HepG2 cells corresponds to roughly
3 pL). Clearly, this work is still an enormous analytical
challenge.

Lin et al. demonstrated a novel electrokinetically pumped
SL interface to analyze heparin oligosaccharides [40]. In this
method, 10 mM ammonium acetate containing 80% v/v
methanol (pH 7.5) was used as BGE and SL, the separa-
tion was conducted in reverse CE polarity and negative ion
mode conditions. The capillary end was capped with a protein-
coated spray emitter sheath capillary, allowing the addition of
SL to the EOF and creating a stable electrospray (Figure 4).
The optimized CE-MS method showed to be applicable for
disaccharide compositional analysis, bottom-up analysis, and
top-down analysis. For the top-down analysis performed with
CE-MS, a lower level of ammonium adduct formation was
observed than when using HILIC-MS, resulting in less false
positives [41].

CE-MS-based metabolomics studies are typically per-
formed with a SL interface. However, the addition of SL
will cause dilution of the CE effluent, thereby limiting the
detection sensitivity. Therefore, new interfacing designs such
as the sheathless porous tip interface [42] are gaining interest
for metabolomics studies [17,43,44]. Bonvin et al. developed a
non-aqueous CE-MS (NACE-MS) method for the analysis of
acidic compounds using a sheathless interface [45]. In NACE,
instead of an aqueous BGE, an organic solventis used as BGE.

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In this NACE-MS method, the BGE was composed of 5 mM
acetic acid in an acetonitrile/methanol mixture (80:20, v/v).
The sheathless NACE-MS method improved the sensitivity
by 2 to 50fold for the determination of glucuronides in human
urine as compared to results obtained with a SL interface.
Gulersonmez et al. evaluated the performance of CE-
MS using a sheathless porous tip interface for the analysis of
anionic metabolites in biological samples by employing the
same experimental conditions as for the profiling of cationic
metabolites, only switching the CE separation and MS de-
tection polarity [39]. The injection volume was approximately
20 nL and LODs between 10 and 200 nM were obtained for
test compounds, showing a significant improvement when
compared to LOD values obtained with SL CE-MS systems.
It should be noted that this approach can only be applied for
the separation of acidic metabolites with a pKa value below
4.2. The limited durability of using a single porous tip cap-
illary (typically up to 200 runs) in CE-MS prevents its use
for the analysis of large sets of biological samples [39,46]. A
proper sample preparation is critical when using these capil-
laries. Still, CE-MS with a sheathless interface has shown to
have high potential for volume-restricted metabolomics.

2.2 Improving reproducibility

One of the main reasons for the underuse of (standard-
ized) CE-MS methods for metabolic profiling of anionic
species is the concern of its lack in reproducibility. In a
recent study performed by Acunha et al, a fused-silica
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capillary was coated with poly-(N,N,N’,N’)-tetraethyldiethy-
lenetriamine, N-(2-hydroxypropyl) methacrylamide (PTH),
and its utility for the profiling of anionic metabolites was
evaluated in orange juice and wine samples [46]. The poly-
meric dynamic coating could be generated in an automatic
procedure and the CE-MS method provided an acceptable
repeatability for anionic metabolic profiling, i.e., RSDs (n =
3) for migration times and peak areas for selected metabolite
standards were below 0.2 and 2.1%, respectively. Additionally,
ATP was detected when employing the PTH coating, while
it was not detected using an uncoated capillary. Overall, the
CE-MS method allowed the detection of 87 metabolites in
orange juice and 142 metabolites in red wine, demonstrating
the utility of this approach for the characterization of food
products.

Yamamoto et al. has demonstrated that the use of alka-
line aqueous ammonia solutions (pH > 9) as BGE leads
to chemical degradation of the outer polyimide capillary
coating, causing incidental capillary fractures [47]. This
effect is depicted in Figure 5A, where images of polyimide
coated fused-silica capillaries are shown after an exposure of
70 days to different aqueous alkaline solutions. Long-term ex-
posure of the capillary to an ammonium bicarbonate solution
(pH 10) resulted in degradation of the outer polyimide coat-
ing. This was also observed when using other ammonium
containing buffers such as ammonium acetate or ammo-
nium hydroxide at elevated pH conditions. When exposing
the capillary to aqueous alkaline buffers free of ammonia
such as borate (pH 10), or to a primary/secondary amine
buffer such as ethylamine (pH 10), no weakening of the cap-
illary coating was observed. Additionally, when using a weakly

© 2019 The Authors. Electrophoresis published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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LTQ

Orbitrap Figure 4. Schematic repre-
II sentation of the negative
mode CE-MS system. A
reverse polarity separation
) under a dominant elec-
. trophoretic force and low
" EOF is used to move analytes
down a bare separation
capillary. The cathode end
of the separation capillary is
capped with a protein-coated
spray emitter sheath capillary
with SL pumped by EOF
mixing with separation flow
and affording a stable electro-
spray of negatively charged
analytes that is introduced
into an LTQ Orbitrap for
MS analysis. Reproduced
from [40] with permission.

alkaline ammonium bicarbonate buffer (pH 8.5), there was
no capillary degradation. These findings were confirmed
when the fracture resistance of fused-silica capillaries was
compared after a bending force (90° angle) was applied man-
ually, where each capillary was exposed to a different solution
over a 26-day period (Figure 5 ). Subsequently, they tested the
long-term performance of the polyimide coated capillaries
when using compatible alkaline BGEs, i.e., ammonium bi-
carbonate (pH 8.5), ammonium acetate (pH 8.5), ethylamine
(pH 10.0), diethylamine (pH 11.0), and pyrrolidine (pH 11.3),
for profiling anionic metabolites in biological samples. Pooled
urine samples were measured in 34 runs (corresponding to
238 repeated sample injections) under alkaline conditions us-
ing multi-segment injection (MSI)-CE-MS with negative ion
mode detection [16]. In MSI, multiple samples can be injected
serially in a single capillary, in which the sample segments
are spatially positioned between BGE zones. A throughput
of <5 min per sample was achieved. Hence, aminolysis of
the outer polyimide capillary coating can effectively be pre-
vented by using less alkaline ammonium buffers (<pH 8.5) or
substituting the BGE by less nucleophilic or alkaline buffers
without ammonia. The findings of this work have important
consequences as various CE-MS methods described in this
paper employed BGEs with a pH above 9.0 and often it was
not clear from these papers whether the polyimide coating
was removed. Therefore, it is crucial to consider this work in
the design of CE-MS methods for anionic metabolic profiling
at high-pH separation conditions.

Large-scale metabolomics is a promising approach to
identify novel biomarkers. Recently, Harada et al. as-
sessed the long-term performance of CE-MS for metabolic
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profiling of more than 8000 human plasma samples from
the Tsuruoka Metabolomics Cohort Study over a 52-month
period [48]. Using two separate CE-MS systems for anionic
and cationic metabolic profiling, respectively, more than 150
polar metabolites could be identified. The study provided an
absolute quantification for 94 polar metabolites in plasma
with a similar or better reproducibility (i.e., in QC samples
RSD for peak area was below 20% for 64 metabolites and less
than 30% for 80 metabolites out of the 94 metabolites) when
compared to other MS-based analytical platforms employed
for large-scale metabolomics studies. The overall metabolic
coverage of the employed CE-MS methods was limited in
comparison to other established LC-MS platforms, as CE-
MS was not able to detect most of the non-polar metabo-
lites in plasma. Azab et al. developed a standardized high-
throughput NACE-MS method for the determination of FAs
in blood specimens [49]. A MSI approach was used where a
serial injection of seven independent samples (including a
quality control sample) within a single CE run was applied,
thereby improving the throughput of the method. For the
separation, a BGE of 70% ACN, 15% MeOH, 10% H20, and
5% isopropanol in ammonium acetate (pH 9.5), and a SL
of 80% MeOH with 0.5% ammonium hydroxide was used.
In order to prevent aminolysis and swelling of the outer
polyamide capillary coating which is often the case when
using alkaline ammonia containing BGEs (pH > 9.0) [47]
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ening/deformation of the outer coating and
polymer dissolution. High-pressure (90 kPa)
flushing with 50 mM ammonium bicarbon-
ate buffers for 24 h demonstrate elonga-
tion of the outer polymer coating beyond
the fused-silica capillary tip at pH 10 that
is not observed at pH 8.5. (B) A compari-
son of changes in the tensile strength and
resistance to fractures with repeated bend-
ing (90°) to a series of fused-silica capillary
segments (where error bars represent £1 s,
n = 6) exposed to different aqueous alkaline
solution (i.e., buffer type, pH, ionic strength),
indicating that higher ammonia concentra-
tions and increased pH conditions accelerate
polyimide aminolysis, shortening their aver-
age lifespan due to capillary column break-
age. Reproduced from [47] with permission.

pH 10
100 mM

and organic solvents that have long-lasting contact with the
capillary [50], the outer coating was removed from the capil-
lary terminal ends (+7 mm). During capillary flushing and
sample injection, the nebulizer gas was turned off to prevent
causing current drops caused by air plugs inside the capil-
lary. In order to prevent corona discharge in negative ion
mode, a sprayer voltage of —3.5 kV was used. In the opti-
mized MSI-NACE-MS method, seven serum extracts were
analyzed after a methyl-tert-butyl ether extraction [51] with-
out chemical derivatization, and most FAs were detected as
their deprotonated molecular ions [M—H]". A throughput of
<4 min/sample was achieved, and the method sensitivity
showed to be comparable to conventional GC methods. This
work clearly shows the utility for MSI-NACE-MS for lipid
profiling.

Recently, Hocker et al. assessed the analytical perfor-
mance of CE-MS for a selected group of analytes using
three different interfacing designs, i.e., the co-axial SL in-
terface, the electrokinetic-driven nanoflow SL interface, and
the sheathless porous-tip interface [52]. The conventional
SL interface showed good robustness and flexibility, but in
case an improved detection sensitivity was required, both
the electrokinetic-driven SL interface and sheathless inter-
face could be considered for this purpose, as they pro-
vided a sensitivity enhancement of an at least 100fold. Still,
in contrast to CE-MS using a standard SL interface, the
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long-term performance of the latter interfaces still needs
to be demonstrated. The durability or lifespan of a single
capillary in these interfaces is also an important aspect and
such data needs to be provided, preferably by multiple lab-
oratories. It should be noted that in this study, a standard
SL interface was employed. Recent studies have shown that
with alteration of the MS source parameters, such as for ex-
ample setting the nebulizing gas to 0 psi, a sensitivity im-
provement of an at least 15fold can be achieved using a SL
interface [10].

3 Conclusions and perspectives

CE-MS employing a standard SL interface performs well for
cationic metabolic profiling as shown by various research
groups. However, concerning anionic metabolic profiling,
further development is needed in order to obtain a reliable ap-
proach that can preferably be easily used by multiple groups.
One of the main challenges is the search for the most op-
timal CE-MS interfacing design when it comes to robust-
ness, sensitivity, and user-friendliness. Overall, on the basis
of our assessment of the reported literature in this specific
field in the given time period, the development of a highly
sensitive and reliable CE-MS method for anionic metabolic
profiling will remain an active area of research. In our opin-
ion, the profiling of anionic metabolites in limited amounts
of mammalian cells will be an important application field
of CE-MS. The implementation of rigorous validation and
the availability of standard operating procedures would be
highly favorable in order to make CE-MS an alternative, vi-
able analytical technique for metabolomics. Therefore, our
intention is to set-up an inter-laboratory CE-MS study using
both the standard SL and the sheathless porous tip inter-
face for metabolic profiling. Such data is urgently needed
to actually show the suitability of CE-MS for long-term an-
ionic metabolic profiling. The availability of open access peer-
reviewed protocols would be very helpful for this purpose,
and in that context the developments are going into the right
direction [38,53].
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