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Abstract

The simultaneous analysis of a broad range of polar ionogenic metabolites using cap-

illary electrophoresis-mass spectrometry (CE-MS) can be challenging, as two differ-

ent analytical methods are often required, that is, one for cations and one for anions.

Even though CE-MS has shown to be an effective method for cationic metabolite pro-

filing, the analysis of small anionicmetabolites often results in relatively low sensitivity

and poor repeatability. In this work, a novel derivatization strategy based on trimethyl-

methaneaminophenacetyl bromide was developed to enable CE-MS analysis of car-

boxylic acidmetabolites using normal CE polarity (i.e., cathode in the outlet) and detec-

tion by mass spectrometry in positive ionization mode. Optimization of derivatization

conditions was performed using a response surface methodology after which the opti-

mized method (incubation time 50 min, temperature 90◦C, and pH 10) was used for

the analysis of carboxylic acid metabolites in extracts from HepG2 cells. For selected

metabolites, detection limitsweredown to8.2 nM, and intraday relative standarddevi-

ationvalues for replicates (n=3) for peakareaswerebelow21.5%.Metabolites related

to glycolysis, tricarboxylic acid cycle, and anaerobic respiration pathways were quan-

tified in 250,000 cell lysates, and could still be detected in extracts from only 25,000

HepG2 cell lysates (∼70 cell lysates injected).
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1 INTRODUCTION

The metabolome consists of a vast number of components, includ-

ing a wide variety of compound classes, such as amino acids, organic

acids, nucleotides, fatty acids, and so on. Profiling of small (endoge-

nous) molecules in biological matrices, coined as metabolomics, is of

fundamental importance to elucidate the cellular metabolism under

pathophysiological conditions. The diversity in chemical and physi-

cal properties of the metabolites, as well as the broad concentration

range in which they are present in different biological matrices, makes

their (simultaneous) analyses challenging. Analytical techniques that

are often used for metabolomics studies include nuclear magnetic res-

onance (NMR) spectroscopy,1 and liquid chromatography (LC)2 or gas

chromatography (GC)3 coupled to mass spectrometry (MS).4 In recent

years, capillary electrophoresis coupled to mass spectrometry (CE-

MS) gained attraction in the scientific community for metabolomics,

notably for the analysis of polar ionogenic metabolites given its sepa-

rationmechanism, but also for the analysis of volume-limited biological

samples,5–9

Within the past decade, CE-MS has been highlighted as an effec-

tive method for cationic metabolite profiling, thereby applying nor-

mal CE polarity and detection by MS in positive ionization mode,10

as exemplified by a recent study that included a large cohort of over

8000 biological samples,10 and also by the recent Metabo-ring trial,11

which both revealed that CE-MS is a viable and reproducible approach

for metabolomics. On the other hand, the profiling of anionic metabo-

lites by CE-MS has been considered a challenging endeavor.12 Anionic

metabolic profiling is usually performed by a method first proposed

by Soga et al,13 where a cationic polymer-coated capillary in combina-

tion with a weakly alkaline ammonia buffer is used, thereby employ-

ing reversed CE polarity and negative ionization mode. However, the

long-term stability of the cationic coated capillary proved to be rela-

tively poor,14 which was mainly due to corrosion of the stainless steel

ESI needle when employing reversed CE polarity and negative ion-

ization mode conditions. Additionally, a cross-platform study revealed

that the use of a reverse CE polarity in conjunction with MS detection

in negative ionization mode for anionic metabolite profiling resulted

in relatively poor metabolite responses and repeatability.15 By replac-

ing stainless steel for platinum as ESI spray needle greatly improved

method performance and long-term stability when employing CE with

cationic-coated coatings under reversed polarity for anionic metabolic

profiling.14 However, a platinum needle is not required for anionic

metabolic profiling under normal CE polarity conditions as electrolytic

corrosion at the anode is avoided. Recently, Yamamoto et al showed

that commonly used ammonium acetate or ammonium formate back-

ground electrolytes (BGEs) with a pH above 9.0 contributed to inci-

dental capillary fractures via irreversible aminolysis of the outer poly-

imide coating.16 Prevention of polyimide aminolysis could be eas-

ily achieved by using weakly alkaline, ammonia-containing buffers

(pH< 9.0).

To circumvent the issues described above, new efforts have been

made to increase the performance of CE-MS for anionic metabolite

profiling. For example, Lee et al. proposed a novel strategy based on

the use of ion-pair reagents for analysis of short-chain fatty acids in

the positive ion mode by MS.17 The so-called paired ion electrospray

ionization (PIESI)-MS allowed for lower detection limits and higher

repeatability compared to analysis in negative ionization mode. How-

ever, ion suppression could still occur due to the ion-pair reagents.

Zhang et al developed a sheathless CE-MS method for the profiling of

nucleotides in the positive ion mode and employing a BGE of ammo-

nium acetate with pH 9.7 with electrophoretic separation in normal

polarity mode.18 Another strategy was recently proposed by Drouin

et al, utilizing a two-step CE-MSmethod for the analysis of cations and

anions by using the same analytical conditions,19 except only revers-

ing the CE polarity. Some anions were detected as their ammonium

adducts, and higher sensitivity was achieved than when using MS

detection in negative ionizationmode. Though the sameMS conditions

could be used, a CE polarity switch was still required.

Chemical derivatization is a sample preparation technique that

subjects target compounds to chemical reactions with a derivati-

zation reagent and provides them more favorable physicochemical

properties,20 such as changes in polarity,21,22 separation, stability,

ionization, and vulnerability to ion suppression. Chemical derivatiza-

tion is most commonly applied to GC-MS and LC-MS.21,23–26 Sur-

prisingly, there is a great minority in CE-MS applications, while the

use of chemical derivatization could enhance ionization.21,22,24,25,27

Various efforts to analyze anionic metabolites as cationic analytes

by CE-MS using chemical derivatization have been developed over

the past years. For example, Yang et al developed a relatively time-

consuming (2 h) two-step derivatization approach for the analysis

of carboxylic acid-containing metabolites in urine using N-butyl-4-

aminomethylpyridinum iodide and N-hexyl-4-aminomethyl-pyridinum

iodide.28 D’Agostino et al used the reagent maleimide to label thi-

ols in plasma. However, the derivatization using maleimide was

restricted to the analysis of thiols only.29 More recently, Huang

et al proposed a strategy for the derivatization of amines, hydrox-

yls, and carboxylates using a two-stage derivatization using 3-

(Diethylamino) propionyl chloride and N-[(Dimethylamino)-1H-1,2,3-

triazolo-[4,5-b] pyridin-1-ylmethylene]-N-methylmethanaminium hex-

afluorophosphateN-oxide.30

In this study, a novel derivatization strategy based on trimethyl-

methaneaminophenacetyl bromide (TmAmPBr) was developed to

enable CE-MS analysis of carboxylic acid-containing metabolites using

normal CE polarity and MS detection in positive ionization mode. The

use of TmAmPBr, which contains a quaternary amine group, provides

derivatives with a permanent positive charge, which is beneficial in

terms of ionization efficiency. The mechanism of action of this reagent

is similar to the methods published by Willacey et al[21,25] and Guo

et al[31]; inwhichdimethylaminophenacyl bromide (DmPABr)wasused

for the labeling of carboxylic acids. Though the reactionmechanism fol-

lows the same Sn2 reaction kinetics as phenacyl bromide and DmPABr

(Figure 1), further optimization of the derivatization conditions using

TmAmPBr has been carried out to ensure that reliable derivatization

could be achieved in the presence of the quaternary amine using a

response surfacemethodology (RSM). As a first step, the derivatization

for metabolites containing a carboxylic acid group was investigated,
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F IGURE 1 SN2 reaction scheme of TmAmPBrwith the carboxylic acid, thiol, secondary amine, and primary amine, respectively

since these metabolites are currently the most challenging to analyze

using CE-MS. For method development, 11 acidic metabolites associ-

ated with glycolysis, tricarboxylic acid (TCA) cycle, and anaerobic res-

piration were selected and the analytical performance was assessed

by considering aspects like linearity, repeatability, limit of detection

(LOD), and limit of quantification (LOQ). The applicability of the over-

all method was demonstrated for the analysis of acidic metabolites in

extracts from low numbers of HepG2 cells.

2 MATERIALS AND METHODS

2.1 Chemicals and reagents

All used chemicals were of analytical grade or higher. Paraceta-

mol and oxaloacetic acid were acquired from Fluka (Buchs, Switzer-

land). Ammonium carbonate was purchased from Merck (Darm-

stadt, Germany). Glutaric acid, procaine, malonic acid, pyruvic acid,

α-ketoglutaric acid, fumaric acid, isocitric acid, succinic acid, malic

acid, citric acid, lactic acid, triethanolamine (TEOA), and dimethyl

sulfoxide (DMSO) were from Sigma–Aldrich (Steinheim, Germany).

Deuterated stable-isotope labeled (SIL) standard succinic acid-d6 was

from Cambridge Isotope Laboratories (Apeldoorn, the Netherlands).

Hydrochloric acid (37% m/m) was acquired from Thermo Fisher Sci-

entific (Waltham, MA, USA). Acetic acid and propan-2-ol were from

Biosolve (Valkenswaard, the Netherlands). Acetonitrile (MeCN) and

dimethylformamide (DMF) were purchased from Actu-All Chemicals

(Oss, The Netherlands) and Honeywell (Rosmalen, The Netherlands),

respectively. The procedure for the synthesis of TmAmPBr is described

in Supporting Information S1.

A Milli-Q Advantage A10 water purification system (Merck, Darm-

stadt, Germany) was used to obtain pure water. Metabolite standard

solutions (1 mg/mL) were prepared in DMF/DMSO (50/50 v/v). Work-

ing standard mixtures of 12 compounds (500 μM) were prepared by

dilution with DMF/DMSO, aliquoted, and stored at -80◦C. Internal

standard succinic acid-d6 was prepared in DMF/DMSO (125 μM), and

internal standards paracetamol and procaine were prepared in BGE

(50 μM). Internal standards were aliquoted and stored at -80◦C, and

internal standard stock aliquotswere thawedon the day of use. Ammo-

nium carbonate was prepared in water to the desired concentrations.

When necessary, the pH was adjusted using a 1 M sodium hydroxide

solution. As BGE solution, 10% (v/v) acetic acid (1.7 M) in water was

used. Sheath-liquid consists of water and propan-2-ol (50:50, v/v), sup-

plementedwith 0.03% (v/v) acetic acid.

2.2 Derivatization optimization by RSM

The derivatization procedure was optimized using an RSM. As a first

step, a suitable alkaline solution was selected based on compatibility
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with CE-MS analysis, thereby comparing triethanolamine and ammo-

nium carbonate. Subsequently, a screening design was used to deter-

mine the main variables affecting the derivatization procedure. A two-

level (25-1) fractional factorial design was built with five variables

ammonium carbonate pH (X1), ammonium carbonate concentration

(X2), incubation temperature (X3), incubation time (X4), and shaking

speed (X5), resulting in an experimental design of 16 trials at low (-1)

and high (+1) levels (Supporting Information S2). The screening design

was used to evaluate the relative magnitude of the statistical signifi-

cance of the effects by Pareto charts. Thereafter, a Central Compos-

iteDesign (CCD)was built for optimization of the derivatization proce-

dure. Each factor was set to five levels: plus and minus α (axial points),
plus and minus 1 (factorial points), and the center point, resulting in a

total of 50 experiments, that is, 42 design experiments with eight repli-

cate runs at the center point (Supporting Information S3). The exper-

iments were carried out in a random sequence to minimize bias and

to reduce the outcomes of unpredicted variability in the responses.

The responses were peak area ratios (corrected for the internal

standard) of derivatized fumaric acid (Y1), oxaloacetic acid (Y2), α-
ketoglutaric acid (Y3), and pyruvic acid (Y4). The statistical and graph-

ical interpretation of the effects was performed by using the Design

Expert Software (version 12, Stat Ease Inc., MN, USA). Optimal val-

ues of the variables for derivatization were obtained using Derringer’s

desirability (D).

2.3 Mammalian cell lysate sample collection and
preparation

Human liver cancer cells (HepG2) cells were cultured, harvested, and

collected in-house as described previously in ref. 18. First, the har-

vested cells were counted using a TC10 Automated Cell Counter (Bio-

Rad Laboratories), and the live cell density was at 7.4 × 106 cells/mL.

Pre-heated (37οC) culturemedium (5mL)was added to thePetri dishes

(60 mm, n = 3), and after the dispersion of the cell mixture, 135 μL of

the cell mixture (∼106 live cells) was added to the medium. The Petri

dishes were gently shaken to distribute the cells evenly before incu-

bation (37οC in 95% air/5% CO2). After the cells adhered to the bot-

tom of the Petri dishes (after ∼7.5 h), the dishes were taken out of

the incubator, the medium was aspirated and pre-heated (37οC) PBS

(6 mL) was used to wash away residual culture medium, after which

the PBSwas removed. To quench intracellular enzymatic reactions, ice-

cold methanol/H2O (80:20, v/v) mixture (1 mL) was added into every

Petri dish. The disheswere placed on ice, and scraped in order to get all

the cells off the surface. TheHepG2 cellswere collected in aliquots of 2

× 106 cells per vial in Eppendorf vials and stored at -80◦C until sample

preparation was performed. The cell supernatant was aliquoted into

new Eppendorf vials equivalent to 5 × 105, 2.5 × 105, 1 × 105, 5 × 104,

2.5 × 104, 1 × 104, and 5 × 103 cells. Sample clean-up to remove lipid

and protein contents was performed by a liquid-liquid extraction pro-

cedure using ice-cold water/methanol/chloroform (1/1/1, v/v/v). The

methanol/water phase was collected, evaporated, and then reconsti-

tuted in 10 μLDMF/DMSO that was used for derivatization.

2.4 Derivatization and quantification of
mammalian cells for sensitivity analysis

The described derivatization parameters were optimized using RSM

(Section 2.2). HepG2 cell supernatants were dried using Labconco

SpeedVac (MO, United States). Dried residues were reconstituted in

10 μL DMF/DMSO (50/50 v/v). Then subsequent additions were made

of 10μL ammonium carbonate (65mM, pH 10), 5 μL internal standard

solution (125 μM) and 20μL TmAmPBr (40 mg/mL), with vortexing

after each addition. Subsequently, the Eppendorf vial was placed into

a shaking incubator at maximum speed (900 RPM) for 50min at 90◦C

to ensure thorough derivatization. After incubation, 10 μL acetic acid

(10% v/v, 1.7M) was added to the vial to quench the reaction, followed

by an additional 20min of incubation under the same conditions.

2.5 CE-MS analysis

CE-MS analyses were performed on a 7100-capillary electrophoresis

system from Agilent Technologies (Waldbronn, Germany), hyphenated

with an Agilent 6230 TOF (Santa Clara, CA, USA). A co-axial sheath-

liquid ESI interface coupled via a triple-tube sprayer was used. Sheath-

liquid was delivered at a flow rate of 3 μL/min by an Agilent 1260

Infinity Isocratic Pump (Agilent Technologies) with a flow splitter (ratio

1:100). Fused silica capillaries (internal diameter: 50 μm) were pur-

chased fromBGBAnalytik (Harderwijk, theNetherlands), and cutman-

ually to a length of 70 cm. Conditioning of new capillaries was done

by subsequently rinsing with methanol, water, sodium hydroxide 1 M,

water, hydrochloric acid 1 M, water, hydrochloric acid 0.1 M, water,

and BGE, each at 5 bar for 1 min. Injections were performed hydro-

dynamically for 24 s at 50 mbar (27.4 nL), and volumes were calcu-

latedwith Zeecalc v1.0b (https://epgl.unige.ch/labs/fanal/zeecalc). The

separation voltage was 30 kV and additional pressure was applied (40

mbar) during separation.

CE-MS experiments were acquired in positive ionization mode,

between 65 and 1000 m/z with an acquisition rate of 1.5 spectra/s.

The following MS settings were used; nebulizer gas: 0 psi, sheath

gas (nitrogen) flow rate: 11 L/min, sheath gas temperature: 100◦C,

ESI capillary voltage: 5500 V, fragmentor voltage: 150 V, skimmer

voltage: 50 V, as adapted from previous work.8,32 From the sheath-

liquid, propan-2-ol [C3H8O+H]
+ and its clusters [(C3H8O)2+H]

+

and [(C3H8O)3+H]
+ with corresponding m/z values of 61.06479,

121.12231, and181.17982, respectively,wereusedas lockmasses. For

data acquisition and treatment, MassHunter version B.06.00 (Agilent,

Santa Clara, CA, USA) was used. Peak extraction was performedwith a

mass error of 20 ppm and peak integrations were visually inspected to

ensure correct integration.

2.6 Analytical performance evaluation

The optimized derivatization procedure was evaluated in terms of cal-

ibration curves, repeatability, limits of quantification (LOQ), and limit

https://epgl.unige.ch/labs/fanal/zeecalc
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of detection (LOD) as well as matrix effect. The response function of

the measured peak area for 11 carboxylic acid metabolites (See Sup-

porting Information S4) was examined using three replicates at eight

different concentration points over a concentration range from 0.7 to

90 μM. As an internal standard, SIL succinic acid-d6 (25 μM) was used.

Intraday repeatability (expressed as percentage relative standard devi-

ation, % RSD) was evaluated for replicates on the same day (n= 3). The

LODand LOQwere estimated as 3 σ/slope and 10 σ/slope, respectively
(σ= standard deviation of the lowest calibration point).

To evaluate matrix effect regarding TmAmPBr derivatization and

CE-MS analysis, the matrix effect factor (MEF) was determined for SIL

succinic acid-d6, whichwas spiked into the sample after extraction, but

before derivatization. MEFwas calculated as follows:

Matrix effect factor (MEF) =
AUCwater − AUCcells

AUCwater
∗ 100

where AUCwater is the averaged area of the SIL-internal standard in

standards andAUCcells is the peak area of the SIL-internal standard in a

cell sample. MEFwas calculated for all calibration points.

3 RESULTS & DISCUSSION

3.1 Optimization of reaction conditions

3.1.1 Initial screening of reaction parameters

Initially, the optimized reaction conditions for derivatization with

DmPABr were adapted for TmAmPBr derivatization (incubation time:

60min, incubation temperature: 65◦C).25 Four carboxylic acidmetabo-

lites with different physicochemical properties, namely, pyruvic acid,

oxaloacetic acid, α-ketoglutaric acid, and fumaric acid (Supporting

Information S4), were selected as test analytes for optimization of the

reaction conditions. Two types of derivatives, singly derivatized and

doubly derivatized acids (Supporting Information S5), were observed

for oxaloacetic acid, α-ketoglutaric acid, and fumaric acid, since there

are two carboxylic acid groups present on these compounds, whereas

for pyruvic acid only the single derivatized acid was detected, as

pyruvic acid only contains one carboxylic acid group. Since the dou-

bly derivatized acids contain two positive charges, they migrated

faster and appeared at the front in the electropherogram, followed

by singly derivatized acids. Probably, singly derivatized acids are still

observed for oxaloacetic acid, α-ketoglutaric acid, and fumaric acid,

due to incomplete derivatization, or because of sterical hindrance dur-

ing the derivatization reaction. Additionally, peak intensity and shapes

were more desirable for doubly derivatized metabolites, and there-

fore, for oxaloacetic acid,α-ketoglutaric acid, and fumaric acid, thedou-

bly derivatized forms were selected for further optimization exper-

iments, whereas for pyruvic acid, the singly derivatized variant was

evaluated. The presence of singly derivatized and doubly derivatized

acids could be detrimental for the detection sensitivity of diprotic car-

boxylic acids, as the signal for a certain analyte is splitted. This issuewas

further investigated under optimized conditions. Preliminary analysis

showed that derivatization was achieved adapting the protocol that

was developed for derivatization with DmPABr, however, with unde-

sirable peak shapes and signal intensities, and a large distortion in the

total ion electropherogram TIE signal was observed. A closer inspec-

tionof the recordedmass spectra revealed ion suppressionpresumably

attributed to the use of TEOA (m/z 150.112) as a base catalyst. Addi-

tionally, the high conductivity of TEOA could cause a destacking effect

during CE-MS analysis, thereby causing poor peak shapes. Therefore,

ammoniumcarbonatewas proposed as base catalyst due to its compat-

ibility with ESI-MS, relatively high pH buffering range, and lower con-

ductivity. More favorable peak shapes and an increase of signal inten-

sity were observed for the selected compounds when ammonium car-

bonate (100 mM, pH 9.2) was used, as shown by an increase in peak

area by 89-99% (Supporting Information S6). When using the water-

soluble base ammonium carbonate as the base catalyst for the reac-

tion, the total elimination of water content is no longer realized. How-

ever, previous research has shown that a water content of <40% does

not significantly change the derivatization efficiency for derivatization

with DmPABr,21 and is also not essential for the derivatization of car-

boxylic acids. Due to the similarity of DmPABr and TmAmPBr, it was

expected that the water content (∼22%) does not significantly impact

the reaction efficiency, as confirmed experimentally (Supporting Infor-

mation S7). Pyruvic acid is shown to be more impacted by the pres-

ence of water when compared to the other organic acids. This may

be due to the higher reaction energy required between ketoacids and

TmAmPBr. Other than this, the potential small decrease in reaction

efficiency is a reasonable compromise for the large reduction of ion

suppression.

Thereafter, amultivariate screening design (two-level fractional fac-

torial design, see Supporting Information S2 for factors and factor lev-

els) was performed to determine significant parameters for the deriva-

tization procedure. Earlier studies that evaluated derivatization strate-

gies revealed that various experimental parameters have an effect

on the efficiency of derivatization, such as pH of the reaction solu-

tion, reaction duration, and reaction temperature.21,30,33–35 Therefore,

these parameters were selected as factors for the screening design.

Additionally, the stirring speed during the reaction was added as a

factor.36 As previously mentioned, the water content in the reac-

tion mixture was kept constant (∼22%). The amount of derivatiza-

tion reagent was also kept constant at 40 mg/mL to ensure an excess

in reagent and thus complete derivatization.37 The screening design

experiments were performed, and the main effects of the five stud-

ied variables are presented in the form of Pareto charts (Supporting

Information S8). The magnitude of the effects is displayed on the bar

charts, and the vertical axis shows the accompanying t-values. The

plots indicate that all five investigated factors are above the t-value

limit, andare thereforepossibly important. Therefore, for theoptimiza-

tion experiments, all factors were considered. Factor levels, as listed in

Supporting Information S3, were selected in accordance with previous

studies.21
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F IGURE 2 Optimization design 3D surface plots for (A) fumaric acid and (B) pyruvic acid

3.1.2 Optimization of reaction conditions using
RSM

For further optimization of the reaction conditions for derivatization

of carboxylic acidmetabolites using TmAmPBr. CCDexperimentswere

conducted.Regressionanalysiswasperformed to fit the response func-

tion, and non-significant terms were eliminated to simplify the models,

leading to reduced models for all responses (Supporting Information

S9). ANOVA results showed that factor X3 (incubation temperature)

and interaction factor between factors X2 and X3 (ammonium carbon-

ate concentration X incubation temperature) were significant for all

responses (p < 0.05) and thus can be considered as the most impor-

tant factors for the derivatization process. According to the analysis

of variance (ANOVA) results and 3D response surface plots (Figure 2),

two-factor interaction effects were assumed. Therefore, a multi-factor

optimization is desirable for the optimization of this derivatization pro-

cedure. Factor X5 (stirring speed) showed no significant effect for the

responses, so was fixed at maximum speed (900 RPM). According to

3D response surface plots (Figure 2), a high incubation temperature

(>80◦C) and incubation time of at least 40 min are necessary for the

formation of derivatized acids. To determine the optimal parameters

for the derivatization process, Derringer’s desirability multi-criteria

decision making was applied.38 The goal of this optimization was to

find a set of conditions with the best compromise between the indi-

vidual goals, that is, the highest peak area for all four tested metabo-

lites. Desirability plots combining these goals are shown in Support-

ing Information S10, where a higher D-value denotes a more favor-

able option. The optimal response was achieved with ammonium car-

bonate pH> 9.4, ammonium carbonate concentration between 50 and

100 mM, incubation temperature > 80◦C, incubation time > 40 min,

and stirring speed of 900 RPM. Five optimal parameter settings were

tested in order to verify the predicted responses and determine the

optimal method (option 1: ammonium carbonate pH 10, ammonium

carbonate concentration of 65 mM, incubation temperature 90◦C,

incubation time of 50 min, and stirring speed of 900 RPM, option 2:

ammonium carbonate pH 9.8, ammonium carbonate concentration of

85 mM, incubation temperature 90◦C, incubation time of 75 min, and

stirring speed of 900 RPM, option 3: ammonium carbonate pH 9.6,

ammonium carbonate concentration of 70 mM, incubation tempera-

ture 80◦C, incubation time of 40 min, and stirring speed of 900 RPM,

option 4: ammonium carbonate pH 9.4, ammonium carbonate concen-

tration of 55 mM, incubation temperature 90◦C, incubation time of
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F IGURE 3 Extracted-ion electropherogram obtained by CE-MS
from the analysis of 12metabolites (90 μM) after derivatization with
TmAmPBr. Separation conditions: BGE, 10% (v/v) acetic acid (1.7M);
sample injection volume 27 nL

45 min, and stirring speed of 900 RPM, option 5: ammonium carbon-

ate pH 9.2, ammonium carbonate concentration of 60 mM, incuba-

tion temperature 90◦C, incubation time of 40 min, and stirring speed

of 900 RPM) for organic acid test mixtures (500 μM) composed of

11 organic acids (Supporting Information S4 and S5) with different

physicochemical properties. The highest signal intensities for target

metaboliteswere obtainedwith option 1: ammonium carbonate pH10,

ammonium carbonate concentration of 65 mM, incubation tempera-

ture 90◦C, incubation time of 50 min, and stirring speed of 900 RPM.

For this reason, these conditions were used for follow-up studies.

3.2 Analytical performance evaluation

3.2.1 Method performance in standard solutions

After determining the optimal conditions for the derivatization of car-

boxylic acid metabolites with TmAmPBr, the analytical performance

of the method (including the derivatization procedure and CE-MS

method) was evaluated by preparing dilution series, LODs, LOQs, and

peak area repeatability for amixture of test compounds.

Figure 3 shows extracted ion electropherograms obtained for the

analysis of derivatizedmetabolites by CE-MS. As already stated above,

two types of derivatives, singly derivatized (mono) and doubly deriva-

tized (di) acids (see Supporting Information S5), were observed for

most organic acids including fumaric acid, succinic acid, malic acid,

and glutaric acid, due to the presence of two carboxylic acid groups.

On the other hand, for pyruvic acid and lactic acid only the sin-

gle derivatized acid was detected, as these compounds only contain

one carboxylic acid group. For malonic acid, oxaloacetic acid, and α-
ketoglutaric acid, the mono-form was not detected under the cur-

rent conditions, or showed a very low response (< 500 counts), and

were therefore excluded from Figure 3. For citric acid and isocitric

acid, only the single and double derivatized species were detected,

whereas theoretically, three labels could be added due to three car-

boxylic acid groups. The triple derivatized species is not formed, which

is possibly due to steric hinderance. In addition, a repulsion effect may

occur due to the high density of positive charge caused by the addition

of the quaternary amines on TmAmPBr. Interestingly, for compounds

malic acid and citric/isocitric acid, multiple peaks were observed for

the singly derivatized species. This is possibly due to the asymme-

try of the molecules, therefore showing different labeled species. This

could be further examined by for instance using MS/MS or ion mobil-

ity MS. For the acids which show both single and double derivatized

species, the ratio between themono- anddi-formwas investigated, and

showed to be stable across the linear range 0.7-90 μM (at concentra-

tions < 5.7 μM, the mono-form was not detected), e.g 1:3 for fumaric

acid and 1:4 for glutaric acid 1:5 formalic acid and 1:4 for succinic acid,

for singly:doubly derivatized species, respectively.

For low molecular mass compounds, the CE separation is driven by

the difference in ionization in solution. Since the derivatization blocks

the ionizable function and brings a permanent charge, the separation is

only mediated by the difference in hydrodynamic radius. This explains

why all compounds with the same degree of derivatization are migrat-

ing in a very narrow time range, for example, fumaric acid (migration

time (MT) 6.64min), succinic acid (MT 6.63 min), and malic acid (MT

6.65min). As TOF-MS was used for detection, it was still possible to

make a selective distinctionbetween the closelymigratingmetabolites.

Citric acid and isocitric acid were not completely baseline resolved

(resolution= 1.1). However, in this work, the emphasis was on the opti-

mization of the derivatization procedure and on its value for the profil-

ing of acidic metabolites in positive ionmode by CE-MS.

The stability of the derivatives was examined by analyzing deriva-

tized calibration standards (90 μM) that were stored for 24 h in the

autosampler tray (22◦C), and also for onemonth at -18◦Cand at -80◦C.

The samples were then compared against freshly derivatized samples.

No difference was observed for peak areas (Student’s t-test at 95% CI,

paired), as expected according to previous research.31

Eight-point dilution series, including replicates in order to include

variations in sample preparation, was established for standards, and

SIL succinic acid-d6 (25 μM) was used as internal standard. A linear

response (and with R2> 0.961) for model compounds was obtained in

the concentration range from 0.7 to 90 μM, and linearity was further

evaluated by a lack-of-fit (LOF) test,39 and themethod yielded linearity

for all test compounds. Repeatability of the derivatization procedure

for standardswas assessed for replicates based on theCE-MS analyses

of standards at two concentration levels (highest and lowest calibra-

tion points) (Table 1). The repeatability of the derivatizationwas deter-

mined by performing the derivatization procedure in parallel (n = 3).
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TABLE 1 Summary of linear range, the F-value of the Lack-of-fit (LOF) test (Fcrit, 95%≥ 2.74) and limit of detection (LOD), of 8-point
calibration lines for metabolite standards. Repeatability was determined for the highest and lowest calibration points. See Section 2 for
experimental conditions

Compound

Range

(µM) LOF

LOD

(nM)

Repeatability at the

highest concentration

(n= 3) (% RSD)

Repeatability at the lowest

concentration (n= 3)

(%RSD)

Pyruvic acid (mono) 0.7-90 0.9 28.7 10.0 7.4

Fumaric acid (di) 0.7-90 1.4 8.2 13.8 5.8

Glutaric acid (di) 0.7-90 0.6 16.4 10.9 14.0

Citric acids (di)* 11.4-90 1.6 52.3 10.7 34.8

Malic acid (di) 0.7-90 1.8 8.8 12.2 10.5

Succinic acid (di) 0.7-90 0.5 89.5 9.1 4.8

Lactic acid (mono) 0.7-90 1.8 72.9 7.1 3.1

Oxaloacetic acid (di) 5.7-90 0.03 610 13.1 16.5

Malonic acid (di) 1.4-90 0.4 56.9 17.0 1.2

α-Ketoglutaric acid (di) 1.4-90 0.1 49.7 21.5 6.4

*Isocitric and citric acid (di) were not baseline separated and integrated as one peak.

Intraday RSD values (n= 3) for internal standard corrected peak areas

of all analytes were better than 21.5% for the highest calibration point,

and below 16.5% for the lowest calibration point, except for the cit-

ric acids (36.2%), that were integrated as one peak. Considering this is

the repeatability for both the experimental and analytical variation, the

obtained numbers are acceptable.

Detection limits were calculated estimated on the dilution series as

3 σ/slope and 10 σ/slope, respectively (σ = standard deviation of the

lowest calibration point), and were ranging from 8.2 to 610 nM for

carboxylic acid standards (Table 1). Compared to other CE-MS stud-

ies detecting carboxylic acids,13,14 we observed an improvement of 10-

100 times in estimated detection limits by using TmAmPBr derivatiza-

tion. This improvement is probably due to the switch in MS ionization

polarity fromnegative to positivemode, thereby allowing for the use of

low pH BGE, bare-fused silica capillaries, and a stainless steel ESI nee-

dle, creating stable electrospray.

3.2.2 Applicability to mammalian cells

The applicability of the optimized method for the analysis of acidic

metabolites in biological samples was evaluated using HepG2 cells

as a model system. For this, a dilution series of cell lysate with a

methanol/water (8:2, v/v) mixture was performed, yielding a sample

range from 250,000 to 5000 HepG2 cell lysates per 10 μL. Samples

were prepared using the optimized conditions for TmAmPBr deriva-

tization, after which derivatives were analyzed by CE-MS. In Fig-

ure 4, extracted ion electropherograms obtained by CE-MS analysis

of carboxylic acid metabolites after derivatization of an extract with a

metabolite content equivalent to 25,000HepG2cell lysates are shown.

Nine of the 11model compounds could still be detected in a cell extract

with an amount of 25,000 cell lysates, where only the content that cor-

responds to ∼70 cell lysates was injected into the capillary. Figure 5

F IGURE 4 Extracted-ion electropherograms obtained by CE-MS
from the analysis of 25000HepG2 cell lysates after derivatization
with TmAmPBr. Separation conditions: BGE, 10% (v/v) acetic acid
(1.7M); sample injection volume 27 nL

shows that a linear response was obtained for the endogenous car-

boxylic acid concentrations when increasing cell numbers from 5000

to 250,000 except for citric acids and oxaloacetic acid, which could

only be detected in 250,000 and 100,000HepG2 cell lysates. Repeata-

bility of the derivatization procedure for carboxylic acid metabolites
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F IGURE 5 Glutaric acid, lactic acid, pyruvic acid, and succinic acid peak area ratios in HepG2 cells (n= 3) ranging from 5000 to 2.5× 105 cells

was assessed for replicates based on the CE-MS analyses of extracts at

two concentration levels (250,000 cell lysates and 25,000 cell lysates).

Intraday RSD values (n = 3) for peak areas of all analytes were better

than 26.4% and 26.9% for 25,000 cell lysates and 250,000 cell lysates,

respectively. For the acids that showboth single anddouble derivatized

species, the ratio between themono- and di-formwas also investigated

in thematrix (250,000 cell lysates), and showed to be stable.

Matrix effect was evaluated by comparing the response of SIL-

internal standard succinic acid-d6 in standard solution to its response

in a derivatized matrix. MEF was calculated and used to quantitatively

evaluate thematrix effect for each cell calibration sample (ranging from

5000 to 2.5 × 105 cell lysates),40 and was between -0.4% and -0.7%.

Table 2 gives an overview of the compounds detected in a HepG2 cell

extract sample equivalent to 250,000 cell lysates (corresponding to

~700 cell lysates injected) by CE–MS.

It was investigated whether TmAmPBr could be used for the

derivatization of other compounds besides carboxylic acid containing

metabolites by extracting additional features using the data obtained

for 250,000 HepG2 cell lysates as starting material. The features were

provisionally annotatedusing theoreticalm/z values basedonexpected

labeling patterns.21 For amino acids such as asparagine, aspartic acid,

gamma-aminobutyric acid, glutamine, glutamic acid, glycine, proline,

serine, and valine, only a signal was observed for the theoretically

determined m/z value, and no signal was observed for m/z value cor-

responding to the non-derivatized species. Therefore, it is expected

that besides carboxylic acid groups, also other functional groups (such

as amine and thiol groups) could be derivatized using TmAmPBr (Sup-

porting Information S11). However, verification using metabolite stan-

dards and further examination of the derivatization labeling patterns

is needed in order to improve the ability to simultaneously analyze

cations and anions in a single CE-MS run.

4 CONCLUDING REMARKS

In this work, we have proposed a novel chemical derivatization

approach that enables the analysis of acidic metabolites by CE-MS by

using exactly the same conditions as employed for the analysis of basic

metabolites. TmAmPBr derivatization of metabolites containing car-

boxylic acid groups was optimized using RSM, allowing for multivari-

ate and systematic optimization. The overall method could be used

for the quantification of selected acidic metabolites in extracts from

250,000HepG2 cell lysates,which corresponds to the amount of about

700 cell lysates injected into the capillary. However, to allow the reli-

able quantification of a broad range ofmetabolites, the electrophoretic

separation needs to be improved further by using a longer capillary.

Moreover, we will investigate the use of SIL internal standards for

every metabolite, by using an ICD approach during derivatization.25

The novel derivatization procedure can be further expanded to awider

selection of metabolites, allowing for the analysis of both acidic and

basicmetabolites in a single CE-MS run using the same separation con-

ditions. Before that, further evaluation of labeling patterns and poten-
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TABLE 2 Concentrations determined for carboxylic acid metabolites in extracts from 250.000HepG2 cell lysates (corresponding to∼700 cell
lysates injected) by CE-MS

Concentration (µM)±

std in 250,000 cells

(n= 3)

Repeatability (n= 3)

in 250,000 cells

Repeatability (n= 3)

in 25,000 cells

Pyruvic acid 7.4± 1.3 19.4 26.4

Fumaric acid 3.6± 0.1 11.9** (n= 2) 16.6

Glutaric acid 2.8± 0.1 15.8 13.1

Malic acid 15± 2.0 15.4 3.8

Succinic acid 7.3± 0.9 20.3 12.3

Lactic acid 105± 20 17.5 4.9

Oxaloacetic acid 8.8± 6.3 25.1** (n= 2) <LLOQ

Malonic acid 55± 9.5 17.1 21.8

a-Ketoglutaric acid 7.8± 2.7 15.0** (n= 2) 6.4

Citric acids* 5.1± 0.2 26.9 <LLOQ

*Isocitric and citric acid (di) were not baseline separated and integrated as one peak.

**Denotes outlier removal from a single point (Dixon test for outliers at 99%CI, two-tailed test, ©XLSTAT).

tial competition between functional groups (such as amine and thiol

groups) when present in the sample matrix is essential. As the focus in

the current work wasmainly on assessing the utility of the new deriva-

tization agent for analysis of acidic metabolites, limited attention has

been paid to improving the resolution of the electrophoretic separa-

tion of the acidic metabolites. The resolution could be improved by the

use of longer capillaries (obviously resulting in longer separation times)

and/or by the use of CE coupled to ion mobility MS (CE-IM-MS) to

improve separationbetweenanalyteswith very similar electrophoretic

mobilities.28 Such aspects will be considered before applying the over-

all method to the study of biomedical/clinical questions. Moreover,

mobilitymarkers procaineandparacetamolwill be addedafter quench-

ing the derivatization procedure in order to be able to determine the

electrophoreticmobility,which could significantly aid the identification

process in metabolomics, as shown in our recent Metabo-ring study.11

As the compounds obtain a permanent positive charge after derivatiza-

tion, it would be interesting to assess the use of electrokinetic injection

and also the use of electroextraction for further improving the detec-

tion limits.41
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