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A B S T R A C T

Although databases are available that provide mass spectra and chromatographic retention information for
small-molecule metabolites, no publicly available database provides electrophoretic mobility for common me-
tabolites. As a result, most compounds found in electrophoretic-based metabolic studies are unidentified and
simply annotated as “features”. To begin to address this issue, we analyzed 460 metabolites from a commercial
library using capillary zone electrophoresis coupled with electrospray mass spectrometry. To speed analysis, a
sequential injection method was used wherein six compounds were analyzed per run. An uncoated fused silica
capillary was used for the analysis at 20 °C with a 0.5% (v/v) formic acid and 5% (v/v) methanol background
electrolyte. A Prince autosampler was used for sample injection and the capillary was coupled to an ion trap
mass spectrometer using an electrokinetically-pumped nanospray interface. We generated mobility values for
276 metabolites from the library (60% success rate) with an average standard deviation of 0.01× 10−8

m2V−1s−1. As expected, cationic and anionic compounds were well resolved from neutral compounds. Neutral
compounds co-migrated with electro-osmotic flow. Most of the compounds that were not detected were neutral
and presumably suffered from adsorption to the capillary wall or poor ionization efficiency.

1. Introduction

The metabolome consists of small molecules, typically less than
1000 Da, present in a biological system [1]. The metabolome provides
information on an organism's phenotypic response to a range of genetic
and environmental factors [2,3]. Untargeted metabolic profiling pro-
vides an overview of metabolites in a sample. Liquid chromatography
coupled with mass spectrometry (LC/MS) has been the standard ana-
lytical tool for these investigations [4]. These studies are challenging
[5]; thousands of peaks observed are unidentified and simply annotated
as “features”. In response, the Metabolomics Standards Initiative has
proposed standardized reporting format for metabolomics studies [6].
That group defines Level 1 identifications as being based on co-char-
acterization with authentic standards; identification at level 1 is la-
borious and time consuming.

Level 2 identifications are based on comparison with spectral li-
braries. Mass spectrometry libraries can be very large with data for
thousands of compounds [7–9]. To aid level 2 analyses, databases have
been developed that provide chromatographic retention information for
hundreds of compounds [10–12].

As an alternative to chromatographic retention, we propose the use

of capillary zone electrophoresis (CZE) mobilities to strengthen con-
fidence in identification of charged metabolites; CZE is much less useful
for neutral compounds, which co-migrate. There have been a number of
applications of CZE to untargeted metabolomics [13], including appli-
cations in clinical analysis [14], in embryology [15], in the study of the
placenta's metabolome in preeclampsia [16], and for screening of
neonates for inborn errors of metabolism [17]. However, we are not
aware of a published database of metabolite mobilities.

In this paper, we tabulate the electrophoretic mobility of 276
compounds from a commercial metabolite library. We report the first
use of a multiple injection protocol to increase the sample throughput
in the characterization of a metabolite library, and we use a published
two-marker normalization method for reproducible mobilities [18].

2. Materials & methods

2.1. Materials

The Mass Spectrometry Metabolite Library (IROA Technologies),
spermidine, guanosine 5′-monophosphate, and formic acid (FA) were
purchased from MilliporeSigma (Burlington, MA). Hydrofluoric acid
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(HF) was purchased from Fisher Scientific (Pittsburgh, PA). Methanol
and water were purchased from Honeywell Burdick & Jackson
(Wicklow, Ireland).

2.2. Metabolite library sample preparation

Compounds were reconstituted according to the manufacturer's
specifications in 5% methanol. After reconstitution, samples were
acidified by adding an ammonium formate buffer (pH 2.7) to a final
concentration of 10mM.

2.3. CZE-ESI-MS analysis

Samples were injected using a PrinCE Next 840 capillary electro-
phoresis injection system (Prince Technologies, Emmen, Netherlands).
CZE separation was performed using an uncoated fused silica capillary
(50 μm i.d.× 360 μm o.d.× 70 cm length, Polymicro Technologies,
Phoenix, AZ). The distal end of the capillary was etched using hydro-
fluoric acid to reduce its outer diameter to ∼50 μm, which results in
improved sensitivity [19]. APPROPRIATE SAFETY PRECAUTIONS
SHOULD BE USED WHEN HANDLING HF. The temperatures of the
capillary (20 °C), buffer (20 °C), and sample trays (10 °C) were con-
trolled during experiments. The background electrolyte for the se-
paration was 0.5% (v/v) FA and 5% (v/v) methanol. The capillary was
preconditioned by rinsing with 0.5% (v/v) FA and 50% (v/v) methanol
followed by the background electrolyte at 50 psi for 10min.

CZE was coupled to ESI-MS via a third generation electrokinetically
pumped sheath-flow nanospray interface [19,20]. An electrospray
emitter was prepared from a borosilicate glass tube (0.75mm
i.d.× 1.0mm o.d.× 10 cm length). The tubing was pulled to a
10–12 μm outer diameter tip using a P-1000 flaming/brown micro-
pipette puller (Sutter Instruments, Novato, CA) and mounted in the
interface. The sheath electrolyte was the same as the background
electrolyte used for the separation. During separation, 30 kV was ap-
plied at the injection end of the capillary and 1.45 kV was applied at the
sheath buffer reservoir to maintain a stable spray using a Bertan Series
230 high-voltage power supply.

An LTQ XL mass spectrometer (Thermo Fisher Scientific, Waltham,
MA) was operated in positive ion mode. A full scan MS was acquired
from m/z 60 to 950, followed by two data-dependent MS/MS events on
the two most intense ions. The scan range was modified for compounds
that fell outside the specified range. One micro scan was set for each MS
and MS/MS scan. The dynamic exclusion function was set as follows:
repeat count, 1 s; repeat duration, 5 s; exclusion duration, 5 s. The
target value was 3.00×104 with a 50ms maximum injection time.

Collision-induced dissociation (CID) was performed at the normalized
collision energy of 35% and the activation time was set as 30ms. To
minimize the fragmentation of metabolites, the mass spectrometer was
operated at the following parameters: the ion transfer capillary tem-
perature was 325 °C, and the capillary and tube lens voltages were 5 V
and 40 V, respectively.

To reduce analysis time, six metabolites were analyzed in one run
by a sequential injection method using the autosampler for hydro-
dynamic injection. A set of six analyte was sequentially injected with
1.0 psi, 5 s pressure pulses; the capillary tip was washed in background
electrolyte between each injection to minimize sample cross-con-
tamination. After injection of samples, a mixture of two mobility mar-
kers (spermidine and guanosine 5′-monophosphate) was injected. If a
metabolite was not detected, a separate run was performed with an
increased injection time up to 60 s.

To obtain the migration times for individual metabolites, the elec-
tropherograms were fit using the bigaussian function in OriginPro
software (OriginLab Corporation, Northampton, MA) to correct for
peak asymmetry and identify the peak apex. To ensure migration time
reproducibility of the individual metabolites between the experiments,
two migration markers were used to correct for run-to-run variations in
electroosmotic and electrophoretic mobilities [18].

3. Results & discussion

Approximately 460 compounds from a commercially available li-
brary were available for MS analysis (Table S2). Of those, 276 meta-
bolites were successfully analyzed using the sequential injection CZE-
MS method. Compounds and mobilities are listed in Table S1.

3.1. CE optimization: Background electrolyte (BGE) and sample buffer
conditions

The ionization efficiency of electrospray ionization depends on
spray composition [21], and both pH and the presence of organic sol-
vents have a significant impact on ESI/MS sensitivity [22]. We eval-
uated background electrolyte compositions including ammonium for-
mate buffers at pH 2.7, 3.5, 4,5 with methanol concentrations of 0, 5%,
and 10%. We found a combination of 0.5% formic acid and 5% me-
thanol provided optimal signal-to-noise ratio and run-to-run reprodu-
cibility for the metabolites in our library.

To improve the detection limit, sample stacking was used to con-
centrate the injected analyte [23]. Sample stacking was executed by
introducing a sample at a different pH than the BGE to exploit the
difference in sample mobility between the different zones.

Fig. 1. Effect of the sample solution composition on histidine peak shape in CZE.
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We performed an optimization of the sample solution using L-his-
tidine as a model analyte. Injecting L-histidine in a basic solution re-
sulted in significant peak broadening, Fig. 1, and offered no advantage
over introducing the sample in 5% methanol. Increasing the pH of the
solution only exacerbated the situation. The best result was obtained
using 10mM ammonium formate buffer, which resulted in sample
stacking and a much narrower peak.

3.2. Mass spectrometer tuning

One of the issues in small molecule mass spectrometry analysis is
the tendency for the molecular ion to undergo complex fragmentation.
While fragmentation provides information about the molecule's struc-
ture, the absence of the molecular ion as a reference peak makes it very
difficult to interpret the spectra. This problem is exacerbated in un-
targeted metabolomics studies, where compounds often produce over-
lapping peaks during separation [5].

To minimize the fragmentation, we screened three representative
compounds (N-amidino-L-aspartate, L-histidine, and 5-hydroxyl-L-tryp-
tophan) under different acquisition settings. As expected, under un-
optimized conditions, the compounds show a complex fragmentation
pattern with the molecular ion not being the base peak (Fig. 2). We
varied the temperature of the ion transfer capillary, capillary voltage,
and tube lens voltage until we obtained molecular ions for the three
target compounds. The optimized conditions are presented in the ex-
perimental section of this paper.

3.3. Sample multiplexing using sequential injections

Although the commercial library is specified to contain over 600
compounds, a set of wells was empty, leaving 460 compounds for
analysis. A typical electrophoretic separation requires roughly half an
hour, and it would be very tedious to analyze the metabolites one by
one. Pooling of several compounds before injection is an obvious way to
increase analysis throughput, where compounds are mixed before in-
jection and mass spectrometry provides identification of the compounds
after separation. This simple strategy has two disadvantages. First,
mixing of components leads to component dilution. Second, the mixed
compounds are no longer available for other use. To address these is-
sues, we developed a sequential injection multiplexing approach.
Samples are placed into the autoinjector in separate vials and are se-
quentially injected into the capillary. In this case, the samples are not
diluted, are recoverable, and can be reanalyzed individually if required
or used for further analysis using a different method.

Sequential injection can introduce migration time bias. During the
injection process, the analytes that are injected first are located further
from the capillary injection site than the analytes that are injected last,

and thus start migrating during the separation from a different position
in the capillary, leading to inaccurate mobility values.

To determine the effect of the sequential injection approach on the
accuracy of migration times of individual compounds, we selected six
representative compounds from the library (adenosine diphosphate,
asparagine, cysteine, histidine, proline, and serine). The selected com-
pounds were premixed with mobility markers (spermidine and guano-
sine 5′-monophosphate) and were separately injected into a capillary
(Fig. 3). In a subsequent experiment, the selected analytes were se-
quentially injected into a capillary followed by a single injection of
marker mix (Fig. 3). The migration time was again measured and
compared with the migration times of the analytes from the single in-
jection experiments. We found that the average difference between the
mobilities measured by the individual and sequential injections
methods was around 1% (Fig. 3), which is similar to the precision in our
mobility measurements and is comparable with HPLC-based methods.

3.4. Database generation

We generated a database of the mobility of the library of metabolites.
Compound screening was first performed using sequential injection.
Selected ion electropherograms were generated using the molecular weight
of the compounds as provided by the manufacturer. If the compounds were
not detected in the sequential injection protocol, they were reanalyzed with
an increased injection time up to 60 s. Mobilities obtained from duplicate
runs were averaged and are presented in supporting information Table S1.

We obtained mobility data for 276 compounds (Table S1), yielding a
60% success rate for the entire reference library. Migration times were
corrected based on a two-point normalization process that compares the
analyte's migration time with two internal standards [18]. This process
resulted in an average standard deviation in mobility of 0.01×10−8

m2V−1s−1, and the data in Table S1 are truncated at that value.
The use of an uncoated capillary resulted in significant electro-

osmotic flow, and the total mobility is the sum of electroosmotic mo-
bility plus the analyte's electrophoretic mobility, μtotal= μelectroosmosis
+ μelectrophoresis. Fig. 4 presents a histogram of the mobility for the set of
metabolites. The total mobilities (bottom axis) are distributed from
6.2×10−9 to 8.6× 10−8m2/V. The lowest mobility is observed for
nicotinamide hypoxanthine dinucleotide, which is an anion at the pH of
our background electrolyte and has negative electrophoretic mobility.
The highest mobility is observed for spermine, which is a dication at the
pH of the background electrolyte.

There is a cluster of metabolites with total mobility near
1.7×10−8m2/V. This cluster is dominated by neutral metabolites that
act as markers for electroosmosis. The electrophoretic mobility is de-
termined by subtracting the electroosmotic mobility from the total
mobility, and is shown in the top axis of Fig. 4.

Fig. 2. Comparison of optimized (top) and non-optimized (bottom) mass spectra.
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Fig. 5 presents a plot of electrophoretic mobility as a function of the
metabolites' neutral mass. Models for mobility are functions of the
analyte's solution-phase charge-to-size ratio [24]. Uncharged metabo-
lites have zero electrophoretic mobility, irrespective of their mass. The
mobility of charged metabolites in Fig. 5 tends to decrease with the

metabolites' mass, but the relationship is complex due to the compli-
cated relationships of solution-phase charge and hydrodynamic radius
on the metabolites' mass.

4. Conclusion

W have introduced a CZE method for the efficient processing of
metabolite libraries. We have demonstrated that the sequential

Fig. 3. Comparison between the sequential and individual injection methods. Top trace – sequential injection of six metabolites. Bottom six traces – electro-
pherogram generated for each compound. Traces are offset for clarity.

Fig. 4. Total mobility (bottom axis) and electrophoretic mobility (top axis)
determined for 276 metabolites. The average standard deviation in mobility is
∼0.01× 10−8 m2V−1s−1.

Fig. 5. Relationship between electrophoretic mobility and metabolites' mass.
Note that mass is plotted on a logarithmic scale.
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injection method has comparable migration time accuracy to a single
compound analysis approach, while offering significant time-savings
compared to a one-by-one analysis of the library. We have screened a
commercially available library and report electrophoretic mobilities of
276 of these compounds. Electrophoretic mobilities are tabulated with
∼1% precision in a 5% formic acid/5% methanol background elec-
trolyte at 20 °C. We did not evaluate detection limits for these com-
pounds because the ancient ion-trap mass spectrometer used in this
paper provides much poorer performance than modern Orbitrap in-
struments; the CZE interface used in this manuscript as been used to
detect 600 molecules of a peptide injected into an electrophoresis ca-
pillary [25].

Several challenges that were observed, including partial degrada-
tion of the samples, adsorption of the metabolites to a capillary walls
during separation, and difficulty of ionization of neutral metabolites
such as fatty acids and lipids. Our observation that a single experi-
mental condition would permit analysis of all possible metabolites is
not surprising and highlights the need for a high-throughput method
that can rapidly generate libraries of metabolomics standards.

A companion manuscript provides a database of surface enhanced
Raman spectra for many of these compounds [25]. These databases
should be useful resources for future metabolomics investigations.
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