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Abstract
Capillary liquid chromatography coupled with electrospray ionization to a quadropole ion trap mass
spectrometer was explored as a method for the analysis of polar anionic compounds in complex
metabolome mixtures. A ternary mobile phase gradient, consisting of aqueous acidic, aqueous neutral
and organic phases in combination with an aqueous compatible reversed-phase stationary phase
allowed metabolites with a wide range of polarities to be resolved and detected. Detection limits in
the full scan mode for glycolysis and tricarboxylic acid cycle intermediates were from 0.9 to 36 fmol.
Using this system, 111 ± 9 (n = 3) metabolites were detected in Escherichia coli lysate samples.
Reducing column I.D. from 50 μm to 25μm increased the number of metabolites detected to 156 ±
17 (n = 3). The improvement in number of metabolites detected was attributed to an increase in
separation efficiency, an increase in sensitivity, and a decrease in adduct formation. Implementation
of a second separation mode, strong anion exchange, to fractionate the sample prior to capillary RPLC
increased the number of metabolites detected to 244 ± 21 (n = 3). This improvement was attributed
to the increased peak capacity which decreased co-elution of molecules enabling more sensitive
detection by mass spectrometry. This system was also applied to islets of Langerhans where more
significant improvements in metabolite detection were observed. In islets, 391 ± 33 small molecules
were detected using the two-dimensional separation. The results demonstrate that column
miniaturization and use of two-dimensional separations can yield a significant improvement in the
coverage of the metabolome.

1. Introduction
Analysis of small molecule pools present in cells holds the promise of elucidating novel
biochemical pathways, functions of genes, drug effects and mechanisms of pathophysiological
states. Coupling of separation methods such as capillary electrophoresis (CE) [1–3], gas
chromatography (GC) [4,5], reversed-phase liquid chromatography (RPLC) [6,7], strong
anion-exchange chromatography (SAX) [8] and hydrophilic interaction liquid chromatography
(HILIC) [9]) with mass spectrometry (MS) has proven effective for detecting large numbers
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of metabolites in complex mixtures. Despite the resolving power of these methods, they
generally only detect a fraction of the metabolites that are present. Several factors contribute
to the difficulty of detecting all metabolites in a given sample. The many components demand
high peak capacity of the separation to detect the complete metabolome. The huge variation
of metabolite concentrations requires wide dynamic range of the measurement. Finally, the
chemical heterogeneity of metabolites in terms of polarity, size, and charge suggest that not
all components will be compatible with a single extraction and separation protocol. In this
work, we examine how column miniaturization and use of two-dimensional (2D) separations
impacts the coverage of the metabolome in complex mixtures by increasing peak capacity and
sensitivity.

One approach to improving peak capacity is to improve efficiency by using smaller particles,
as in ultra-high-pressure liquid chromatography (UHPLC). Application of UHPLC to
metabolomic analysis has yielded impressive resolution of complex mixtures of metabolites
[10]. It is also well known that using 2D separations can also improve peak capacity. While
dual column GC-MS is becoming prevalent for analysis of some classes of metabolites [11,
12], 2D condensed-phase separations for metabolites has received less attention. In one
example, a combination of conventional RPLC with a fast 2nd dimension of carbon-coated
zirconia RPLC was used to analyze plant extracts and allowed detection of 100 small molecules
in 25 min [13]. An offline combination of LC with CE has been used to separate and detect 63
metabolite standards [14]. The use of absorbance detection likely limited both detection and
identification of more metabolites in these cases. The relative lack of multi-dimensional
analysis for metabolites is in contrast to proteomics where multi-dimensional separations have
been widely developed and characterized [15,16].

In this work, we examined the effect that 2D separations would have on the numbers of
metabolites detected in complex mixtures from extracts of both prokaryotes and eukaryotes.
Polar anions were selected as a group of compounds to target because they include energy
metabolites, central to any organism, and their related products. Therefore, a combination of
SAX and RPLC for the two-dimensions of separation was used.

In addition to exploring the effect of 2D separations, we also examined the utility of decreasing
column inner diameter (I.D.) for improving the number of metabolites detected in a complex
mixture. Column miniaturization improves separation efficiency [17] and electrospray
ionization efficiency [18]. Both of these effects are expected to aid in detection of more
metabolites in a complex mixture. For these reasons, and because of the reduced sample
consumption, capillary LC is commonly used in proteomics. In contrast, capillary LC has been
relatively unexplored for metabolomic analysis (although, CE has seen some use for this
application). This lack of application of capillary LC may be because most metabolomic studies
have been directed towards samples which are relatively abundant, such as plants, microbes,
and bodily fluids, thus negating the need to analyze small quantities. Nevertheless,
miniaturization may be expected to improve sensitivity, and therefore the number of
compounds detected. Furthermore, use of miniaturized columns should also enable analysis of
more limited samples including specific mammalian tissues [19–22] such as embryos, neurons,
and islets of Langerhans, which are too small to analyze with currently used methods.

2. Experimental
2.1 Reagents and Materials

All chemicals were purchased from Sigma-Aldrich (St Louis, MO USA) unless otherwise
noted. All solvents were purchased from Burdick and Jackson (Muskegon, MI USA). Fused
silica capillary was purchased from Polymicro Technologies (Phoenix, AZ USA). Reversed
phase chromatographic stationary phase was purchased from Waters (Milford, MA USA). SAX
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chromatographic stationary phase was donated by Dionex (Sunnyvale, CA USA). Eppendorf
Safelock Biopur tubes were purchased from Fisher Scientific (Fairland, NJ).

2.2 Capillary Column Fabrication
Capillary columns were prepared as previously described [23]. Briefly, macroporous
photopolymerized frits were placed 5 cm from the end of 50 cm long by 50 μm or 25 μm I.D.
capillaries. Using a P-2000 laser puller, tips were pulled 1 cm downstream of the frit, then
etched for 30 seconds in 49% HF (v/v) and rinsed to create a ~3 μm opening at the outlet of
the column unless stated otherwise. Capillaries were packed with 3 μm Atlantis C18 aqueous
reversed phase particles (Waters) using an acetone-slurry packing method [17]. All columns
had 30 cm packed bed length and were subsequently cut to 35 cm total length.

For the SAX capillary columns, frits were formed by tapping 10 μm diameter borosilicate
particles (Duke Scientific Palo Alto, CA USA) into the orifice of a 50 cm long by 250 μm I.D.
capillary to a distance < 2 mm. The glass particles were then sintered in place with a flame
[17]. SAX particles (CarboPac PA-100, 8.5 μm diameter) were slurry-packed at 2,000 psi,
using 1 M NaCl as the solvent, to a bed length of 40 cm.

2.3 Chromatography Conditions
The RPLC system utilized two flow-splitters, one before the injection valve and one after the
injection valve, to reduce flow into the system and control flow during injection (Figure 1). To
avoid extra-column band broadening from the use of a conventional six port injection valve
onto capillary columns, samples were loaded off-line. In the injection procedure, flow was
diverted from the column to splitter 1 using the injection valve. The column was uncoupled
from the system and sample (9 nL for 50 μm I.D. and 2.5 nL for 25 μm I.D.) pumped onto the
column using gas pressure applied to a sample reservoir. The column was then reconnected to
the splitting tee and the injection valve actuated to initiate flow through the column. With this
procedure, the HPLC pump (Model 626, Waters) was able to maintain a constant pressure and
initiated flow immediately after the valve actuation. Despite multiple re-connections, no air
bubbles were observed during the course of these experiments. Three mobile phases were used
to form the reversed phase gradient. Mobile phase A was 20 mM formic acid pH 2.7, mobile
phase B was 20 mM ammonium acetate pH 6.5, and mobile phase C was acetonitrile. All
gradient transitions were linear, with the following profile (time: %A, %B, %C); initial time
0 min: 100%, 0%, 0%; hold 5 min.; 10 min: 0%, 100%, 0%; 18 min: 0%, 80%, 20%; 23 min:
0%, 65% 35%; 60 min: 0%, 25%, 75%; 65 min: 100%, 0%, 0%. The column was re-equilibrated
for 30 min with mobile phase A following gradient completion. Extended gradient consisted
of 0 min: 100%, 0%, 0%; hold 5 min.; 10 min: 0%, 100%, 0%; 23 min: 0%, 80%, 20%; 34
min: 0%, 65% 35%; 60 min: 0%, 25%, 75%; 65 min: 100%, 0%, 0%.

The SAX chromatography system was operated in a conventional 6 port injection valve format.
After injection of 10 μL of sample, a step gradient was used to elute anionic metabolites off
the column. All gradient steps were 10 min in duration with mobile phase A: 5 mM ammonium
formate pH 6.5 and mobile phase B: 700 mM ammonium formate (NH4HCO2) pH 6.5. Buffer
was adjusted using ammonium hydroxide and formic acid as needed to reach the desired pH.
The gradient profile was as follows (time: %A, %B): 0 min: 100%, 0%; 10 min: 86%, 14%;
20 min: 72%, 28%; 30 min: 58%, 42%; 40 min: 44%, 56%; 50 min: 30%, 70%; 60 min: 0%,
100%. Six fractions were collected from the capillary outlet in 10 minute intervals. Fractions
were then evaporated to dryness using a vacuum centrifuge and reconstituted to 10 μL with 10
mM formic acid for further analysis using RPLC-MS.
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2.4 Mass Spectrometry
Detection was accomplished using a LCQ Deca XP Plus quadrupole ion trap mass spectrometer
(Thermo-Electron, San Jose, CA USA) operated in negative mode (spray voltage: -1.0 kV).
Spectra were obtained in centroid mode with the mass spectrometer tuned for nucleotides
(GTP) and the capillary temperature set to 150 °C. Experiments were performed in full scan
mode with the maximum injection time of 25 ms and the scan range between 50–1500 m/z.
The capillary column was interfaced to the mass spectrometer using a nanospray interface
(Thermo-Electron).

2.5 Sample Preparation: Escherichia coli (E. coli)
For cells cultured in minimal media, E. coli N99 was first grown in LB media on an orbital
shaker overnight. The following morning, 25 μL of culture was added to 50 mL of minimal
media (48 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 18.8 mM NH4Cl, 2.0 mM
MgSO4, 0.1 mM CaCl2). Cells were grown on a shaker at 37 °C until OD600 = 1.5 (~20 h)
when 15 mL of cultured E. coli was added to 35 mL of water at 4 °C. Afterwards, the sample
was spun and rinsed with cold water.

After a second rinse-resuspension, the E. coli suspension was centrifuged, supernatant decanted
and replaced with −20 °C 500 μL of 50:50 methanol-water (v/v). Cells were lysed using a sonic
dismembrator (Fischer Scientific, model 60) set to power of 9 W for 10 s. The lysate was then
mixed 50:50 (v/v) with chloroform and set to equilibrate on ice for 10 min. The final solvent
composition was 25:25:50 (v/v/v) methanol: water: chloroform. The aqueous portion was then
removed and centrifuged at 4 °C, 1200 g for 10 min. Supernatant was collected and vacuum
centrifuged to near dryness (< 5 μL), then reconstituted with mobile phase A to 100 μL for
analysis. Samples were stored at −80 °C until use (< 1 week).

2.6 Sample Preparation: Islets of Langerhans
Islets of Langerhans were isolated from CD-1 mice (20–30 g) as previously described [24]
with slight modifications. Briefly, collagenase XI (0.5 mg/mL) was infused through the
pancreatic duct. Pancreas was then removed and incubated in 5 mL of collagenase XI (0.5 mg/
mL) at 37 °C for 7 min. Islets were isolated by passing digested pancreas through a 100 μm
pore diameter nylon cell strainer (Fisher Scientific) with 10 mL of Krebs ringer buffer. This
procedure collected islets that were greater than 100 μm in diameter. Islets were transferred to
a Petri dish by inverting the filter which was rinsed with 5 mL of buffer. Islets were manually
selected using a pipette and transferred to a Petri dish containing cell culture media (10 mM
glucose RPMI media 1640 with L-glutamine) supplemented with 10% fetal bovine serum and
100 units/mL of penicillin and 100 μg/mL of streptomycin. Islets were incubated in this media
at 37 °C, 5% CO2 for 2 to 7 days before use.

A total of 50 islets were transferred from media to a rinse solution of 10 mM glucose in water.
Islets were rapidly removed in 15 μL of rinse solution, placed in a Biopure tube and tapped
down to deposit islets at the bottom of the tube. Rinse solution was then removed to ~ 5 μL
and 10 μL of 50:50 MeOH-H2O (v/v) at −20 °C was added. Islets were triturated using a pipette
until they appeared shredded as imaged through an inverted microscope. The process between
rinse and ending trituration took ~45 sec. After islets were lysed, 15 μL of chloroform was
added to the lysate and allowed to equilibrate on ice for 10 min. Sample was then treated as
E. coli samples, with a post evaporation reconstitution volume of 15 μL.

2.7 Data Processing
Peaks were discriminated from noise using MS Processor version 8.0 from Advanced
Chemistry Development (Toronto, Canada). Detection of peaks, using a reconstructed ion
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chromatogram format, was performed using the following parameters: MCQ threshold = 0.85;
smoothing window width = 3 scans; minimum full width at half maximum height = 3 scans;
signal-to-noise = 5. Peaks were matched between runs when tr < 3% RSD and Δm/z < 0.5.
Statistical comparison was performed using a two tailed student’s t-test.

3. Results and Discussion
3.1 Chromatography of Metabolite Standards

Our initial experiments focused on developing a capillary RPLC system for separation of polar
metabolites. In order to ensure separation of a wide scope of small molecules, 24 metabolites
from glycolysis and the tricarboxylic acid (TCA) cycle were targeted for separation and
detection (see Table 1 for compounds used). These analytes were chosen because they cover
a broad range of charges and polarities, from polar glucose-6-phosphate to nonpolar FAD. A
silica-based reversed-phase particle designed to be compatible with 100% aqueous mobile
phases (Atlantis) was used to facilitate retention and separation of highly polar compounds.

Work with this stationary phase revealed that manipulation of mobile phase pH was critical in
allowing separation of the different types of analytes present in glycolysis and the TCA cycle.
With aqueous mobile phases at pH < 3.0, polar organic acids were well-retained and resolved
but, phosphorylated nucleotides yielded poor peak shape and peak height (See supporting
information Figures S1 and S2). When the aqueous component of the mobile phase had pH >
6.5, the phosphorylated nucleotides were well resolved but, polar organic acids co-eluted near
the column dead volume. Intermediate pH mobile phases (pH = 4.5) yielded poor resolution
and peak shape for all classes of metabolite standards (data not shown). These data indicated
that low pH mobile phase was necessary for separation of small organic acids while higher pH
was required for separation of phosphorylated nucleotides. To resolve this problem, a gradient
of formic acid pH 2.7 to ammonium formate pH 6.5 was used for the initial part of the separation
followed by an increase in acetonitrile content to elute the less polar analytes. As seen in Figure
2, these conditions allowed separation of 23 of the 24 metabolite standards and were used for
all further RPLC experiments.

For detection, negative mode ESI was used. Preliminary experiments revealed that negative
mode ESI substantially decreased adduct formation and increased S/N when compared to
positive mode ESI for these metabolites (data not shown). The use of capillary columns allowed
for good sensitivity with lower detection limits of 0.3–12 fmol for glycolytic and TCA
metabolite standards (see Table 1). These detection limits are a two to three order of magnitude
improvement over previous reports even though the prior work used SRM for detection instead
of full-scan mode [8,25]. For these measurements, only 9 nL of sample were consumed for the
injection. Although the mass detection limit was considerably improved over previous results,
the concentration detection limit was generally not improved over prior results. The use of full
scan mode was chosen to facilitate an untargeted metabolomics approach, though this is likely
the reason why cLODs were not improved over previous tandem MS modes. The good mass
detection limits suggest that this method may have utility for sample limited metabolomic
analysis; although that application was not explored in this work.

3.2 E. coli Metabolite Detection
When this method was applied to extracts of E. coli, 157 features were detected in the LC-MS
data. We were interested in determining the number of actual endogenous small molecules
detected; therefore, data were analyzed to eliminate false peaks and multiple peaks for single
compounds. Peaks due to Na+ and formate adducts (as indicated by + 22 and + 46 m/z
respectively and identical retention time to the base analyte), multiple charge states, and water
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loss, were eliminated from analyte count. Using the above criteria, a total of 111 ± 9 (n = 3)
compounds were detected in the E. coli samples that were not present in background.

Using the average peak width for the compounds detected and the retention time window, a
peak capacity of 110, based on unity resolution, was calculated for this separation. In
calculating peak capacity, we determined the peak capacity separately for the two different
gradients (a pH gradient and the organic phase gradient), because the peaks had different widths
in these gradients, and added them together. Detection of more small molecules than indicated
by the calculated peak capacity is due to the use of the mass spectrometer as the detector, which
substantially increases the peak capacity.

To evaluate the effect of column dimension on detection of metabolites in E. coli, the capillary
column I.D. was reduced from 50 μm to 25 μm. For these experiments, the gradient conditions
and mobile phase velocity were kept the same but the volume injected was decreased by 4 in
proportion to the column volume. The ESI tip I.D. was decreased from 3.0 to 1.5 μm and the
volumetric flow rate from 104 to 25 nL/min. Decreasing the column I.D. is expected to improve
separation efficiency primarily by decreasing the A term of the Van Deemter equation [17].
Furthermore, the lower flow rate and smaller emitter tips may be expected to improve ionization
efficiency and therefore sensitivity [26,27]. Both of these effects are seen in the comparison
of the reconstructed ion chromatograms for m/z 662, chosen as a typical analyte, shown in
Figure 3. On average, peak width decreased by 25 ±14% (n = 4) while the signal increased by
88 ± 21% (n = 4) for decreasing the column I.D. by 2-fold. The signal increased even though
4-fold less sample was injected. The improvement in signal intensity cannot be solely attributed
to improved peak shape as peak area was also increased (23% greater) in the 25 μm column.

An added benefit of the decrease in column I.D. was a decrease in adduct formation. As shown
in Figure 3B and C, peaks 698 m/z and 720 m/z, adducts to 662 were reduced from ~40% of
base height to ~20%. The increase in signal intensity discussed above can be in large part
attributed to the reduced adduct formation and increased ionization efficiency [18].

As summarized in Figure 4, the decrease in peak width associated with decreasing the column
bore increased peak capacity from 114 to 168. The actual number of peaks detected in E.
coli extracts increased in proportion to the peak capacity from 111 ± 9 to 156 ± 17 (n = 3).
These results illustrate a multi-faceted improvement in decreasing column I.D. for complex
metabolite detection. We also examined the effect of extending the gradient time from 11 to
24 min. This manipulation had a modest, but not statistically significant, improvement in peak
capacity and number of metabolites detected (see Figure 4).

3.3 Two-Dimensional Capillary Chromatography
After establishing the peak capacity and number of components detected on the reversed phase
column, the effect of pre-fractionation using a SAX column was evaluated. For this
investigation, six fractions resulting from step gradients of 100 mM increments of ammonium
formate were collected from the SAX column off-line and stored for a second separation on
the reversed phase column. The SAX-RPLC-MS method was applied to extracts of E. coli
lysate. Figure 5B–G shows the base peak chromatogram of six SAX fractions injected onto a
capillary RPLC column. The use of a 2D separation resulted in detection of 244 ± 21
compounds compared to 170 ± 14 (n = 3) for the single dimension RPLC with the same RPLC
gradient. As the SAX eluent was dried and then reconstituted to the same volume as initially
injected (Figure 5B–G), dilution effects of the first dimension should not be present. The peak
capacity of the separation is estimated as 970 (6 SAX fractions × 161 peaks for RPLC).

Carryover, defined as detection of a given compound in more than 1 SAX fraction, was found
for approximately 14% of the small molecules detected. The majority of the carryover was
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present between the first two fractions. This indicated that those compounds which were weakly
retained on the SAX column were overloaded, whereas those compounds of higher affinity
were well retained and preconcentrated in the 1st dimension.

In principle the MS adds a significant resolving component making it unnecessary to use
extremely high peak capacity separations; however, the above results illustrate that the
improved separation resolution increased the coverage of the metabolome. At least part of this
effect is due to signal enhancement associated with reducing the number of co-eluting
components. Signal enhancement was quantified by comparing signal intensity from co-eluting
compounds in the 1-D RPLC with those same compounds which were separated into different
fractions by SAX and analyzed by RPLC. Seven sets of peaks were found to co-elute in the
1D analysis which were resolved into different fractions by SAX. These peaks increased signal
intensity on average by 47% (± 29%). Presumably this improvement is due to reduction of
competing ionization and other matrix effects.

3.4 Islet Analysis
The majority of metabolomic analyses have involved plants and prokaryotes; however,
metabolomic analysis of specific tissues is mammalian systems is emerging as an important
application [23,28]. We therefore also evaluated the effectiveness of these methods on islets
of Langerhans. Islets are microorgans dispersed throughout the pancreas that contain about
3000 cells each. Islets secrete insulin in a process driven by glucose metabolism. Metabolic
disturbances of islets are a possible root cause of type 2 diabetes, therefore considerable benefit
may emerge from metabolomic analysis of these cells. Only ~70 islets can be isolated from a
single mouse and the smallest reasonable sample volume for extracting this amount of tissue
is ~ 20 μL; therefore, minimizing the sample volume required for analysis is of interest. The
use of capillary columns is well-suited for analysis of such samples.

Figure 6A shows the base peak chromatogram from a capillary RPLC-MS analysis of lysate
from 50 islets in 15 μL. Average peak width for these samples (n = 3) was 8 s, which is ~ 2 s
less than those found with E. coli samples. The decrease in average peak width was due to
detecting a larger number of hydrophobic compounds, which tend to elute as narrower zones
in this gradient. As a result of the decrease in peak width, the peak capacity calculated for the
separation was increased to 240 from 161 for the E. coli sample (Figure 4). Using the criteria
described above for the E. coli analysis for distinguishing peaks from compounds, an average
of 191 ± 14 (n = 3) compounds were detected in the islet samples.

As with the E. coli samples, use of the 2D separation significantly increased the coverage of
the metabolome (Figures 4 and 6B–G). Whereas the single dimension RPLC yielded on average
191 small molecules, 2D-LC allowed for detection of 391 ± 33 peaks with a peak capacity of
1200. Figure 6 illustrates that the number of peaks detected decreased over the course of the
step gradient, with the majority found in the first three fractions. The limited number of
compounds found in the last three steps suggests that metabolites with a high degree of charge
are relatively rare in islets.

Interestingly, islets yielded significantly more metabolites than the E. coli (Figure 4) even
though the islet samples were about 1% as concentrated on a per gram of tissue basis. Many
of these metabolites were fairly large (m/z > 600) and non-polar (i.e., eluted during the organic
phase of the gradient). The greater complexity of the metabolome is likely due to in part to the
media in which the cells are cultured. Islets were incubated in media containing glucose, amino
acids, vitamins and fetal bovine serum, which would allow for synthesis and uptake of more
metabolites than the media containing only glucose as a fuel as was the case for E. coli. The
differences in metabolites detected may also reflect inherent differences in the complexity of
the metabolomes of the different tissue types. Because of the greater complexity of the islet
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metabolome, the use of 2D separation was even more important for increasing the number of
detected metabolites in these samples than for the E. coli samples (compare increase in detected
metabolites in Figure 4).

Our experiments have addressed the potential impact of column dimensions and
multidimensionality on metabolite separations. Many other factors are important in
determining the quality of metabolomic data including sample extraction, quantification, and
peak identification. Recent data has suggested for example that the use of water rinses on
bacteria samples, such as those used here, prior to extraction may result in disturbance of
metabolite levels [29]. Therefore, development of metabolomic methods for quantification will
require consideration of those variables as well.

4. Conclusion
The work presented here demonstrates the utility of an aqueous-compatible stationary phase
in combination with a ternary gradient to separate and detect metabolites with a wide range of
polarities and charge, including those in glycolysis and the TCA cycle. Reduction of column
I.D. led to superior peak shape, reduction of adducts, and higher signal intensity. The use of
multiple dimensions improved peak capacity as expected. Combined, these effects more than
doubled the number of metabolites detected from a complex metabolomic samples as
summarized in Figure 4. A comparison of the number of metabolites in the E. coli and islet
samples reveals detection of approximately 60% more in the islets. Furthermore, the islet
samples had more high molecular weight molecules. These differences may reflect either an
inherently more complex metabolome or effects of incubation media or both. Regardless, these
results illustrate the potential for high sensitivity and high resolution for metabolomic analysis
by multi-dimensional separations on capillary columns.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Block diagram of capillary LC system illustrating splitters and voltage application. For sample
loading, the 6 port valve is set in “load” position (flow path represented by dashed line), the
column is removed from the tee, sample loaded onto column using gas pressure sample
reservoir (500 psi) and then reconnected to tee. The valve is actuated to inject position (solid
lines) and gradient initiated. With this configuration, the pump is maintained at near constant
pressure during the entire experiment.
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Figure 2.
Reconstructed ion chromatogram illustrating resolution of 23 of 24 metabolite standards (10
μM of each metabolite) using ternary gradient of formic acid, ammonium formate and
acetonitrile. Standards were mixed together before analysis. The LC column used was 30 cm
long × 50 μm I.D. packed with Atlantis dC-18 3 μm particles and equipped with an integrated
nanospray tip with 3 μm diameter. Gradient is given in the experimental section. Flow velocity
was 100 nl/min. * indicate peak for the analyte when multiple peaks are detected.
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Figure 3.
Effect of decreasing column I.D. on peak signal and mass spectrum.
A. Reconstructed ion chromatogram of 662 m/z from 50 μm I.D. and 25 μm I.D. column. B.
Average mass spectrum over width of 662 m/z peak from 50 μm I.D. column. C. Average mass
spectrum over width of 662 m/z peak from 25 μm I.D. column. Comparison of B and C
illustrates fewer adducts to the 662 m/z peak and a 73% increase in signal intensity.
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Figure 4.
Effect of chromatographic changes on the peak capacity and number of small molecules
detected in complex mixtures. Error bars represent 1 standard deviation. Statistical significance
between samples is as follows: * p < 0.05; ** p < 0.01; *** p < 0.005.
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Figure 5.
Base peak chromatograms from 1D and 2D separation of small molecules from E. coli. RPLC
was performed using 30 cm × 25 μm I.D. column. 2D was performed by off-line fraction
collection in 10 minute step intervals from SAX capillary column. [Brackets] indicate the
average number of small molecules detected. A:1-D RPLC-MS [170] B-G 2-D SAX-RPLC
B: 5 mM NH4HCO2 fraction [79] C. 100 mM NH4HCO2 fraction [46] D. 200 mM
NH4HCO2 fraction [45] E. 300 mM NH4HCO2 fraction [38] F. 400 mM NH4HCO2 fraction
[19] G. 500 mM NH4HCO2 fraction [16]
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Figure 6.
Base peak chromatograms from 1D and 2D separation of small molecules from 50 islets of
Langerhans. Experiment performed as in Figure 6. [Brackets] indicate the average number of
small molecules detected. A:1-D RPLC-MS [191] B-G 2-D SAX-RPLC B: 5 mM
NH4HCO2 fraction [155] C. 100 mM NH4HCO2 fraction [70] D. 200 mM NH4HCO2 fraction
[73] E. 300 mM NH4HCO2 fraction [41] F. 400 mM NH4HCO2 fraction [36] G. 500 mM
NH4HCO2 fraction [18].
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Table 1
Figures of merit for metabolite standards. % RSDs were analyzed based on peak height for 5 μM n = 3. Lower limits
of detection were calculated as the concentration that would give a S/N of 3 based on the average S/N ratio of peaks
at sample concentrations of 5 μM, n = 3. Detection limits were determined using gradient separation conditions similar
to those used in Figure 2.

Metabolite % RSD LLOD (fmol) LLOD (μM)

G6P/F6P 24 4 0.5

F1,6P 18 6 0.6

Glyceraldehyde-3-Phosphate 16 30 4

2/3 Phospho-glycerate 26 30 4

Bis-phospho-glycerate 17 7 0.8

Phosphoenol Pyruvate 11 20 3

Pyruvate 33 20 2

Acetyl CoA 25 2 0.2

Citrate 31 10 1

Isocitrate 30 7 0.8

α-Ketoglutarate 18 10 1

Succinyl CoA 30 4 0.4

Succinate 10 9 1

Fumarate 27 10 2

Malate 19 3 0.3

Oxaloacetate 24 20 2

ATP 6 5 0.6

ADP 10 4 0.4

NAD 17 1 0.1

GTP 19 5 0.6

GDP 34 4 0.4

FAD 32 2 0.2
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