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Bottom-up proteomics is widely used for qualitative and
quantitative characterization of complex biological sam-
ples.[1,2] With microgram amounts of material, it is possible
to identify more than 10000 proteins from mammalian cell
lysates and over 2500 proteins from prokaryote lysates.[3,4]

The performance of bottom-up proteomics degrades rapidly
for mass-limited samples, such as laser capture microdissected
tissues (pure cell populations isolated from a heterogeneous
tissue section), circulating tumor cells, single embryos, and
single somatic cells. There have been a handful of reports on
bottom-up proteomics of nanogram samples by capillary
liquid chromatography–electrospray ionization tandem mass
spectrometry (LC-ESI-MS/MS). Mann et al. identified 2000
proteins from single pancreatic islets with a protein content of
several hundred nanograms.[5] Karger and co-workers identi-
fied 566 proteins from 50 ng of Methanosarcina acetivorans
digest[6] and 163 proteins from approximately 2.5 ng of the
tryptic digest of a cervical cancer cell line.[7] Smith et al.
detected 870 proteins with an accurate mass and time tags
(AMTs) strategy[8] from low nanogram amounts of the digest
of Deinococcus radiodurans.[9] They also reported the detec-
tion of the three most abundant proteins in a 0.5 pg sample
with the AMTs method, and reported a detection limit of
approximately 10 zmole for one peptide in a digest of bovine
serum albumin.[9] Our group used a Q-Exactive mass spec-
trometer with higher-energy collisional dissociation[10] to
identify approximately 100 protein groups from 1 ng of
a digest of the RAW264.7 macrophage cell line.[11] All of
these analyses required at least one hour of instrument time.
Herein, we report an ultrasensitive and fast capillary zone
electrophoresis (CZE)-ESI-MS/MS system that is based on
an improved electrokinetically pumped sheath–flow inter-
face. We demonstrate that this system is suitable for the rapid
bottom-up analysis of femtogram amounts of the E. coli
protein digest.

CZE-ESI-MS/MS is an attractive method for bottom-up
proteomics,[12] and this approach consistently outperforms
LC-MS/MS for low nanogram samples.[13–16] The improved

performance of CZE for small sample amounts is presumably
due to its very simple design, which leads to reduced sample
loss on injectors and fittings. Since the pioneering work of
Smith and co-workers,[17] electrospray interfaces have been
developed for capillary electrophoresis.[18] Two recently
developed interfaces should be mentioned: Moini developed
a sheathless interface that is based on a very thin porous
capillary tip.[19] We, in turn, developed another interface
based on an electrokinetically pumped sheath–flow interface
(Figure 1a).[20] Our interface has several advantages, includ-

ing reduced sample dilution, which is due to a very low sheath
flow rate, elimination of mechanical pumps, use of a wide
range of separation buffers, and stable operation in the
nanospray regime. We recently coupled CZE to a triple-
quadrupole mass spectrometer with this interface for quan-
tification of Leu-enkephalin in a complex mixture using
multiple reaction monitoring, and we obtained a peptide
detection limit of 335 zmole,[21] which suggests that the system
should be suitable for ultrasensitive analysis.

Figure 1. a) CZE-ESI-MS/MS system; b) schematic representation of
the etched capillary in the electrospray emitter; c) micrograph of the
etched capillary in the emitter. i.d. = inner diameter, o.d.= outer
diameter.
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A COMSOL model of the electrokinetically pumped
sheath–flow interface predicted, and experiments verified,
that sensitivity increases as the distal end of the capillary is
brought closer to the emitter orifice.[20] Typical distances
between capillary tip and orifice are about 1 mm; they are
limited by the outer diameter of the separation capillary that
butts against the conical emitter wall. In this work, we etched
a few millimeters of the outside of the separation capillary tip
with hydrofluoric acid to reduce its outer diameter from
approximately 150 mm to approximately 60 mm. This simple
step allows us to place the capillary end much closer to the
emitter orifice (ca. 200 mm; Figure 1 b, c), which results in
a dramatic improvement in the sensitivity of the system. We
used uncoated fused silica capillaries (32 cm and 40 cm, 10 mm
i.d./150 mm o.d.; i.d. = inner diameter, o.d. = outer diameter)
for electrophoresis, and a Q-Exactive mass spectrometer for
peptide identification (for experimental details, see the
Supporting Information).

We first evaluated the effect of the separation voltage for
the analysis of 28 pg amounts of E. coli digests. Separations
were performed at 15 kV (500 Vcm�1) and 10 kV
(300 Vcm�1) in a 32 cm long capillary (Supporting Informa-
tion, Figure S1). The 10 kV potential produced a wider
separation window, which resulted in more protein (129� 18
vs. 88� 14) and peptide (375� 27 vs. 246� 19) identifications
than at 15 kV. For the following experiments, an electric field
of 300 Vcm�1 was used.

Next, we evaluated the reproducibility of an analysis of
16 pg of E. coli protein digest with a 40 cm capillary with our
CZE-ESI-MS/MS system. We identified 105� 17 proteins
and 256� 9 peptides by a triplicate bottom-up analysis of
tandem mass spectra. The state-of-the-art detection limits for
tandem mass spectrometry of complex protein digests is
approximately 100 protein identifications at the 1 ng
level.[7, 9, 11, 13,16] The use of our system leads to a similar
number of protein identifications from a sample that is two
orders of magnitude lower in weight.

The separations were reproducible and efficient. The
signals from 50 peptides were summed to produce extracted
ion electropherograms (Figure 2). The average relative stan-
dard deviation of the migration time of 154 peptides was
0.7% (Figure S2). The electrophoretic peaks were quite
sharp, with an average width, which is defined as the standard
deviation of the Gaussian function used to fit the peaks, of
0.7 s (full width at half height: 1.6 s; Figure S3). We consis-
tently obtained an average of over 300 000 theoretical plates
for the peptide separations (Figure S4). Peak intensities were
also consistent between runs (Figure S5). Separations were
complete in less than 10 min, which is an improvement in
analysis time of one order of magnitude compared to state-of-
the-art systems for highly sensitive bottom-up proteomics of
complex proteomes.

We next determined the relationship between the number
of identifications by tandem mass spectrometry and the
loaded amounts of E. coli digests (Figure 3). In duplicate
400 fg loadings, nine peptides corresponding to 4� 1 proteins
were confidently identified after manual evaluation of
tandem mass spectra (Figure S6). The most abundant protein
in E. coli, the elongation factor Tu, makes up approximately

1% of the total protein mass.[22] An amount of 400 fg of an
E. coli digest will contain 4 fg of this protein, and the
minimum protein amount required for identification by
tandem mass spectrometry is less than 4 fg, which is an

Figure 2. Extracted ion electropherograms of 50 peptides of high
intensity based on tandem spectra of E. coli digests (16 pg) analyzed
by CZE-ESI-MS/MS in triplicate. The mass tolerance for extraction was
2 ppm. NL = normalized level, RT = retention time.

Figure 3. Relationship between the amount of E. coli digest and protein
(a) and peptide (b) identification by the analysis of tandem spectra
(&). Each sample was analyzed in duplicate or triplicate. Identifications
based on AMTs of E. coli digests (400 fg) are also given (N). The error
bars correspond to the standard deviations of the mean.
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improvement of two orders of magnitude compared to the
state of art.[9] When the sample amount was increased to
84 pg, the number of protein and peptide identifications
increased to 162� 8 and 570� 11, respectively (Figure 3).

We also applied the AMTs approach developed by Smith
and co-workers using the 16 pg E. coli data as the database.
Over 60 proteins and 150 peptides were identified from the
400 fg E. coli digests with a mass tolerance of 3 ppm,
a migration-time tolerance of 0.3 min (without alignment),
and at least two detected isotopic peaks for each peptide
(Figure 3; for the extracted ion electropherograms, see Fig-
ure S7). This result corresponds to a 20-fold improvement in
the number of protein identifications relative to state-of-the-
art AMTs-based sub-picogram proteome analysis.[9]

We finally estimated the peptide detection limit from the
400 fg E. coli data. We manually extracted electropherograms
for three peptides from the elongation factor Tu, which were
identified by MS/MS spectra with a mass tolerance of 1 ppm.
The signal-to-noise ratios were obtained with Xcalibur
software (Thermo Fisher Scientific), using the noise region
from 0.3 min to 2.3 min after the peak (Figure S8). Based on
the amount of elongation factor Tu present in the sample
(4 fg) and its molecular weight (ca. 43 kDa), approximately
100 zmole of these peptides were taken for analysis. These
peptides generated signal-to-noise ratios (S/N) of 270–290;
the mass detection limit (S/N = 3) is approximately 1 zmole
(ca. 600 molecules), which is an improvement of one order of
magnitude compared with state-of-the-art MS-based peptide
detection.[9]

There are several possible reasons for the high sensitivity
of the CZE-MS system. First, the peptides only take around
0.2 s or less to migrate from the end of the capillary to the end
of the spray emitter (approximate calculation based on our
previous work[20]), which dramatically reduces the sample
diffusion in the spray emitter and generates more intense
peptide signals, which in turn results in improved peptide
detection limits. Second, we can assume that the electro-
osmotic flow rate in the separation capillary and in the spray
emitter is approximately the same because of a similar buffer
and applied voltage (ca. 300 V cm�1); the total flow rate for
the spray is about 20 nL min�1, which should lead to a high
ionization efficiency, thus resulting in high sensitivity. Third,
we employed capillaries with a quite narrow inner diameter,
which reduces sample flow rate and generates very efficient
separations.

We also note that the number of protein identifications
obtained in this work is approximately 200 proteins because
of the relatively short peptide separation window, restricting
the number of acquired tandem spectra, which limits the
detection of proteins that are of relatively low abundance in
biological samples. One way to improve protein identification
with the CZE-MS system is to perform online/offline peptide
pre-fractionation before CZE-MS analysis or to employ
coated capillaries to reduce electroosmosis and to increase
the separation window.[16, 23]

In summary, an ultrasensitive and high-throughput CZE-
ESI-MS/MS system has been developed for femtogram
proteomics. The results are an improvement of one- to two-
orders of magnitude in the amount of material required for

protein identification by tandem mass spectra, in the number
of proteins identified by accurate mass and time tags from
sub-picogram amounts of a complex protein digest, in peptide
mass detection limit, and in analysis time. Faster and more
sensitive mass spectrometers will enable further improve-
ments. This technology may, for example, be applied to the
analysis of single cells. To date, methods of the highest
possible sensitivity for single-cell protein analysis have
employed laser-induced fluorescence detection;[24] although
it is a sensitive method, fluorescence inherently generates
a signal with a low information content that provides only
rudimentary information on protein identity. The develop-
ment of CZE-mass spectrometry systems with detection limits
of 1 zmol opens the door to single-cell protein analysis with
confident identification of proteins with relatively high
abundance.
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