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Abstract A linear polyacrylamide (LPA) coating and a
sulfonate-silica hybrid strong cation exchange (SCX) monolith
were prepared sequentially in a single fused silica capillary. The
SCX-LPA capillary was used for sample preconcentration using
solid-phase extraction (SPE) followed by capillary zone electro-
phoresis (CZE) separation and mass spectrometry detection.
Samples were prepared in 1 M acetic acid, loaded by pressure
onto the SCX SPE monolith, and eluted using 200 mM ammo-
nium bicarbonate (pH 8). The background electrolyte for CZE
was 1 M acetic acid. This combination of elution buffer and
background electrolyte results in formation of a dynamic pH
junction, which further improves the preconcentration perfor-
mance. All experiments were performed using a CZE
autosampler and an electrokinetically pumped nanospray inter-
face. By loading 50 ng of Xenopus laevis eggs protein digest,
330 protein groups and 872 peptideswere identified. The system
was also applied to the analysis of 11 μL of a 10−4 mg⋅mL−1

(1.1 ng) bovine serum albumin tryptic digest; 12 peptides were
identified and the protein coverage was 25%. Finally, by loading
5.5 μL of a 10−3 mg⋅mL−1 (5.5 ng) E. coli digest, 145 protein
groups and 365 peptides were identified.

Keywords Capillary zone electrophoresis . Strong cation
exchangemonolith . Bottom-up proteomics . On-line sample
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Introduction

Capillary zone electrophoresis-mass spectrometry (CZE-MS)
has been widely used for analysis of proteins and peptides
[1–5]. This method typically employs small sample injection
volumes that lead to low column capacity and poor concen-
tration detection limits. To overcome this limitation, various
preconcentration techniques have been developed, including
sample stacking [6, 7], dynamic pH junction [8–10], and solid
phase extraction (SPE) [11–17], which have been summarized
in reviews [18–22].

We have reported the preparation of a strong cationic
exchange (SCX) hybrid monolith at the inlet of the sepa-
ration capillary and its use for sample preconcentration,
processing, and subsequent separation using CZE with
high concentration of acetic acid as background electrolyte
[15, 16, 22]. Samples are loaded in an acidic solution and
desorbed using a basic solution. This plug of sample forms
a pH junction in the low-pH background electrolyte, leading
to outstanding preconcentration of tryptic peptides.

In our first generation device, the monolith was prepared in
an uncoated capillary [15]. After preconcentration and elution,
analyte were separated by CZE in the uncoated capillary. The
high electro-osmotic flow produced in the uncoated capillary
results in a short separation window, which limits the number
of tandem mass spectra that can be generated for peptide
identifications. In our second generation device, the mono-
lith was prepared independently and connected to a linear
polyacrylamide-coated capillary with a zero-dead volume
connector [16]. After preconcentration and elution, analyte
were separated in the coated capillary, which provided low
electroosmotic flow and a 30-min separationwindow. A union
is required to couple the SPE column or microreactor to the
coated separation capillary [13, 18, 19]. However, the connec-
tor can introduce dead volume that can degrade separation,
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and coupling of the monolith to the separation capillary re-
quires a fair degree of training and manual dexterity. To over-
come these problems and to take advantage of the well-
developed methods for the preparation of SCX hybrid mono-
liths and LPA coated capillaries [23, 24], we now report the
preparation of an LPA coating and a SCX hybrid monolith
in a single capillary, and employ it for ultrasensitive bottom-
up analysis of complex proteomes.

Experimental section

Reagents and chemicals Bovine serum albumin (BSA),
bovine pancreas TPCK-treated trypsin, poly(ethylene
glycol) (PEG, MW = 10,000), urea, ammonium bicar-
bonate (NH4HCO3), dithiothreitol (DTT), iodoacetamide
(IAA), γ-methacryloxypropyltrimethoxysilane (γ-MAPS),
tetramethoxysilane (TMOS), vinyltrimethoxysilane (VTMS),
3-sulfopropyl methacrylate potassium salt, 2,2′-azobis(2-
isobutyronitrile) (AIBN), and acetic acid were purchased from
Sigma-Aldrich (St. Louis, MO, http://www.sigmaaldrich.
com/united-states.html). Formic acid (FA) was purchased
from Fisher Scientific (Pittsburgh, PA, https://www.fishersci.
com/us/en/home.html). Methanol was purchased from
Honeywell Burdick & Jackson (Wicklow, Ireland,
https://labchemicals-honeywell.com/). Water was deionized
by a Nano Pure system from Thermo Scientific (Marietta,
OH, http://www.thermofisher.com/us/en/home.html). Fused
sil ica capillaries were purchased from Polymicro
Technologies (Phoenix, AZ, USA, http://www.molex.
com/molex/home). The Xenopus laevis eggs were donated
by Prof. Paul W. Huber from the University of Notre Dame
and the E. coli cells (Dh5-Alpha) were cultured in our lab.

Preparation of the LPA coated capillary A diagram of the
procedure is shown in Fig. 1. The fused silica capillary
(365 μm OD × 50 μm ID, 95 cm total length) was pretreated
by flushing with 0.1 M NaOH for 2 h, water until the outflow
reached pH 7.0, 0.1MHCl for 24 h, andwater until the outflow
reached pH 7.0. The capillary was dried with a nitrogen stream
for 12 h at room temperature. Next, the γ-MAPS solution in
methanol at a volume ratio of 1:1 was injected with a syringe to

fill 90 cm (out of 95 cm total length) of the capillary, leaving
~5 cm untreated for the subsequent preparation of the SCX
hybrid monolith. Then the capillary was sealed with rubber at
both ends and submerged in a water bath at 45 °C overnight
[25]. Finally, the capillary was rinsed with methanol and water
to flush out residual reagents and dried with a nitrogen stream.
The preparation of the LPA coated capillary followed the meth-
od reported previously [24]. Briefly, 40 mg of acrylamide was
dissolved in 1 mL water. 2 μL of 5% (w/v) ammonium persul-
fate (APS) was added to the 500 μL of acrylamide solution.
The mixture was vortexed for 30 s and degassed for 5 min
using nitrogen. Then the mixture was used to fill the first 90-
cm of the pretreated capillary. With both ends sealed, the cap-
illary was incubated at 50 °C in a water bath for 30 min.
Unreacted reagents were flushed by water and the coated cap-
illary was stored at room temperature.

Preparation of the sulfonate-silica hybrid SCX-SPE
monolith The preparation of the sulfonate SCX hybrid mono-
lithic column was similar to published methods [13, 14, 18,
20]. As shown in Fig. 1, the SCX monolith was prepared in
the 5 cm uncoated section of the capillary. A prehydrolyzed
mixture was prepared by mixing and stirring acetic acid
(10 mM, 5.0 mL), PEG (MW = 10,000, 540 mg), urea
(450 mg), TMOS (1.8 mL), and VTMS (0.6 mL) for 1 h at
0 °C to form a homogeneous solution. Then, 37 mg of 3-
sulfopropyl methacrylate potassium salt and 2 mg of AIBN
were added into 0.5 mL of the hydrolyzed mixture for 10 min
with sonication. The polymerization mixture was then intro-
duced into 5 cm long, uncoated section of the LPA coated
capillary using a syringe. Both ends of the capillary were then
sealed with pieces of rubber, and the capillary was incubated
at 37 °C for 12 h for polycondensation and at 60 °C for 12 h
for polymerization. The sulfonate SCX hybrid column was
then flushed with methanol and water to remove the porogen
and other residual reagents. Finally, the sulfonate SCX hybrid
monolithic column was trimmed to ~1.5 cm.

Column capacity measurement To determine the dynamic
binding capacity of the SCX hybrid monolith, a Xenopus pro-
tein digest was used to saturate the sulfonate SCX hybrid
monolithic SPE column. Briefly, different amounts of

Fig. 1 The procedure for the
preparation of LPA coating and
SCX hybrid monolith in a single
capillary
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0.5 mg⋅mL−1 Xenopus protein digest in 1 M acetic acid were
loaded onto the sulfonate SCX hybrid monolithic SPE col-
umn. After flushed with 1 M acetic acid, the protein digest
trapped on the SCX hybrid monolithic column was eluted by
100 nL 200 mM NH4HCO3 and analyzed by CZE-MS/MS.
The numbers of peptide and protein identifications were used
to evaluate the dynamic binding capacity of the SCX hybrid
monolithic SPE column.

Sample preparation Details of sample preparation are pro-
vided in the Supporting information.

Automated on-line SCX-SPE CZE-ESI-MS/MS analysis
The CZE system consists of a PrinCE Next 840 Series
autosampler (from PrinCE Technologies), high-voltage power
supplies (Spellman CZE 1000R), and an electrokinetically
pumped nanospray interface that coupled the CZE separation
capillary to a LTQ-Orbitrap Velos mass spectrometer (Thermo
Fisher Scientific) [26–28]. The electrospray emitter was a bo-
rosilicate glass capillary (1.0 mm OD × 0.75 mm ID, 10 cm
long) pulled with a Sutter instrument P-1000 flaming/brown
micropipette puller; the emitter inner diameter was 15–
20 μm. The electrospray sheath flow electrolyte was 10% (v/
v) methanol with 0.5% aqueous FA. The separation back-
ground electrolyte was 1 M acetic acid in water. The injection
end of the capillary was held in the auto sampler that allowed
application of either pressure to pump fluids or voltage to drive
electrophoresis. The separation capillary and the SCX hybrid
monolith were first conditioned by washes with 1M acetic acid
at 1500 psi for 30 min. The samples prepared in 1M acetic acid
were hydrodynamically injected for varying lengths of time.
Unretained components were removed between runs by rinsing
with 1 M acetic acid. Peptide elution was performed by hydro-
dynamic injection of 200 mMNH4HCO3 (pH 8). After elution,
the electrolyte was changed back to 1M acetic acid and normal
CZE-ESI-MS/MS analysis was carried out with a separation
voltage of 19.8 kVand a spray voltage of 1.8 kV. Between runs,
the SCX hybrid monolithic column was rinsed with 100 nL
200 mM NH4HCO3 (pH 8) to minimize carry-over.

Mass spectrometer operating parametersAn LTQ-Orbitrap
Velos mass spectrometer (Thermo Fisher Scientific) was used
in this experiment. The ion transfer tube temperature was held
at 280 ˙C. The S-Lens RF level was 50.00. The mass spectrom-
eter was programmed in data-dependent mode. A top 10 meth-
od was used. Full MS scans were acquired with the Orbitrap
mass analyzer over m/z 380–1800 range with resolution of
70,000 (m/z 200) and the number of microscans set to 1. The
target value was 1.00E + 06, and maximum injection time was
250 ms. For MS/MS scans, the twenty most intense peaks with
charge state ≥2 were sequentially isolated and further
fragmented by Collision-Induced Dissociation (CID) following
one full MS scan. The normalized collision energy was 33%.

Database searching Database searching of the raw files was
performed in Proteome Discoverer 1.4 with MASCOT 2.2.4.
For BSA digest, ipi.bovin.v3.68.fasta was used for database
searching. For the E. coli cell lysate, an NCBI database of
E. coli DH1 (4160 sequences) was used. For the Xenopus di-
gest, the UniProt Xenopus reference protein database (48,523
protein sequences) was used for database searching. Database
searching using the reversed databases were also performed to
evaluate the false discovery rates. The database searching pa-
rameters included full tryptic digestion and allowed up to two
missed cleavages, precursor mass tolerance 10 ppm, and frag-
ment mass tolerance 0.5 Da. Carbamidomethylation (C) was
set as fixedmodifications. Oxidation (M) and deamidated (NQ)
were set as variable modifications. On the peptide level, peptide
confidence value as high was used to filter the peptide identi-
fication, and the corresponding false discovery rate on peptide
level was less than 1%. On the protein level, protein grouping
was enabled.

Results and discussion

Choice of materials To improve the CZE separation, capil-
laries with neutral coatings are usually used to minimize elec-
troosmotic flow and to reduce the adsorption of solutes onto
its inner surface [5, 16, 24]. Linear polyacrylamide (LPA)
coated capillaries are most widely used for the analysis of
proteins and peptides due to the good hydrophilic property
of the coating and the simple coating protocol [16, 24]. As a
result, we used LPA coating in our work.

Solid phase extraction (SPE) monoliths typically fall into
two types: reversed phase (RP) [12–14], and ion exchange
[15, 16, 29]. We have observed a number of problems when
coupling a reversed phase SPE monolith to a LPA coated cap-
illary. The low electroosmotic flow of the LPA coated capillary,
coupled with low electrophoretic migration of the sample after
elution with organic solvents from the reversed phasemonolith,
led to a very long migration time and significant band broad-
ening. In contrast, the SCX phase generated much better results
with the LPA coated capillary because no organic solvent is
required for elution. Moreover, the formation of a dynamic
pH junction after elution from the SCX-SPE monolith further
improved the CZE separation performance. Therefore, the
SCX phase was used as SPE column in this work.

Loading capacity of the SCX SPE column A Xenopus pro-
tein digest was loaded onto the SCE-SPE. When the loading
amount increased from 5 to 50 ng, the number of protein
group IDs increased from 225 to 330 and the number of pep-
tide IDs increased from 528 to 872, Fig. 2. The protein groups
and sequences of the identified peptides are listed in
supporting information.
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Representative electropherograms are shown in Fig. 3. The
larger sample loading resulted in a minor delay in the appear-
ance of peptides during electrophoresis, presumably due to the
presence of the large loading electrolyte.

Large-volume proteomic analysis To evaluate the perfor-
mance of the SCX SPE-LPA system for the analysis of low
concentration digests, 11 μL of a 10−4 mg⋅mL−1 BSA tryptic
digest was loaded onto the SCX hybrid monolith and eluted
with 100 nL of 200 mM NH4HCO3 (pH 8). 12 peptides were
identified and the protein coverage was 25%, which is two
times higher than that reported previously without LPA coat-
ing [18]. The sequences of the identified peptides are listed in
the supporting information.

To further evaluate the performance of the system, E. coli
digests were prepared in 1M acetic acid. A 5.5 μL aliquot of a
10−3 mg⋅mL−1 tryptic digest was hydrodynamically loaded

onto the SCX SPE monolith and eluted with 100 nL of
200 mM NH4HCO3 (pH 8), 145 protein groups and 365 pep-
tides were identified, a ~ 33% improvement compared to pre-
vious results [18]. The protein groups and sequences of the
identified peptides are listed in the supporting information.
The results also confirmed the importance of LPA coating
for the improvement of separation performance and the de-
crease of the sample adsorption on the inner surface of the
capillary.

Repeatability and stability The repeatability was evaluated
by loading 10 ng of BSA digestion and eluting using 100 nL
of 200 mM NH4HCO3 buffer. The RSD for protein coverage
was 5% (n = 2) and for number of unique peptides was 4%
(n = 2). For column-to-column, the RSD for protein coverage
was 7% (N = 2) and for the number of unique peptides was 1%
(n = 2). The sequences of the identified peptides are listed in
the supporting information.
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