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Abstract

Monolithic columns having long hydrocarbon chains were prepared by in-situ polymerization in capillary fused silica tubing. The capillary
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olumns were coupled with a newly developed carbon fiber electrospray ionization (ESI) emitter for proteomic analysis using
apillary HPLC–ESI mass spectrometry (MS). The sample loading capacity and chromatographic performance of the styrene-based
olumn, which was prepared by photo-polymerization of octylstyrene (OS) and divinylbenzene (DVB) were compared with th
ethacrylate-based monolithic column composed of lauryl methacrylate (LMA) and ethylene dimethacrylate (EDMA). The samp
bility of tryptic digested protein in poly-OS (POS)–DVB column was higher than that of poly-LMA (PLMA)–EDMA column, possib

o the irregular and rugluous surface offering a greater surface area of POS–DVB stationary phase. The POS–DVB column also pro
eparation efficiency in the separation of high concentration (10�g) of tryptic digested albumin bovine serum (BSA). Due to the succe

nterface of a highly efficient monolithic column and a stable, durable carbon fiber emitter, low femtomole levels of peptides were su
eparated and identified in the presence of large amounts of tryptic digested protein.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Identification and quantification of the expressed pro-
ein components of biological origin require sensitive and
igh-throughput analytical technologies. Two-dimensional
el electrophoresis (2DE) is a powerful technique for pro-

ein separation[1,2]. However, it has several limitations, such
s long separation time, limited loading capacity, difficulty

n automation, and a low resolving power for small pro-
eins. Liquid chromatographic techniques are faster, easier
o automate, and couple more readily to mass spectrometry
han 2DE. To supplement the resolving ability of liquid chro-
atographic separation systems, a powerful alternative tech-

∗ Corresponding author. Tel.: +1 843 792 5830; fax: +1 843 792 2475.
E-mail address:knappdr@musc.edu (D.R. Knapp).

nique, multidimensional chromatographic analysis met
has been realized[3–6].

Another important prerequisite for proteomic analy
is the ability to handle very small amounts of biologi
material and to have sufficient dynamic range to fa
tate detection of low-level proteins with high sensitivity
the presence of high-abundance proteins. Capillary li
chromatography (LC) coupled with electrospray ioniza
mass spectrometry (ESI-MS) has been an important
for the analysis of complex peptide mixtures from pro
olytic digests[7,8]. The replacement of conventional a
lytical scale chromatography (1–2 mm i.d. columns) w
capillary LC (50–100�m i.d. capillary columns) bring
some benefits to the separation process, such as h
sensitivity, and lower sample and mobile-phase consu
tion.

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.06.115
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Recently, the preparation of organic polymer-based mono-
lithic stationary phases in capillary columns has attracted in-
creasing attention in liquid chromatography[9–13]. The key
advantages provided by polymer-based monolithic columns
include the easy preparation, high performance, modifiable
properties such as porosity, surface area and functionality,
chemical stability over the pH range of 1–14, and absence
of frits to retain the packed bed compared to a conventional
columns packed with particles for the separation of biopoly-
mers. The polymeric monolithic columns include styrene-
based, acrylate- or methacrylate-based, and acryamide-based
polymers. Polymeric monolithic columns are usually pre-
pared by UV or thermally induced in-situ polymerization
of a mixture of suitable monomers and porogenic solvents
within a capillary that acts as a mold. The porous structure in
the monolith is achieved as a result of the phase separation
of the solid polymer from the porogenic solvents during the
course of polymerization. Size and morphology of the pores
strongly depend on several factors, including polymerization
kinetics and solvency of the porogenic solvents for the re-
sulting polymer and their proportion in the polymerization
mixture. Microporogenic solvents have good solvency for
the polymer, which results in the formation of small pores,
whereas macroporogenic solvents exhibit only poor solvat-
ing capabilities for the polymer and contribute to preparation
of macro-sized pores[14,15].
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methacrylate, were used for in-situ preparation of monolithic
columns. The column performances of sample loading ca-
pacity and separation efficiency of tryptic digested proteins
were evaluated and compared. The applicability of the inter-
face of the monolithic column with the carbon fiber emitter in
a model proteomic study was demonstrated by the separation
and identification of a low femtomole level spiked peptide in
the presence of large amounts of a tryptic digested protein.

2. Experimental

2.1. Materials

Fused-silica capillary tubing of 100�m i.d. × 375�m
o.d. with UV-transparent fluorinated hydrocarbon polymer
coating and 75�m i.d. × 375�m o.d. with polyimide coat-
ing were obtained from Polymicro Technologies (Phoenix,
AZ, USA). 3-(Trimethoxylsilyl)propyl methacrylate, lau-
ryl methacrylate (LMA), ethylene glycol dimethacrylate
(EDMA), divinylbenzene (DVB; mixture of isomers includ-
ing 3- and 4-ethylvinylbenzene), 1-propanol, 1,4-butanediol,
1-decanol, tetrahydrofuran (THF), 2,2-dimethoxy-2-phenyl-
acetophenone (DPA), 2,2′-azobisisobutyronitrile (AIBN),
dithiothreitol (DTT), and iodoacetamide were purchased
from Aldrich (Milwaukee, WI, USA). 4-Octylstyrene
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Polymeric monolithic columns have been applied
he separation of biomolecules such as proteins, pep
16–25], and polynucleotides[24–27]. Especially, poly
styrene–divinylbenzene) (PS–DVB) particles and mo
ith have been widely used for reversed-phase liquid c

atographic stationary phase due to its hydrophobic su
21–28]. However, for the separation and identification
maller peptides, it has been reported that modificatio
S–DVB monolith by surface alkylation provided better
lution of peptides[29,30].

Recently, research in ESI-MS has focused on the re
ion of sample consumption and increased sensitivity in
nalysis. These requirements have led to low-flow rate e

er tips such as nanospray emitters[31]. The reduction of th
ow rate produces smaller droplets having a high surfac
olume ratio. This gives advantages for ESI-MS, such a
reased sensitivity. As a consequence, much effort has
ut into the production of high-performing, physically a
hemically stable nanospray needles and low-flow ESI e
ers[32–34]. However, the susceptibility to clogging of t
ip during the operation procedure limits the applicatio
apered tips with small inside diameters. We have rec
eveloped a novel carbon fiber emitter which is designe
ighly sensitive, stable, and durable electrospray ioniz
ith a minimization of the clogging problem[35].
In this study, we report the preparation of styrene-

ethacrylate-based monolithic capillary columns cou
ith a carbon fiber emitter. To increase the hydropho

ty and loading capacity of the stationary phase, mono
ith long hydrocarbon chains, e.g. octylstyrene and la
OS) was obtained Tokyo Kasei (Tokyo, Japan). Trifl
oacetic acid (TFA), trichloroacetic acid (TCA), acetonitr
ethanol, ammonium hydrogen carbonate and basic
ina were obtained from Fisher Scientific (Pittsburg,
SA). Gly–Gly–Gly, albumin bovine serum (BSA), my
lobin (horse heart) and trypsin (proteomics grade) were
hased from Sigma (St. Louis, MO, USA). LMA, EDM
VB, and OS were prepared by passing through basic
ina to remove the inhibitors. AIBN was purified by

rystallization from methanol. The other materials were u
ithout further purification.

.2. Monolithic column preparation

The vinylization of the capillary tubing was carried ou
reviously reported[36]. Briefly, fused-silica capillary tubin
100�m i.d.× 375�m o.d.) with UV-transparent fluorinate
ydrocarbon polymer coating was rinsed with acetone
ater using a syringe, activated with 0.2 M sodium hyd

de for 30 min, washed with water followed by 0.2 M H
or 30 min, then washed with water and acetone, and
y passing through the helium. The capillary was filled w
30% (v/v) 3-(trimethoxylsilyl)propyl methacrylate in ac

one, sealed, and left to react for 24 h at room tempera
he modified capillary was washed with acetone and dr

Two kinds of monolithic columns, poly(octylstyren–c
ivinylbenzene) (POS–DVB) column and poly(lau
ethacrylate–co-ethylene glycol dimethacrylate) (PLM
DMA) column, were prepared by polymerization
onomers, porogenic solvents, and a polymeriza
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initiator. For the preparation of the POS–DVB column, the
polymerization mixture consisted of a monomer mixture
(containing 50�l of OS and 50�l of DVB), porogenic sol-
vents (mixed from 194�l of decanol and 30�l of THF)
and 1 mg of AIBN as a polymerization initiator was used.
The PLMA/EDMA column was prepared using a monomer
mixture consisting of 180 mg LMA and 120 mg EDMA,
porogenic solvents of 204 mg 1-propanol and 61 mg 1,4-
butanediol, and 3 mg of DPA as an initiator. The polymer-
ization mixture was mixed ultrasonically into a homogenous
solution and purged with helium for 3 min. A 30 cm-long cap-
illary was attached to the syringe, filled with the mixture, and
sealed with PTFE tubings. Control of location of the monolith
was facilitated by the use of aluminum foil mask. Unpolymer-
ized mixture could be readily flushed from the capillary after
completion of the polymerization procedure. The length of
the unmasked area was kept constant at 10 cm. Polymeriza-
tion was initiated by placing the capillary in a box equipped
with five 8-W UV lamps and irradiating for 18 h (POS–DVB
column) or 20 min (PLMA–EDMA column) at 25◦C. After
the polymerization was completed, the monolithic column
was washed with methanol for 12 h using a HPLC pump to
remove unreacted monomers and porogenic solvents.

2.3. Preparation of carbon fiber emitter
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solved in 100�l water to make 10�g/�l tryptic digested BSA
solution.

Myoglobin (0.5 mg) was dissolved in 1.0 ml ammonium
hydrogen carbonate solution (50 mM) and denatured in the
boiling water for 30 min. Ten micrograms of trypsin (1:50)
was added to the myoglobin solution and allowed to incubate
at 37◦C overnight. The digest was acidified with TFA to 1%,
lyophilized to dryness, dissolved in 1.0 ml water, and diluted
with water to make 100 fmol/�l.

2.5. Instrumentation

In the HPLC–ESI-MS system for evaluating monolithic
columns and the carbon fiber emitter, a solvent delivery sys-
tem (140B, Applied Biosystems, Foster City, CA, USA)
was interfaced with a quadrupole ion trap mass spectrom-
eter (LCQ Classic, Thermo Finnigan, San Jose, CA, USA).
A PEEK tee (Upchurch Scientific, Oak Harbor, WA, USA)
was connected after the solvent delivery system and before
an injection valve (Upchurch Scientific) with a 1.0�l sample
loop, which typically achieved a 1–100 split of the flow to
the column while the remainder was directed to waste. The
mobile-phase flow rate before the split was, unless otherwise
noted, maintained at 30�l/min, while the postsplit flow rate
for the column was maintained at 300 nl/min. The monolithic
column was directly connected to the carbon fiber emitter by
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a inlet
c ts.
T m MS
m d by
a e pre-
v peat
c clu-
s set
t ams
a Xcal-
i

2

ce-
t ce-
t
l A)
w e-
t tion
w of
3 ion
m
8 tion
t
a s an
u
T ntion
v

Carbon fiber emitters were constructed from a lengt
used-silica tubing with polyimide coating. In the emitter
inus of the tubing, a 5 mm length of carbon fiber (30�m
.d., World Precision Instruments, Sarasota, FL, USA)

nserted with the use of carbon ink adhesive (Condu
ompounds, Londonderry, NH, USA). The carbon fiber
llowed to protrude∼0.2 mm from the tubing terminus. T
rotruding carbon fiber was etched to a pointed shap
pplication of a discharge from a Tesla coil (BD-20, Elec
echnic Products, Chicago, IL, USA). The pointed car
ber protruded∼20–30�m from the tubing terminus. Th
ssembly was sputter-coated with a layer of gold utilizin
canning electron microscopy (SEM) coating unit (E51
olaron Equipment Ltd., Doylestown, PA, USA). The g
as then coated with a thin layer of Krytox 1625 perfluora
ther oil (Dupont, Wilmington, DE, USA).

.4. Sample preparation

One milligram of BSA was dissolved in 1.0 ml amm
ium hydrogen carbonate solution (50 mM), reduced
mM of DTT at 56◦C for 1 h, and alkylated with 15 mM o

odoacetamide in the dark at room temperature for 45
he alkylated BSA was precipitated with TCA to 10%
◦C for 30 min, centrifuged, and the supernatant was
oved. The pellet was washed twice with water and disso
ith 1.0 ml ammonium bicarbonate solution. Twenty mic
rams of trypsin (1:50) was added to the BSA solution
llowed to incubate at 37◦C overnight. The digest mixtu
as acidified with TFA to 1%, lyophilized to dryness, and
eans of a microtight union (Upchurch Scientific). For
nalysis, the spray voltage was adjusted to 2.5 kV and an
apillary temperature of 200◦C was used for all experimen
he instrument was operated in a data-dependent tande
ode in which each full-scan mass spectrum was followe
tandem MS scan of the most intense ion observed in th
ious scan. Dynamic exclusion was performed with a re
ount of 3, a repeat duration of 0.5 min, and a 3-min ex
ion duration window. Normalized collision energy was
o 35%. The MS was controlled and total ion chromatogr
nd mass spectra were recorded using ThermoFinnigan

bur software (San Jose, CA, USA).

.6. Loading capacity measurement

Monolithic columns were preconditioned using 70% a
onitrile in 0.15% aqueous TFA solution followed by 5% a
onitrile in 0.15% aqueous TFA solution. A 500�l injection
oop in an injection valve (8125, Rheodyne, Cotati, CA, US
as filled with 1�g/�l of digested BSA solution in 5% ac

onitrile in 0.15% aqueous TFA solution and this solu
as pumped into the monolithic column at a flow rate
00 nl/min. The effluent was monitored by the selected
onitoring (SIM) for the doubly charged peptide ion atm/z
21. To determine the time required for the sample solu

o flow through columns, 0.1�g/�l of Gly–Gly–Gly in 70%
cetonitrile in 0.15% aqueous TFA solution was used a
nretained marker and monitored by the SIM atm/z 189.
he loading capacities were evaluated based on the rete
olume and the concentration of digested BSA.
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2.7. Separation efficiency and sensitivity tests

The tryptic digested proteins were separated using a gra-
dient HPLC system with a monolithic capillary column. The
flow rate was maintained at 300 nl/min after the flow split.
The gradient was started at 5% B for 5 min, and ramped to
100% B in 60 min, where mobile phase A was 3% acetoni-
trile in 0.15% aqueous TFA and mobile phase B was 70%
acetonitrile in 0.15% aqueous TFA. For the separation ef-
ficiency test, 1�l of tryptic digested BSA (10�g/�l) was
injected from the injection valve onto a monolithic column.
Peptide ions were detected in a full MS scan from 400 to 2000
m/z followed by data-dependent MS/MS scans between 400
and 2000m/z. The sensitivity test was carried out by adding
specific amounts of digested myoglobin into digested BSA
solution. One microlitre of tryptic digested BSA (10�g/�l)
containing digested myoglobin was injected onto a column.
A target peptide (HGTVVLTALGGILK, monoisotropicm/z
of 690.3 for doubly charged ion) from myoglobin was de-
tected in a MS scan from 690 to 691m/z followed by a data-
dependent MS–MS scan (400–2000m/z).

3. Results and discussion

3.1. Preparation of monolithic columns
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AIBN as an initiator. A polymerization reaction using a DPA
as an initiator, which is used for the polymerization of the
LMA–EDMA monolithic column, was not successful even
after 24 h of reaction time.

A methacrylate ester-based monolithic column including
LMA has shown better separation performance and an in-
creased capacity factor in the reverse-phased hydrophobic
amino acid separation compared with that of butyl methacry-
late monolithic columns because of stronger hydrophobic-
ity of lauryl material[18]. Separation of small peptides has
also been successfully realized with high column efficiency
in PLMA–EDMA monolith columns using a capillary elec-
trochromatography method[19].

The PLMA–EDMA monolithic column was prepared by
a method similar to that reported by Wu et al.[19]. However,
to increase the surface area by decreasing the monolith pore
size, the content of the porogenic solvent in the polymeriza-
tion mixture was set to 47% and the proportion of 1-propanol
in the porogenic solvent was increased to 77%. It has been
reported that use of a higher percentage of 1-propanol pro-
motes smaller pore diameters and leads to construction of a
monolith with higher column efficiency[39].

3.2. Carbon fiber emitter

The carbon fiber emitter is designed for highly sensitive,
s log-
g pray
i it-
t nted
c e
i the
s e cap-
i ic,
w most
e llary
( d in
t e of
0 and
t
a pray
e tion.
T sta-
b cant
s mit-
t oses
s ber
e red
t
o de-
t ncing
i

3

ere
e

In this study, two kinds of monolithic columns, POS–D
nd PLMA–EDMA, were prepared and their chroma
raphic characteristics were compared. Covalent bondin

ween a polymer monolith and the inner wall of a fused-s
apillary is necessary for mechanical stability and to pre
gap at the inner wall of capillary that degrades chrom

raphic resolution. We therefore functionalized the capi
nner wall using 3-(trimethoxysilyl)propyl methacrylate
nable covalent attachment of the monolith to the wall.

HPLC columns based on PS–DVB have been use
he separation of various polymers with high efficiency
o the hydrophobic surface of PS–DVB[21–30]. However
he reversed-phase LC chromatographic resolution on th
unctionalized PS–DVB particles was poor for the separa
f smaller peptides[37,38]. It has been shown that an alky

ion of PS–DVB particles, to graft octadecyl chains on t
urfaces, is necessary to achieve good resolution for pe
29]. Huang et al.[30] has also shown that surface octade
ation of PS–DVB monolith via a Friedel-Crafts alkylati
eaction provided an improved chromatographic separ
f peptides compared to an unmodified monolith PS–D
olumn.

In the procedure described here, OS was used for th
itu preparation of monolithic column without any additio
urface reaction or modification of the polymer. For the p
erization of OS and DVB, decanol and THF were use
acro- and meso-porogenic solvents[23–26]. OS was read

ly dissolved in the porogenic solvents without any precip
ion. Photopolymerization was accomplished with the us
table, and durable electrospray ionization without the c
ing problem. The simplified schematic for the electros

nterface of a monolithic column with a carbon fiber em
er and the image of electrospray ionization from a poi
arbon fiber emitter are shown inFig. 1. The spray voltag
s applied to a gold-coated carbon fiber emitter through
tainless steel union. Because the surface of the end of th

llary, covered by perfluoroalkyl ether film, is hydrophob
e observed that the diameter of a Taylor cone was al
qual to the internal diameter of the fused silica capi
Fig. 1). A stable, symmetric Taylor cone can be generate
he spray voltage of 1.5–4.5 kV and at the flow rate rang
.05–5.0�l/min [35]. The gap between the carbon fiber

he inner wall of the capillary is wider than 20�m, which
voids the risk of clogging and becomes reliable electros
mitter for highly stable and sensitive electrospray ioniza
he electrospray ionization from carbon fiber was very
le and could last 15–20 h continuously without a signifi
ignal intensity change, indicating that the carbon fiber e
er is suitable for long-term electrospray ionization purp
uch as interfacing with capillary HPLC. The carbon fi
mitter also provided two-fold greater sensitivity compa

o a commercial nanoemitter (New Objective PicoTip, 8�m
rifice, Woburn, MA, USA), therefore it has been used to

ect peptide signals and collect the data dependent seque
nformation at low femtomole levels of peptides[35].

.3. Sample loading capacity

The loading capacities of two monolithic columns w
valuated based on breakthrough curves[40,41]. A high
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Fig. 1. (A) Schematic illustration of the interface of capillary HPLC includ-
ing a monolithic column and a carbon fiber emitter to ESI-MS. (B) Image
of electrospray ionization from a pointed carbon fiber emitter.

loading capacity of a stationary phase enables large scale sep-
arations. A small peptide, Gly–Gly–Gly, in 70% acetonitrile
was used as an unretained marker to measure the delay time
of analytes eluting through the column. A mixture of peptides
resulting from the tryptic digest of BSA was used as the test
analyte. The tryptic BSA peptide (KVPQVSTPTLVEVSR,
monoisotropicm/zof 821 for doubly charged ion) was mon-
itored for this study.

For the determination of void volumes in both mono-
lithic columns, the test solutions (500�l) of Gly–Gly–Gly
were loaded onto the columns in a flow of 70% acetonitrile,
and the effluents were monitored by SIM, respectively. The
Gly–Gly–Gly reached its ion current maximum rapidly be-
cause it was not retained in the column (Fig. 2, curve A).
The time delays to reach 10% of the ion current maximum in
the PLMA–EDMA column and the POS–DVB column were
15.7 min and 15.5 min, respectively. The almost same time
delays indicate that the marker, Gly–Gly–Gly in 70% ace-
tonitrile, is not retained and is eluted with same speeds in
both columns.

However, the chosen test peptide from digested BSA was
retained and saturated the monolithic columns in a flow of
5% acetonitrile. Upon saturation, excess, unretained peptide
passed through the column, as indicated by the ion current
maximum (Fig. 2, curves B and C). Based on the time delay
to reach 10% of the ion current maximum, the flow rate, and
t ities

Fig. 2. Breakthrough curves for sample loading capacity evaluation in mono-
lithic columns: flow rate, 300 nl/min. (A) 0.1�g/�l of Gly–Gly–Gly in 70%
acetonitrile in 0.15% aqueous TFA solution passed through the POS–DVB
monolithic column and monitored by the SIM atm/z 189; 1.0�g/�l of di-
gested BSA solution in 5% acetonitrile in 0.15% aqueous TFA solution
passed through (B) PLMA–EDMA and (C) POS–DVB monolithic column
and monitored by the SIM atm/z 821 for the detection of a test peptide
(KVPQVSTPTLVEVSR) of tryptic digested BSA.

were evaluated to be 11.3�g (PLMA–EDMA) and 15.5�g
(POS–DVB).

However, the loading capacity of PLMA–EDMA column
was found to be lower than that of POS–DVB column in
spite of the longer alkyl chain of PLMA–EDMA column.
In order to understand the differences in loading capacity in
the two columns, the polymer morphology in the capillaries
was examined by scanning electron microscope (SEM). The
SEM micrographs showed significant difference in morphol-
ogy between the POS–DVB and PLMA–EDMA columns
(Fig. 3). While the surface of the POS–DVB monolith was
rather irregular and rugulose (Fig. 3A), the surface of the
PLMA–EDMA monolith was round and smooth (Fig. 3B).
During polymerization of POS–DVB, small primary parti-
cles seemed to coagulate to form the porous monolith, which
offers a greater surface area and smaller pore diameter than
that of the smooth spherical particle shown in PLMA–EDMA
columns. The SEM micrographs also showed that the mono-
lith of POS–DVB was composed of linked nodules that are
less than 1�m in diameter. These nodules are much smaller
than those of the PLMA–EDMA monolith.

It is likely that, the irregular and rugulose surface and
smaller nodules contributed to the higher loading capacity of
the monolithic column. This finding correlates with an ear-
lier observation made with PS–DVB and norbornene-based
monoliths, where a rugulose surface facilitated more efficient
s

3

lary
c pep-
t and
P na-
l .
he concentration of digested BSA, the loading capac
eparation of proteins or nucleic acid[26,42].

.4. Separation efficiency test

To characterize the interface of the monolithic capil
olumn and the carbon fiber emitter for the analysis of
ide mixtures, the separation efficiency in POS–DVB
LMA–EDMA monolithic columns was compared by a

yzing a peptide mixture from 10�g of trypsin digested BSA
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Fig. 3. SEM images of (A) POS–DVB and (B) PLMA–EDMA monolithic columns.

Figs. 4 and 5show base peaks and select extracted ion chro-
matograms, corresponding to individual peptides with rela-
tively high intensities. The void volume in the carbon fiber
emitter did not substantially contribute to extracolumn band
broadening, because samples were injected in relatively weak
mobile phases to allow to stack at the head of the monolithic
columns and because the 75�m i.d. tubing at the outlet of
the column would be expected to exhibit laminar flow and
thus not result in a mixing dead volume. A stable baseline
was achieved through the gradient elution. This stability in-
dicated that the protruded carbon fiber promoted stability of
the electrospray ionization during surface tension changes oc-
curring during the ramping of organic solvent in the mobile
phase.

In base peak chromatograms, the POS–DVB column
(Fig. 4) shows better baseline separation of peptides than

Table 1
Identification of selected peptides from BSA tryptic digest, peak widths and resolution values of each peak on the POS–DVB and PLMA–EDMA monolithic
columns

Peptide Residues Sequence POS–DVB PLMA–EDMA

W1/2 (min) Ra W1/2 (min) Ra

1 490–495 TPVSEK 0.45 – 0.49 –
2 29–34 SEIAHR 0.45 0.76 0.51 1.60
3 101–105 VASLR 0.60 1.30 1.52 1.05
4 242–248 LSQKFPK 1.48 10.85 0.55 8.20

1
1
1
1
1
1
1
1
1

the PLMA–EDMA column (Fig. 5). The higher quality sep-
aration obtained with the POS–DVB column could be due
to irregular and rugulous particle surface offering a larger
contact area than that of smooth particles in PLMA–EDMA
stationary phase and smaller pore diameters of POS–DVB
stationary phase. In selected extracted ion chromatograms
obtained from both columns, almost all peptides eluted to
provide chromatographic peaks of good resolution and peak
shape. Both columns can afford the ability to load the large
mass of sample that is often desirable for proteomic LC–MS
study.

To compare the column efficiency in both columns, peak
widths at half-height and resolution values were evaluated.
Table 1shows the peak widths at half-height and resolu-
tion values that were measured from the extracted ion chro-
matograms (Figs. 4 and 5). The peak widths at half-height
5 198–204 GACLLPK
6 249–256 AEFVEVTK
7 387–399 DDPHACYSTVFDK
8 402–412 HLVDEPQNLIK
9 161–167 YLYEIAR
0 437–451 KVPQVSTPTLVEVSR
1 66–75 LVNELTEFAK
2 508–523 RPCFSALTPDETYVPK
3 360–371 RHPEYAVSVLLR
4 89–100 SLHTLFGDELCK
5 421–433 LGEYGFQNALIVR
6 168–183 RHPYFYAPELLYYANK
7 469–482 MPCTEDYLSLILNR
8 45–65 GLVLIAFSQYLQQCPFDEHVK

a R is the resolution value calculated with the preceding peak.
0.94 2.14 0.78 2.69
0.75 0.72 0.69 0.50
0.61 4.06 0.49 3.18
0.49 0.57 0.50 0.31
0.58 0.66 0.66 0.20
0.59 0.93 0.65 1.05

0.57 1.70 0.68 1.63
0.63 0.54 0.77 0.71

0.56 1.71 0.89 0.38
0.84 0.44 0.95 0.51
0.54 1.49 0.77 1.50
0.63 3.90 0.85 2.82
0.49 1.55 0.74 0.90
0.58 4.06 0.78 3.97
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Fig. 4. Base peak chromatogram and extracted ion chromatograms from the
LC–ESI-MS analysis of tryptic digested BSA on a POS–DVB monolithic
column (100�m i.d., 375�m o.d., 100 mm long). Sample: 10�g/�l of tryp-
tic digested BSA. Mobile phase: A, 3% acetonitrile in 0.15% aqueous TFA
solution; B, 70% acetonitrile in 0.15% aqueous TFA solution. Gradient elu-
tion program: 0 min→ 5 min→ 65 min, 3%→ 3%→ 100% B. Flow rate in
column: 300 nl/min. Voltage for ESI with the carbon fiber emitter: +2.5 kV.
MS detection: 400–2000m/z.

from most of the tryptic peptides (except peptides 4–7) on
the POS–DVB column were narrower than those obtained
from the PLMA–EDMA column. The resolutions ranged
from 0.54 to 10.85 in the POS–DVB column, while those in
the PLMA–EDMA column were 0.20–8.20. The resolutions
of most peaks were better in the POS–DVB column com-
pared to the PLMA–EDMA column. These results indicate
that the POS–DVB column has superior separation efficiency,
as compared to the PLMA–EDMA column. Therefore, com-
parisons of both loading capacity and column efficiency in
the columns indicate that the POS–DVB column provides
much better reversed-phase LC separation of peptides than
the PLMA–EDMA column under the same gradient elution
conditions.

Fig. 5. Base peak chromatogram and extracted ion chromatograms from the
LC–ESI-MS analysis of tryptic digested BSA on a PLMA–EDMA mono-
lithic column (100�m i.d., 375�m o.d., 100 mm long). Sample: 10�g/�l
of tryptic digested BSA. Other conditions are the same as those inFig. 4.

3.5. Sensitivity test

In the course of separations of digests of protein mixtures,
some peptides can be present in very large amounts and such
high-abundance peptides can interfere with the detection of
low-abundance peptides. Detection of peptides coming from
low-abundance proteins requires a large dynamic range for
the separation and detection process. A route to obtaining
such large dynamic range is the combination of a high res-
olution separation with a sensitive detection system. To fur-
ther evaluate the interface of our monolithic columns with
the carbon fiber emitter for LC–ESI-MS and to explore their
applications to proteomics, sensitivity tests for the detection
of low abundance proteins in high concentration protein mix-
tures were carried out.

As a model peptide to detect a low abundance tryptic
digest protein fragment in the presence of more abundant
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Fig. 6. LC–MS–MS identification of 500 amol/�l peptide from trypic digested myoglobin which was spiked in 10�g/�l of digested BSA on a POS–DVB
monolithic column (100�m i.d., 375�m o.d., 100 mm long). (A) The base peak chromatogram in the scan range of 690–691m/z. (B) The MS–MS spectrum
of the detected target peptide (HGTVVLTALGGILK) selected from digested myoglobin. Other conditions are the same as those inFig. 4.

fragments, a peptide (HGTVVLTALGGILK (MH+: 1379.7),
doubly charged ion atm/z690.3) from tryptic digested myo-
globin was selected. Specific amounts of digested myoglobin
were added to 10�g/�l of digested BSA, separated and an-
alyzed on an LC–ESI-MS system containing the interface of
the monolithic capillary column and the carbon fiber emitter.
A relatively narrow scan range in the MS mode (690–691
m/z) was employed during data dependent scan MS–MS
analysis for the detection of the target peptide. The target
peptide, which was spiked in the digested BSA, was suc-
cessfully detected and identified by tandem MS followed
by SEQUEST database search software, on both POS–DVB
and PLMA–EDMA columns (Figs. 6 and 7). As low as

F ted my
m se pea
o ested m

500 amol/�l of the target peptide on the POS–DVB column
was detected with a signal-to-noise ratio (S/N) of 5 and iden-
tified by SEQUEST with a cross-correlation score (Xcorr) of
3.5, whereas the detection limit on the PLMA–EDMA col-
umn was 1 fmol/�l (S/N = 4) andXcorr was 4.3. The higher
sensitivity from separation on POS–DVB columns was likely
a result of its above noted superior separation efficiency. The
high sensitivity shown in our system is, at least in part, due
to the performance of the carbon fiber emitter[35]. This per-
formance illustrates that an LC–ESI-MS system, containing
a monolithic column and a carbon fiber emitter, can be suc-
cessfully applied to the detection of low-level proteins in the
presence of high-abundance proteins in the sample.
ig. 7. LC–MS–MS identification of 1 fmol/�l peptide from trypic diges
onolithic column (100�m i.d., 375�m o.d., 100 mm long). (A) The ba
f the detected target peptide (HGTVVLTALGGILK) selected from dig
oglobin which was spiked in 10�g/�l of digested BSA on a PLMA–EDMA
k chromatogram in the scan range of 690–691m/z. (B) The MS–MS spectrum

yoglobin. Other conditions are the same as those inFig. 4.
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4. Conclusions

A monolithic capillary column coupled with a carbon fiber
emitter for capillary HPLC–ESI-MS has been developed and
used for highly efficient separation and sensitive detection
of tryptically digested proteins. POS–DVB monolithic col-
umn offered better chromatographic performances compared
to PLMA–EDMA column, possibly due to superior surface
morphology and smaller pore diameter. A carbon fiber emitter
interfaced with a capillary monolithic column showed good
long-term stability and high sensitivity. Results for the cap-
illary HPLC–ESI-MS of tryptic peptides obtained using the
monolithic column coupled with carbon fiber emitter demon-
strate the feasibility of separation and highly sensitive detec-
tion of proteins for proteomic researches.
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