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a  b  s  t  r  a  c  t

In  current  study,  poly(methacrylic  acid-co-ethylene  glycol  dimethacrylate)  (MAA-co-EDMA)  monolith
was  successfully  prepared  for capillary  hydrophilic  liquid  chromatography  (cHILIC).  The  polymerization
was optimized  by  changing  the  ratio  of MAA  to  EDMA,  the  type  and  amount  of  porogen.  The  charac-
terization  indicated  that  “hydrophilic”  monolithic  column  possessed  homogeneous  column  bed,  good
permeability  and  narrow  pore  size  distribution.  Under  HILIC  mode,  the  “hydrophilic”  monolith  prepared
with  PEG  and  DMSO  showed  stronger  hydrophilicity  than  the  “hydrophobic”  monolith  prepared  with
dodecanol  and  toluene.  Finally,  the  “hydrophilic”  monolith  was  applied  in  the  separation  of  tryptic  digests
rganic polymer monolith
ydrophilic liquid chromatography
oly(methacrylic acid-co-ethylene glycol
imethacrylate) monolith

of bovine  serum  albumin  (BSA)  with  cHILIC-ESI-qTOF–MS  system.  Our  results  revealed  that  49  peptides
were  identified  with  50%  sequence  coverage  under  HILIC  mode,  which  was  much  better  than  the  peptides
identified  using  particulate-packed  commercial  column  with  RPLC-ESI-qTOF–MS  system  or  “hydropho-
bic” monolith  with  cHILIC-ESI-qTOF–MS  system.  Taken  together,  the  “hydrophilic”  monolithic  column
prepared  in  current  study,  demonstrated  the  excellent  chromatographic  performance  on  the  separation

ch  off
of  complex  samples,  whi

. Introduction

Since hydrophilic interaction chromatography (HILIC) was
ntroduced and investigated systematically by Alpert in 1990 [1],  it
as become a useful complementary technique to reversed-phase
hromatography (RPLC) [2–4]. Up to date, based on hydrophilic
onolithic materials, hydrophilic capillary electrochromatography

HI-CEC) and capillary HILIC (cHILIC) have been successfully applied
n the separation of various types of analytes, including proteins
5,6], peptides [7,8], DNA and nucleotides [5,9–11],  carbohydrates
12,13], and some small polar molecules [11,14,15].  More recently,
everal peptides such as dipeptides, bioactive peptides, and protein
igests were successfully separated using HILIC with good resolu-
ion, indicating the promising role of HILIC in proteomics study
7,16–18].

Since porous polymer-based monoliths were initially intro-
uced for capillary liquid chromatography (cLC) [3,19],  the
onolithic materials were intensively used as stationary phase for

LC. Compared to silica-based monolith with hydrophilic skele-

on, polymer-based monolith employs hydrophilic and/or ionic

onomers to obtain sufficient hydrophilicity. In this respect, a
ariety of polymer-based monoliths with hydroxyl [20,21], amino

∗ Corresponding author. Tel.: +86 27 68755595; fax: +86 27 68755595.
E-mail address: yqfeng@whu.edu.cn (Y.-Q. Feng).

021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2012.01.065
ers  the  potential  application  of  the  monolith  on  proteomics  study.
© 2012 Elsevier B.V. All rights reserved.

[22–25],  amide [26,27], cyano [28], sulfonic [29–31],  carboxylic
groups [32,33] have been prepared with high column efficiency
for cLC [7,34–36]. However, few study on the influence of porogen
systems on the surface polarity of monolith has been reported [21].

Poly(ethylene glycol) (PEG), firstly applied as porogen by
Novoty’s group [37], can induce the formation of desired porous
structure and homogeneous column bed. PEG has hydrophilic
heads comprised of hydroxyl groups (HO–(CH2–CH2–O)n–H),
which can provide good water-solubility [38,39]. Courtois et al.
also demonstrated that PEG can form a “water-friendly” surface
on through-pores [38]. According to our previous study, the micro-
globules and pore size distribution of monolith can be adjusted by
changing the amount and molecular weight of PEG [37,40]. Under
optimized conditions, large through-pores, narrow pore size dis-
tributions and homogeneous column bed can be obtained for the
monolith prepared with PEG.

In our current study, poly(methacrylic acid-co-ethylene glycol
dimethacrylate) monolith (MAA-co-EDMA) was prepared inside
a 100 �m i.d. capillary using hydrophilic porogen system—PEG
and dimethyl sulfoxide (DMSO), or hydrophobic porogenic
solvents—dodecanol and toluene. The polymerization conditions
were optimized by changing the ratio of MAA  to EDMA, the types

and amount of porogens. The pore structure and hydrophilic-
ity of monolith and the number of carboxylic acid group on
the monolithic surface were compared between “hydrophilic”
and “hydrophobic” monolithic columns. The chromatographic

dx.doi.org/10.1016/j.chroma.2012.01.065
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:yqfeng@whu.edu.cn
dx.doi.org/10.1016/j.chroma.2012.01.065
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Table  1
The ratio of MAA  to EDMA used for the preparation of monoliths and the perme-
ability (K) measured for each monolith.a

Monolith MAA (%, w/wtotal

monomers)
EDMA (%, w/wtotal

monomers)
K (×10−13 m2)

Column 1 5.00 95.0 4.50
Column 2 6.50 93.5 10.20
Column 3 8.00 92.0 19.50
Column 4 10.00 90.0 23.00
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Table 2
Permeability (K) and specific surface areas of the monoliths prepared with PEG of
different molecular weight.a

Monolith PEG M.W.  K (×10−13 m2) Specific surface
area (m2/g)

Column 6 2000 3.38 169
Column 7 4000 16.50 142
Column 8 6000 23.60 100
Column 9 10,000 36.90 71
Column 5 12.50 87.5 29.30

a The ratio of monomers (MAA and EDMA), PEG-6000 and DMSO is 1/1/3 (w/w/w).

erformance of the resulting monolithic column was evaluated by
ifferent kinds of compounds, including nucleosides, anilines and
enzoic acids in HILIC mode. Finally, the “hydrophilic” monolithic
olumn was applied in the separation of tryptic digests of bovine
erum albumin (BSA) using cHILIC-ESI-qTOF–MS system.

. Materials and methods

.1. Chemicals and buffers

MAA  (98 wt% pure, containing 250 ppm monomethyl ether
ydroquinone (MEHQ) as inhibitor) and EDMA (98 wt% pure, con-
aining 90–110 ppm MEHQ as inhibitor) were purchased from
cros (New Jersey, USA). Azobisisobutyronitrile (AIBN), PEG with
olecular weight from 2000 to 10,000, and DMSO were all pur-

hased from Shanghai Chemical Reagent Corporation (Shanghai,
hina). 3-(Triethoxysilyl) propyl methacrylate was purchased from
uhan University Silicone New Material (Wuhan, China). HPLC-

rade methanol and acetonitrile (ACN) were obtained from TEDIA
ompany (Ohio, USA). The water used throughout all experiments
as purified using a Milli-Q water purification system (Millipore,
radford, USA). The fused-silica capillaries were purchased from
ongnian Optic Fiber Plant (Hebei, China).

Thiourea, benzene, toluene, ethylbenzene, propylbenzene, ani-
ines, benzoic acids, acrylamide, ammonium acetate were of
nalytical grade and purchased from Sinopharm Chemical Reagent
Shanghai, China). BSA was obtained from Sigma–Aldrich (St. Louis,

O,  USA). Sequencing grade trypsin was from Promega (Madison,
I,  USA). Thymidine, uridine, adenosine, cytidine and guano-

ine were purchased from Shanghai Kayon Biological Technology
Shanghai, China). The standard solutions of each analyte were pre-
ared in methanol at 1 mg/mL  and stored at 4 ◦C in dark.

.2. Preparation of the monoliths

The polymer monolith was in situ prepared inside a fused
ilica capillary (100 �m i.d.), which was derivatized with 3-
triethoxysilyl) propyl methacrylate [41]. The poly(MAA-co-EDMA)

onolith was prepared by one-step polymerization. Briefly, poro-
en PEG was dissolved in DMSO and thoroughly mixed to ensure
hat the solution was completely homogeneous. Subsequently,

onomer MAA  and crosslinker EDMA were added into the solu-
ion with the amounts listed in Table 1. The mixture was  then
riefly shaken before adding the initiator AIBN (1% (w/w) with
espect to monomer) to the solution. The polymerization mix-
ure was completely mixed by vortexing and ultrasonication to
orm a homogeneous solution and to remove oxygen. To remove
nhibitors, monomer MAA  and EDMA were extracted with 10%
queous sodium hydroxide and water [42,43].  And we examined
he effect of removal of the inhibitors on the properties and per-

ormance of monolithic columns. The resulting solution was then
lled into the capillary to generate 10 cm and 30 cm monoliths

or backpressure measurement and cLC experiment, respectively.
oth ends of the capillary were sealed by silicon rubber for
a The ratio of monomers (MAA and EDMA), PEG-6000 and DMSO is 1/1/3 (w/w/w).
The percent of MAA  and EDMA (w/wtotal monomers) is 8% and 92%, respectively.

polymerization at 60 ◦C for 12 h. Finally, the monolithic capillary
was  washed with methanol under a pressure of 18 MPa  for 5 h.

Meanwhile, monoliths with PEG of different molecular weight
(Table 2) were prepared in centrifuge tubes for surface area and
pore size distribution measurements. After polymerization, the
monoliths were cut into small cubic pieces (approximate 1 mm3)
and submersed in hot (70 ◦C) water/methanol (1:1, v/v) for at least
4 h to remove the PEG and non-reacted chemicals [38]. The washing
was  repeated three times followed by drying in oven at 60 ◦C and
the resulting samples were kept in dry vials before characterization.

To evaluate the influence of different porogens on the properties
of monolith, poly(MAA-co-EDMA) monolithic columns were also
prepared using toluene and dodecanol according to previous work
[33,44].

2.3. Instrument and analytical conditions

The surface area and mesopore size distribution of
poly(MAA-co-EDMA) monoliths were measured by nitrogen
adsorption–desorption experiments with a JW-BK surface area
and pore size analyzer from JWGB Sci & Tech (Beijing, China).
Before measurement, the monolithic cubic pieces were evacuated
in vacuum, and heated to 393 K for 3 h to remove the physi-
cally adsorbed substances. The macroporous properties of the
monoliths were determined by mercury intrusion porosime-
try (MIP) using an Autopore IV 9500 mercury porosimeter
(Micromeritics, Norcross, USA) [45]. Surface area values were
determined by the Brunauer–Emmett–Teller (BET) equation at
P/P0 between 0.05 and 0.2 [46]. Mesopore size distributions were
evaluated from the desorption branches of isotherms based on
the Barrett–Joyner–Halenda (BJH) model [47]. The microscopic
morphology of the monoliths was examined by SEM using a
QUANTA-200 instrument of FEI (Eindhoven, Netherlands). Prior
to measurement, the monolithic capillary samples were cut
into 2 mm long pieces, placed on an aluminum stub and then
sputter-coated with gold.

Permeability measurements were performed using a Shimadzu
(Kyoto, Japan) LC-10AT pump under constant flow mode. Methanol
was  pumped through the 10 cm-long capillaries at flow rate of
2 �L/min. The backpressure was recorded when the pressure sta-
bilized.

Permeability (K, m2) was calculated according to Darcy’s Law by
using the following equation [48,49]:

K = u�L

�P
(1)

where u (m/s) is the linear velocity of mobile phase, � is the viscosity
of mobile phase (0.60 × 10−3 Pa s at 20 ◦C with using methanol), L
is the length of the monolithic column (m)  and �P  is the pressure
drop across the monolithic column (Pa).
All cLC experiments were performed on a SHIMADZU cLC
system containing one FVC nano valve with two position, a
50 nL sample loop, two Shimadzu LC-20A nano pumps (Tokyo,
Japan) and one GL Sciences MU 701 UV–vis detector with a 6 nL
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Table 3
Permeability (K) of the monoliths prepared with PEG of different molecular weight
and amounts.a

PEG M.W. PEG (%,
w/wtotal)

State of column K (×10−14 m2)

Column 10 6000 9.1 Sol state 1.23
Column 11 6000 13.0 Sol state 6.83
Column 12 6000 16.7 Slack, slight detached 13.70
Column 13 6000 20.0 Homogeneous 19.80
Column 14 6000 23.1 Homogeneous 19.90
Column 15 4000 20.0 Slack, slight detached 1.19
Column 16 4000 27.3 Slack, slight detached 6.93
Column 17 4000 30.4 Homogeneous 18.40
Column 18 4000 33.3 Homogeneous 20.30
6 M.-L. Chen et al. / J. Chro

etection cell (Tokyo, Japan). After connecting to the cLC system, the
oly(MAA-co-EDMA) monolith was conditioned with the mobile
hase (ACN/H2O (50/50, v/v)) at a low flow rate of 200 nL/min
or 30 min. The chromatograms of benzoic acids were recorded at

 wavelength of 214 nm,  and other analytes were recorded at a
avelength of 254 nm.

To determine the cation-exchange capacities of the monolithic
olumns, the frontal analysis was performed according to previous
ethod [30]. The measurement was carried out with poly(MAA-co-

DMA) monolith columns (100 �m i.d. × 30 cm)  on SHIMADZU cLC
ystem above. The detection wavelength was set at 258 nm and the
ow rate was set at 400 nL/min. The ion-exchange capacities were
alculated by Cu2+ (1 �mol/L) breakthrough measurements.

.4. Tryptic digestion of BSA

BSA (1 mg)  was dissolved in 100 �L of 100 mM Tris–HCl (pH
.5) containing 8 M urea. The protein solution was  mixed with

 �L 100 mM  tri(2-chloroethyl)phosphate and incubated for 20 min
t room temperature to reduce protein disulfide bonds. 3 �L
00 mM Iodoacetamide was added to the solution and incubated
or an additional 30 min  at room temperature in dark. The reduced
nd alkylated protein mixture was diluted with 300 �L 100 mM
ris–HCl (pH 8.5) and then 9 �L 100 mM CaCl2 was added to the
bove solution. The mixture (50 �L) was digested with trypsin at
n enzyme to substrate ratio of 1:50 (w/w) by incubating at 37 ◦C
or overnight.

.5. cLC–MS/MS analysis of tryptic digests of BSA

The tryptic digests of BSA were separated on a Shimadzu nano-
rominence (cLC) system (Kyoto, Japan) coupled with a micrOTOFq
rthogonal-accelerated time-of-flight mass spectrometer from
ruker Daltonics (Bremen, Germany), which was controlled by
ruker Daltonics Hystar. Bruker Daltonics Data analysis 3.4 soft-
are was employed for the data analysis. Transfer parameters were

ptimized by direct infusion of an ESI tuning mix  from Agilent
echnologies (Waldbronn, Germany). Spectra were collected with

 time resolution of 1 s in the m/z  range of 500–2500.
Under cHILIC mode, a 5 cm “hydrophilic” poly(MAA-co-EDMA)

onolith was used as trap column. Tryptic digests of BSA were
utomatically injected into the trap column at a flow rate of

 �L/min for 18 min  with carrier solution of water/ACN (1/99, v/v),
onsidering the loading tube volume was ∼85 �L. The trapped pep-
ides were then separated at a flow rate of 500 nL/min on a 30 cm
hydrophilic” monolithic column (100 �m i.d.), which was  con-
ected to a PicoTipTM (New Objective, Woburn, MA)  nanospray tip
360 �m o.d.,  and 10 �m i.d. spray tip) with a zero-dead volume
nion (Upchurch Scientific, Oak Harbor, WA,  USA) to minimize post
olumn dead volumes.

Under RP mode, a C18 column (2 cm × 100 �m i.d.,  5 �m)  from
eltech (Wuhan, China) was used for online trap column. Tryp-

ic digests of BSA were injected into the trap column with carrier
olution of water/ACN/formic acid (99/1/0.1, v/v/v). A GL sci-
nces Inertsil ODS-3 capillary EX-nano column (150 mm × 75 �m
.d., 3 �m)  was used as the analytical column at a flow rate of
00 nL/min. The rest analyzing conditions are the same as that
nder cHILIC mode.

The peptide identification was performed using an in-house ver-
ion of Mascot v2.2 (Matrix Science, London, U.K.). The MS/MS  data
ere searched against the SwissPort database. Peptide identifica-
ions were restricted to tryptic peptides with no more than two
issed cleavages. The mass tolerances were 20 ppm for precursor

ons and 0.1 Da for fragment ions. To evaluate the false discov-
ry rate (FDR) of peptides identification, a decoy database created
a The ratio of monomers (MAA and EDMA) and DMSO is 1/3 (w/w). The percent
of  MAA  and EDMA (w/wtotal monomers) is 8% and 92%, respectively.

by Mascot was  applied to the database search, and the FDR was
controlled at <1% by setting the Mascot score (p < 0.05).

3. Results and discussion

3.1. Preparation of the column

Since the separation process is performed under pressure, the
monolith should possess high mechanical stability as well as sat-
isfactory permeability. Additionally, a homogeneous monolith is
desired to achieve high column efficiency. Therefore, several fac-
tors including porogen types, ratio of functional monomer to
crosslinker, ratio of monomers to porogen were optimized to obtain
good chromatographic performance.

3.1.1. Effect of monomer amount on porous structure
An alteration in monomer to crosslinker ratio can change the

porosity, rigidity and homogeneity of the monolith [50]. To eval-
uate the effect of monomer amount on the porous structure of
polymer monolith, the MAA  in the polymerization mixture ranging
from 5.00% to 12.5% (w/wtotal monomers) were examined (Table 1).
The results showed that the permeability increased with the ele-
vated ratio of MAA  to EDMA (Table 1, from column 1 to column
5). Normally large ion-exchange capacity can be achieved with the
increased percentage of MAA, but the higher content of MAA  will
result in inhomogeneous column bed, therefore, 8% MAA  (w/wtotal

monomers) was  used for the preparation of the monolithic column.

3.1.2. Effect of PEG on porous structure
In order to obtain a monolithic column with homogeneous

through-pore, appropriate permeability and large specific surface
area, the effect of PEG with molecular weight ranging from 2000 to
10,000 on the polymerization was investigated. The results showed
that with the increase of the molecular weight of PEG, the perme-
ability increased but the specific surface area decreased (Table 2).
Increase of the molecular weight of PEG resulted in a solvated
system with higher steric hindrance, and therefore larger through-
pore, which was  consistent with previous report [37,38,41,51]. In
this respect, PEG-6000 and PEG-4000 were selected for further
optimization.

The effects of PEG amount on the porous structure of monolith
were further studied (Table 3, column 10–18). The permeabil-
ity of prepared monoliths increased with the increase of PEG
amount (Table 3). Normally a separation monolith should pos-
sess appropriate permeability around 19 × 10−13 m2 (approximate

8 MPa  at 500 nL/min). Our results showed that four monoliths (col-
umn  13, 14, 17, 18) had permeability between 18.4 × 10−13 and
20 × 10−13 m2. Therefore, the kinetic performance of these four
monoliths was further examined (Fig. S1, SI).
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ig. 1. Scanning electron microscope images of the cross section of the monolit
lose-up-view.

The effects of various linear flow velocity (u) on plate height (H)
ould by described by the van Deemter equation

 = A + B

u
+ Cu (2)

here the three parameters A, B, and C represented eddy dispersion,
ongitudinal diffusion, and mass transfer resistance, respectively. It
uggested that column 13 had the highest column efficiency with
8,000 plates/m at a flow velocity of 0.43 mm/s  for acrylamide, in
hich the plate height was approximate 20.8 �m (Fig. S1, SI).

Taken together, the optimized polymerization mixture con-
isted of 1.6% (w/wtotal monomers) MAA, 18.4% (w/wtotal monomers)
DMA, 60% (w/wtotal monomers) DMSO and 20% (w/wtotal monomers)
EG-6000.

.1.3. Preparation of “hydrophobic” monolith
The “hydrophobic” monolithic column was also prepared by

sing dodecanol and toluene instead of PEG and DMSO for the poly-
erization. To obtain a continuous and homogeneous column bed,

he ratio of MAA  to EDMA was firstly optimized (Table S1, SI).  The
esults showed that with the increase of MAA  percentage from 20%
o 50% (w/wtotal monomers), the permeability increased; however,
ver 40% (w/wtotal monomers) MAA  can result in slack monoliths.
hus, 30% (w/wtotal monomers) MAA  was chosen for further experi-
ents.
Then, the effect of the dodecanol amount on the porous struc-

ure of monolith was evaluated from 9.66% to 22.8% (w/wtotal)
Table S2, SI). The results revealed that better permeability can be
chieved with the increase of dodecanol. But too much dodecanol
22.8% (w/wtotal) dodecanol, column S9) can cause the slack of the

onolith. Column S7 and column S8 showed homogenous column
ed and good permeability (19.5 × 10−13 and 20 × 10−13 m2 for col-
mn  S7 and column S8, respectively, Table S2, SI), therefore the
inetic performance of these two columns were further examined
Fig. S2, SI).  It suggested that column S7 had the higher column
fficiency with 29,000 plates/m for acrylamide at a flow velocity
f 0.2 mm/s, in which the plate height was approximate 34.5 �m.
lthough column 13 (Table 3) and column S7 (Table S2, SI) had
ifferent composition of the monomers depending on the type of
orogen, comparison of the kinetic performance between column
3 and column S7 was of interest considering both of them were at
heir own optimum.

With respect to the effect of porogens on retentive properties,
he comparison at the same monomer composition would be of
nterest. To this end, the “hydrophobic” monolith was also prepared
ith using the same ratio of MAA  to EDMA as that of the monolith
repared with PEG and DMSO. The results showed that the sur-
ace are of monolithic column decreased from 188 to 50 m2/g with
he increase of dodecanol amount (Table S3, SI). Considering that
pared under optimized conditions (Table 3, column 13). (A) Wide-view; (B), (C)

column S12 had both appropriate surface area and permeability,
we chose it for further HILIC comparison experiments.

3.2. Characterization of the monolithic columns

The through-pores size distributions of monolithic columns
were determined by mercury intrusion porosimeter analysis. The
results showed that more narrow distribution of through-pores size
with approximate 1 �m was observed on column 13, while column
S7 had wide distribution of through-pores size ranging from 1 to
10 �m (Fig. S3, SI).  And the column S12, which was  made with the
same ratio of MAA  to EDMA as column 13, also showed wide distri-
bution of through-pores size ranging from 1 to 12 �m (Fig. S3, SI).
Normally narrow through-pores size distribution suggested homo-
geneous column bed and high column efficiency. In this respect,
the results indicated that the porogen system of PEG and DMSO
can generate narrower pore size distribution and more homoge-
neous column bed than the monolith prepared with dodecanol and
toluene.

The morphology of the resulting poly(MAA-co-EDMA) mono-
lithic columns was  examined by SEM (Fig. 1). Cross section of the
intact and homogeneous micro-globules can be clearly observed
(Fig. 1A) and the monolith was well attached to the inner wall of the
capillary (Fig. 1B). In addition, the micro-globules interconnected
to form large clusters, which resulted in uniform polymer-based
monolithic matrix with approximate 2 �m through-pores (Fig. 1C).
The hydrophobic porogenic system, toluene and dodecanol, also
can induce the formation of continuous column bed and large
through-pores (Fig. S4, SI).  However, the homogeneity of micro-
globules in “hydrophobic” monolith is not as good as that in
“hydrophilic” one, which was consistent with the result obtained
from the comparison of the through-pore size distribution between
“hydrophobic” column S7 and “hydrophilic” column 13 (Fig. S3, SI).

The column efficiency of the “hydrophilic” monolith was evalu-
ated by changing the flow rate from 0.15 to 0.95 mm/s. The effect of
the flow velocity (calculated from the retention time of toluene at
different flow rate) on the plate height was examined by using acry-
lamide, thiourea and cytidine (Fig. 2). The results showed that the
plate height first decreased when the linear velocity increased from
0.15 to 0.41 mm/s. This Van Deemter curves showed the lowest
plate height was  approximate 20.8 �m for acrylamide with a flow
velocity of 0.43 mm/s  (Fig. 2). Compared with the “hydrophobic”
monolithic column (Table S2, SI, column S7), the column efficiency
of “hydrophilic” monolithic column not only was much higher than
that of “hydrophobic” one, but also decreased less significantly with

the increase of flow rate (Fig. S5, SI).

The ion-exchange capacity of “hydrophilic” column (column 13,
Table 3) and “hydrophobic” one (column S12, Table S3, SI)  were
1.01 ± 0.43 �mol/g and 0.43 ± 0.22 �mol/g, respectively. Compared
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Fig. 2. Van Deemter plot of the height equivalent to a theoretical plate as a
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unction of flow rate. Experimental conditions: “hydrophilic” monolithic column,
00  �m i.d. × 30 cm;  mobile phase: ACN/water (90/10, v/v); UV detection wave-

ength: 254 nm.

ith “hydrophobic” column, the larger ion-exchange capac-
ty of “hydrophilic” column can provide stronger hydrophilic
nteraction for polar compounds as well as more prominent elec-
rostatic retention for charged compounds. In addition, column
4 (Table 3) prepared using higher percentage of PEG than the
bove “hydrophilic” column, possessed larger ion-exchange capac-
ty (1.14 ± 0.44 �mol/g), which indicated that PEG can increase the
umber of carboxylic acid group on the surface of monolith. The
ame phenomena was also reported by Courtois et al. [38].

.3. Separation of nucleosides
A mixture of nucleosides including thymidine, uridine, adeno-
ine, cytidine and guanosine was used to investigate the
hromatographic performance of the monolithic column for polar

ig. 3. (A) The effect of ACN content on the retention of nucleosides. Order of peaks: (1) 

he  influence of ACN content on the retention of cytidine on different columns. Experim
avelength: 254 nm;  flow rate: 500 nL/min; mobile phase: ACN/Water (v/v).
r. A 1230 (2012) 54– 60

neutral compounds that are difficult to retain and separate by RPLC
[2]. Our results showed that the five nucleosides can be well sepa-
rated and the retention times increased with a slight increase of the
ACN content from 86% to 92% in mobile phase. And the retention
time of guanosine prolonged most significantly from 13 to 42 min
(Fig. 3A).

In addition, the HILIC behavior of “hydrophobic” monolith was
also investigated (column S12) using cytidine as the probe (Fig. 3B).
With the increase of ACN content from 90% to 99% (v/v) in mobile
phase, the retention factor (k) increased significantly (column 13
and column 14); on the contrary, the k value slightly increased
for column S12, which indicated that the hydrophilic porogen
may  promote the exposure of carboxylic acid groups of MAA  on
the monolith surface and then lead to the large ion-exchange
capacity. The result was  also consistent with the measurement of
ion-exchange capacity.

3.4. Separation of anilines

The poly(MAA-co-EDMA) monolith also offers weak elec-
trostatic interaction with basic analytes. To demonstrate the
selectivity of the poly(MAA-co-EDMA) monolith to basic ana-
lytes, five anilines (aniline; p-nitroaniline; p-phenylenediamine;
N-methylaniline; N,N-dimethylaniline) were used for the evalua-
tion.

Firstly, the pH value of mobile phase played an important
role in the selectivity in HILIC by changing the ionization of ana-
lytes and the polarity of stationary phases. Fig. S6, SI showed
the best separation was  achieved at pH 5.0. At pH of 9.0, the
ionization of N,N-dimethylaniline and p-phenylenediamine were
suppressed (p-phenylenediamine, pKb: 7.8; N,N-dimethylaniline,
pKb: 7.9) and the electrostatic interaction between the analytes and
stationary phase was weak. Therefore, a shorter retention times
of N,N-dimethylaniline and p-phenylenediamine with low reso-
lution were observed. At pH of 7.0 and 5.0, all the anilines were
positively charged (aniline, pKb: 9.4; p-nitroaniline, pKb: 13.0; N-
methylaniline, pKb: 9.2) and the stationary phase with carboxyl
groups was negatively charged. Thus, the electrostatic mechanism
largely contributed to the hydrophilic interaction between anilines
and organic monolith and led to the baseline separation. When the

pH value decreased to 3.0, the ionization of carboxyl groups was
suppressed. The electrostatic interaction between anilines and the
stationary phase was weak, which led to the shorter retention time
and lower resolution.

toluene; (2) thymidine; (3) uridine; (4) adenosine; (5) cytidine; (6) guanosine. (B)
ental conditions: monolithic capillary column, 100 �m i.d. × 30 cm; UV detection
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Fig. 4. (A) Chromatogram of anilines under optimized conditions. (B) Chro-
matogram of benzoic acids under optimized conditions. Experimental conditions:
monolithic capillary column, 100 �m i.d. × 30 cm;  UV detection at 254 nm for
anilines, 214 nm for benzoic acids; flow rate: 400 nL/min; mobile phase for the sep-
aration of anilines: ACN/10 mM ammonium hydroxide (pH 5.0) (90/10, v/v); mobile
phase for the separation of benzoic acids: ACN/50 mM ammonium formate (pH 4.0)
(90/10, v/v). Order of peaks for (A): (1) toluene; (2) p-nitroaniline; (3) aniline; (4)
N
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Fig. 5. Base peak chromatogram of tryptic digests of BSA with cHILIC-ESI-qTOF–MS
analysis. Experimental conditions: 30 cm × 100 �m i.d. hydrophilic poly(MAA-co-
-methylaniline; (5) p-phenylenediamine; (6) N,N-dimethylaniline. Order of peaks
or (B): (1) Toluene; (2) p-nitrobenzoic acid; (3) benzoic acid; (4) 3,5-dinitrobenzoic
cid; (5) p-aminobenzoic acid; (6) o-aminobenzoic acid.

Additionally, the effect of salt concentration on the retention
f five anilines was investigated by varying the concentration of
mmonium formate (pH 5.0) from 0 to 30 mM in the mobile phase
f ACN/water (90/10, v/v). As the ammonium formate concentra-
ion increased, the ion-exchange interactions weakened, which
esulted in the shorter retention time of analytes. As a reflection, the
alue of retention factors (log k) of five anilines linearly decreased
ith the increased ammonium formate concentration (Fig. S7, SI),
hich exhibited typical ion-exchange retention of anilines.

The content of ACN in the mobile phase had significant influence
n the resolution and selectivity of anilines, and hydrophilic inter-
ctions were strengthened by increasing the ACN content. The value
f retention factors (log k) of five anilines increased linearly with
he increase of ACN content in the mobile phase from 80% to 95%
v/v) (Fig. S8, SI).  This result indicated that the separation of these
nalytes was conducted by the hydrophilic interaction between the
nalytes and the monolithic stationary phase. Fig. 4A showed the
hromatogram of five anilines under optimized conditions and all
f them were baseline separated within 20 min.

.5. Separation of benzoic acids

Similar to the separation of anilines, the benzonic acids were

lso separated on poly(MAA-co-EDMA) monolith. At high pH value,
he negatively charged molecules of benzoic acids had electrostatic
epulsion with the carboxyl groups, which led to weak retention
nd low resolution of analytes. With the decrease of pH value, the
EDMA) monolithic column. Mobile phase A: ACN containing 0.1% FA (v/v), mobile
phase B: water containing 0.1% FA (v/v). Elution gradient: mobile phase B increased
from 1% to 50% within 60 min at a flow rate 500 nL/min.

amount of negatively charged molecules decreased and the elec-
trostatic repulsion became weaker. Further decrease of the mobile
phase pH suppressed the ionization of both analytes and the car-
boxyl groups on the monolithic column, which resulted in the weak
retention of analytes. Finally, an effective separation of benzoic
acids was obtained at mobile phase of pH 3.5.

Moreover, the retention factors (log k) of benzoic acids
decreased with the increased ammonium formate concentration
from 10 mM to 40 mM,  which could be attributed to a combined
influence of the electrostatic repulsion. Weaker electrostatic repul-
sion led to stronger chromatographic retention, which caused
longer migration time of analytes. The increased retention factors
(log k) with elevated ammonium formate concentration exhib-
ited that the electrostatic repulsion influenced the separation of
benzoic acids. Furthermore, the analytes retention increased with
the increase of ACN content in the mobile phase, which clearly
demonstrated that the monolithic column exhibited a typical HILIC
chromatographic behavior towards acidic solutes. Fig. 4B showed
the chromatogram of five benzoic acids under optimized condi-
tions.

3.6. Separation of tryptic digests of BSA

Monolithic columns have hierarchical meso- and macro-porous
structures, which lead to the fast mass transfer kinetics and
lower backpressure during separation [52]. The unique property
makes the monolithic columns, particularly silica-based monolithic
columns [53,54],  the emerging choice toward the conventional
particulate-packed columns for the analysis of complex samples
such as peptides and proteins. In this respect, with the hydrophilic
polymer-based monolith, the HI separation of peptides mixture
become an interesting choice in proteomics study [21,35].

The separation of peptides mixture derived from the tryptic
digestion of BSA was performed on the prepared hydrophilic mono-
lithic column using a cLC system coupled with ESI-qTOF-MS. 1 pmol
of tryptic digests of BSA were loaded into the capillary monolithic
column with a gradient elution by water from 1% to 50% (H2O/ACN,
v/v) within 60 min. Our results showed that 49 peptides were iden-
tified with 50.0% sequence coverage (RSD 4.2%, n = 3) (Table S4).
Shown in Fig. 5 was the base peak chromatogram of the tryp-
tic digests of BSA. In addition, the performance of “hydrophobic”
monolith (column S7, Table S2)  on the separation of the tryp-
tic digests of BSA was also examined. However, only 25 peptides
were identified with 36.0% sequence coverage was (RSD 7.8%, n = 3)
(Table S5, Fig S9, SI).
Also, we performed the peptides mixture analysis using RPLC-
ESI-qTOF–MS system, in which a particulate-packed commercial
column (15 cm × 75 �m i.d.,  3 �m particles, GL Sciences) was used
instead of the monolith. This results showed that 45 peptides
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RSD = 6.3%, n = 3) were identified with 40.0% sequence coverage
RSD = 5.1%, n = 3) (Table S6, Fig. S10, SI).  Taken together, the results
emonstrated that “hydrophilic” monolith provides a more pow-
rful tool in the separation of complex samples.

.7. Reproducibility

We assessed the effect of the removal of inhibitors on the prop-
rties and performance of monolithic column. After extraction
ith 10% aqueous sodium hydroxide and water, the permeability

f monolith was 1.86 × 10−13 m2 (RSD = 1.5%, n = 3) and the col-
mn  efficiency for acrylamide was approximate 47,600 plates/m
RSD = 3.6%, n = 3). The retention time of 5 nucleosides (RSD = 0.8%,

 = 3) was not apparently changed. The results showed that removal
f inhibitors from the monomers and the removal of oxygen
rom the polymerization mixtures did not affect the properties
f the columns. The run-to-run variation was evaluated on a sin-
le monolithic column for 5 runs, and the RSD for retention time
f nucleosides on the “hydrophilic” monolithic column was  3.1%
Table S7).  Both column-to-column and batch-to-batch variations
or the “hydrophilic” monolithic columns were also evaluated
ith the RSDs of the retention time of nucleosides being 3.3%

n = 5) and 4.1% (n = 3), respectively (Table S7).  In addition, the
un-to-run, column-to-column and batch-to-batch variations for
he “hydrophobic” monolithic column (column S7, Table S2)  were
xamined with the RSDs of the retention time of nucleosides being
.6%, 4.8%, and 9.1%, respectively (Table S7).  And the retention time
f analytes did not significantly change even after 50-time analysis.
hese results indicated that excellent reproducibility and reliable
tability can be achieved using the capillary monolithic columns
repared in current study.

. Conclusions

In current study, poly(MAA-co-EDMA) monolith has been suc-
essfully prepared for cHILIC using a hydrophilic porogenic system,
EG and DMSO. By optimizing the ratio of MAA  to EDMA and the
olecular weight and amount of PEG, the prepared monolithic

olumn showed homogeneous and continuous column bed, good
ermeability and narrow pore size distribution. The column effi-
iency suggested a 48,000 plates/m using acrylamide. Under HILIC
ode, five nucleosides were baseline separated on this monolithic

olumn. Finally, this hydrophilic monolithic column was applied in
he separation of tryptic digests of BSA with cHILIC-ESI-qTOF–MS
ystem and 49 peptides were identified with 50.0% sequence cover-
ge. Comparing to particulate-packed commercial column and the
hydrophobic” poly(MAA-co-EDMA) monolith prepared by toluene
nd dodecanol, the “hydrophilic” monolith prepared with PEG
nd DMSO shows much better chromatographic performance on
he separation of complex samples. In this respect, “hydrophilic”

onolith provides a promising approach for the proteomics
tudy.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chroma.2012.01.065.
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