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A porous polymethacrylate ester-based monolithic column for capillary electrochromatography (CEC)
was designed by mean of in situ co-polymerizing lauryl methacrylate (LMA), ethylene dimethacry-
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late (EDMA) and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) in a ternary porogenic solvent
including cyclohexanol, 1,4-butanediol and water. After investigating the influence factors of the CEC
monolithic columns, four flavonoids (i.e., Rutin, Quercetin, Kaempferol, and Quercitrin) were separated
and assayed to evaluate this monolithic column with CEC method. Under optimum conditions, the CEC
method exhibited high separation efficiency, with rapid separation time of 3–4 min, for the four flavonoid
samples using 10 mM phosphate buffer containing 70% acetonitrile (pH 9.0). Importantly, the proposed
method could provide a promising approach for rapid separation and detection in biomedicine.
. Introduction

Flavonoids which exist abundantly in medicinal plants, are
widely distributed group of polyphenolic compounds with

ealth-related properties [1]. These properties are mainly corre-
ated to their antioxidant activity, such as anticancer, antiviral,
nti-inflammatory, effects on capillary fragility, and their ability
o inhibit human platelet aggregation [2,3]. Various meth-
ds have been developed for the separation and detection
f flavonoids in medicinal plants, such as polyamide chro-
atography, gas chromatography (GC) [4,5], high performance

iquid chromatography–mass spectrometry (HPLC–MS) [6–8],
apillary electrophoresis (CE) [9–12], micellar electrokinetic
apillary chromatography (MECC) [13–16] and microemulsion
lectrokinetic chromatography (MEEKC) [17]. To the best of
ur knowledge, there are few reports about the separation
nd determination of flavonoids by capillary electrochromatog-
aphy (CEC) using methacrylate ester-based monolithic columns
3,18].
CEC has attracted much attention as a new micro-separation
echnique, because it combines high selectivity of HPLC and high
fficiency of capillary electrophoresis (CE) [19–24]. Column prepa-
ation plays a key role for the successful development of the CEC
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chromatographic technique. Recently, various separation columns
have been developed, such as open tubular column CEC (OT-
CEC), packed column CEC (P-CEC) and monolithic column CEC
(M-CEC). Moreover, the advantages and disadvantages of these
columns have been discussed and evaluated in the literature
[25–28]. Monolithic columns have been extensively applied in CEC
due to simple preparation without frit formation and wide selec-
tion of monomers with differently functional groups including
acrylamide-, styrene-, and methacrylate ester-functionalized silica
columns [29–31]. Methacrylate ester-based monolithic columns
represent rich advantages such as adjustable polarity, superior con-
trol against pore characteristics, and high stability under extreme
pH conditions. Furthermore, methacrylate ester-based monolithic
columns prepared with desired monomers and cross-linking agent
together with suitable porogenic solvents, UV light or �-ray for the
initiation have been developed for an array of new applications
[32,33].

The aim of this work was to exploit a porous monolithic
column which was based on hydrophobic methacrylate ester
for the application in CEC. The monolithic column was fabri-
cated by in situ co-polymerization of lauryl methacrylate (LMA),
ethylene dimethacrylate (EDMA) and 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS) in a ternary porogenic solvent

including cyclohexanol, 1,4-butanediol and water. The prepared
monolithic column was used for the separation and determina-
tion of four multi-phenolic flavonoids. The separation performance
and mechanism was deduced on the basis of the separation
conditions.

dx.doi.org/10.1016/j.jchromb.2010.07.005
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:zlan@fzu.edu.cn
dx.doi.org/10.1016/j.jchromb.2010.07.005
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gens, which produce phase separation of the solid polymer from
the unreacted porogens [35]. In this paper, a ternary porogenic sol-
vent containing cyclohexanol, 1,4-butanediol and water was used
as porogen for the preparation of the porous monolithic column.
376 Z. Chen et al. / J. Chroma

. Materials and methods

.1. Reagents and materials

LMA, EDMA, AMPS, 1,4-butanediol, 3-(methacryloyloxy)pro-
yltrimethoxysilane (�-MAPS), and cyclohexanol were purchased
rom Alfa Aesar (Shanghai, Alfa Aesar China). A fused-silica capillary
f 100 �m i.d. was obtained from Yongnian Optic Fiber Plant (Yong-
ian, HeBei, China). Azobisiso-butyronitrile (AIBN), acetonitrile
ACN), NaH2PO4 and methanol (HPLC grade) were obtained from
inopharm Chemical Reagents (Shanghai, China). Rutin, Quercetin,
aempferol, and Quercitrin were supplied by the National Institute

or the Control of Pharmaceutical and Biological Products (Beijing,
hina). Water was purified with a Milli-Q purification system (Mil-

ipore, Bedford, MA).

.2. Apparatus

The CEC experiments were performed on an Agilent 3DCE (Agi-
ent Technologies, Waldbronn, Germany) system equipped with a
iode array detector system (DAD) and an external nitrogen pres-
ure source. The cassette holding the capillary column was kept at
5 ◦C. Agilent CE ChemStation was used for the instrument control,
ata acquisition and data analysis. Prior to use, all mobile phases for
EC were degassed with a KQ3200E ultrasonic bath (Kuisan, China).
EM photographs of monolithic materials were taken with an envi-
onmental scanning electron microscope XL30 (Philips, Eindhoven,
etherlands).

.3. Preparation of polymeric monolithic columns

Prior to experiment, the inner wall of the fused-silica capillary
as functionalized with 3-(trimethoxysily)propyl methacrylate as
escribed in the literature [34]. The polymeric monolithic columns
ere prepared as follows: (i) 300 �L LMA, 200 �L EDMA, 2.5 mg
MPS (0.5% with respect to the monomers), and 750 �L of a ternary
ore-forming solvent (cyclohexanol: 1,4-butanediol: water = 6:3:1,
/w) were mixed in a centrifuge tube; (ii) 5.0 mg AIBN (1% with

espect to the monomers, as an initiator) was added into the cen-
rifuge tube, and the mixture was sonicated for 10 min to obtain
lear solution; (iii) purging with nitrogen for 10 min, the mixture
as injected into the pretreated capillary column (25 cm; total

ength: 35 cm); (iv) the capillary column was sealed at 60 ◦C with
oth ends in water bath for 12 h. Finally, the resulting monolithic
apillary columns were flushed with methanol for about 2 h using
PLC pump. A detection window was burned with a flame torch
djacent to the monolithic material. The morphology of polymeric
onolithic column was characterized by SEM (Philips, Eindhoven,
etherlands).

.4. Electrochromatography procedures

Prior to experiment, the four flavonoid standards were dis-
olved in methanol, and then were diluted to 0.1 mg/mL. Phosphate
uffer with various pHs were prepared by adding phosphoric
cid to disodium hydrogen phosphate. All buffers were filtered
ith a 0.22-�m membrane filter. Standard solutions and run-
ing buffer were degassed by ultrasonication for 10 min. Each
onolithic column was kept at 25 ◦C in the instrument and equi-

ibrated with the mobile phase by applying a stepwise increase
n voltage up to 25 kV under 8 bar pressure at both ends of

he column until the baseline signal was stabilized. The separa-
ions were performed at 20 kV. The sample standard solutions
ere injected electrokinetically with 10 kV for 6 s in CEC. Sepa-

ation of flavonids in the CEC experiment was performed using
prepared capillary of 35 cm (10 cm inlet to detector) × 100 �m
878 (2010) 2375–2378

i.d. × 365 �m o.d. Detection wavelength was performed at
254 nm.

3. Results and discussion

3.1. Monolithic morphology

To achieve a permanent porosity in polymer-based monoliths,
the polymerization is usually performed in the presence of poro-
Fig. 1. Scanning electron microphotographs of monolithic columns: (a) 800×; (b)
3000×; (c) 5000×.
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Table 1
Reproducibility of EOF, retention factor, and efficiency on column.

EOF (%RSD) Retention factors (%RSD) Capillary efficiency (%RSD)

Thiourea Phenol Benzene Thiourea Phenol Benzene

3.8 4.0 3.5 3.5 3.7
1.7 1.7 2.7 2.8 3.0
2.3 2.5 4.5 4.7 4.8
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Fig. 2. Electrochromatogram of four flavonoids in LMA-based monolithic column,

was shown in Table 3. It could be seen that, the retention factors
decreased with the increment of the pH from 2.5 to 10.0. The reten-
tion factors were obviously changed between various molecules
from 4.0 to 8.0; and it was also observed that these changes were
weak with the increasing the pH of mobile phase from 2.5 to 4.5 and

Table 2
Effect of ACN content on the retention factors (k*).

ACN (%) k*

k*
rutin k*

quercitrin k*
quercetin k*

kaempferol

25 1.31 1.49 1.70 1.90
45 1.01 1.20 1.33 1.41
60 0.84 0.97 1.14 1.21
70 0.54 0.80 0.96 1.06
Column-to-column (n = 9) 2.0 3.6
Run-to-run (n = 5) 1.7 1.6
Day-to-day (n = 3) 2.6 2.4

ig. 1 shows the monolithic bed, which is linked to the pretreated
apillary wall for the stability of the column. This monolithic bed
xhibits a uniform structure, continuous microglobules and large
hrough-pores. The uniform structure could not only provide the
ossibility of fast analysis, but also offer high separation efficiency.

.2. Performance of monolithic column

To evaluate the advantage of the homemade monolithic col-
mn, thiourea, phenol and benzene mixture were used as a
odel system. The EOF was measured with thiourea as unretained
arker, and calculated in the experiment. The column performance
as evaluated using a mixture which included phenol, benzene,

oluene, phenylethane and naphthalene. According to hydrophobic
nteraction mechanism, it was possible well separated at an applied
oltage of 20 kV with 10 mM phosphate buffer (pH 7.0). The theo-
etical plates of the five compounds were 1.11 × 105, 0.85 × 105,
.91 × 105, 0.82 × 105and 1.05 × 105 plates/m on the monolithic
olumn, respectively.

.3. Reproducibility and stability

The reproducibility of the monolithic columns was assessed by
he relative standard deviation (RSD) with different columns using
hiourea, phenol and benzene as the model system. The measure-

ent was performed using thiourea as the unretained marker. The
esults are listed in Table 1. The RSD of the EOF velocity, separa-
ion efficiency and retention factors k* of column-to-column (n = 9)
ere <2.0%, <4.0% and <3.7% for the model system, respectively.
un-to-run (n = 5) and day-to-day (n = 3) repeatability were very
atisfactory with low relative standard deviation (RSD < 2.6%) for
OF, (RSD < 2.5%) for k* and column efficiency (RSD < 4.8%) in the
EC mode. Therefore, the reproducibility and stability of the pre-
ared monolithic columns were acceptable.

.4. CEC separation

Four flavonoids were separated with the developed monolithic
olumn (Fig. 2). To investigate the separation performance and the
echanism of this poly (LMA-co-EDMA) monolith, various experi-
ental conditions including the pH of mobile phase, ACN content,

uffer concentration and applied voltage were further studied.

.4.1. Effect of ACN content
To describe the elution of charged solutes in CEC, the retention

actor (k*) is defined by the following equation:

∗ = (tR − t0)
t0

(1)

here k* is the retention factor, tR was the migration time of the
nalyte and t0 is the migration time of the EOF marker in CEC.

The k* value reflects the concurrence of both chromatographic

nd electrophoretic processes. The influence of ACN concentration
n the retention factor (k*) of four flavonoids is shown in Table 2.
een from Table 2, k* decreases dramatically with the ACN concen-
ration increasing from 25% to 80%, and the elution order is Rutin,
uercitrin, Quercetin and Kaempferol. To explain this behavior, it is
Separation conditions: mobile phase: 10 mmol/L phosphate buffer and ACN (30/70,
v/v), pH 9.0; applied voltage 20 kV; column temperature 25 ◦C; injection 10 kV for
6 s; 1: Rutin; 2: Quercitrin; 3: Quercetin; 4: Kaempferol.

possible to presume that flavonoids are presented as either neutral
molecules or partial ionization flavonoids at the pH condition (pH
9.0). Hence, the different separation behaviors were attributed to
their differences in their different hydrophobicity.

3.4.2. Effect of the pH
It is well known, the pH of the mobile phase often affects the

solute ionization and polarity of the monolithic stationary phase.
Thus, it plays an important role on the retention time of the ana-
lytes. The effect of mobile phase pH value on the retention time
of four flavonoids was investigated by changing the pH of running
buffer solutions. The pH of the stock 0.1 M phosphate buffer was
initially diluted to 10 mM, and then adjusted with phosphoric acid
to the desired pH. The effect of pH value on the retention factors
80 0.43 0.63 0.66 0.87

Experimental conditions: capillary column, 25 cm effective length, 35 cm total
length × 100 �m i.d.; mobile phase, 10 mmol/L phosphate buffer pH 9.0; supple-
ment pressure: 8 bar; applied voltage: 20 kV; detection wavelength: 254 nm; other
conditions as in Fig. 2.
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Table 3
Effect of pH value on the retention factors (k*).

pH k*

k*
rutin k*

quercitrin k*
quercetin k*

kaempferol

2.5 1.22 1.25 1.28 1.30
4.0 1.17 1.21 1.24 1.28
6.0 0.88 0.94 0.96 0.98
7.5 0.63 0.68 0.71 0.75
9.0 0.59 0.64 0.67 0.70

10.0 0.55 0.57 0.62 0.65

Experimental conditions: mobile phase: 10 mmol/L phosphate buffer and ACN
(
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30/70, v/v), pH 9.0; other conditions as in Table 2.

.0 to 10.0. The reasons might be that flavonoids (pKa > 8.5) were
resented as neutral molecules in the acid condition, and the EOF
as supplied by the sulfonic group, so the separation behavior was

ttributed to their difference in hydrophobicity. It is well known
hat flavonoids tend to be partially ionized (REF). The EOF was sup-
lied by the sulfonic group. The separation behavior depended on
heir difference in hydrophobicity and electrostatic interactions.
he result shows that at pH 10.0, the best separation of the four
avonoids was achieved, with the retention factors being weak-
ned and the retention times shortened. However, the longevity of
he column was shortened at this high pH, so pH 9.0 was selected
n our experiments.

.4.3. Effect of buffer concentration
The effect of the buffer concentration on the retention factors

f four flavonoids was also studied by varying the concentra-
ion of phosphate buffer from 5 to 30 mM in the mobile phase
f ACN/phosphate buffer (70/30, v/v). The results indicate that
he retention factors of the four flavonoids increased slightly
ith the concentration increase from 5 to 30 mM. At pH 9.0, the

our flavonoids would be negatively charged due to their partial
onization, thus both hydrophobic and electrostatic interactions

ould be responsible for their retention. The potential electro-
tatic repulsion between the phosphate residues of the flavonoids
nd negatively charged sulfonic groups decreased with increas-
ng phosphate buffer concentration in the mobile phase. When
hosphate buffer concentration increased, hydrophobic interac-
ions also weakly decreased, with the results that there was a slight
ncrease in the retention of the four flavonoids. However, the joule
eating was also raised with increasing phosphate buffer concen-
ration in the mobile phase, so to increase the lifetime of column (by
owering the joule heating) 10 mM was selected as the phosphate
uffer concentration in these experiments.

.4.4. Effect of applied voltage
The relationship between the retention behavior and applied

oltage in CEC has been studied in the literature. The effect of elec-
ric field strength on the separation factor was investigated using
pplied voltage from 5 to 25 kV on the column with the mobile
hase containing 70% ACN (v/v) and 10 mM phosphate buffers (pH
.0). It was well known that the retention time decreased with the

ncrease of applied voltage from 5 to 25 kV. The retention time

f flavonoids was longest from 5 to 15 kV, and the resolution of
avonoids Quercetin and Quercitrin was poor when the applied
oltage was 25 kV. In view of the retention time and resolution of
avonoids, the optimal separation of voltage was determined to be
0 kV.

[

[

[
[
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4. Conclusion

A poly (LMA-co-EDMA) monolithic column has been prepared
in fused-silica capillary using an in situ co-polymerization method.
The sulfonic group on the surface of the stationary phase was dis-
sociated to form the negative charge to generate the EOF. The
monolithic column has been successfully applied to the separa-
tion of four flavonoids. The electrochromatography mechanism
and electrophoretic migration of the separation of four flavonoids
were studied systematically. The separation conditions such as pH,
salt concentration and ACN content showed that the separation
was a mixed mode of hydrophobic and electrostatic interac-
tion. In these regards, capillary electrochromatography could play
an important separation technique for the control of natural
medicines.
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