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A novel stationary phase for weak cation exchange (WCX) and hydrophilic interaction chromatography
(HILIC) was prepared with surface-initiated atom transfer radical polymerization (SI-ATRP). Vinyltetra-
zole was grafted onto the surface of the beads in water medium with the polyglycidylmethacrylate
beads (PGMA/EDMA) previously modified with 2-bromoisobutryl bromide as the macromolecule initia-
tors and CuCl as catalyst. The poly(vinyltetrazole)-grafted beads obtained with different atom transfer
radical polymerization (ATRP) formulations were tried as chromatographic packings in ion-exchange
urface-initiated atom transfer radical
olymerization
eak cation exchange chromatography

ydrophilic interaction chromatography
olyvinyltetrazole

chromatography. The results showed that the prepared columns could separate the tested proteins with
high efficiency and high capacity, and the retention time of protein had a positive relationship with
increasing the chain lengths of the grafted poly(vinyltetrazole) (PVT). The prepared column was also
found to be able to separate nucleosides by hydrophilic interaction chromatographic mode.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

roteins
ucleosides

. Introduction

The conventional chromatographic stationary phases are
btained by the surface derivation methods involving the use of
ctivation agents or free radical polymerization techniques by the
ovalent attachment of ligands onto the silica or polymer particles
1]. However, the radical polymerization methods offer little con-
rol over the surface graft density and the polymer chain length.
his drawback could be overcome using the surface-initiated atom
ransfer radical polymerization (SI-ATRP) techniques where the
raft density is controlled by the surface density of the initiator,
nd the chain length by the ratio of monomer to initiator [2]. The
rst example of SI-ATRP in the preparation of stationary phase was
o prepare polymer-based strong cation exchange HPLC support
y using 3-sulfopropyl methacrylate as monomer and transition-

etal complexes (CuCl and 2,2-bipyridyl) as catalyst [1]. Since then,

umbers of new packings have been prepared [3–6], and some
f them showed special selectivity due to high density of ligands

∗ Corresponding author. Tel.: +86 951 2062300; fax: +86 951 2062860.
∗∗ Corresponding author. Tel.: +86 29 88302604; fax: +86 29 88302604.

E-mail addresses: gongbl@nxu.edu.cn, gongbolin@163.com (B. Gong),
mwei@nwu.edu.cn (Y. Wei).

039-9140/$ – see front matter Crown Copyright © 2011 Published by Elsevier B.V. All rig
oi:10.1016/j.talanta.2011.04.010
[7–9]. So, SI-ATRP is expected to play an important role in the prepa-
ration of functional materials in the field of separation science.

With emerging targets in fields as diverse as environmental
studies, proteomics, metabolomics, and biotechnology, HPLC faces
many new challenges. Most of these new areas require highly effi-
cient separations of very complex mixtures, in which currently
available columns may not perform adequately. Therefore, it is nec-
essary to develop new separation media. Nevertheless, exploring
new ligands or new preparation methods are the desire way to
obtain new media.

Tetrazole has similar aqueous pKa value as carboxylic acid, and
thus it has become a widely known alternative to carboxylate moi-
ety. So, tetrazole group might be used as the ligands of weak cation
exchanger [3]. In this paper, we prepared polyvinyltetrazole (PVT)-
grafted stationary phase with SI-ATRP, and further investigated the
application of PVT-grafted packings in the separation of proteins
and nucleosides.

2. Materials and methods
2.1. Reagents and materials

Glycidylmethacrylate (GMA) (Aldrich, USA) was distilled under
vacuum. Poly(vinylpyrrolidone, k-30) (PVP, k-30) was purchased

hts reserved.
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rom Aldrich (USA). �,�-Azobisisobutyronitrile (AIBN) and cyclo-
exanol were purchased from Shanghai Chemical Reagent Co. Ltd.
Shanghai, China). GMA was distilled under vacuum prior to use.
opper (I) chloride (CuCl) was purified by washing in glacial acetic
cid overnight, then it was filtered and washed with absolute
thanol and ether, and then dried under vacuum overnight and
tored under argon.

Cytochrome C (horse heart, Cyt-c), ribonuclease (bovine
ancreatic, RNase), lysozyme (chicken egg white, Lys), �-
hymotrypsinogen A (bovine pancreatic, �-Chy-A), bovine serum
lbumin (bovine serum, BSA), ovalbumins (egg white, OVA) and
rypsin inhibitor (soybean, STI) were purchased from Sigma (St.
ouis, USA). Uracil, uridine, cytimidine, cytidine, adenine, adeno-
ine and guanosine were purchased from Aladdin Reagent Inc.
Shanghai, China).

.2. Synthesis of 5-vinyltetrazole (5-VT)

The monomer, 5-vinyltetrazole (5-VT), was prepared according
o the reference [10]. Briefly, 5.3 g (0.1 mol) of acrylonitrile, 13.3 g
0.1 mol) of anhydrous aluminum chloride and 29 g (0.445 mol) of
odium azide were added into 200 mL tetrahydrofuran (THF), and
as refluxed for 24 h under nitrogen. The reaction mixture was

cidified by addition of 150 mL of 15% hydrochloric acid, and the
xcess hydrazoic acid was removed by an aspirator. The organic
ayer was separated from the water layer. The water layer was
xtracted with 50 mL of ethyl acetate for four portions. Evapora-
ion of all the combined extractions gave 3.6 g of crude product,
nd the crude was purified by crystallization to produce 3.3 g of
-VT. Melting point: 126–127 ◦C; IR (KBr), � (cm−1): 3444 (N–H,
tretch), 2250–3250 (N–H, broad and strong band, tetrazole), 3115
nd 3000 (stretch CH2 and CH); 1200–1600 (tetrazole stretch
nd bend, C–N, N–N, C N, N N) [11]. Mass, highest m/e 96; 1H
MR, ı: 6.882–5.814 (1H, 1H, 1H, corresponding to 3H of the vinyl).

.3. Preparation of 5.0 �m PGMA/EDMA beads

The monodisperse, 5.0 �m hydrophilic macroporous
oly(glycidymethacrylate) beads were prepared by using a
ingle-step swelling and polymerization method [12]. About 0.3 g
f 1.8 �m dispersed linear poly(glycidylmethacrylate) seed beads
nd 20 mL of 0.1% sodium dodecyl sulfonate (SDS) solution were
laced into a 250 mL flask, and the mixture was stirred slowly by a
echanical stirrer. Then 8.0 mL of the mixture consisting of 2.0 mL
MA, 2.0 mL ethylene dimethacrylate (EDMA), 2.0 mL cyclohex-
nol, 2.0 mL toluene and 3.0% (w/w) benzyl peroxide (BPO) initiator
n terms of the total monomers were added into 75 mL of 0.1% and
.0% polyvinyl alcohol (PVA) solution and then emulsified under
ltrasonic condition. The emulsion was subsequently added into
he dispersion solution of the seed beads. The mixture was stirred
or 10–15 h at room temperature. Then it was degassed by purging
ith nitrogen for 20 min. The polymerization was carried out at

0 ◦C for 24 h under stirring. The beads obtained were washed
ith hot water and methanol, and then extracted with THF for 48 h

o remove the porogens, cyclohexanol and toluene. The obtained
eads were washed with methanol again and dried in vacuum at
0 ◦C, affording 3.6 g of monodisperse beads. The scanning electron
icrograph illustrated that the prepared beads are uniform with

he size of 5.0 �m (Fig. 1). The medium pore diameter of the

repared PGMA/EDMA beads was measured to be 500 nm, and the
urface area calculated from the BET isotherms was 11.2 m2 g−1.
duplicated experiment was done, and 3.5 g of the monodisperse

eads was obtained.
Fig. 1. Scanning electron micrograph of the monosized porous beads.

2.4. Preparation of initiator carrying PGMA/EDMA beads [13]

Firstly, 2.3 g of PGMA/EDMA beads were hydrolyzed in 100 mL
of 0.1 mol L−1 sulfuric acid at 60 ◦C under stirring for 10 h. The
hydrolyzed beads were then filtered, washed with water until neu-
tral, and dried under vacuum. Secondly, 2.0 g of the hydrolyzed
beads and 17 mL of dry THF were added into a round-bottomed
flask, and stirred for 1 h. After cooling to 0 ◦C, 1.5 mL of triethy-
lamine and 1.0 mL of 2-bromoisobutrylbromide was added in
dropwise. The mixture was stirred at 0 ◦C for 0.5 h, then at room
temperature for 24 h. The beads were filtered, washed with THF,
water, ethanol and acetone for several times and dried in vacuum
oven at 30 ◦C, so the solid initiators, PGMA/EDMA-Br beads, were pre-
pared. Two duplicated experiments were done, and 2.0 g of the solid
initiators, PGMA/EDMA-Br beads were obtained.

2.5. Synthesis of PVT-grafted packings by SI-ATRP

In a typical synthesis, 5-vinyltetrazole (1.8 g), NaBr (3.0 g) and
deionized water (15 mL) were added into a round-bottomed flask
equipped with a magnetic bar, and the solution was adjusted
to pH 8.5 with NaOH solution, and then 2.0 g of PGMA/EDMA-Br
beads was added. The mixture was degassed by four freeze-pump-
thaw cycle. CuCl/2, 2′-bipyridyl (BPy) (50 mg/125 mg) solution was
rapidly injected under protection of N2 flow in the ice-salt bath
(NaCl:NH4Cl:smash ice, 40:20:100, w/w). The flask was then sub-
jected to two additional freeze–pump–thaw cycle, and placed
under stirring at ambient temperature for 24 h. The flask was
exposed to air to terminate the polymerization. The resulting PVT-
grafted beads were filtered, washed with chloroform, ethyldiamine
tetraacetate (EDTA), water and ethanol for several times, and dried
in vacuum oven at 30 ◦C.

The amounts of the grafted PVT on PGMA/EDMA beads were cal-
culated based on the elemental analysis data according to the
following Eq. (1) [14].

Grafted PVT = %N(103)
%Np(calcd.)[1 − %Np/%Np(calcd.) − %Ni/%Ni(calcd.)]S

(1)

where, %Np is the percent nitrogen increase over that of the

initiator-immobilized beads, %Np (calcd.) is the calculated weight
percent of nitrogen in vinyltetrazole, %Ni is the nitrogen compo-
sition of the initiator, PGMA/EDMA-Br beads, and %Ni (calcd.) is the
calculated weight percent of nitrogen in initiator unit, S is the
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Table 1
Properties of the PVT-grafted packings obtained with different ATRP formulations.

Samples Elemental composition [%, w/w]a Amount of
grafted PVT
(mg m−2)

C H N

PGMA/EDMA-Br 45.77 6.411 0.031 –
ATRP 1 46.39 6.011 1.171 1.80
ATRP 2 44.59 5.855 2.045 3.20

ATRP3 because of the higher monomer/initiator ratios with respect
to ATRP1. Thus, the length of the PVT-grafted chains on PGMA/EDMA
beads would be increased with increasing vinyltetrazole initial con-
centration [19].

Fig. 3. Chromatogram four protein mixtures separated by the PVT-grafted columns.
ig. 2. Synthesis scheme for preparation of PVT-grafted chromatographic stationary
hase.

pecific surface area of the original PGMA/EDMA bead support in
1.2 m2 g−1 (measured by nitrogen gas sorption).

.6. Purification of lysozyme from egg white

Egg white was obtained from fresh egg and diluted four
old by 20 mmol L−1 sodium phosphate buffer (pH 7.0). The
0.0 cm × 0.46 cm I.D. column was used for chromatographic purifi-
ation experiments. The egg white sample was loaded after
quilibrating the column with equilibrium buffer (20 mmol L−1

odium phosphate buffer, pH 7.0). Then the column was eluted with
salt gradient and the fractions were collected and assayed.

.7. Chromatographic experiment

The PVT-grafted beads were packed into a stainless steel col-
mn (10 cm × 0.46 cm I.D.) by using distilled water as slurry
olvent under 30 MPa. In weak cation exchange chromatographic
ode, the mobile phase was obtained by mixing the solution A

20 mmol L−1 phosphate, pH 7.0) and the solution B (20 mmol L−1

hosphate + 1.0 mol L−1 NaCl, pH 7.0), and it was filtered through
0.45 �m membrane prior to use. Detection wavelength was set

t 280 nm. In HILIC mode, the mobile phase was prepared by
ixing the solution A (10 mmol L−1 ammonium formate, pH 6.5)

nd the solution B (acetonitrile). Flow rate of the mobile phase:
.0 mL min−1; UV detection: 254 nm. All the column temperatures
ere at room temperatures.

. Results and discussion

.1. Preparation of PVT-grafted chromatographic packings

The preparation procedure for PVT-grafted packings was given
n Fig. 2. The first and second steps were easy to carry out.
he third was to graft PVT onto the surface of the PGMA/EDMA
eads with SI-ATRP. As well known, ATRP is a powerful tool for
xactly controlling the molecular weight and the molecular weight
istribution of polymer not only in solution but also in many
eterogeneous ATRP systems initiated with the particles carry-
ng immobilized initiators [15–18]. In order to investigate the
ffect of the grafted polymer chain on the separation, three sta-
ionary phases with different chain lengths of the grafted PVT
ere tried by manipulating the polymeric conditions. Because
ATRP 3 42.59 5.755 2.504 3.80

a Measured by elemental analysis of C, H and N.

the length of the grafted polymer chain is depended on the
concentration of the monomer in polymeric system and polymer-
ization time, so in this work, the concentrations of 5-VT were
let to change but the polymerization time kept the same for the
three PVT-grafted beads. For the first one named as ATRP1, [5-
VT]/[initiator]/[CuCl]/[BiPy] ratios were selected as 30:1:1:2, the
second (ATRP2), [5-VT]/[initiator]/[CuCl]/[BiPy] ratios as 50:1:1:2
and the third (ATRP3), [5-VT]/[initiator]/[CuCl]/[BiPy] ratios as
100:1:2:4.

Elemental analyses of C, H and N for the PVT-grafted PGMA/EDMA
beads were summarized in Table 1. Obviously, N content had
a significant increase after the reaction of PGMA/EDMA-Br beads
with 5-VT, and the shortest PVT-grafted chains on the particles
corresponded to the lower monomer/initiator ratios in polymer-
ization system, for which the amount of PVT was calculated to be
1.80 mg m−2. Higher PVT contents were achieved for ATRP2 and
Columns: (A) ATRP1; (B) ATRP2; (C) ATRP3; column: 10 cm × 0.46 cm I.D. The lin-
ear gradient elution was from 100% solution A (20 mmol L−1 of phosphate, pH
7.0) to 100% solution B (20 mmol L−1 of phosphate + 1.0 mol L−1 NaCl, pH 7.0) for
20 min. Flow rate: 1.0 mL min−1. AUFS: 0.08, UV detection at 280 nm. Proteins: (1)
solvent + Myo; (2) RNase; (3) Cyt-C; and (4) Lys.
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Table 2
Adsorption capacity, q, with different lysozyme concentrations on the column
packed with the PVT-grafted beads.a

Concentration (mg mL−1) Capacity (mg)

0.5 11.70
0.6 16.74
0.7 22.37
0.8 27.17
0.9 32.57
1.0 38.57

a Column (ATRP1): 5.0 cm × 0.46 cm I.D.; equilibrium solution: 0.02 mol L−1

NaH2PO4, pH 7.0; the loading buffer: 0.02 mol L−1 NaH2PO4 + 1.0 mg mL−1 Lys;
flow rate: 0.3 mL min−1. The dead time calculated was in solution A (0.02 mol L−1

F
1
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.2. Chromatographic separation on the PVT-grafted packings in
CX mode

As stated above, tetrazoles-functionalized particles might be
egarded as weak cation exchanger. In order to identify the chro-
atographic performance of the PVT-grafted stationary phase, a
ixture of basic proteins consisting of Myo (pI 7.3), RNase (pI 8.8),

yt-C (pI 9.4) and Lys (pI 11.0) were separated on three PVT-grafted
tationary phases in mobile phase at pH 5.0–8.5 (pI is theisoelec-
ric point of the protein). As shown in Fig. 3, successful separation
f four basic proteins were achieved on the three PVT columns,
espectively. The elution order of the basic proteins accorded with
heir isoelectric points (pIs), while the acid protein mixtures con-
isting of BSA (pI 4.9), OVA (pI 4.7) and STI (pI 4.5) were not retained.
t pH 7.0, all the acidic proteins have negative charges, as a result no

nteraction with the stationary phase happened because tetrazole
roups also deprotonated to form the anions. However, basic pro-
eins have positive charge, and were retained on the columns by the
tatic electric interaction with tetrazole groups. Therefore, the elu-
ion orders of the proteins were depended on their pIs, indicating
he retention mechanism to be of cation exchange.

In comparison with the three columns, the retention time of the
ame protein was found to gradually increase from ATRP1, ATRP2 to
TRP3, indicating that the retention time of protein had a positive

rend along with the number of grafted tetrazole groups on the

tationary phase. In ion exchange chromatography, the higher the
ensity of the charge on ion-exchanger, the longer the retention
ime of solute [20,21]. As tetrazole served as ion-exchange group,
he longer length of the PVT chains reflected the higher density of

ig. 4. Effect of mobile phase of flow rate on the retention of proteins. (A) 1.0 mL min−1, (
00% solution A to 100% solution B. Proteins: (1) solvent + Myo; (2) RNase; (3) Cyt-C; and
NaH2PO4) adding NaNO2.

the charge, so the retention times were increased with the length
of the grafted PVT.

3.3. Chromatographic properties of WCX

3.3.1. Effect of flow-rate on proteins separation
Fig. 4 shows the chromatograms of protein at different flow-rate.

At a flow rate of 3.0 mL min−1, the four standard proteins could be
separated in less than 5.0 min while the column efficiency is almost
the same as that at the flow-rate of 1.0 mL min−1. This indicated that

the PVT-grafted column had the advantages of high performance
and fast mass transfer, and thus it could be used for fast separation
of biological products.

B) 2.0 mL min−1, (C) 3.0 mL min−1, Conditions: The linear gradient elution was from
(4) Lys.
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Fig. 5. Separation of four nucleosides on ATRP1 column and the hydrolyzed
PGMA/EDMA beads column. Flow rate: 1.0 mL min−1; Ambient temperature; Mobile
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.3.2. Dynamic capacity of the PVT-grafted WCX packings
Breakthrough curves provide valuable information for the eval-

ation of the dynamic capacity of the separation medium. The
dsorption capacity of Lys on the prepared packings (ATRP1) was
etermined by the frontal analysis [22,23]. The Langmuir isotherm
odel, originally constructed for gas adsorption on homogeneous

lass surface, has been frequently used for predicting the adsorp-
ion of solutes on various types of adsorbents due to its simplicity
24,25]. Based on the Langmuir isotherm model in Eq. (2), the
ynamic capacity from Q50% to Q100% break-through consecutively
as presented.

∗ = qmC∗
Kd + C∗ (2)

c*:the equilibrium concentration of adsorbate; q*: equilibrium
dsorbate; qm: the largest single molecular adsorption layer
dsorption on particle surface; kd:constant of langmuir).

The adsorption amount, q, at the midpoint of the break-through
urve was obtained as show in Table 2. The q value was found to
ncrease as the protein concentrations were increased from 0.5 to
.0 mg mL−1, and at 1.0 mg mL−1, the q value reached a maximal of
8.1 mg mL−1. This value was the so-called dynamic capacity at 50%
reak-through (Q50%) for the column [26,27]. The dynamic capacity
f the prepared ATRP1 column was higher compared with silica-
ased weak cation exchanger [3].

.4. Separation of nucleosides on the synthesized packings in
ILIC mode

Hydrophilic interaction chromatography (HILIC) as a viable sep-
ration technique has found an increasing number of applications
n analyzing a wide variety of polar compounds in various matrixes,
uch as foods, drugs and biological fluids [28–32]. HILIC is an alter-
ative HPLC mode for separation of polar compounds with polar
tationary phases as that in normal-phase liquid chromatography
NPLC), but aqueous mobile phases are similar to reversed-phase
iquid chromatography (RPLC) [33]. In contrast to RPLC, the reten-
ion increases with increasing polarity of the stationary phase and
ecreasing polarity of the mobile phase and polar solutes are more
trongly retained than non-polar ones.

Tetrazole containing heterocycles has strong dipole and strong
bility of hydrogen bonding acceptor, so it may be used as HILIC
eparation medium. Several polar compounds were used to investi-
ate the separation properties of ATRP1 column and the hydrolyzed
GMA/EDMA beads column in HILIC mode. As shown in Fig. 5(A),
our nucleosides could be baseline separated in less than 12 min
y using acetonitrile and aqueous ammonium formate solution
s mobile phase on the ATRP1 column. Contrary to ATRP1 col-
mn, the four nucleosides were not separated completely on the
ydrolyzed PGMA/EDMA beads column (Fig. 5(B)), and the retention
imes of nucleosides were longer than ATRP1 column. The elution
rder was the same as that observed on silica-based commercial
ILIC column [34]. This demonstrates that the PVT-grafted pack-

ngs were also used as HILIC separation medium, whose separation
bility was better than the hydrolyzed PGMA/EDMA beads column in
he HILIC mode.

.5. Stability of the PVT-grafted column

The stability of the column is an important criterion for the
valuation of HPLC columns. The stability of the columns was inves-
igated over a period of 4 months. Over 400 runs were carried out

sing the mobile phase varied from pH 5.0 to 8.5 during this period,
he same proteins were found to be separated with the similar
etention times as those obtained initially, indicating that the col-
mn efficiency was kept well during the successive use. Therefore,
phase: solution A, 10 mmol L−1 ammonium formate aqueous solution pH 6.5;
solution B, acetonitrile (A:B = 5:95, V/V) 15 min isocratic; UV detection: 254 nm.
Compounds: (1) solvent + uracil; (2) adenosine; (3) cytosine; and (4) cytidine.

the PVT-grafted column had long-term stability for the separation
of proteins and nucleosides.

3.6. Separation and purification of lysozyme from egg white by
the the PVT-grafted column

There exist many proteins in the egg white, ovalbumin, ovo-
mucoid, globulins and conalbumin are the major components
occupying 54, 11, 10 and 13% of the whole egg white, respectively,
while Lys is only a small portion of the egg white, about 3.5% [35].
Therefore, egg white is an ideal feed stock for the separation of
multiprotein. In this study, the 10.0 cm × 0.46 cm I.D. PVT-grafted
column (ATRP1) was used for the separation of Lys from the egg
white by a single-step (Fig. 6). Egg white Lys has a pI of 11.0, it
possesses net positive charge under the experiment conditions,
and thus was retained on the column, whereas ovomucoid (pI 4.0),
ovalbumin (pI 4.6), globulin (pI 5.5–5.8) and conalbumin (pI 6.6)
possess net negative charge under the given conditions, so they
were not retained on the synthesized column. In Fig. 6, the first

band is miscellaneous proteins, the band marked by an asterisk
(*) is Lys, which is compared to standard proteins. It can be seen
from the chromatogram, Lys was completely separated from other
miscellaneous proteins, and its purity is more than 95%.
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Fig. 6. Separation and purification of lysozyme from egg white by the PVT-grafted
column. Column: (A) ATRP1. Column: 10 cm × 0.46 cm I.D. The linear gradient elu-
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ion was from 100% solution A (20 mmol L−1 of phosphate, pH 7.0) to 100% solution
(20 mmol L−1 of phosphate + 1.0 mol L−1 NaCl, pH 7.0) for 20 min. Flow rate:

.0 mL min−1. AUFS: 0.08, UV detection at 280 nm. *Purified lysozyme.

. Conclusion

A new method of SI-ATRP has been described to design
VT-grafted chromatographic packings based on monodisperse
GMA/EDMA beads. The different lengths of the PVT grafted chains on
he surface of the PGMA/EDMA particles were prepared by changing
he ratios of initiator/monomer in polymeric system. The different
hain length of 5-VT grafted beads showed different chromato-
raphic properties for separation of proteins in WCX mode. The
VT-grafted packings were developed for separation of nucleosides
n HILIC mode. The dynamic protein loading capacity of the synthe-
ized ATRP1 packing for Lys was up to 38.1 mg mL−1, it has a higher
olumn loading, a comparable the silica-based packings [3]. The
VT-grafted column was also used for purification of Lys from egg
hite with only one step to obtain a satisfactory results.
cknowledgments

Financial support of this work by the Minister of Science and
echnology Foundation (2009CB626608, 2009BAI72B11), and the

[
[

[
[

 (2011) 482–487 487

National Scientific Foundation in China (201065008) is gratefully
acknowledged.

References

[1] E. Unsal, B. Elmas, B. alayan, M. Tuncel, S. Patir, A. Tuncel, Anal. Chem. 78 (2006)
5868–5875.

[2] W. Feng, S. Zhu, K. Ishihara, J.L. Brash, Langmuir 21 (2005) 5980–5987.
[3] G.H. Lei, X.H. Xiong, Y.M. Wei, X.H. Zheng, J.B. Zheng, J. Chromatogr. A 1187

(2008) 197–204.
[4] Z.M. Guo, Y. Jin, T. Liang, Y.F. Liu, Q. Xu, X.M. Liang, A.W. Lei, J. Chromatogr. A

1216 (2009) 257–263.
[5] H. Luo, L.J. Ma, C. Paek, P.W. Carr, J. Chromatogr. A 1202 (2008) 8–18.
[6] W. Jiang, G. Fischer, Y. Girmay, K. Irgum, J. Chromatogr. A 1127 (2006) 82–91.
[7] B.V. Bhut, S.R. Wickramasinghe, S.M. Husson, J. Membr. Sci. 325 (2008)

176–183.
[8] K. Nagase, J. Kobayashi, A. Kikuchi, Y. Akiyama, H. Kanazawa, T. Okano,

Biomacromolecules 9 (2008) 1340–1347.
[9] F.H. Wang, X.J. Dai, B.L. Gong, J. Appl. Polym. Sci. 118 (2010) 1513–1519.
10] C. Arnold Jr., D.N. Thatcher, J. Org. Chem. 34 (1969) 1141–1142.
11] H.T. Pu, J. Wu, D.C. Wan, Z.H. Chang, J. Membr. Sci. 322 (2008) 392–399.
12] B.L. Gong, L. Ren, C. Yan, J. Appl. Polym. Sci. 106 (2007) 2730–2735.
13] K.L. Ouyang, Y. Cao, F.Q. Wang, B.L. Gong, Chin. J. Chromatogr. 28 (2010),

551–555.
14] A. Mizutani, K. Nagase, A. Kikuchi, H. Kanazawa, Y. Akiyama, J. Kobayashi, M.

Annaka, T. Okano, J. Chromatogr. A 1217 (2010) 522–529.
15] H. Mori, D.C. Seng, M. Zhang, A.H.E. Müller, Langmuir 18 (2002) 3682–3693.
16] J.N. Kizhakkedathu, R. Norris-Jones, D.E. Brooks, Macromolecules 37 (2004)

734–743.
17] C. Perruchot, M.A. Khan, A. Kamitsi, S.P. Armes, T. VonWerne, T.E. Patten, Lang-

muir 17 (2001) 4479–4481.
18] K. Ohno, T. Morinaga, K. Koh, Y. Tsujii, T. Fukuda, Macromolecules 38 (2005)

2137–2142.
19] D.Q. Xiao, M.J. Wirth, Macromolecules 35 (2002) 2919–2925.
20] B.L. Gong, C.Y. Ke, X.D. Geng, Anal. Bioanal. Chem. 375 (2003) 769–774.
21] G. Jilge, B. Sebille, C. Vidal-Madjar, R. Lemque, K.K. Unger, J. Chromatogr. 37

(1993) 603–607.
22] X.L. Zheng, G.H. Lei, Y.M. Wei, J. Chromatogr. 25 (2007) 348–352.
23] F.B. Anspach, A. Johnston, H.J. Wirth, K.K. Unger, M.T.W. Hearn, J. Chromatogr.

499 (1990) 103.
24] B.J. Horstmann, C.N. Kenney, H.A. Chase, J. Chromatogr. 361 (1986) 179–190.
25] F.B. Anspach, A. Johnston, H.J. Wirth, K.K. Unger, M.T.W. Hearn, J. Chromatogr.

476 (1989) 205–225.
26] A. Staby, M.B. Sand, R.G. Hansen, J.H. Jacobsen, L.A. Andersen, M. Gerstenberg,

U.K. Bruus, I.H. Jensen, J. Chromatogr. A 1069 (2005) 65.
27] A. Staby, J.H. Jacobsen, R.G. Hansen, U.K. Bruus, I.H. Jensen, J. Chromatogr. A

1118 (2006) 168–179.
28] B.A. Olsen, J. Chromatogr. A 913 (2001) 113–122.
29] Y.J. Xue, J. Liu, S. Unger, J. Pharm. Biomed. Anal. 41 (2006) 979–988.
30] D.S. Risley, W.Q. Yang, J.A. Peterson, J. Sep. Sci. 29 (2006) 256–264.
31] H. Schlichtherle-Cerny, M. Affloter, C. Cerny, Food Sci. Technol. 131 (2004)

363–378.

32] B. Law, Trends Anal. Chem. 9 (1990) 31–36.
33] Z.M. Guo, A.W. Lei, Y.P. Zhang, Q. Xu, X.Y. Xue, F.F. Zhang, X.M. Liang, Chem.

Commun. (2007) 2491–2493.
34] www.sepax-tech.com.
35] F. Chen, A. Tusak, J. Chromatogr. A 685 (1994) 331.


	Preparation of poly(vinyltetrazole) chain-grafted poly(glycidymethacrylate-co-ethylenedimethacrylate) beads by surface-ini...
	1 Introduction
	2 Materials and methods
	2.1 Reagents and materials
	2.2 Synthesis of 5-vinyltetrazole (5-VT)
	2.3 Preparation of 5.0μm PGMA/EDMA beads
	2.4 Preparation of initiator carrying PGMA/EDMA beads [13]
	2.5 Synthesis of PVT-grafted packings by SI-ATRP
	2.6 Purification of lysozyme from egg white
	2.7 Chromatographic experiment

	3 Results and discussion
	3.1 Preparation of PVT-grafted chromatographic packings
	3.2 Chromatographic separation on the PVT-grafted packings in WCX mode
	3.3 Chromatographic properties of WCX
	3.3.1 Effect of flow-rate on proteins separation
	3.3.2 Dynamic capacity of the PVT-grafted WCX packings

	3.4 Separation of nucleosides on the synthesized packings in HILIC mode
	3.5 Stability of the PVT-grafted column
	3.6 Separation and purification of lysozyme from egg white by the the PVT-grafted column

	4 Conclusion
	Acknowledgments
	References


