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Synthesis of non-porous
poly(glycidylmethacrylate-co-ethylenedimethacrylate) beads and

their application in separation of biopolymers
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Abstract

The monodisperse, 5.0�m non-porous poly(glycidylmethacrylate-co-ethylenedimethacrylate) (PGMA/EDMA ) beads were prepared by a
single-step swelling and polymerization method. The seed particles prepared by dispersion polymerization exhibited good absorption of
the monomer phase. Based on this media, a weak cation exchange (WCX) stationary phase for high performance liquid chromatography
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HPLC) was synthesized by a new chemical modification method. The prepared resin has advantages of biopolymer separation,
fficiency, low column backpressure, high protein mass recovery and good resolution for proteins. The measured bioactivity re

ysozyme was 97± 5%. The dynamic protein loading capacity of the synthesized WCX packings was 20.5 mg/g. Four proteins w
letely separated in 3.0 min using the synthesized WCX stationary phase. The experimental results show that the obtained WC
ery weak hydrophobicity. The WCX resin was also used for the rapid separation and purification of lysozyme from egg white i
ith only one step. The purity and specific bioactivity of the purified lysozyme was found more than 95% and 70.264 IU/mg, respe
2005 Elsevier B.V. All rights reserved.
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. Introduction

There is increasing interest in the use of non-porous
icroparticulate packing materials for fast separation of pro-

eins by HPLC. The main advantage of such packings is that
tagnant mobile-phase mass transfer, which leads to band-
roadening and a consequent loss of efficiency and resolution
as been eliminated[1]. On the other hand, with non-porous
ackings, the interactions take place on a pure geometrical
urface. A maximum surface accessibility to protein adsorp-
ion is achieved allowing fast mass transfer kinetics.

In 1984, Unger et al.[2] introduced non-porous sil-
ca beads for affinity chromatography. This work was then
xtended to other applications in HPLC using the same
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packing material: reversed phase, hydrophobic intera
and anion exchange chromatography[3,4]. Polymeric sta
tionary phases have a number of advantages such as
high ligand flexibility with allows a maximum intera
tion between the molecule and the stationary phase
avoids denaturing of the protein. Regnier et al.[5,6] have
shown that excellent kinetic properties are obtained
non-porous polyethyleneimine (PEI) coated polystyr
divinylbenzene packings. Sebille et al.[7,8] have devel
oped a new adsorbed coating technology on non-po
silica for protein separations using polyvinylimidaz
(PVI) or polyvinylpyrrolidone–polyvinylimidazole copoly
mers (PVP/PVI).

In the search for uniform sized beads as chrom
graphic stationary phases, Ugeltad et al.[9] developed
technique named “activated multi-step swelling and p
merization method”. Most of uniform non-porous be
were prepared by Ugelstad’s method[10–12]. This metho
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is excellent, but it seems rather complex because at least
two steps are needed in the swelling process. Ogino et
al. [13] reported the preparation of the uniform styrene-
co-divinylbenzene (PS-DVB) beads with macroporous by
a single-step swelling and polymerization method in 1995.
However, due to PS-DVB having strong hydrophobicity, the
subsequent chemical modification of PS-DVB for protein
separation is difficult. In this paper, we report a prepa-
ration of 5.0�m non-porous poly(glycidylmethacrylate-co-
ethylenedimethacrylate) (PGMA/EDMA ) beads by single-step
swelling and polymerization method, and a new method for
chemical modification of the non-porous PGMA/EDMA beads
for the synthesis of weak cation exchange (WCX) stationary
phase. The chromatographic properties of the WCX station-
ary phase for biopolymer separation are discussed in detail.
The WCX resin was also used for the rapid separation and
purification of lysozyme from egg white in 3.0 min. The
purity of the purified lysozyme was more than 95.0%.

2. Experimental

2.1. Materials

Glycidyl methacrylate (GMA) (Aldrich, USA) was dis-
tilled under vacuum. Ethylene dimethacrylate (EDMA)
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admixed in 22.5 mL of alcohol media under a nitrogen atmo-
sphere. The polymerization was carried out at 70◦C for 24 h
with stirring at 300 rpm. After centrifugal separation, the seed
beads obtained were dispersed in an aqueous solution con-
tainingwPVA = 0.01 such that the content was 0.05 g/mL. The
size of the prepared beads was measured to be 1.7�m. To
repeat this experiment for three times, the results are same.

2.3. Preparation of uniform non-porous PGMA/EDMA

beads

0.5 g of 1.7�m dispersed polystyrene seed beads and
20 mL of 0.1% SDS (w/w) of aqueous solution were placed
in a 250 ml flask and the mixture was stirred slowly by a
mechanical stirrer. Then 12.5 g of the mixture consisting of
9.0 g glycidyl methacrylate, 3.5 g ethylenedimethacrylate and
2% (w/w) AIBN initiator in terms of the total monomers
were added into 120 ml aqueous solution of 0.1% (w/w)
SDS and 1.0% (w/w) PVA and then emulsified under ultra-
sonic condition until the size of oil drops became, at most
of 0.5�m (observed by optical microscope). The emulsion
was sequently added into the dispersion solution of the seed
beads. The mixture was stirred for 4–6 h at room tempera-
ture so that all the emulsified organic phase was completely
absorbed by the polymer seeds. This whole process was mon-
itored by an optical microscope until the organic liquid drops
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Aldrich, USA) was extracted three times with 10% aq
us sodium hydroxide and distilled water, and then d
ith anhydrous magnesium sulfate. Poly(vinylpyrrolido
-30) (PVP, k-30) was purchased from Aldrich (USA). A
isisobutyronitrile (AIBN) was bought from Shanghai Che

cal Reagent Co. Ltd (Shanghai, China). Polyvinyl alco
PVA) and sodium dodecyl sulfonate (SDS) were obta
rom Beijing Chemical Reagent Co. Ltd (Beijing, Chin
enzyl peroxide (BPO) was obtained from Xi’an Chem
eagent Co. Ltd. (Xi’an, China). All chemicals were purifi
y normal methods.

Lysozyme (chicken egg white, Lys), ribonuclease
bovine pancreatic, RNase-A), myoglobin (horse ske
uscle, Myo), cytochrome C (horse heart, Cyt-C), co

umin (CON), bovine serum albumin (BSA) and soyb
rypsin inhibitor (STI) were purchased from Sigma (St. Lo
SA).
All Chromatographic tests were carried out by usin

hromatographic system (Agilent 1100) including a pu
nd a multiple-wavelength UV detector. Samples w

njected through an autosampler (G1313A) and detect
80 nm.

.2. Dispersion polymerization for preparation of
onodisperse polystyrene seed beads

According to the method reported by Pain et al.[14],
onodisperse polystyrene seed beads with low mole
eight were prepared by dispersion polymerization. 2.5
f styrene, 0.05 g of BPO and 0.25 g of PVP(k-30) w
ompletely disappeared. The mixture was degassed by
ng with nitrogen for 20 min. The polymerization was carr
ut at 70◦C for 24 h with continuously stirring. The bea
btained were washed by hot water, methanol and dri
ir.

.4. Modification of the non-porous beads for weak
ation exchange media

3.0 g of non-porous PGMA/EDMA (beads I) were suspend
n 40 mL of 0.1 mol/L sulfuric acid, stirred and kept at 60◦C
or 10 h. After that, the beads were filtered, washed with w
ntil neutral and dried under vacuum condition, obtaining
ydrolyzed beads (beads II).

Then 2.5 g dry beads II were dispersed in 15 mL of w
nd stirred with a magnetic bar for 16 h. The excess wate
emoved by a fritted-glass filter, and the beads were r
ersed in 15 mL 50 wt.% aqueous potassium hydroxide
tirred for 1 h. The liquid was removed, and the beads
ransferred to 25 mL of an epichlorohydrin–water (1:1) m
ure and stirred at room temperature for 3 h. The produc
ashed with water and acetone and dried to afford the b
ontaining 1.5 mmol/g epoxide groups (beads III). The b
II were then hydrolyzed and worked up using the same
edure as described above to afford beads with diol gr
beads IV).

2.0 g of the beads IV with diol groups were disperse
0 mL of pyridine solution, into which 3.0 g of succinic anh
ride were added and stirred at 60◦C for 16 h. The bead
ere washed with water, concentrated hydrochloric acid
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Fig. 1. Chemical modification scheme for preparation of the weak cation exchange packings.

finally, water until to become neutral. Thus, a new non-porous
weak cation-exchange HPLC stationary phase was obtained
(beads V).Fig. 1 shows the chemical modification scheme
for the preparation of the WCX packings in this paper. The
“P” in the scheme donotes the polymer frame.

2.5. Determination of epoxy groups

The non-porous PGMA/EDMA beads were dispersed in
0.1 mol/L tetraethylammonium bromide in acetic acid solu-
tion and titrated with 0.1 mol/L perchloric acid solution until
the crystal violet indicator changed to be blue–green.

2.6. Determination of the capacity of carboxyl group

The titration of carboxyl groups was as the followings:
exactly 10.0 mg of WCX packings were titrated in 10 mL
of 1 mol/L NaCl. Enough 0.1 mol/L hydrochloric acid was
initially added to adjust the pH 2. Then 50�L portions of
0.1 mol/L sodium hydroxide were added and the pH was
recorded until it approached 12.

2.7. Mass recovery

According to Bradford method[15], Coomassie Blue
G e the
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c

2

ing
t
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b

2.9. Purification of lysozyme from egg white by the WCX
resin

Egg white was obtained from fresh egg and dissolved in
sodium phosphate buffer at 1:4 dilution. The 5.0 cm× 0.4 cm
i.d. WCX column was used to isolate lysozyme from egg
white. The egg white sample was loaded with equilibrium
buffer (20 mmol/L sodium phosphate buffer, pH 7.5). Then
the column was washed with a salt gradient and the fractions
were collected and assayed.

3. Results and discussion

3.1. Preparation of monosized non-porous PGMA/EDMA

beads

In order to increase the content of the epoxide groups in
the polymer, which are necessary for the subsequent chemical
modification, a high percentage of GMA must be used. In this
paper, the ratio of monomer (GMA) to cross-linking agent
(EDMA) (75:25, v/v) was selected.

The size of the final non-porous beads was well controlled
by the seed diameter and the existing amount of organic
phase. As organic phase consisting of GMA and EDMA is
fully adsorbed by the seeds in an effective swelling range, the
fi the
f

l

w final
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p
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w lling
m

250 was used as development reagent to measur
bsorbance at 595 nm, using pure BSA as the calibr
urve for the determination of protein concentration and
ulation of mass recovery.

.8. Determination of the bioactivity of lysozyme

The bioactivity of lysozyme was determined by follow
he decrease in absorbance at 450 nm of 0.25 mg/mlMicro-
occus lysodeikticus suspension in 0.067 mol/L phosph
uffer, pH 6.2[16].
nal particle diameter could be calculated according to
ollowing simple equation[17].

og D = log d + 1

3
log

M + m

m

hered andD are the diameters of the seeds and the
eads, respectively,M and m are the amounts of organ
hase and the seeds, respectively; the value of (M+ m)/m is
he swelling multiple. The experiment results showed
hen 1.7�m of seed beads were used and the swe
ultiple was 25, 5.0�m monosized non-porous PGMA/EDMA
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Fig. 2. Scanning electron micrographs of the monosized non-porous beads.

resins could be obtained (repeat this experiment for three
times).

Fig. 2 shows the scanning electron micrograph of the
prepared non-porous beads, illustrating that the prepared non-
porous beads in this study are uniform in size.

3.2. Chemical modification of non-porous PGMA/EDMA

beads

Because the hydrophobicity of the surface of the non-
porous PGMA/EDMA resin, it is difficult to be used for
separation of biopolymers. With the chemical modification
of the hydrophobic surface by using a hydrophilic reagent,
the irreversible adsorption on the surfaces of the beads and
changes in the molecular conformation of protein could
be avoided, or diminished. Many reactions can be used for
the chemical modification of the epoxide groups existing
on the surface of the non-porous PGMA/EDMA resin. In
Fig. 1, the reaction path designed for the preparation of the
WCX packings includes an additional hydrophilization step
consisting of the reaction of the hydroxyl groups of diol
beads (beads II) with epichlorohydrin followed by another
hydrolysis of the newly introduced epoxide groups. This
additional hydrophilization step not only results in a better
shielding of the hydrophobic main chains of the polymer
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3.3. Separation of biopolymer by WCX stationary phase

In order to test the resolution property of the synthesized
WCX column, experiment was performed to resolve pro-
teins with differences in their isoelectric points (pI). The
protein mixture consisting of Myo (pI7.0), RNase-A (pI
8.9), Cyt-C (pI10.3) and Lys (pI11) was chromatographed
on the column, which was shown inFig. 3(A–E) at flow
rates varied from 1.0 to 5.0 mL/min. When the experiment
was done at a flow rate of 5.0 mL/min, a baseline sep-
aration of these proteins was shown inFig. 3(E), which
demonstrated that the packings can be operated efficiently
at high-rates. InFig. 3, elution order of the proteins was
according to their pI. However, the acid protein mixture
consisting of CON (pI5.88), BSA (pI4.98) and STI (pI
4.5) was chromatographed on the column, which was not
retained. This also proved that synthesized resin was WCX
stationary phase. When Rnase-A was used as a solute, the
theoretical plate number (N) of the column was obtained
more than 12,000/m at flow rate of 1.0 mL/min. This result
is comparable to that non-porous silica-based WCX column
[19].

3.4. Effect of organic solvent on protein elution

Iso-propanol (IPA) was used as an additive in the mobile
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thereby preventing from their contact with the prot
molecules[18], but also obtained three hydroxy grou
which are advantageous to next step reaction with suc
anhydride.

Carboxylic capacity was determined to be 0.30 mmo
The IR spectra of the modified polymer exhibited a la
broad adsorption peak at 3421 and 1733 cm−1 correspond
ing to hydroxyl and carbonyl of carboxyl group. These res
prove that the carboxyl groups were really bound to the
face of the prepared polymer.
hases to detect any hydrophobic adsorption betwee
olutes and the packing material. If hydrophobic interact
xist, adding a few percent IPA to the mobile phase sh
educe the retention significantly. In this paper, the effe
ydrophobicity on the biopolymer retention was investiga
y adding 5% (v/v) IPA into the mobile phase. It was fou

hat compared with the absence of any organic solve
he mobile phase, the retention of Myo, RNase-A and C
ecreased by less than 4%, while that of Lys was short
y about 7%. This fact indicates that the hydrophobic in
ction between protein and stationary phase is very w
nd electrostatic interaction dominates the retention be

or of proteins. The hydrophilicity of the resin was prov
o increase greatly after the chemical modification. Th
ore, the three dimensional structure of the separated pr
olecules under these circumstances should not be cha
his point was also proved by the high bioactive recover
7± 5% for lysozyme.

.5. Protein recovery

High yields in the separation of proteins is an esse
equirement for industrial downstream processing. The
ecoveries of four proteins with three continuous individ
easurements obtained from the WCX column are liste

able 1. It is seen that all mass recoveries are greater
0%. The relative standard deviations of recoveries of
roteins in three parallel tests are all less than±4%. This
esult shows that a high mass recovery of proteins by u
he WCX column was obtained in this study.
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Fig. 3. Chromatogram of standard proteins separated by the WCX column (5 cm× 0.4 cm i.d.). (A) 1.0 mL/min; (B) 2.0 mL/min; (C) 3.0 mL/min; (D)
4.0 mL/min; (E) 5.0 mL/min. The linear gradient elution was from 100% solution A (20 mmol/L of phosphate, pH 7.5) to 100% solution B (20 mmol/L of
phosphate–0.5 mol/L NaCl, pH 7.5) at flow rates varied from 1.0 mL/min to 5.0 mL/min for 4–10 min with a delay for 5 min. AUFS, 0.08, UV detection at
280 nm. Proteins: 1, solvent + Myo; 2, RNase-A; 3, 4, Cyt-C; 5, Lys.

3.6. Effect of pH of moble phase on the protein retention

One of the more attractive features of separation proteins
by ion exchange is the ability to predict chromatographic
behavior with respect to the protein’s isoelectric point (pI).
The net charge concept has held that above the pIa protein
is negatively charged and will be retained on the anion-
exchange column, while below the pIa protein is positively
charged and will be retained on a cation-exchange column.
As shown inFig. 4, the retention time of proteins was reduced
gradually with increasing pH in the range of 5.5–8.5, which
is consistent with the phenomenon observed in the literature
[20]. The elution order of these proteins is directly related to

Table 1
Mass recovery of five proteins by using the synthesized WCX columna

Protein Recovery (%)

Myo 91.0± 3.3
RNase-A 93.3± 3.2
Cyt-C 95.2± 2.2
Lys 96.3± 2.0

a The linear gradient elution was from 100% solution A (20 mmol/L of
phosphate, pH 7.5) to 100% solution B (20 mmol/L of phosphate–0.5 mol/L
NaCl, pH 7.5) at a flow rate of 1.0 mL/min for 15 min with a delay for 5 min.
AUFS: 0.2; UV detection at 280 nm.

their pI. A protein with a higher pIwas retained longer, as
expected in cation-exchange mode.

3.7. The effect of salt species on the proteins retention

The displacing salt present in the strong buffer is equal
importance to the pH in controlling retention, resolution and
recovery. Depending on the ion and the charge character-
istics of the protein, these quantities could be significantly
altered. The effect of different salts on retention could be

Fig. 4. Effect of pH of mobile phase on the protein retention. Except pH
(5.5–8.5), other conditions are the same as that indicated inFig. 3.
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divided into three categories: weak, intermediate, and strong
displacing agents[20]. In this paper, we studied the effect
of three salts (KCl, NH4Cl, NaCl) on the proteins retention
by using the WCX column. The results show that using KCl
as displacing agent, the elution volume of RNase-A, Cyt-C
and Lys is smaller than using NH4Cl and NaCl as displacing
agent. It demonstrates that the displacing order of the three
ions is K+ > NH4

+ > Na+, which are according to displacing
disciplinarian for cation exchange chromatography.

3.8. Stability and reproducibility

Column compressibility is another important feature
for HPLC packing materials. This was tested using a
5.0 cm× 0.4 cm i.d. WCX column. We found that the back-
pressure of the packed column is about 8.0 MPa at the flow
rate of 5.0 mL min−1, and the maximum operating pressure
is up to 40 MPa. These results demonstrate the beads pos-
sess high-pressure endurance ability, which is very favorable
to the chromatographic applications under high flow rates.
The column operating pressure is much higher than that
of columns having the same dimensions packed with most
porous polymer-based packing materials.

The WCX column was washed with 1000 mL of 1.0 mol/L
NaOH and 1000 mL of 0.5 mol/L H2SO4, and then was used
for proteins separation. The results showed that the column
c ange.
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Fig. 5. SDS-PAGE analysis for purification of Lys from egg white. 1 and 2:
The standard Lys; 3 and 4: the purified of Lys; 5: the egg white.

Whatman DE92 anion-exchange cellulose. In this study, the
5 cm ×0.4 cm i.d. WCX column was used for the separation
of lysozyme by a single step at a flow rate of 5 mL/min with
a linear gradient of 3.0 min. Egg white lysozyme has a pIof
11.1, and possesses net positive charge under the experiment
conditions, whereas ovomucoid (pI4.0), ovalbumin (pI4.6),
globulin (pI5.5-5.8), conalbumin (pI6.6) possess net nega-
tive charge under the given conditions, so they did not retain
on the WCX column. InFig. 5 sodium dodecylsulfonate-
PAGE analysis shows one main band of purified Lysozyme
from egg white and the purity of the purified Lysozyme is
more than 95% after a single-step purification by the WCX
column. The specific activity of the purified lysozyme was
determined to be 70.264 IU/mg (Sigma, 71.286 IU/mg).

4. Conclusion

The monodisperse, 5.0�m non-porous poly(glycidyl-
methacrylate-co-ethylenedimeth acrylate) resin was synthe-
sized by a single-step swelling and polymerization method.
The obtained results show that the beads have the unifor-
mity in particle size and strong particle rigidity. Based on this
medium, one kind of WCX resin was synthesized by a new
chemical modification method. Compared to the silica-based
packings, the advantages of the synthesized WCX packings
a igher
c on
[ trong
c o
P and
a ery
o ast
an be used from pH 0–14 and its resolution does not ch
hen the WCX column was used repeatedly (up to 50 tim

or the separation of biopolymers, its separation efficienc
ot find decrease. After three month, the WCX column
gain used for proteins separation. We found that there
o significant difference in retention times or resolution fr

hree month ago.

.9. Dynamic capacity of the WCX packings

Breakthrough curves provide valuable information for
valuation of the dynamic binding capacity of the separa
edium. This is a very important characteristic for lar

cale separations. The capacity of WCX packings for ad
ion of Lys was determined by the dynamic method[21]. A
.0 cm× 0.2 cm i.d. WCX column was used; the dynam
apacity at 5% breakthrough for lysozyme at flow-rate
.3 mL min−1 was 20.5 mg/g.

.10. Separation and purification of lysozyme from egg
hite by the WCX column

Egg whites account for about 58% of the entire egg m
ith 10–12% of the mass being water. Among these prot
valbumin, ovomucoid, globulins and conalbumin are
ajor components constituting 54, 11, 10 and 13%, res

ively, while Lysozyme is only as a minor component of ab
.5% [22]. Therefore, egg white is an ideal feed stock

he separation of multiprotein. Levison et al.[23] reported
arge-scale separation of ovalbumin from egg white u
re: (1) it can be used in a wider pH range and also has a h
olumn loading, as shown inFig. 3, a comparable resoluti
19]; (2) compared to dextran and agarose, it has a s
hemical and mechanical stabilities[24]; (3) compared t
S-DVS-based WCX packings, it has better resolution
stronger hydrophilicity, resulting in a high mass recov

f proteins[6]. The WCX column was also used for the f
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separation and purification of lysozyme from egg to obtain a
satisfactory results.
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