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ABSTRACT: Poly(N-vinylimidazole) (PVIm) gels were prepared by irradiating a binary
mixture of N-vinylimidazole (VIm)–water in a 60Co-g source having 4.5 kGy/h dose rate.
In the glucose oxidase (GOx) adsorption studies, affinity gels with a swelling ratio of
1100% for PVIm and 40 and 55% for Cu(II)- and Co(II)-chelated PVIm gels, respec-
tively, at pH 6.5 in phosphate buffer were used. FTIR spectra were taken for PVIm and
Cu(II)- and Co(II)-chelated PVIm, and glucose oxidase adsorption on these gels, to
characterize the nature of the interactions in each species. The results show that
PVIm–glucose oxidase interaction is mainly electrostatic and metal ion–chelated PVIm
gel–glucose oxidase interaction is of coordinate covalent nature. Cu(II) and Co(II) ions
were chelated within the gels via amine groups on the imidazole ring of the gel.
Different amounts of Cu(II) and Co(II) ions [maximum 3.64 mmol/g dry gel for Cu(II)
and 1.72 mmol/g dry gel for Co(II)] were loaded on the gels by changing the initial
concentration of Cu(II) and Co(II) ions at pH 7.0. GOx adsorption on these gels from
aqueous solutions containing different amounts of GOx at different pH was investi-
gated in batch reactors. GOx adsorption capacity was further increased when Cu(II)
and Co(II) ions were attached [up to 0.53 g GOx/g dry Co(II)-chelated PVIm gels]. More
than 90% of the adsorbed GOx was desorbed in 5 h in desorption medium containing
1.0M KSCN at pH 7.0 for plain gel and 0.05M EDTA at pH 4.9 for metal-chelated gel.
Nonspecific glucose oxidase adsorption on/in the metal ion–chelated PVIm gel was
investigated using 0.02M of phosphate buffer solution. The nonspecific GOx adsorption
was determined to be about 18% for PVIm and 8% for the metal ion–chelated PVIm
gels. The ionic strength effect was investigated both on PVIm and on the metal
ion–chelated PVIm gels for the glucose oxidase adsorption. It was found that ionic
strength was more effective on the PVIm gel because of the electrostatic interaction
between protonated gel and the deprotonated glucose oxidase side chain. © 2001 John
Wiley & Sons, Inc. J Appl Polym Sci 82: 446–453, 2001
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INTRODUCTION

Chromatographic separation and purification of
biomolecules such as proteins and enzymes need
several steps involving methods that select on the

basis of molecular size (gel permeation chroma-
tography), electrical charge (ion-exchange chro-
matography), hydrophobicity (hydrophobic inter-
action chromatography), or biological recognition
(bioaffinity chromatography). The overall proce-
dure will be efficient if the techniques separate
according to those properties that best discrimi-
nate between the material of interest and the
impurities. One of the most important forms of
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chromatography used in biomolecule separations
is ion-exchange chromatography.1 In this tech-
nique, the net charge carried by a biomolecule is a
function of pH, given the wide range of pH values
shown by the ionizable amino acid side chains.
However, it is desirable to carry out adsorption at
a pH close to neutrality, to prevent denaturation
of biomolecules by extremes of pH. The desirable
ion exchanger is the strong ion exchanger because
they retain their full charge at all biocompatible
pH.2

The other important separation technique for
biomolecules is metal chelate affinity chromatog-
raphy, which introduces a new possibility for se-
lectively interacting materials on the basis of
their affinities for chelated transition metal ions.
The separation is based on differential binding
abilities of the proteins or enzymes to interact
with chelated metal ions to a solid carrier.3–6

Metal chelate affinity chromatography of pro-
teins, with metal chelate linked to Sepharose, was
first introduced by Porath et al.7 They reported a
model system using Zn(II) and Cu(II) columns in
tandem for the fractionation of human serum pro-
teins. Subsequent studies have shown the wide
applicability of the technique and consistency of
the methodology. The plasma proteins a2-macro-
globulin and a1-proteinase inhibitor, for example,
have been purified to homogeneity on zinc chelate
columns.8,9 Metal chelate affinity chromatogra-
phy has also been used to provide immunologi-
cally and physicochemically pure a2-HS glycopro-
tein from plasma.10,11 Plasminogen activators
from both normal tissue (human uterus) and hu-
man melanoma cells have been isolated by metal
chelate affinity chromatography,12,13 as have nu-
cleoside diphosphatase,14 human lactoferrin,15

lectin,16 interferon,17 and carboxypeptidase B.18

The content and distribution of metal-coordi-
nating residues on the biomolecule surfaces dic-
tate separation in the metal-affinity process.
When histidines and cysteine are on the biomol-
ecules, these are the most important metal ion–
coordinating ligands at neutral pH. If a suffi-
ciently large number of such ligands are accessi-
ble, the biomolecules can be recovered efficiently
from crude mixtures. In the biomolecules, the his-
tidine amino acid residue plays an important role
for the metal ion coordination.19–21 On the other
hand, a histidine-like synthetic ligand containing
an imidazole ring shows similar coordination with
different metal ions such as Cu(II), Ni(II), Zn(II),
and Co(II).22 Because of this reason synthetic
polymers containing large numbers of imidazole

ligands such as PVIm can be used for the separa-
tion in the metal-affinity process of biomolecules.
When the metal ion–chelated polymeric form was
used for the biomolecules, some coordination
number of metal ion in the complex structure that
was occupied with water molecules could be re-
placed by the biomolecules in the aqueous me-
dium. In this way biomolecules could be accumu-
lated on the solid form of the metal ion–chelated
sorbents. If the metal ion–chelated form of the
solid sorbents was used, then both the adsorption
capacity and the activity of enzyme were in-
creased.23

Poly(N-vinylimidazole) and its copolymer, es-
pecially with N-vinylpyrrolidone, are among the
major synthetic polymers for biomedical, pharma-
ceutical, and industrial applications. These syn-
thetic polymers are rather hydrophilic and viny-
limidazole on the polymeric chains provides com-
plexation with the transition metal ions, such as
Cu(II), Co(II), Ni(II), and Zn(II), giving transition
metal ion complexes in the aqueous solution. In
these transition metal ion complexes, some coor-
dination number of metal ions can be occupied
with weak ligation of water molecules. Weak li-
gation of water molecules could be replaced with
the other strong ligation of nitrogen-based li-
gands on the biomolecules, such as proteins, en-
zymes, and DNA.24,25

The purpose of the present study is to prepare
an affinity gel containing Cu(II) and Co(II) ions
(in chelated form) for metal chelate affinity sepa-
ration of enzymes. Glucose oxidase (GOx) was
selected as a model enzyme. In this report, we
present GOx adsorption/desorption properties of
Cu(II)- and Co(II)-chelated PVIm gels. In addi-
tion, we tried to find the interaction nature of
glucose oxidase with the PVIm and metal ion–
chelated PVIm gels. FTIR technique was used to
characterize the interaction between the gels and
enzyme.

EXPERIMENTAL

Materials

Glucose oxidase (lyophilized, Fraction V; Sigma,
Poole, UK) was purchased from Sigma Chemical
Co. (St. Louis, MO) and used as received. N-Viny-
limidazole (VIm) was obtained from Merck AG
(Darmstadt, Germany) and distilled under re-
duced pressure in the presence of hydroquinone
and stored at 4°C until use. Copper chloride
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(CuCl2) and cobalt chloride (CoCl2) were pur-
chased from BDH (Poole, UK). All other chemi-
cals were of reagent grade and were purchased
from Merck AG.

Methods

Preparation of PVIm Gel

VIm–water mixture (10 mL) containing 8 mL of
VIm and 2 mL of water was placed in 3-mm
diameter poly(vinyl chloride) (PVC) straws and
irradiated in a 60Co-g source at a fixed dose rate of
4.5 kGy/h. The gel was removed from the straws
(cut to 3–4 mm in length), washed several times
with distilled water, and then dried under nitro-
gen atmosphere in a vacuum oven at 60°C. Fi-
nally, dried gels were ground and stored until use.
Fine particles of hydrogels with 800 mm average
size were used for the GOx adsorption. Other
details related to the polymerization system and
procedure were given elsewhere.22,26

Water Content of PVIm Gels. The swelling behav-
ior of PVIm gels was determined in distilled wa-
ter. Dry gel pieces were placed in distilled water
and kept at a constant temperature of 25 6 0.5°C.
Swollen gels were periodically removed and
weighed. The water content of the swollen gels
was calculated by using the following expression:

Swelling ratio % 5 @~Ws 2 Wo!/Wo# 3 100

where W0 and Ws are weights of gel before and
after swelling, respectively.

FTIR Spectra. FTIR spectra of the plain and met-
al-attached PVIm gels were obtained by using a
FTIR spectrophotometer (Nicolet 520 Model FTIR
spectrometer; Nicolet Instruments, Madison, WI).
Dried PVIm and metal ion–chelated PVIm gels
(0.01 g) were thoroughly mixed with KBr (0.1 g)
separately and these homogeneous mixtures were
pressed to form tablets, after which the spectra
were recorded.

Incorporation of Cu(II) and Co(II) Ions to PVIm
Gels

Chelates of PVIm gels with Cu(II) and Co(II) ions
were prepared as follows: PVIm gels (0.01 g) were
mixed with 20 mL of aqueous solutions containing
100–1200 ppm Cu(II) and Co(II) ions, at a con-
stant pH of 6.5 (adjusted with NaOH and HNO3),
which was the optimum pH for Cu(II) and Co(II)

chelate formation at room temperature.26 A 1200-
ppm solution of CuCl2 and CoCl2 was used as the
source of Cu(II) and Co(II) ions. The flasks were
shaken in a thermostatically controlled water
bath at 30°C for 2 days (sufficient to attain equi-
librium). The concentration of the metal ion in the
resulting solutions was determined with an UV-
Vis spectrophotometer (Philips PU 8715 Model;
UK).

Metal ion leakage from the PVIm gels was
investigated in a medium containing NaCl at 0.01
ionic strength and pH in the range 4.0–8.0, and
also in a medium containing 1.0M of KSCN, at pH
7.0. The gel suspensions were stirred for 24 h at
room temperature. After this period, the leakage
of metal ions was determined in the supernatant
using an atomic absorption spectrophotometer
(GBC 932 AA; Australia).

Glucose Oxidase Adsorption

GOx was selected as a model enzyme in this
study. GOx adsorption of the plain and Cu(II)-
and Co(II)-chelated PVIm gels was studied at var-
ious pH values. The pH of the adsorption medium
was varied between 3.0 and 8.0 by using different
buffer systems (0.02M CH3COONa–CH3COOH
for pH 3.0–6.0, 0.02M K2HPO4–KH2PO4 for pH
7.0 and 8.0). The initial GOx concentration was
changed between 0.5–10.0 g/L. In a typical ad-
sorption experiment, GOx was dissolved in 10 mL
of 0.01M of phosphate buffer solution to which
gels were added. The adsorption experiments
were carried out for 2 h at 4°C in a water bath. At
the end of the equilibrium period (i.e., 90 min),
the gels were separated from the solution. The
GOx adsorption capacity was determined spectro-
photometrically, by measuring the initial and fi-
nal concentrations of GOx in the adsorption me-
dium at 276 nm, which was the maximum absorp-
tion wavelength for GOx.

Glucose Oxidase Desorption

The GOx desorption experiments were performed
in a buffer solution containing 1.0M of KSCN at
pH 7.0 or 0.05M EDTA at pH 4.9. The GOx-loaded
gels were placed in desorption medium and
stirred for 20 h at 4°C in a thermostatically con-
trolled water bath. The final GOx concentration
in desorption medium was determined by spectro-
photometry. In the case of Cu(II)- and Co(II)-
carrying gels, desorption of metal ions was also
measured in desorption media by an atomic ab-
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sorption spectrometer. It was found that there
was slight metal ion leakage in the desorption
condition of GOx. The ratio of desorbed metal ion
was not more than 1% compared to the adsorbed
GOx. The desorption ratio was calculated from
the amount of GOx adsorbed on the gels and the
amount of GOx desorbed.

RESULTS AND DISCUSSION

Characteristics of PVIm and Metal Ion–Chelated
PVIm Gels

Preparation, characterization, and the metal ion
adsorption details of PVIm gels were given in our
previous work.27 The gels prepared in this study
were highly swellable (swelling ratio of 3000% for
the protonated form of PVIm gel at pH 2.5). The
gel showed a homogeneous and highly open pore
structure, which could possibly have led to high
internal surface area (meaning high adsorption
capacity) with low diffusional resistance in the
matrix. The swelling ratio of Cu(II)- and Co(II)-
chelated gels were very low compared to that of
the plain PVIm gel. In this case, the metal ion
coordinated with four imidazole nitrogen groups,
the gel structure shrank, and the swelling ratio
reduced, all of which affected the GOx adsorption
capacity of the gels. However, GOx adsorption
increased when the metal ion–chelated form of
the gels was used. This is the case for the metal-
chelating capacity of the gels with the GOx on the

exterior surface of the compact metal ion–che-
lated gels. The swelling ratios of the plain and
metal ion–chelated PVIm are given as a function
of pH in Figure 1.

To investigate the interaction between PVIm
gel, metal ion, and GOx, FTIR spectra of different
types of gels were recorded. In this part of the
work, FTIR spectra of PVIm, GOx, PVIm–GOx,
and the difference FTIR spectrum between
PVIm–GOx and PVIm were recorded. These FTIR
spectra are shown in Figure 2. In the difference
spectrum [Fig. 2(D)], the absorption bands
around 1600 cm21 and broad absorption band
between 850 and 1200 cm21 show the same char-
acter with the FTIR spectrum of pure GOx [Fig.
2(B)]. This is the case for the high content of
adsorbed GOx on the PVIm gel. The nature of the
adsorption was mainly electrostatic because the
absorption band around 1650 cm21 was shifted to
a lower wavelength and the absorption band at
1510 cm21 disappeared when GOx was loaded
onto the PVIm gel [Fig. 2(C)], as compared with
the spectrum of the plain PVIm gel [Fig. 2(A)].
The absorption band between 920 and 1200 cm21

was very broad in the spectrum of PVIm–GOx
compared to the spectrum of the plain PVIm gel.
The broad absorption band of the difference spec-
trum between 1250 and 1550 cm21 shows the
same characteristics with the spectrum of pure
GOx. All this information shows that there is a
real chemical interaction between PVIm and GOx
resulting from the wavelength shift and disap-
pearance on some absorption bands in the PVIm–

Figure 1 Swelling behavior of PVIm gels at different
pH: (A) PVIm; (B) Cu(II)–PVIm; (C) Co(II)–PVIm. Tem-
perature, 25°C; ionic strength, 0.02.

Figure 2 FTIR spectra: (A) PVIm; (B) GOx; (C)
PVIm–GOx; (D) difference of (C) and (A).
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GOx spectrum when GOx adsorbed onto PVIm
gel. The weak absorption bands between 2100
and 2800 cm21 in the spectra of PVIm and differ-
ences between PVIm–GOx and PVIm show the
protonated imidazole amine groups on the PVIm
gel. This means that the interaction between
PVIm and GOx is electrostatic in nature. The
weakness of the absorption bands shows the in-
teraction and the electrostatic interaction af-
fected vibration intensity. The same behavior was
shown after the metal ion incorporation to the
PVIm gel, which is given in Figure 3. In this case
the metal ion was first incorporated to the PVIm
gel and then GOx was loaded to the metal-che-
lated PVIm gels. Here the difference FTIR spec-
trum between PVIm–Cu(II)–GOx and PVIm–
Cu(II) spectra [Fig. 3(C) and (A)] showed the
same characteristics with the spectrum of pure
GOx [Fig. 3(B)]. All changes in the absorption
bands and disappearance were similar with the
FTIR spectra that were discussed in Figure 2.

Metal Ion Incorporation to the PVIm Gel

Incorporation of Cu(II) and Co(II) to the unproto-
nated and protonated PVIm gels is shown in Fig-
ure 4. The amount of ions adsorbed onto both
forms of the PVIm gels for two metal ions in-
creased with the initial concentration of the metal
ions in solution. It reached a first plateau value of
2.06 and 0.85 mmol metal ion/g dry gel for Cu(II)
and Co(II), respectively, and in the case of unpro-
tonated gel at 400 ppm initial metal ion concen-

tration. After the first plateau value, the amount
of adsorbed metal ion increased rapidly and
reached 3.64 and 1.72 mmol/g dry gel for Co(II)
and Cu(II) at 1200 ppm initial metal ion concen-
tration. In the case of protonated PVIm gel, the
amount of adsorbed metal ion is 0.72 and 0.26
mmol/g dry gel for Cu(II) and Co(II), respectively,
at 1200 ppm initial concentration of the metal
ions. This result shows that complex formation
between metal ion and the PVIm gel is less favor-
able when the gel has positively charged sites.

Glucose Oxidase Adsorption onto PVIm and Metal
Ion–Chelated PVIm

pH Effect

Figure 5 shows the effect of pH on GOx adsorption
onto PVIm gels. In all cases investigated, the
maximum adsorption of GOx was observed at pH
7.0. Significantly lower adsorption capacities
were obtained with all gels in more acidic and in
more alkaline pH regions. It has been shown that
enzymes have no net charge at their isoelectric
points, and therefore the maximum adsorption
from aqueous solutions is usually observed at
their isoelectric point.28 The isoelectric pH of GOx
is 4.3. In our case, the maximum adsorption pH
was not 4.3, but rather shifted to a higher pH
value than the isoelectric pH of GOx. These spe-
cific interactions may result both from the ioniza-
tion states of several groups on both the imidazole
functional group and amino acid side chains in
GOx structure, and from the conformational state

Figure 3 FTIR spectra: (A) PVIm–Cu(II); (B) GOx;
(C) PVIm–Cu(II)–GOx; (D) difference of (C) and (A).

Figure 4 Metal ion adsorption capacity of the PVIm
gels: Cu(II) (A) and Co(II) (B) adsorption on the depro-
tonated PVIm at pH 7.0. Cu(II) (C) and Co(II) (D)
adsorption on the protonated PVIm at pH 2.5. Temper-
ature, 25°C.
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of glucose GOx at this pH, as usually discussed in
the related literature.29 At pH values higher than
the isoelectric pH of GOx, the side chain of GOx is
partially deprotonated. This increases the adsorp-
tion capacity of GOx on the protonated plain
PVIm. In the metal-chelated form of PVIm, GOx
might have completed the oxidation state of the
metal ion, further increasing the adsorption ca-
pacity of GOx.

Adsorption Capacity

Figure 6 shows the effects of initial GOx concen-
tration on adsorption. As presented in this figure,
with increasing GOx concentration in solution,
the amount of GOx adsorbed by the gel increases
very fast at low concentrations, below about 2.0
g/L, then increases less rapidly and approaches
saturation for PVIm. It becomes constant when
the enzyme concentration is greater than 5 g/L.
The GOx adsorption capacities of the PVIm, Cu(I-
I)–PVIm, and Co(II)–PVIm are 228, 343, and 528
mg GOx/g gel, respectively. Chelated Co(II) and
Cu(II) ions significantly increased the GOx ad-
sorption capacity of the gel (up to 528 mg GOx/g
gel), possibly because of the specific interactions
between GOx and metal ions to complete the co-
ordination number of metal ions. It is clear that
this increase is attributed to chelate formation
between metal ion and GOx molecule, that is,
metal ions promote the adsorption of GOx. In the

chelated form, the gels are very compact and
swellability is very low compared to that of the
pristine PVIm gel (Fig. 1). The GOx adsorption
capacity for the metal ion–chelated gels is signif-
icantly higher than that of the plain gel, in spite
of the rigid structure and low swellability of metal
ion–chelated gels. In this manner, this chelated
form of the gels can be very conveniently used for
the column application. This property is not valid
for the plain PVIm gels.

Adsorption Kinetics

The adsorption equilibrium time of GOx mole-
cules on the affinity gels was investigated and the
results are presented in Figure 7. As seen from
Figure 7, higher adsorption rates were observed
at the beginning of the adsorption process; then
adsorption equilibria were achieved gradually in
about 90 min. Adsorption of GOx molecules was
very fast, especially when the GOx concentration
was very high (data not shown). It has to be noted
that the GOx was adsorbed much faster onto the
metal ion–chelated affinity gels than onto the
plain gel because of the much higher affinity of
the metal ions [i.e., Cu(II) and Co(II) ions]. The
major functional groups (–NH and –SH) on en-
zyme contribute toward the interaction with in-
corporated metal ion that is weakly coordinated
with water molecules in aqueous solution.

Figure 5 Effects of pH on adsorption of glucose oxi-
dase: (A) PVIm; (B) PVIm–Cu(II); (C) PVIm–Co(II).
Adsorption conditions: initial concentration of enzyme,
2 g/L; adsorption time, 2 h; temperature, 4°C. Amount
of loaded metal ions: 3.64 and 1.72 mmol/g dry gel for
Cu(II) and Co(II), respectively.

Figure 6 Effect of initial glucose oxidase concentra-
tion on glucose oxidase adsorption of the PVIm gels: (A)
PVIm; (B) PVIm–Cu(II); (C) PVIm–Co(II). Cu(II) and
Co(II) incorporations, 3.64 and 1.72 mmol/g dry gel,
respectively; pH 7.0; temperature, 4°C.
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Glucose Oxidase Desorption from PVIm and Metal
Ion–Chelated PVIm

Desorption of the adsorbed GOx from the PVIm
and Cu(II)- and Co(II)-chelated PVIm gels was
studied in a batch experimental setup. GOx-
loaded gels were placed in desorption medium
containing 1.0M KSCN at pH 7.0 and 0.05M
EDTA at pH 4.9. The amount of GOx, Cu(II), and
Co(II) released in 20 h was determined. The de-
sorption ratios for both GOx and metal ions were
calculated by using the following expression:

Desorption ratio ~%!

5
Amount of GOx ~or metal ions! released
Amount of GOx ~or metal ions!

adsorbed on the gel

3 100

Table I gives the desorption data. More than 99%
of the adsorbed GOx was removed when 1.0M of

KSCN was used for desorption of GOx from plain
PVIm gel. Note that there was no metal ion re-
lease in this case, which shows that metal ions
are attached to imidazole molecules on the gel
surface by strong forces through chelate forma-
tion. However, when EDTA was used for desorp-
tion, only 11% of GOx was removed from PVIm
gel, perhaps because of a salting effect. While
under the same desorption conditions, about
100% of the GOx was desorbed from the metal
ions carrying PVIm gels. This means that EDTA
breaks down the chelates between metal ion and
imidazole amine group on the gels, releasing com-
pletely adsorbed GOx.

According to the above-described desorption
data we concluded that KSCN and EDTA, espe-
cially, are suitable desorption agents for PVIm
and metal ion–chelated PVIm gels, allowing re-
peated use of the affinity sorbents developed in
this study.

CONCLUSIONS

PVIm gels were prepared by irradiating a binary
mixture of N-vinylimidazole-water in a 60Co-g
source having 4.5 kGy/h dose rate. Then, Cu(II)
and Co(II) ions were incorporated with an imida-
zole affinity group onto the PVIm gel. The maxi
mum amounts of Cu(II) and Co(II) ions chelating
on the PVIm gel were obtained at 3.64 and 1.72
mmol metal ions/g dry gels, respectively. FTIR
spectra showed that there was a real chemical
interaction between PVIm gels and GOx. More-
over, the adsorption capacity of metal ion–ch-
elated PVIm is reasonably high for the purifica-
tion of biomolecules. The results presented in this
communication showed that the GOx adsorption
capacity of plain and Co(II)- and Cu(II)-chelated
PVIm was 228, 343, and 528 mg/g dry gels. More
than 99% of the adsorbed GOx was desorbed in
20 h in the desorption medium containing 1.0M

Figure 7 Adsorption kinetics of GOx on PVIm gels:
(A) PVIm; (B) PVIm–Cu(II); (C) PVIm–Co(II) in pH 7.0
phosphate buffer. Temperature, 4°C; initial concentra-
tion of GOx, 2 g/L.

Table I Adsorption–Desorption of GOx and Metal Ions

Gels

Adsorption of Metal Ions

Adsorbed GOx
(mg/g dry gel)

Desorption of GOx (%) in

Adsorbed Cu(II)
(mmol/g dry gel)

Adsorbed Co(II)
(mmol/g dry gel) Phosphate Buffer KSCN EDTA

PVIm — — 228 18 99 11
PVIm–Cu(II) 3.64 — 343 8 40 100
PVIm–Co(II) — 1.72 528 8 68 99
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KSCN at pH 7.0 for PVIm and 0.05M EDTA at pH
4.9 for Cu(II)- and Co(II)-chelated PVIm gels.
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