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Abstract

Several clinically important proteins and enzymes (bovine serum albumin (BSA), glucose oxidase (GOD) (EC 1.1.3.4),
streptokinase (EC 3.4.99.0), chymotrypsin (EC 3.4.21.1) and dispase (EC 3.4.24.3)), respectively, have been immobilised
onto fine magnetic particles using carbodiimide as a coupling agent. The coupling reactions of these substances were carried
out using various ratios of magnetic particles to protein, and different values of pH to determine the optimum conditions of
immobilisation. The possible applications in biomedicine and biotechnology of this method of immobilisation are discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction magnetic particles) and magnetic microspheres (com-
plex systems comprising special matrix materials like
One of the prerequisites for success of the appli- albumin, polysaccharide or containers like liposomes
cation of drug targeting for the treatment of localised or erythrocytes)3,4]. Most of these experiments used
diseases is the development of an effective method to magnetic support materials in association with con-
transport the drug to the target site in the organism. ventional support materials. Magnetic supports can be
Biocompatible ferromagnetic particles have been used prepared by copolymerisation of magnetic particles,
effectively as potential drug carriers since 19Z(P). during the synthesis of the supporting polynji@i6],
The targeting of drug-bearing magnetic particles to a allowing the entrapment of the magnetic particles
specific part of the body has been studied using mag- within polymers, onto which the biomolecules can be
netic fluids (stable suspensions of highly dispersed immobilised. Magnetic particles can also be coated
particles of magnetic materials), unstable suspensionswith layers of common support materialg], e.g.
(well dispersed systems containing multi-domain agarose or dextran, and the biomolecules covalently
linked to their surfaces.
mpondmg author. Tels42-195-6336320: The above _systems are ideal_ for carryjng small
fax: +42-195-6336292. molecular weight pharmacologically active sub-
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not ideal for transporting enzymes to a target area colloidal suspensions (ferrofluids) that will not aggre-
for treatments of clot lysis in peripheral and coronary gate, thus allowing for uniform distribution in a re-
vascular occlusive diseases. action mixture; the direct coupling method described

In the experiments reported here, the magnetic par- here is both simple (one-step) and inexpensive.
ticles are synthesised by the co-precipitation method
resulting in the formation of macroions. The specific
adsorption of the amphoteric hydroxyl (-OH) group 2. Materials and methods
imparts superficial negative charges to the particles
in an alkaline medium and positive charges in an 2.1. Preparation of magnetic particles
acidic medium. Bacri et al8] have shown that the
—OH" ligand will remain on the particles at a pH Magnetic particles (F#,) were prepared by
between 6 and 10. Thus, in the present case, the freeco-precipitating ferric and ferrous salts in an alkaline
hydroxyl group on the surface of the particles is re- solution followed by washing in hot water. 27.89
sponsible for the binding of the protein. The presence of FeSQ-7H,0 and 54 g of FeGI6H,O were each
of 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide  dissolved in 100 ml double distilled water and thor-
hydrochloride (CDI) modifies the carboxyl group of oughly mixed and added to 75ml, 8M NBH,
the protein at slightly acidic pHo], which increases  With continuous stirring at room temperature. The
the percentage binding of the protein. particles obtained were black and exhibited a strong

In an earlier study[10], it was found that it was ~ magnetic response. Impurity ions, such as chlorides
possible to immobilise 97% bovine serum albumin and sulphates were removed by washing with copious
(BSA) by covalently binding it to magnetic particles amounts of hot distilled water. Finally, the magnetic
by coupling it to CDI, without loss of its properties. particles were dispersed in slightly alkaline medium
Several clinically important enzymes, like alkaline and (pH = 8.9).
acidic phosphatase and lactate dehydrogenase were The amount of magnetic particles in a given volume
also immobilised, and 50-80% activity was retained of the ferrofluid was estimated by thermogravime-
by the immobilised preparations. try and by magnetic measurements of magnetisation

In the present study, an attempt was made to link curves (VSM magnetometer).
protein molecules (BSA, glucose oxidase (GOD), The particle size distribution was determined by
chymotrypsin, streptokinase and dispase) directly to electron microscopy and magnetic measurements by
magnetic particles using CDI as the coupling agent. means of Chantrell et glL1] procedure. The particles
Different values of pH and ratios of magnetic parti- were found to have a lognormal particle size distribu-
cles to protein were studied in order to establish the tion with a mean diameter of 10nm and S.B.,=
optimum conditions for immobilisation. The direct 0.23.
coupling of enzymes or bioactive molecules to the
magnetic particles has a number of potential advan- 2.2. Immobilisation
tages.

Several advantages could be envisaged of such The reagents used in the immobilisation (BSA, dis-
preparations where molecules are directly linked to a pase, GOD, chymotrypsin, streptokinase, and the cou-
magnetic material, like ferrite, the lack of a polymer pling agent (CDI)) were obtained from Sigma, and the
coat results in smaller particles, thus increasing the dye Coomassie Brilliant Blue from Fluka Chemical
ratio of surface area to volume, allowing a greater Company. The enzymes used for the immobilisations
response to any magnetic field; studies on the use of were freeze-dried preparations containing hon-human
magnetic particles for cell-separation have revealed enzyme stabilised in a buffered BSA base (Sigma).
that the larger the particle size used for separation, the BSA, GOD, chymotrypsin, streptokinase and dis-
higher the extent of non-specific entrapment in the pase were immobilised onto magnetic particles using
larger aggregates of magnetic particles, thus smaller CDI. The coupling reactions were carried out under
magnetic particles hold the promise of greater speci- different conditions to determine the optimum condi-
ficity; small magnetic particles can exist as stable tions for immobilisation of proteins, i.e. change of the
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Table 1
Effect of pH on the coupling of BSA to fine magnetic particles at ratio magnetic particles:BSA:carbodiimide—3:1:1, and on the
immobilisation of GOD and its activity after immobilisation

Fes04:BSA:CDP Fe;04:GOD:CDP

pH of buffer Coating (%) Proteins/E&, (Mg) pH of buffer Coating (%) Proteins/g®@4 (mg)
5.5 70 0.233 45 76 0.127

6 57 0.189 5 63 0.105

6.3 46 0.153 5.5 47 0.078

6.5 45.6 0.152 6.3 43 0.072

2Mass ratio(mg) = 3:1:1.
bMass ratio(mg) = 6:1:2.

pH of the reaction mixtureTable ) and proportion buffer, 0.8 ml of standard human “fibrinogen” solution
of magnetic particles to proteingify. 3). The pH was containing plasminogen and 0.1 ml of thrombin solu-
varied using sodium and potassium phosphate bufferstion were mixed and placed in a water bath afG7
(0.003 M). The proteins to be coupled, and the CDI, The clotted fibrinogen starts to lyse due to the pres-
were dissolved in buffer of the desired pH. ence of streptokinase, which activates the plasminogen
For a given value of pH (e.g. 6.3), 1 ml of protein originally contained in the fibrinogen reagent. Using
dissolved in buffer pH 6.3 (20 mg/ml) was added to the above standard, the immobilised streptokinase was
1 ml of CDI (20 mg/ml) dissolved in the same buffer. assayed to determine the percentage activity retained
A given volume of magnetite particles (3ml) which after immobilisation. The activity of other enzymes
had previously been washed copiously in buffer pH (chymotrypsin, dispase) were assayed according to the
6.3 were then added to the mixture. The reaction mix- Sigma diagnostic procedurgkbs].
ture was shaken at room temperature for 24 h, after
which time the magnetic particles were separated out
by placing a magnet under the vial containing the re- 3. Results and discussion
action mixture. The supernatant was decanted and the
particles re-washed three more times in buffer. The su- 3.1. Immobilisation of BSA onto magnetic particles
pernatants were pooled and the total protein concen-
tration measured using Bradford's dye binding assay The extent of BSA binding to the magnetic parti-
[12]. The protein concentration in the original protein cles was estimated by FTIR spectroscopy and electron
solution (before coupling) was measured by the same micrography. It is clear from the electron micrograph
method and thus the quantity of protein bound to the (Fig. 1) that proteins are layered over the magnetic
magnetic particles could be calculated from the differ- particles.Fig. 2 shows the FTIR spectral characteris-
ence between the total protein added to the immobili- tics of BSA bound to magnetic particles. It is evident
sation mixture and the total protein recovered from the that the characteristic bands of protein at 1648 and
pooled washings. This procedure was repeated using1540cnt? are present in pure BSA and in BSA
different values oX:Y:Z. bound to magnetic particles. The extent of coating
The binding of the protein to the magnetic particles of BSA onto the magnetic particles was determined
was examined by FTIR spectroscopy and electron mi- by estimating the residual protein in the supernatant
croscopy. and washings. The estimation of protein content by
The enzyme activity was determined in case of Bradford’'s method[12] showed that the extent of
GOD by GOD-peroxidase (POD) coupled enzyme re- coating onto the particles increased as the pH of the
action[13]. reaction mixture was decreasethble J). This is in
Immobilised streptokinase was assayed by deter- agreement with the mechanism of the coupling reac-
mining the smallest amount of streptokinase that will tion. Also, as expected, with a higher ratio between
cause lysis of a standard fibrin clot within 10 njim]. the magnetic particles and protein, the percent coating
100p.l of serial dilutions of streptokinase in gelatine attained was higheiF{g. 3). The optimum conditions
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Fig. 1. Electron micrograph (a) pure magnetic particles and (b) Fig. 2. FTIR spectrum of (a) pure protein and (b) protein bound

protein bound to magnetic particles.

for the binding of BSA to the magnetic particles were
observed at a ratio of magnetite:BSA:CDI of 2:1:2 at
room temperature and pH 6.3, respectively.

3.2. Immobilisation of glucose oxidase onto the
magnetic particles

The coupling reaction was allowed to proceed at
room temperature or at lower temperatures (05}
The extent of coating was determined by estimat-
ing the residual protein and enzyme activity in the
supernatants and washings, and hence expecting
that the protein/enzyme activity not accounted for
in the supernatants and washings, had been coated
onto the particles. The activity of the enzyme coated
onto the magnetic particles was also estimated. In all

xtent of coating [%]

1]

to magnetic particles.

80

701

60

50+

40

30

20

10

—Ml— with coupling agent CDI
—0O— without coupling agent CDI

\.

\.
\l

D\D—D/D\D\
O

0,0

0,2

T T
0,4 0,6 0,8 1,0

mg BSA/mg Fe,O,

Fig. 3. Effect of ratio of magnetic particles to protein to carbodi-

cases, protein was estimated by Bradford’s method imide on extent of coating of BSA (phosphate buffer 0.003 M,

[12] using GOD as the standard. The enzyme activity pH = 6.3).
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was monitored by the GOD-POD coupled enzyme
reaction. When coupling was attempted at room tem-
perature all of the added protein was recovered in the
washings and the particles did not show any enzyme
activity. It is therefore reasonable to assume that no
protein was coupled. However, the coupling could be
achieved by using a lower temperature (0€3; at

pH 6.3, 43% protein was coated onto the patrticles,
while almost 76% protein was coated onto the par-
ticles at pH of 4.5. The optimum ratio of magnetic
particles:GOD:CDI was found to be 6:1:2. The higher
magnetic particle to protein ratio used here helped to
minimise losses of the enzyme.

Whilst GOD could be bound to the magnetic par-
ticles at pH 6.3, no enzyme activity was observed:
maximum activity was observed where the coupling
reaction was carried out at pH 4.9aple 1. Al-
though maximum protein binding was obtained for a
coupling reaction pH value of 4.5, over 70% of the
enzyme’s specific activity was lost (for the amount of
enzyme bound 70 units of activity should have been
observed, but the measured figure was 24). This is
a common observation for enzymes immobilised by
covalent bonding.

This apparent loss of specific activity of the enzyme
can be attributed to the various alterations in the prop-
erties of enzymes, which often accompany their im-
mobilisation. Random covalent bonding of an enzyme
to the surface of a solid matrix could result in multi-
ple orientations of the enzyme on that surface. Thus,
coupling may result in a conformation of the enzyme
where the active site is partly or totally obscured by
the immobilisation matrix and thus not available to
the substrate. Alternatively, even if the active site is
exposed, the binding of the enzyme molecule to the
support could restrict its ability to undergo any neces-

17

Table 2

The best results of extent of coating of dispase (EC 3.4.24.3),
chymotrypsin (EC 3.4.21.1) and streptokinase (EC 3.4.99.0) and
their activity after immobilisation at pH= 6.3

Proteins/enzymes A:B:C Proteins/ Units proteins/
(mass ratio) FesO4 (mg) Fe3sO4 (MQ)
Dispase 2:1:2 0.41 86
Chymotrypsin 2:1:2 0.28 50
Streptokinase 2:1:2 0.26 50

A: magnetic particles, B: proteins and C: CDI.
4. Discussion

The present findings have several applications in
medicine and biotechnology. One of the important ap-
plications worth exploring is the treatment of coro-
nary thrombosis and peripheral arterial occlusions. By
drawing magnetic streptokinase to the target site of a
thrombosis by applying powerful magnetic fields to
the patient, it should be possible to lyse clots using
reduced quantities of the enzyme. This procedure can
certainly avoid the unwanted side-effects of high doses
of streptokinase. The present procedure could also be
used to remove carcinogenic cells from the circulation
to prevent metastases by using magnetic antibodies
specific for tumour cell surface antigens. The direct
binding of enzymes and proteins to magnetic particles
has several other potential applications in the field of
biotechnology. The procedure could be used to immo-
bilise the whole cells, using the cell surface proteins,
which can be used in chemical and drug transforma-
tion. Microbial cells with the capacity to degrade toxic
aromatic hydrocarbons could be immobilised to mag-
netic particles and used for industrial waste treatment.

The method can be applied to immobilise antibod-
ies used in radio immunoassays, thus avoiding the

sary change in conformation on binding the substrate. time-intensive centrifugation step. Affinity ligands can

Yet another possibility is that covalent bond formation be directly bound to magnetic particles linked to pro-
could take place through residues, which though not tein for the use of enzyme and antibody purification
actually present at the active site may be essential for avoiding time-consuming chromatographic procedure.
maintaining the active conformation of the active site.

One or more of these factors could have contributed
to the loss of activity.

Dispase, chymotrypsin and streptokinase were im-
mobilised to fine magnetic particles, in a similar The present findings clearly show that it is possible
manner as described above. The extent of coatingto bind proteins onto magnetic particles in the pres-
and enzyme activities were measured in these casesence of CDI without the aid of a primary coating. The
The best achieved results are summarisethiole 2 binding is due to the presence of hydroxyl groups on

5. Conclusion
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the surface of fine magnetic particles freshly prepared [3] E.K. Ruuge, A.N. Rusetski, J. Magn. Magn. Mater. 122 (1993)
from FesO4. The optimal conditions for the immo- 335.

bilisation of the various proteins and enzymes to fine 41 Y-O- Hafeli, G.J. Pauer, J. Magn. Magn. Mater. 194 (1999)
magnetic particles depend on the kind of immobilised 76

. . . [5] M. Horisberger, Biotechnol. Bioeng. 18 (1976) 1647.
proteins and enzymes, the pH of the reaction mixture [g] p.J. Robinson, P. Dunnill, M.D. Lilly, Biotechnol. Bioeng. 15

and the ratio of each reagent in the reaction mixture, (1973) 603.
respectively. [7] A.N. Rusetski, E.K. Ruuge, J. Magn. Magn. Mater. 85 (1990)
299.
[8] J.C. Bacri, D. Salin, R. Massart, J. Magn. Magn. Mater. 85
(1990) 27.
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