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Urokinase (EC 3.4.4.a) was immobilized on collagen membrane. The urokinase—collagen
membrane gave a flat pH profile from 7.5 to 9.5. It was more stable against heat than native
urokinase. Furthermore, the stability of urokinase in the pH range of 7.0-8.8 was increased
with immobilization. The collagen fibril network might stabilize urokinase. The diffusion
coefficients of urea, uric acid, and creatinine through the urokinase—collagen membrane
were in the range of 2.5-4.5x 10”7 cm>/sec. The diffusion coefficients decreased to the
range of 6.9-8.2% 1078 cm2/sec when fibrin clot was formed on the membrane in vitro.
Immobilized urokinase activates plasmin which lyzes fibrin clot. Therefore, fibrin clot
formed on the membrane could be lyzed during prolonged incubation at 37°C and the
diffusion coefficients restored to the initial values. The fibrin clot formed in vivo may be
lyzed with immobilized urokinase.

INTRODUCTION

Recently, advancements have been made in techniques for immobilization
of enzymes and bacteria. Many enzymes have been immobilized by various
methods and these immobilized enzymes have been applied to industrial
production (1) and clinical analysis (2,3). Collagen membranes are to be
expected for a dialysis membrane in the artificial kidney (4,5). However,
fibrin clot formed on the membrane during hemodialysis prevents the
permeation of toxic compounds such as urea, creatinine, and uric acid.
Urokinase is known as an activator of plasminogen to plasmin. If the
immobilized urokinase reacts with plasminogen in blood, the fibrin clot
formed on the membrane is lyzed with plasmin. Therefore, the urokinase—
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collagen membrane has a potential application as a dialysis membrane in
the artificial kidney.

Urokinase was entrapped in collagen membranes, and enzymatic
properties and diffusional properties of the urokinase—collagen membrane
were studied.

MATERIALS AND METHODS

Materials

Purified collagen was prepared from Holstein skin as described pre-
viously (6). Urokinase (EC 3.4.4.a, 500 IU/mg protein) was obtained from
Towa Kako Company. Casein (from milk) was chosen for the substrate of
plasmin and purchased from E. Merck Company. Other reagents were
commercial analytical reagents or laboratory grade materials. Deionized
water was used in all procedures.

Preparation of Urokinase-Collagen Membrane

To 3 ml of urokinase solution (1500 IU), 40 g of 0.8% collagen fibril
suspension (pH 4.3) was added. The urokinase—collagen membrane was
prepared by casting the suspension on a Teflon plate (7) and drying it at
room temperature. The urokinase-collagen membrane was treated with
1% glutaraldehyde solution (in 0.1 M phosphate buffer, pH 7.0) for 1 min
at 20°C. The activity of the urokinase—collagen membrane was 0.2 IU/mg
membrane.

Enzyme Assay

Unless otherwise noted, standard assays of the native urokinase and
the urokinase—collagen membrane were carried out as follows: the reac-
tion mixture was 3 ml of 8% casein solution (in 0.1 M phosphate buffer, pH
7.4) containing 0.2 units of plasminogen and 2 u g of native urokinase or
6-9 mg of the urokinase-collagen membrane (50 ug urokinase). It was
incubated for 30 min at 37°C. The activity of urokinase was calculated
from the relationship between the proteolytic activity determined by the
method of Lowry et al. (8) and the urokinase activity determined by the
standard method (9).
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Diffusion Coefficient Measurement

The diffusion coefficients of urea, uric acid, and creatinine through the
urokinase—collagen membrane and the collagen membrane were deter-
mined at 20°C. The apparatus and procedures for measurement of
diffusion coefficients were similar to those used previously (10). Urea was
determined colorimetrically by the method of Fearon (11) and creatinine
by the method of Kostir and Sonka (12). Uric acid was determined enzy-
matically (13).

RESULTS AND DISCUSSION

pH-Activity Profiles

Urokinase was immobilized on the collagen membrane. The activity
yield of the urokinase-collagen membrane (4%) was lower than that of
other enzyme—collagen membranes reported previously (14). Since the
molecular weight of the native urokinase was low (31,500), the enzyme
leaked from the collagen membrane during incubation. Therefore, the
urokinase—collagen membrane was tanned with 1% glutaraldehyde solu-
tion for 1 min. Since urokinase is a labile enzyme, glutaraldehyde treat-
ment of the membrane might cause the inactivation of urokinase.

Figure 1 shows the pH versus activity profiles of the urokinase-
collagen membrane and native urokinase in the neutral pH range (pH 7-9).
The activity of the native urokinase and the urokinase—collagen membrane
was expressed as relative to that determined at pH 9.0. The highest activity
of the native urokinase in the pH range just described was observed at pH
9.0. The activity of the native urokinase decreased with lowering pH. On
the other hand, the urokinase—collagen membrane gave a flat pH profile
from 7.5 to 9.0.
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F1G. 2. Temperature versus activity profiles. The enzyme assay

was carried out under standard conditions except for temperature

20 30 w0 5o employed. @, Native urokinase; O, the urokinase-collagen
Temperature (°C) membrane.

Activity-Temperature Profiles

Temperature versus activity profiles are shown in Fig. 2. The activity
of the native urokinase and the urokinase-collagen membrane was
expressed as relative to that determined at 37°C. The optimum temperature
of native urokinase was 37°C and no activity was observed at 45°C. On the
other hand, the optimum temperature of the urokinase-collagen
membrane was from 40 to 45°C. Since heat caused the urokinase-collagen
membrane to shrink, the exact activity of the immobilized urokinase could
not be determined above 45°C. The immobilized urokinase was more
stable against heat than native urokinase.

pH Stability of Urokinase—Collagen Membrane

Figure 3 shows the pH stability of the urokinase-collagen membrane
and the native urokinase. The native urokinase and the urokinase—collagen
membrane were incubated in various pH solutions for 1 h. The activity was
expressed on the basis of the activity before incubation as being the relative
activity. The activity of the native urokinase decreased to about 30% of the
original activity during incubation. On the other hand, the activity of the
urokinase—collagen membrane was 80% of the original activity at pH 7.5.

The urokinase-collagen membrane has a potential application as a
dialysis membrane in the artificial kidney. Therefore, the stability of the
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gso | FI1G. 3. pH stability of the urokinase—coilagen membrane and

g \u[ native urokinase. To 3 ml of various pH of 0.1 M phosphate

’g 40 : buffer, the urokinase—collagen membrane (6-9 mg) or native

20 | urokinase (6 ug) was added. The reaction mixtures were
‘ incubated for 1 h at 37°C. Then the enzyme assay was carried out
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80 70 35 30 under standard conditions. @, Native urokinase; O, the uro-
pH kinase—collagen membrane.
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urokinase is required for practical use. As described earlier, the urokinase-
collagen membrane showed good stabilities under various conditions. The
collagen fibril network might stabilize urokinase in the membrane.

Diffusional Properties of Urokinase—Collagen Membrane

As described earlier, fibrin clot formed on the membrane during blood
dialysis prevents the permeation of toxic compounds. The apparent
diffusion coefficients for urea, uric acid, and creatinine through the urok-
inase—collagen membrane and the collagen membrane are shown in
Table 1. The diffusion coefficients were determined by the method
described previously (10). Experiments were performed as follows: The
urokinase—collagen membrane or the collagen membrane (1 ¢m?) was fixed
to the center of the apparatus as described previously (10). The diffusion
coefficients of urea, uric acid, and creatinine through the urokinase-
collagen membrane and the collagen membrane were about 3-4X
1077 cm?/sec. There is no statistically significant difference between the D
values for the cellulose membranes. Fibrin clot was formed on the
membrane at 37°C by casting 0.1 ml of a solution containing 0.5 unit of
fibrinogen and 0.4 mg of thrombin in vitro. Then the diffusion coefficients
were determined at 20°C. The diffusion coefficients decreased to 7-8 %
108 cm?®/sec when fibrin clot was formed on the urokinase-collagen
membrane. The fibrin clot-membrane was incubated for 19 h at 37°C. The
diffusion coefficients of these compounds restored to the original values.
Therefore, fibrin clot formed on the membrane was lyzed during incuba-
tion. This result suggests that fibrin clot formed during blood dialysis can
be lyzed with urokinase immobilized on the collagen membrane.

TABLE 1. Diffusion Coefficients of Membranes

Diffusion coefficient (cm?/sec)®

Compound C UK-C F+UK-C®* F+UK-C*
Urea 3.7x1077 3.0x1077 6.9%x1078 3.1x1077
Uric acid 2.6x1077 3.2x1077 7.1x1078 3.6x1077
Creatinine 43%x1077 2.8x1077 8.2x1078 2.9%x1077

4C, Collagen membrane (thickness 50 um, wet); UK ~ C, urokinase—collagen membrane (thickness 60 um,
bwet); F, fibrin clot. Relative standard deviation 8%.

After 1 h incubation at 37°C.
€ After 19 h incubation at 37°C.
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