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The wide use of proteinase based drugs in medicine is 
limited because of the instability of most of these enzymatic 
preparations [l]. The probability of inactivation can be re- 
duced to a certain extent by immobilizing the enzymes on a 
polymeric matrix [2]. At the same time, the presence of enzy- 
matic components in the known macromolecular therapeutic 
systems (MTS) can markedly modify their properties. 

With a view to this problem and in continuation of the 
systematic investigation into the synthesis and charac- 
terization of polyurethane (PU)-based MTS [ 3 -  7], we have 
studied the effect of trypsin (a proteolytic enzyme used in the 
therapy of various diseases [8]) on the kinetics of liberation 
of the drug dioxidine immobilized in a foamed PU (FPU) ma- 
trix. 

Previously we have established that dioxidine introduced, 
before the synthesis of an FPU based MTS, into a polyol pre- 
polymer (A) evolves at a significant rate from FPU into the 
liquid phase at temperatures above 293 K. The introduction 
of trypsin into prepolymer A before the MTS synthesis gener- 
ally hinders the passage ofdioxidine from polymer to the liq- 
uid phase [4]. 

This is illustrated by data presented in Fig 1, showing the 
kinetic curves for the dioxidine liberation into water at 310 K 

at various initial trypsin concentrations C ~ in the polymer. 
Figure 1 also shows the dioxidine liberation rate W (calcu- 
lated from the slopes of initial parts of the kinetic curves con- 
structed in the C versus time coordinates) as a function of the 

initial trypsin concentrations C ~ in the polymer, plotted in the 
semilogarithmic coordinates. 

As is seen from Fig. la, the kinetic curves of the diox- 
idine liberation from FPU into water in the presence of tryp- 
sin are described by a linear function, which is indicative that 
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the process under consideration has the first order with re- 
spect to the drug concentration. In the initial stage, the diox- 
idine liberation rate linearly decreases with the time. Then the 
decrease gradually slows down and eventually the plot exhib- 
its a "saturation" region, where the process rate is inde- 

pendent of the trypsin concentration (for C~  x 10- 
3 M). Taking this fact into account, all the subsequent kinetic 
investigations were performed for the trypsin concentration 
in the polymer equal to 1.05 x 10-3 M, ensuring that the ef- 
fective rate constant of dioxidine liberation would be inde- 
pendent of the enzyme content in the polymer. 

The character of variation of the rate of dioxidine libera- 
tion depending on the enzyme content (Fig. 1 a ) shows evi- 
dence that the dissolution process at small enzyme concentra- 
tions (below 1 x 10-4M) is described by a kinetic equation 
having the first negative order ( -  1) with respect to the initial 
trypsin concentration in the polymer. This follows from the initial 

slope of the log Wversus log C ~ plot, which is close t o -  1. 

In the range of C ~ > 0.5 x 10 -3 M, the process has zero 
order with respect to the trypsin concentration, as confirmed 
by the fact that the process rate becomes independent of the 
enzyme content (Fig. la ). 

The dependence of the effective rate constant k (sec- ~) 
for the liberation of dioxidine (introduced into prepolymer A 
prior to the synthesis of FPU-based MTS) on the trypsin con- 

centrations C ~ (M) can be described by a correlation equation 

k= 1.42 x 10 -5 7.2 x 10 -3 ~ (1) 
1 +7.2 x 1026-~+ ' 

having a selected pairwise correlation coefficient of 0.994. 
The observed effect of the trypsin concentration on the 

rate of dioxidine liberation from FPU into water can be ex- 
plained proceeding from the notion of complex formation be- 
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Fig. I. Effect of the initial trypsin concentration Cr ~ on the yield of dioxidine (D) from an FPU composition (0.4 g) into water (10 ml) at 310 K: a) trypsin and 
0 0 

dioxidine introduced into prepolymer A; b ) trypsin introduced into prepolymer B and dioxidine, into prepolymer A; CI~ = 0.34 M; C~ = 0 (1), 0.53 (2), 0.79 (3), 

1.05 (4), 2.10 (5), 3.15 (6), 10.50 (7), 3.50 M (8); C is the current dioxidine concentration (M), C,o is the value calculated assuming that all dioxidine has passed 

tween drug and enzyme. The coordination of trypsin to diox- 
idine results in the formation of  a rather bulky adduct, whose 
transfer to the po lymer-  liquid interface is strongly hindered. 
As a result, the rate of dioxidine passage to the liquid phase 
markedly decreases. Independence of  the drug liberation rate 

of  C ~ at sufficiently high enzyme concentrations corresponds 

to nearly full binding of  dioxidine. 
The study of  the effect of the initial trypsin concentration 

on the liberation of  dioxidine introduced, prior to the synthe- 
sis of FPU-based MTS, into an isocyanate prepolymer B 
showed that the pattern of variation of the process rate with 
increasing trypsin concentration in the polymer was generally - 
the same as in prepolymer A (Fig. lb): the liberation exhib- 
ited an initial linear decrease and then attained a constant 
level. The experimental data indicate that the process ofdiox- 
idine liberation is also initially described by a kinetic equa- 
tion having the first negative order with respect to the enzyme 
concentration at small trypsin contents in the polymer, and by 
a zero-order kinetics at higher trypsin contents. The rate of 
trypsin liberation under these conditions became independent 
of the trypsin content at approximately the same initial en- 
zyme concentration as in the case of  the polyol prepolymer. 

The dependence of  the effective rate constant k for the 
liberation of dioxidine (introduced into prepolymer B prior to 
the synthesis of FPU-based MTS) on the trypsin concentra- 

tions C0 is generally similar to that described by equation (1) 

for prepolymer A. The corresponding correlation equation is 
as follows: 

k = 1 . 3 9 x 1 0  - 5 -  7.6x10 -3C~ (2) 
1 + 7 . 2  x 102 C~r 

and has a selected pairwise correlation coefficient of 0.987. 
Note that close values of the coefficients of argument in 

equations (1) and (2) are indicative that the effect of  trypsin 
on the dioxidine liberation from both isocyanate and polyol 
prepolymers is caused by the same reason, namely, by the 
formation of dioxidine- enzyme complexes. 

A more sharp drop in the effective rate constant k of the 

drug liberation process with increasing C ~ and a lower value 

of  this constant in the region of  "saturation" observed in the 
case of the isocyanate prepolymer are apparently explained 
by the increasing fraction of  dioxidine chemically bound to 
PU in this matrix. As was established previously [3], such a 
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binding of the drug to polymer chains generally hinders its 
passage into the liquid phase. 

Introduction of the enzyme into the isocyanate prepo- 
lymer B prior to the MTS synthesis did not significantly in- 
fluence the effective drug liberation rate, irrespective of the 
type of prepolymer in which the drug was immobilized. This 
is explained by the fact that trypsin introduced into prepo- 
lymer B is capable of chemically interacting with highly reac- 
tive isocyanate groups of this prepolymer via mobile atoms of 
the imidazole group His-57 and hydroxy group Ser-195 of 
the active enzyme center. As a result, trypsin loses to a sig- 
nificant degree its activity and the ability to form complexes 
with dioxidine. These notions agree well with the data re- 
ported previously [10], according to which the chemical 
binding of proteolytic enzymes to a PU chain by introducing 
them into the isocyanate prepolymer leads to almost complete 
inactivation of the enzymes. 

Thus, the results of our experiments show that the intro- 
duction of trypsin into the polyol prepolymer prior to the 
MTS synthesis leads to a decrease in the effective constant of 
dioxidine liberation from polymer into liquid phase, which 
may lead to prolongation of the therapeutic action of the 
drug. This implies that, provided equal dioxidine contents, 
the liberation of the drug from the matrix in the presence of 
trypsin will proceed at a lower rate as compared to that from 
the trypsin-free matrix, ensuring a constant supply of com- 
paratively smaller doses of dioxidine for a longer period of 
time. The latter mode of  the drug supply may lead to the phe- 
nomenon of"negative adaptation" of viruses and bacteria in a 
tissue liquid to dioxidine liberated into this liquid, thus sig- 
nificantly increasing the efficacy of the drug action. This is 
probably one of the reasons for the increased therapeutic ef- 
fect observed for MTS of the dioxidine-PU-proteolytic 

TABLE I. Effect of  Trypsin (T) on the Kinetic and Activation Parameters 

for the Dioxidine (D) Liberation from Foamed Polyurethane into Water (C~ 

= 0.34 M; CT= 1.05 x 10 -3 M; water volume, 10 ml; polymer weight, 

0.4 g; temperature interval, 298 - 315 K) 

Components 
introduced 

into E, log k 0 A/-F, - AS ~ , AG -'~, 
prepolymer kJ / mole kJ / mole J/(mole- K) kJ / mole 

D T 

A - -  46.2 3.1 43.7 194.4 101.6 

A A 87.7 9.4 85.2 73.4 107.1 

A B 44.6 2.8 42.1 200.4 101.8 

B - -  88.1 10.0 85.6 62.0 104.1 

B A 99.7 11.3 97.2 36.6 108.1 

B B 79.4 8.6 76.9 89.3 103.5 

Note. The values of  log k 0 and E were calculated by the least squares 
procedure (the rms errors are not exceeding +0.3 and +6 .8k  J /mo le ,  
respectively); the values of  enthalpy, entropy, and Gibbs energy for the 
process activation are reduced to standard conditions. 

enzyme system used in the treatment of acute purulent infec- 
tions [I 1]. 

Using the above empirical equations, relating the effec- 
tive rate constant of the drug liberation to the initial trypsin 
concentration in the polymer, we may readily calculate (with- 
out recourse to experiment) the amount of enzyme necessary 
to provide for the process proceeding at a desired rate and 
producing the maximum therapeutic action. In other words, 
once the dioxidine dose ensuring the maximum antibacterial 
action is known, equations (1) and (2) allows us to estimate a 
priori the amount of trypsin that has to be introduced into the 
polymeric composition in order to provide for the dioxidine 
liberation over a sufficiently long time. Thus, using these re- 
lationships in medical practice helps create effective FPU - 
based MTS with controlled and prolonged action. 

The temperature dependence of the rate constant k (deter- 

mined under the conditions of independence of C ~ for diox- 
idine liberation in the presence of trypsin introduced by dif- 
ferent methods into the MTS matrix satisfactorily obeys the 
Arrhenius equation. The activation parameters calculated us- 
ing these relationships (together with the kinetic parameters 
of the drug's liberation in the presence of trypsin) are listed in 
Table 1. 

A comparative analysis of  the kinetic and activation pa- 
rameters presented in Table I leads to the following conclu- 
sions. The introduction of trypsin into the isocyanate prepo- 
lymer prior to the polymer composition synthesis does not 
significantly affect the activation parameters of the dioxidine 
liberation in comparison with the process characteristics ob- 
served in the absence of trypsin, independently of  the type of 
prepolymer in which the drug was immobilized. This result 
confirms the earlier conclusion that interaction with the iso- 
cyanate groups of prepolymer B leads to inactivation of the 
enzymatic activity of trypsin and the loss of its ability to co- 
ordinate with dioxidine. In this case, the absence of enzyme 
bound to the PU chain has no significant effect on the charac- 
teristics of the drug liberation process. 

The introduction of trypsin into the polyol prepolymer 
leads to an increase in the activation energy and entropy of 
the dioxidine liberation (Table 1), which is especially pro- 
nounced if the dioxidine is also immobilized in prepolymer A 
(the activation energy is nearly doubled, and the entropy in- 
creases by almost 100 entropy units. 

This behavior can be explained proceeding from the no- 
tion that the presence of dioxidine and trypsin in the polyol 
prepolymer (chemically inert with respect to both drug and 
enzyme) creates conditions for almost complete binding of 
the drug into a complex with the enzyme already in the stage 
preceding the MTS synthesis. Adding the isocyanate prepo- 
lymer, which reacts almost exclusively with the polyol com- 
ponent, does not significantly alter the degree of coordination 
of dioxidine and trypsin. The transport of dioxidine, bound in 
the complex with trypsin, to the polymer-  liquid interface is 
hindered, which accounts for the increase in the activation en- 
ergy for the drug liberation. An increase in the activation en- 
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tropy of the process (that is, a decrease in the "rigidity" of the 
activated complex) is explained by the geometry of the coor- 
dinated dioxidine being closer to the geometry of the transi- 
tion state before liberation as compared to the case of the un- 
coordinated drug. 

A still higher activation energy for the liberation of diox- 
idine immobilized in the isocyanate prepolymer is explained 
by the fact that the drug is partly bound to the PU chain, 
which additionally hinders its passage to the liquid phase. 
The liberation of dioxidine from FPU into water in the pres- 
ence of  trypsin is accompanied by the kinetic compensation 
effect, which is mathematically reflected by a correlation 
equation 

A/-F = 110.3 + 0.35AS ~, (3) 

(with a selected pairwise correlation coefficient of 0.986), 

where AH ~ and AS' are reduced to 298 K and expressed in 

kJ / mole and J/(K- mole), respectively. 
The presence of  the kinetic compensation effect indicates 

that the introduction of  trypsin into the polymer does not sig- 
nificantly modify the mechanism involved in the limiting 
stage of  dioxidine liberation from FPU into water. 

EXPERIMENTAL PART 

The polyol prepolymer A was obtained by mixing 94 g 
( l . 9x  10-2mole) of  laprol 5003-26-10, 31 g (7.8x 10 -3 

mole) of  laprol 402-2-100, 7.2 g (6.4 x 10 -2 mole) of  1,4- 
diaminobieyclooctane, and 3.0 g (0.167 mole) of water. The 
content of  hydroxy groups in prepolymer A was 1.1 wt.%. 
The isoeyanate prepolymer B according to the State Techno- 
logical Conditions TU-113-03-29-12-83 was obtained by 
copolymerization of 5 g (2.5 x 10 -2 mole) of laprol 202 and 
35.2g (0.133mole) of  4,4'-diisocyanatodiphenylmethane. 
The content of isocyanate groups in prepolymer B was 22.7 
wt.%. 

The PU composition was prepared immediately before 
experiments in a cylindrical pyrex glass setup specially de- 
signed for the study of the dioxidine liberation. 

In the case when both dioxidine and trypsin were intro- 
duced into polyol prepolymer A, the setup was charged with 
0.3 g of  prepolymer A, an aliquot (30 mg) of dioxidine, and a 
definite amount of  trypsin. The mixture was thoroughly 
stirred to a homogeneous mass. To this mass was added 0.1 g 
of  isocyanate prepolymer B, and the mixture was thoroughly 
stirred for 60 sec. 

If both dioxidine and trypsin were introduced into isocy- 
anate prepolymer B, the setup was charged with 0.1 g ofpre- 
polymer B and the aliquots of dioxidine and trypsin. The 
mixture was thoroughly stirred to a homogeneous mass. To 

this mass was added 0.3 g of isocyanate prepolymer A and 
the mixture was thoroughly stirred for 60 sec. 

If dioxidine and trypsin had to be introduced into differ- 
ent prepolymers, the setup was charged with 0.3 g of  prepo- 
lymer A and an aliquote of the first component (dioxidine or 
trypsin). After thorough stirring, to this mixture was added 
another component (trypsin or dioxidine) in 0.1 g of  isocy- 
anate prepolymer B and the mixture was thoroughly stirred 
for 60 see. 

After completion of the FPU composition formation 
(12 h after prepolymer blending) 10 ml of water was added 
and the setup was closed and placed into a thermostat. This 
moment was considered the onset of  the drug liberation pro- 
cess. 

The dioxidine concentration in the liquid phase was de- 
termined by the spectrophotomewic technique with absolute 
calibration using a KFK-3 instrument measuring the absorp- 
tion intensity at a wavelength of 409 rim. The reference cell 
was filled with water. 

The experiments were performed with dioxidine satisfy- 
ing the State Pharmacopeial Issue FS 42-1232-  79. The drug 
was additionally purified by multiple recrystallization from 
absolute ethanol and dried for not less than 6 h at 323 K in a 
vacuum of 2 x 10 -2 Torr to provide for the main substance 
content of not less than 99.8 % (by IR and chromatographic 
data). 
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