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Abstract The dissolution behavior of Kacetylphenylalanine ethyl 
ester (1) and N-benzoyltyrosine ethyl ester (2) from a rotating disk into 
aqueous solutions containing the enzyme a-chymotrypsin was investi- 
gated. The effect of the bulk enzymatic reaction on the dissolution rates 
is modeled using the continuity equation where the reacth term is 
considered a constant throughout the reaction zone. Dimensional 
analysis on the continuity equation defines the important parameter R’ 
= K=&,h2/(C.O) which is the ratio of the diffusion time to the reaction 
time. This parameter correctly predicted the fact that the enzymatic 
reaction had only a slight impact on the dissolution of the highly soluble 
1 while the effect on the less soluble 2 was large. Also predicted by R‘ is 
the dissolution dependence on the catalytic rate constant. The variation 
of this rate constant with pH is consistent with the dependence on pH 
found for the dissolution rate of 2. It is further demonstrated that the 
decrease in dissolution rate with solubility can be significantly reduced 
when the dissolving compound is an enzyme substrate. For the two 
compounds used in this study the dissolution rate decreased with the 
square root of solubility, as predicted by the theoretical analysis in the 
presence of enzyme. Other experiments included the variation of the 
enzyme concentration and the rotational speed of the spinning disk. All 
experiments were designed to show how R’ could correctly predict the 
relative importance of the convective, diffusive, and reactive processes. 

The effect of a drug chemically reacting subsequent to its 
dissolution can greatly affect the dissolution Studies 
have included the dissolution and subsequent hydrolysis of 
the two theophylline prodrugs 7-acetyltheophylline and 7,7’- 
succinylditheophylline~~7 as well as the dissolution and enzy- 
matic hydrolysis of chloramphenicol palmitate.4 Other stud- 
ies were concerned with the effect of complexation with 
caffeine upon dissolution of benzoic acid11 and salicylamide.s 
Dissolution rates of cholesterol have also been found to be 
dependent on the type and amount of bile acid present in the 
dissolution media.12 

The effect of reaction on the dissolution rate is of particular 
significance when the drug is a weak acid or base.1.2.a”J This 
is due to the fact that acidhase reaction kinetics are usually 
rapid compared with diffusion kinetics. 

Aqueous hydrolysis of amides or esters is not normally as 
fast as acidhase reactions. Therefore, aqueous hydrolysis is 
not expected to affect the dissolution rates of amides or 
esters. If, however, the amide or ester is an amino acid 
derivative which is also an enzyme substrate, aminolysis or 
esterolysis may affect dissolution rates since enzyme catalyt- 
ic rate constants can be quite large. It may be possible, 
therefore, to make an amino acid prodrug suspension which 
is pharmaceutically stable yet undergoes rapid dissolution 
and bioreconversion by one of the digestive enzymes upon 
oral administration.13 

In order to determine how fast an enzymatic reaction must 
be in order to affect dissolution rates, one can compare the 
dissolution rate and subsequent diffusion through a film with 
the rate of mass reaction in that film. For dissolution with no 
chemical reaction, the mass per time dissolving is given by 
the mass flux at  the surface, J, times the surface area of the 
solid, A .  Under steady-state conditions this is equal to the 

diffusional mass flux through a film of thickness, h, times the 
surface area:14Jb 

JA = DfhCJ (1) 
The assumption of sink conditions gives the concentration 
gradient as the solubility of the drug, C,,. The diffusion 
coefficient is D. The maximum rate of mass reaction for an 
enzymic reaction within the volume Ah is: 

r = V m d h  (2) 

where V,, is the maximum velocity of the enzyme (in units 
of mass/volume/time) given by the product of the catalytic 
rate constant, Kmt, times the enzyme concentration E,-,.lS 

The effect of an enzymatic reaction is therefore significant 
when the quantities in eqs. 1 and 2 are on the same order: 

(3) 

and becomes increasingly more significant as R* becomes 
large. 

Typical film thicknesses for the rotating disk apparatus 
described by Wood et al.17 are on the order of 23 x cm 
for rotational speeds in the 100-300 rpm range.18 The diffu- 
sion coefficients for most compounds in dilute aqueous solu- 
tions are on the order of 5 x cm2/s.19.20 For the rotating 
disk, then, the value for h2/D is approximately one. There- 
fore, for this system, an enzymatic reaction can be estimated 
to affect the dissolution rate of a substrate when the follow- 
ing relationship holds: 

where Kcat is expressed in reciprocal seconds and Eo and C, 
are expressed in equivalent concentration units. 

This report develops a closed form solution to  the dissolu- 
tion plus enzymatic reaction problem for rotating-disk hydro- 
dynamics. The rotating-disk apparatus was chosen because 
the hydrodynamic theory for this system already existed18 
and its application to drug dissolution is well established.21.22 
The dissolution rates of two substrates for the proteolytic 
enzyme a-chymotrypsin were studied. These substrates were 
the L-forms of 1 and 2. Both had similar catalytic rate 
constants, but the latter had an aqueous solubility that was 
two orders of magnitude lower than the former. Since the 
catalytic rate constant is a function of pH,23-27 the reaction 
rate could be varied by varying both pH and enzyme concen- 
tration. It will be shown that the solubility/reaction rate 
dependency of the dissolution rate may be of particular 
pharmaceutical significance. 

Theoretical Section 
Model-The rotating-disk apparatus is shown schemati- 

cally in Fig. 1. When there is no reaction occurring in the 
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solution, the mass balance at steady state is given by:la 

The concentration of mass is C and is dependent on y, the 
direction perpendicular to the solid compact surface (where y 
= 0). Therefore, V, is the fluid velocity in they direction; the 
term on the left side of the equation represents convection 
while the term on the right represents diffusion. This expres- 
sion is readily derived from the equation of continuity.20 A 
major contribution by Levichls was in deriving the expres- 
sion for the fluid velocity: 

V, = -ay2 (6) 

a = 0.51 "3'2y-112 (7) 
where o is the rotational speed in radians per second, and Y is 
the kinematic viscosity of water. The kinematic viscosity of 
water at 25°C is Y = 0.01 cmz/s.20 The solution to eqs. 5-7, 
subject to the following boundary conditions: 

C = C, at y = 0 (8) 
C = 0 as y +  a (9) 

gives the Levich solution for the dissolution rate in units of 
flux: 

c, (10) JL = 0.6~2/3y-1/601/2 

By equating the dissolution rates, J and JL of eqs. 1 and 10, 
one may calculate the thickness, h, needed to make the 
solution to a film model based on Ficks law correct for the 
rotating-disk apparatus. 

(11) 

This film thickness applies only to the case of no reaction in 
the dissolution medium. 

When, in addition to convection and diffusion, there exists 
a homogeneous reaction, mass balance requires inclusion of a 
reaction term in the continuity equation. In this case the 
continuity equation is written as:2o 

h = 1,6101/3,,1/60-1/2 

(12) 

where R is the rate of production of mass expressed in units of 
mass per volume per time. 

- 

Figure 1-Diagram of the rotating-disk apparatus showing the solid 
compact (A) and the enzymic dissolution medium (B). The direction 
perpendicular to the solid surface is y. 

Kinetic Considerations-Hydrolysis of substrates by a- 
chymotrypsin involves association of the enzyme and sub- 
strate followed by a two-step reaction process. The kinetic 
scheme is represented by the following:1~-2~~29 

ki k b 
E + S  ES e EP2 e E + P 2  

k- i k- 2 + k-3 

PI 

Scheme l 

where, for example, S is N-benzoyltyrosine ethyl ester, E is a- 
chymotrypsin, ES is the enzyme-substrate complex, PI is 
ethanol, EP2 the acyl enzyme complex, and Pz is N-benzoyl 
tyrosine (Lea, the free acid). The reaction term in eq. 12 for 
the substrate S is thus (where in notation [Sl is equivalent to 
0: 

R = k-i[ES] - kl[E][S] (13) 
The concentrations of the enzyme-substrate complex, en- 
zyme, and substrate are represented by [ESI, [El, and [Sl, 
respectively. An analytical solution is not possible for eq. 12 
using this reaction term, since it contains the additional 
variables [ES] and [El which are also unknown functions ofy. 
The complete system of equations that would have to be 
solved are given below: 

The solution to the above system of equations can only be 
obtained by using numerical methods. In addition, the solu- 
tion is even less tractable since the individual rate constants, 
Ki)s, are not readily estimated or experimentally measured. 
Usually, enzyme kinetics are measured in terms of the 
simplified Michaelis-Menten kinetic scheme which consists 
of the formation of an enzymssubstrate complex followed by 
a single reaction 
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E + S  E S ' % E + P , + P ,  

Scheme I1 
K, 

The initial rate, Vo, is determined at various initial substrate 
concentrations, So and constant initial enzyme concentra- 
tion, Eo. The Michaelis constant, K,, and the maximum 
velocity (Vmm = KcatE0) are found by regression of the 
following equation: 

(15) 

Adaptation of the mechanistic Scheme I for a-chymotryp- 
sin to the experimental Scheme I1 gives the following rela- 
tionships:16*30 

(16) 

(17) 

(18) 

Using Scheme 11, and assuming the final step of that 
scheme is rate limiting, the reaction term in eq. 12 can be 
written as: 

R = -Kcat[ES'] (19) 

[Note: The negative sign is due to definition of R in eq. 12 as 
rate of production of mass.] 

Equation 19 still contains a variable, [ES'I, which is an 
unknown function of y. However, eq. 19 has the advantage 
over eq. 13 in that it contains Kcat, an easy parameter to 
obtain experimentally. Therefore, one can concentrate on 
estimating the functional form of [ES'I rather than going to a 
system of equations such as that seen in eq. 14. 

As a first approximation, one can assume that [ES'] is a 
constant for all values of y and is equal to the enzyme 
concentration in the bulk medium, Eo. This initial approxi- 
mation is a result of using Olander's total component balance 
method on all the enzyme species of the ~ystem.3~ Although 
this method estimates Eo as the upper limit for the value of 
[ES'], it is probable that functionally [ES'] must take on a 
value either higher or lower than Eo. How much higher or 
lower is unknown and would have to be determined empiri- 
cally. 

With the above kinetic considerations, the reaction term is, 
to a first approximation, estimated as follows: 

R = -K,tEo (20) 

With this expression eq. 12 becomes: 

(21) 

where V is given in eqs. 6 and 7. 

problem are: 
Boundary Conditions-The boundary conditions for the 

(22) 

(23) 

1. at y = 0, C = C, 
2. at y = yo, C = 0 

The second boundary condition is a statement of sink condi- 
tions. However, unlike the case with no chemical reaction, 

letting y go to infinity (see eq. 9) leads to a divergent solution. 
Also yo, the reaction zone thickness, should decrease in size 
as the reaction rate increases. That is, the sink is brought 
closer to  the solid surface due to the fact that a shorter 
reaction time allows for a shorter diffusion time. Fortunately 
the reaction zone thickness cannot be arbitrarily assigned 
and even more importantly can be derived uniquely. A mass 
balance reveals that all the material which dissolves reacts 
in the reaction zone: 

YO 

J = 1 KcatEody = KcatEoo 
0 

The reaction zone thickness is therefore determined to be: 

Yo = J/K,,tEo (25) 

One should not confuse yo with h derived from a stagnant 
film model. In fact, it is seen in eq. 25 that as the reaction 
rate goes to zero, the reaction zone thickness, yo, goes to 
infinity (as is the case with no reaction as solved by Levich). 

Dimensional Analysis/Solution-It is convenient to make 
the problem dimensionless. This is done by letting: 

c* = CIC, 
2 = ylL 
dZ = dylL 
dZ2 = dy21L2 

where L is a chosen characteristic length which is as yet 
unspecified. Making these substitutions (along with the 
appropriate expression of VJ into eq. 21 the following equa- 
tion results: 

where a is defined in eq. 7. 
Putting eq. 30 into self-adjoining form: 

it is seen that the most convenient choice for the characteris- 
tic length L is: 

Y3 

L =  (:) (32) 

Substituting a from eq. 7 into eq. 32, it is found that the 
chosen characteristic length is 1.119 times the film thickness 
h derived in the film model for this system with no reaction 
(see eq. 11). 

The dimensionless problem becomes: 

[exp ( Z 3 ) $ g ]  = 1.25213" exp E3I (33) dZ 
where: 

(34) 

and has the physical interpretation as explained in the 
introduction. The ratio R* can be rewritten as: 

(35) 
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where JL is the Levich dissolution rate with no reaction (eq. 
10). 

The solution to eq. 33 gives the concentration of the 
substrate in dimensionless form, C*, as a function of distance 
from the solid surface, 2. The solution to eq. 33 is given 
below, where C1 and C2 are the constants of integration: 

C* = 1.252R*[ f expts3 - b31dsdb + 
0 

Table I-Theoretlcal Valuer for R, 4, and S 

C1 exp[-b31db + C2 b (36) 

The constants of integration are found through the following 
boundary conditions which are the dimensionless forms of 
eqs. 22 and 23: 

Z = O , C * = l  (37) 
z = 20, c* = 0 (38) 

c2 = 1 (39) 

These constants are found to be: 

Z b  

4 1  + 1.252R*/ / exp[s3 - b'ldsdb 
c 1 =  (40) 6 exp(-b3)db 

The dissolution rate, written in units of flux, is given as: 

0 0  

(41) 

In dimensionless units this is equivalent to: 

where J* is dissolution rate with reaction normalized to the 
dissolution rate under the same conditions with no reaction. 
Finally, to get the relationship between R* and Zo, eq. 24 is 
put in dimensionless form and equated to eq. 42. This 
relationship is given below: . r r Z n  
1 - -  - 1.252 Po Jo exp[-b3]db - 
R* 

[ exp[s3 - b31dsdb] (44) 

The dimensionless form of eq. 24 is: 

J* = 1.119 R*Zo (45) 
In practice, R* would be given, Zo computed (eq. 441, and the 
flux calculated from eq. 45. 

Table I gives the relationship between R*, 20 and the 
normalized dissolution rate P. The values in Table I were 
determined by numerical integration of eq. 44 using Simp- 
son's rule.32 Notice that the dimensionless thickness, 20, goes 
to infinity as the reaction rate, R*, goes to zero. This is 

R 4 s 
0.0 m 1 .o 
0.03559 26.0 1.0277 
0.04437 21 .o 1.0366 
0.7366 13.0 1.0724 
0.27933 4.0 1.251 1 
0.40064 3.0 1.3405 
0.68875 2.0 1.5371 
1 a755 1 .o 2.1000 
6.5443 0.5 3.6640 

17.797 0.3 5.9875 
39.984 0.2 8.9455 

159.62 0.1 17.8820 

consistent with the boundary condition used by Levich (eq. 
9). 

Limiting Case/Approximate Solution-If the rate of reac- 
tion is large, the drug molecule cannot diffuse far from the 
solid surface before it will react. The reaction zone thickness, 
ZO, will therefore become small with large R*. Order of 
magnitude analysis approximates the diffusive and convec- 
tive terms of eq. 30, respectively, below. The expression for L 
in eq. 32 has been substituted into eq. 30: 

(46) 

(47) 

The ratio of the convective term to the diffusive term is 
therefore equal to 3Z0 which is very small for large R* 
values. Therefore, the convective term is negligible with high 
reaction rates. This is because the fluid velocity is propor- 
tional to the distance from the solid surface squared (see eq. 
6) and that distance is never large within the small reaction 
zone associated with a rapid reaction. 

The continuity equation (eq. 30) in this limiting case is: 

(48) 
@C* 
dz2 - 1.252R* - -  

Solving this equation along with the boundary conditions of 
eqs. 37 and 38 and using the relationship of R* and 20 given 
by eq. 45 gives: 

J* = (2R*)1'2 (49) 
It can be shown that this function is the limit of the previous 
solution (eqs. 44 and 45) for large R* values. At a value ofR* 
equal to 1.9, the solution of eq. 49 is within 8% of the full 
solution and is already within 1% at an R* value of 6.5. 

Because the solution given by eqs. 44 and 45 are somewhat 
difficult to use in practice, an approximation to that solution 
was sought. It was found empirically that the solution given 
below approximates the solution within 4% for all R* values: 

+ (2R*)"2  (50) 
1 

1 + 2.16(R*)0.6s 
J* = 

A graph of the normalized dissolution rate versus R*, the 
dimensionless reaction rate, is given in Fig. 2. 

By setting the solution of eq. 50 for dissolution rate, with 
reaction equal to an expression similar to eq. 1, the film 
thickness for a model with reaction using film theory can be 
obtained. Doing this, it is found that the ratio of the film 
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Figure 2--Theoretica/ plot of J*, the dissolution rate with reaction 
divided by the dissolution rate predicted by Levich for no reaction, 
versus the logarithm of R: the reaction rate parameter. 

thickness with reaction, hR, to that with no reaction (see eq. 
11) is the reciprocal of eq. 50: 

which is always 51. These film thicknesses are given be- 
cause it is common to see, especially in the pharmaceutical 
literature, mass fluxes expressed in a form similar to eq. 1. 
When these thicknesses are known exactly, it is usually 
because an expression such as eq. 1 is set equal to a solution 
from a convective-difisive problem, as was done in this 
paper for the rotating disk. More often than not, the thick- 
nesses are unknown since most systems are hydrodynamical- 
ly more complex than the rotating disk and the solution to 
the amespondmg convecti-ve pmblem does not ex& 

Experimental Section 
MaterialpN-acetylphenylalanine, N-acetylphenylalanine ethyl 

ester (11, N-benzoyltyrosine ethyl ester (21, (Sigma Chemical Co., St. 
Louis, MO) and N-benzoyltyrosine (U.S. Biochemical Corp., Cleve- 
land, OH), were obtained in pure crystalline bform and used as 
received. The enzyme a-chymotrypsin (Sigma Chemical Co., St. 
Louis, MO) was crystallized three times. Enzymic solutions were 
made with Tris (Sigma Chemical Co., St. Louis, MO) buffer using 
deionized water (Milli-Q, Continental Water Systems, El Paso, TX) 
which was deaerated using a slightly reduced pressure for -30 min 
or more. The enzyme solutions contained 0.05 M Tris buffer as well 
88 0.05 M calcium chloride. The activity of the enzyme was checked 
periodically with a spectrophotometric titration method utilizing N- 
tmns-cinnamoylimidazole (Sigma Chemical Co., St. Louis, M0).33 

Dissolution Exper imentsThe  rotating disk used was similar to 
the one described by Wood et al." The diameter of the disk was 3.8 
cm and had a die cavity in its center whose diameter was 1.1 cm. The 
compounds studied were compressed directly in this disk a t  a 
pressure of 7,000 psi which was maintained for 3-4 min. The disk 
was rotated at various speeds using a motor equipped with a 
constant speed control unit (Cole-Parmer Instrument Co., Chicago, 
IL). The rotational speed was calibrated and monitored repeatedly 
throughout each dissolution experiment using a tachometer (Cole- 
Parmer Instrument Co., model 8213-20). The dissolution cell consist- 
ed of a jacketed beaker maintained at 25 f 0.1"C. The dissolution 
media was the enzyme solution described above and had enzyme 
concentrations that ranged from 0 to 2.4 x lo-' M. The dissolution 
volume was 250 mL. Each dissolution experiment was carried out for 
a 30-min period. Steady state occurred in <10 min. A 200-pL sample 
was taken periodically and assayed for both ester and free acid forms 
of the compounds using reversed-phase HPLC (Kratos, Ramsey, NJ, 
models 773 and 400). The mobile phase was 3555, MeOH:H,O, 
adjusted to pH 2.1 using phosphoric acid. It was found that when no 

enzyme was present, aqueous hydrolysis of the ester was negligible 
within the time frame of the experiment. Also, even the smallest 
concentration of enzyme M) would cause complete hydrolysis 
of the ester within the time frame of sampling, although the reaction 
rate was too slow to affect the dissolution rate. Therefore, if any 
enzyme were present, only free acid would be deteded in the sample. 

In addition to varying enzyme concentration, the rotational speed 
was varied and, in the case of 2, the pH was also varied from 7.0 to 
7.8 in increments of 0.2 f 0.05 pH units (Radiometer, Copenhagen, 
Denmark, model PHM 64). 

DifFusion CoefficienteThe diffusion coefficients were obtained 
by measuring the dissolution rates as a function of rotational speed 
with no enzyme present. A least-squares regression was applied to 
the Levich solution of eq. 10. The values for the diffusion coefficients 
obtained in this manner were 6.98 f 0.08 x lo-' and 4.94 f 0.04 
cm% for compounds 1 and 2, respectively. 

Solubility-The aqueous solubility was measured by placing ex- 
ceea solid in vials containing deionized water. The vials were placed 
in a water bath at 25 f 0.1"C. The vials were vortexed three times 
daily. After a sufficient time, samples were removed, filtered, and 
diluted 1:lO. The ester concentration was determined by HF'LC 
assay. Samples were assayed daily for 1 week. Solubilities measured 
aRer 48 h were not found to be significantly different than those 
measured after 1 week. Compound 2 had a measured solubility of 
4.66 f 0.06 x lo-' M while 1 had a value nearly two orders of 
magnitude higher, 1.38 f 0.05 x lo-' M. 

Kinetic Exper imentsFor  compodnd 1, the value 160 s-' for If,, 
at pH 7.8 reported by Hammond and Gutfreunds4 was used. For 2, 
Bender e t  a1.s reported a value for K,, of 200 s-' at pH 7.8. 
However, the dissolution of this compound was studied at various pH 
values and, therefore, the catalytic rate constant had to be deter- 
mined a t  each of these pH values. 

The method used to measure the reaction rates was the modified 
spectrophotometric method described by Hummel.8e The spectropho- 
tometer used was a Perkin-Elmer Lambda 3B equipped with a model 
3600 data station. The spectrophotometer was fitted with jacketed 
cell holders to maintain a constant temperature of 25 2 0.1%. The 
enzyme concentrations were lo-* M. The initial substrate concentra- 
tions were in the range from 30 to 600 pM, the lowest concentration 
being at least two times the K,,, value. This gave greater reproduc- 
ibility for determining V, and, hence, K,,. In order to avoid 
solubility problem, 2% (v/v) acetonitrile was added to the substrate 
solution. A weighted least-squares linear-regression analysis was 
done on the single reciprocal plot of the data:37.38 

(52) 

where So is the initial substrate concentration and Vo is the initial 
rate. Equation 52 can be derived from eq. 15. 

Results and Discussion 
From the theoretical analysis, the variables of interest are 

solubility, the kinetic rate constant, the enzyme concentra- 
tion of the bulk medium, and the rotational speed of the disk. 
The two compounds studied have very different solubilities 
but very similar K,, values. For these two compounds, the 
dissolution rates were studied under conditions of varying 
concentrations of enzyme in the bulk medium and varying 
rotational speeds of the disk. For compound 2, the pH of the 
dissolution medium was also varied. This was another way of 
varying the magnitude of the enzymatic reaction since Kcat 
for a-chymotrypsin hydrolysis is pH dependent. 

The experimental results are given in Tables 11-V. The 
experiments utilizing 2 were repeated at least three times 
and, therefore, the mean and SD are reported. Experimenta 
with 1, on the other hand, were run only one time. 

Solubility Dependenc-The difference found experimen- 
tally between the two compounds is fairly evident. While the 
catalytic rate constants for these compounds are nearly the 
same, the solubilities differ greatly. Compound 1 has a much 
higher solubility and, therefore, enzymatic reaction has little 

Journal of Pharmaceutical Sciences / 199 
Vol. 75, No. 2, February 1986 



Table lCDlssolutlon Rate Data for HBenzoyltyroslne Ethyl Ester 
and HAcetylphenylalanlne Ethyl Ester wlth no Enzyme In the 
Bulk Mdlum (& = 0) and Varylng rpm at pH = 7.8 

4 x log (mol/cm2/s) f SD 

Ethyl Ester Ethyl Ester' 
rPm NBenzoyltyrosine NAcetylphenlalanine 

100 0.599 f 0.064 - 
125 - 23.68 
150 0.713 f 0.029 - 
200 0.836 f 0.031 30.82 
250 0.916 f 0.064 34.40 
300 1.005 f 0.061 37.62 

"Average of two points. 

Table IlCDlrsolutlon Rate Data for HBenzoyltyroslne Ethyl Ester 
and HAcetylphenylalanlne Ethyl Ester wlth Conatant rpm and 
Varylng Enzyme Concentratlon at pH = 7.8 

NBenzoyltyrosine NAcety l phenylalanine 
Ethyl Ester (rpm = 125) Ethyl Ester (rpm = 200) 

J' "2  SD E,, x 10-5 M J' a. b 6 x 10-5 M 

0.347 2.89 f 0.01 0.398 1.01 1 
0.695 3.78 f 0.19 0.796 1.021 
1.045 4.22 f 0.17 1.194 1.040 
1.389 4.40 f 0.35 1.554 1.046 
1.736 4.573 f 0.19 1.592 1.051 
2.39 5.550 f 0.39 2.030 1.067 - - 2.33 1.074 
- - 3.18 1.113 

Experimentally determined dissolution rate normalized to the disso- 
lution rate with no reaction as predicted by eq. 10. bSingle point 
determination. 

Table IV-Dlssolutlon Rate Data for HBenzoyltyroslne Ethyl 
Ester and HAcetylphenylalanlne Ethyl Ester wlth Conatant 
Enzyme Concentratlon and Varylng rpfn at pH = 7.8 

~~~ ~ 

J' " f SD 

Ethyl Esterb Ethyl Esterced 
rPm NBenzoyltyrosine NAcetylphenylalanine 

100 
125 
150 
200 
250 
300 

~~ 

7.44 f 0.25 

6.36 f 0.26 
5.55 f 0.39 
5.62 f 0.17 
5.18 f 0.15 

- 
- 
1.067 

1.046 
0.997 
1.001 

- 

' Experimentally determined dissolution rate normalized to the dissolu- 
tion rate with no reaction as predicted by eq. 10. E,, = 2.39 x 1 O-' M. 
cE, = 2.03 x M. dSingle point determinabion. 

Trble V-Dlsrolutlon Rate Data for HBenzoyltyroslne Ethyl Ester 
wlth Conatant Enzyme Concentratlon (& = 2.39 x lo-' M), 
Constant Rotatlonal Speed (rpm = 200), and wlth Varylng pH 

PH J x 10' (mol/cm2/s) f SD 
~ 

7.8 
7.6 
7.4 
7.2 
7.0 

4.59 f 0.32 
3.76 f 0.40 
3.32 f 0.42 
2.93 t 0.11 
2.63 f 0.12 

impact on dissolution. With high solubility, the dissolution 
rate is also very high even without reaction, as predicted by 
the Levich solution. It would, therefore, take a fast reaction 
rate to consume the entire mass undergoing dissolution 
within a small reaction zone. As seen in eq. 34, it would take 
extraordinarily high K,,, and/or bulk enzyme concentrations 
to give large R* values for highly soluble drugs. 

The dissolution rate with no reaction depends on the 
Solubility to the first power. However, examining the limit- 
ing-case solution with high reaction (see eq. 491, it is seen 
that the dissolution rate is proportional to the solubility to 
the one-half power. When all substitutions are made, eq. 49 
is equivalent to the following expression: 

J = [U(,,tE&C,l"2 (53) 
Examination of the solubility dependency can be made for 

1 and 2 by considering experiments performed under similar 
conditions. The dissolution rate can be expressed as (see eqs. 
50 and 51): 

(54) 

It should be noted that h/hR by definition is equal to J* and, 
under conditions of no reaction, is equal to 1. Since the 
diffusion coefficients of 1 and 2 are similar, the ratio of the 
dissolution rates a t  a given rpm with no enzyme should be 
approximately equal to the ratio of the solubilities of 1 and 2 
(compare data of Table I1 with similar rpm). The solubility of 
2 is 1/30th of the solubility of 1. In the presence of reaction, 
however, the ratio of the dissolution rates under similar 
conditions is equal to the ratio of the solubilities times the 
ratio of the h/hR values. The data in Table IV (relevant since 
K,,, is approximately the same for 1 and 2, and enzyme 
concentrations are approximately equal) reveal that a t  a 
given rpm, 200 for example, the ratio of the dissolution rates 
is close to the ratio of the square roots of the solubilities, as 
might be expected from the limitingcase solution of eq. 53 
[(1/30)(5.55/1.046) = 0.181. The square root of the solubility 
ratio is (1/30)"2 = 0.18. This clearly shows that the decrease 
in the dissolution rate due to a lowering of the solubility will 
be significantly reduced in the presence of an enzymatic 
reaction. 

The importance of the solubility dependence is understood 
when one considers the effect of making a prodrug whose 
solubility is orders of magnitude less than its parent drug. 
Ordinarily this means a decrease in dissolution rate propor- 
tional to the solubility decrease (see eq. 1). While in some 
cases this effect may be desired for prolonged release? in 
other cases the decrease in dissolution rate may be detrimen- 
tal to bioavailability. An enzymatic reaction may, however, 
compensate for this decrease in dissolution rate with solubili- 
ty. As seen in Fig. 2, it is possible that this compensation may 
reasonably be from one to perhaps two orders of magnitude. 
In fact it is possible that while the prodrug derivative may 
have a lower solubility than its parent, it may actually have 
a faster dissolution rate if R* is large enough. 

Applications of the above principle are particularly inter- 
esting in considering suspension formulations. Suspensions 
degrade via zero-order kinetics and the rate constant is 
proportional to the drug solubility. Making a prodrug with a 
solubility orders of magnitude lower will increase shelf-life 
stability tremendously. If the prodrug is made as a substrate 
for one of the digestive enzymes, rapid dissolution and 
bioreconversion may result on oral administration. 

Bulk Enzyme Concentration Dependent-At pH 7.8, 
the rotational speed was kept at a constant value while the 
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enzyme concentration was varied. The results for 2 are 
shown graphically in Fig. 3. The theoretical curve was 
calculated using the literature value for K,, (200 s-').36 

Good agreement between the theory and the experiments 
exists. Calculation ofR* values show most of the data to  be in 
the limiting-case region. From eq. 53 it is seen that, in the 
limiting case, the dissolution rate is proportional to the 
enzyme concentration to the one-half power. 

Rotational Dependent-At a constant enzyme concen- 
tration, the rpm was varied. Figure 4 shows the results for 2. 
The increase in dissolution rate due to reaction is greater for 
slower rotational speeds. This is due t o  the fact that at slower 
speeds the boundary-layer thickness is increased. The drug 
has a longer time to diffuse and, hence, a greater probability 
of reacting within the reaction zone. 

The pharmaceutical implications are two-fold. First, if the 
reaction is fast, the dissolution rate is independent of the 
hydrodynamics. An interphase transport problem with no 
reaction is a convectivdifisive problem. With a large 
reaction term, the problem becomes one of reaction-diffusion. 
Interphase transport rates become more dependent on the 
reaction rate and less dependent on the sometimes unknown 
hydrodynamics of the system. Examination of the limiting 

case solution reveals the lack of the rotational speed variable 
(see eq. 53). 

Secondly, a reaction does not have to be as rapid in a 
system with no convection in order to influence interphase 
transport rates. This suggests the possibility of incorporating 
a chemical reaction in a hydrogel or other polymeric phase 
for the purpose of chemically controlled delivery. The effect of 
a homogeneous chemical reaction in the biophase of the skin 
has already been shown to greatly effect the transdermal 
absorption of drugs.30 

pH Dependent-The catalytic rate constant for the hy- 
drolysis of esters varies with pH.w27 There are two ionizable 
groups of a-chymotrypsin whose states of ionization are 
important in terms of the activity of a-chymotrypsin. One is 
the imidazole group of histidine located at the active site and 
the other is the amino group of the terminal isoleucine. The 
result of these two ionizable groups is that the enzyme has 
optimum activity around pH = 7.8.1e.24 The isoleucine resi- 
due has a PK, value of -9.23; therefore, in the range of pH 
for the dissolution studies, consideration will be given only to 
the ionization of the histidine residue. The dependence ofK,, 
on pH is given below for the rate-limiting case where 
deacylation of the acyl enzyme intermediate is the rate- 
limiting step (ha >> k3). This would be the case for ester 
substrates of a-chymotrypsin.26 
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flgure 3- The normalized dissolution rate, J*, of N-benzoyltyrosine 
ethyl ester versus the enzyme concentration Em The solid line is the 
theoretical curve predicted by eq. 50. The error bars represent the SD of 
the experimental data. 
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Flgure &The normalized dissolution rate, J*, of N-benzoyltyrosine 
ethyl ester versus the rotational speed. The solid line is predicted by 
theory and error bars represent the SD. The curve shows that the 
increase in dissolution rate due to reaction decreases as convection 
increases. 
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(55) 

where K, is the ionization constant for the histidine residue. 
The values ofK,, for 2 were determined from pH 7.0 to 7.8. 

They are presented in Table VI. The Michaelis-Menten 
constant, K,, was found to be 0.016 mM with an SD of 0.005 
and was, as expected, found to be independent of pH val- 

Table W-Expertmental Klnetlc Rate Constant, L, for 
HBenzoyltyroslne Ethyl Ester at Various pH values 

7.8 
7.6 
7.4 
7.2 
7.0 

150 f 10.0 
125 2 9.6 
102 2 7.5 
91 rt 6.6 
68 2 4.3 

5.5 i 

2.5 2 6 8  K--&d 7 7 2  7 4  7 6  7 8  8 

PH 

Figure 5-The dissolution rate of N-benzoyltyrosine ethyl ester versus 
pH. The theoretical solid line is calculated from the solution in eq. 50 
using eq. 54 for the dependem8 of the catalytic rate constant on pH. 
The error bars represent the SO of the experimental data points. 
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ue.24e26 A least-squares regression of the data in Table VI 
according to eq. 55 gave K3 = 191 8-l  f 11.5 SD and PK, = 
7.27 2 0.025 SD. The PK, determined was slightly higher 
than the value found by others: PK, = 6.7;u-2B 6.9;m 7.14.- 

The dissolution rate for 2 versus pH is shown in Fig. 5. The 
theoretical curve was calculated from the solution and by 
using the function in eq. 55 for Kmb It is seen that the theory 
is in agreement with the experiments. 

In the previous figures, the K,, at pH = 7.8 used to 
calculate the theoretical curves was 200 s-l, i.e., the value 
reported by Bender et al.,Sa and not 150 8-l  as determined in 
the present kinetic studies (see Table VI). Least-squares 
regression analysis on all the data for 2 listed in Tables III 
and IV resulted in a catalytic rate constant of K,, = 206 s-'. 
Although there is some discrepancy between using the val- 
ues 200 and 150, most theoretical values of the dissolution 
rates calculated using K,, = 150 8-l  are 87% of those using 
K,, = 200 s-'. This is due to the fact that a t  fast reaction 
rates the dissolution rate is proportional to K,, to the one- 
half power as was shown in eq. 53. Table VII compares all the 
pH 7.8 data for 2 to the dissolution rate predicted when the 
diesolution rate predicted depends on the choice of the value 
for K,,. Even for the less favorable choice of K,, (150 s-'), 
the agreement seems good, considering the complexity of the 
problem and the simplicity of the solution. 

Comparison of Theory and Experiments--Because of the 
simplifying assumptions made and because of the powerful 
use of dimensional analysis, the solution consists of only two 
variables, R* and J*. This makes it possible to represent all 
the data for all compounds on one curve (as was seen in Fig. 
2). All the data for 1 and 2 in Tables 111-V are shown 
graphically in Fig. 6. Again, what is most readily apparent is 
that the dissolution rate of the higher solubility compound, 1, 
was only slightly affected by the presence of the enzymatic 
reaction. Although a perfect fit is not seen for all the data, 
the overall trend is apparent. 

Deviation of the experimental results from the theory may 
have many explanations. One is in the approximation of the 
concentration profile for the enzyme-substrate complex, ES' 
(eqs. 19 and 20). Functionally, one can keep the concentra- 
tion of the species constant throughout the reaction zone. 
However, the correct constant value needed to make the 
solution to the differential equation correct is unknown and 
will probably depend on all the parameters of the system. As 
a first approximation, this constant was chosen to be equal to 
the concentration of the enzyme in the bulk medium. Analyz- 
ing the data for both the compounds studied, no real correla- 
tion in the deviations with rotational speed or bulk enzyme 
concentration could be found. However, it is obvious from 
Fig. 6 that the experimental data for 1, which has the higher 

Table VICComparlaon of all the Experimental Dlraolutlon Ratw 
at pH 7.8 for HBenzoyltyroslne Ethyl Ester to the Predlcted 
Dluolutlon Rates Whlch are Calculated from Eqwtlon 50 Uslng 
& = 150 and 200 a-' 

JeXdJPNd (R*/&) x 102 
(L, = 150) 

1.17 1.36 1.21 
2.34 1.33 1.17 
3.52 1.24 1.08 
4.68 1.13 0.99 
5.37 1.25 1.09 
5.85 1.06 0.93 
6.44 1.25 1.09 
8.06 1.11 0.96 

10.74 1.10 0.96 
16.11 1.06 0.92 

(&a1 = 200) 

-1 -0.5 0 0.5 1 1.5 

Log (R')  

Flgure 6-The normallzed dissolution rate versus the logarithm of the 
reaction parameter, R: for N-acetylphenylalanine efhyl ester (O), and 
N-benzoytlyrosine ethyl ester (0). The difference, due to the relative 
solubilities of the two compounds, is clearly shown. Data are for all 
rotational speeds, bulk enzyme concentrations, and pH values. 

aqueous solubility, were consistently lower than theoretical 
predictions. This indicates that the concentration of enzyme 
in the bulk medium overestimates the enzyme-substrate 
complex concentration. It s e e m  that as the reaction zone 
gets larger (i.e., R* gets smaller, which in this case is due to 
the high solubility) the enzyme-substrate complex concen- 
tration should be estimated to be some fraction of the bulk 
enzyme concentration. In this region, however, the increase 
in dissolution rate due to enzymatic reaction is small, wheth- 
er one considers the experimental data or the theoretical 
prediction. 

Another consideration is that one product of the esterolysis 
is a carboxylic acid which ionizes due to the relatively high 
pH. This liberation of hydronium ions may result in a pH 
gradient within the reaction zone;a therefore, the catalytic 
rate constant, K,,, may also vary within the reaction zone. 

Further insight into these deviations could be obtained 
from a numerical solution to the complete set of continuity 
equations (eq. 14). However, given the numeric difficulties 
inherent in a boundary value problem of this system size and 
the number of parameters involved, it appears that a numeri- 
cal solution may not provide more insight than the simple 
solution obtained here. 

Conclusions 
Enzyme reactions were determined to be large enough to 

affect the dissolution rate of a solid substrate. Dimensional 
analysis led to the definition of the single most important 
parameter, R*, which determines the relative importance of 
the reaction rate in regard to the diffusional process. This 
parameter may be simply regarded as the ratio of the 
diffusion time to the reaction time10 when these times are 
defined as follows: 

(56) 

(57) 

The dimensionless parameter R* is obtained from a model 
using simplifying assumptions in regard to the kinetic 
scheme. An analytical solution to the true system (eq. 14) is 
not possible. It is believed that a numeric solution to that 
system would not produce as good a qualitative description ae 
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the R* parameter model. The latter model was found to 
correctly predict the trends found experimentally. Perhaps 
the most pharmaceutically significant parameters in R* are 
the solubility and Kmb The catalytic rate constants for ester 
hydrolysis by a-chymotrypsin are on the order of 100-200 6- l  
while amide hydrolysis is on the order of 1 s-’. The model, 
therefore, suggests that in certain prodrug strategies an 
ester derivative may possess a particular advantage over an 
amide derivative. 

Experimentally it was found that increases in dissolution 
rates due to enzymatic reaction for 1 were much slower than 
the less soluble 2. This is due to the fact that highly soluble 
compounds already have a fast rate of dissolution. It was 
concluded that the decrease in dissolution rate due to a 
prodrug derivative whose solubility is lower than the parent 
drug may be compensated for by the presence of an enzymatic 
reaction, if the prodrug is an amino acid derivative which 
serves as a substrate for the enzyme. It is further concluded 
that although highly soluble compounds may not have their 
dissolution rates increased significantly by chemical reac- 
tion, there may be a significant effect on the interphase 
transport rates from a medium in which the concentration of 
the compound is kept low. An example would be the release 
of a substrate from a polymer phase into a surrounding 
enzyme solution. 

A final conclusion is that the model predicts the possibility 
of reaction-controlled interphase transport. It is seen that the 
solution goes from convectively controlled diffusion to one of 
reaction-controlled transport. Experimentally it was shown 
that as the rotational speed of the disk was decreased 
(convection decreased), the impact of enzymatic reaction on 
dissolution rate increased. 
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