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Abstract A physical model approach was used to investigate 
cholesterol gallstone dissolution kinetics in simulaQd bile. Critical 
experimental and theoretical investigations simulating in uiuo con- 
ditions showed that, in the bile acid-lecithin solutions, there is a 
significant interfacial barrier for both cholesterol gallstone and 
cholesterol monohydrate pellet dissolution. In the present study, 
the rotating-disk dissolution method and the accompanying Lev- 
ich theory were applied to assess the contributions of the diffusion 
convection mass transfer resistance and of the interfacial barrier to 
the overall kinetics. Cholesterol dissolution rates in bile acid solu- 
tions were about 2-20 times slower than diffusion-controlled rates 
depending upon the degree of agitation. As found in previous stud- 
ies, these rates in the presence of sufficient concentrations of dis- 
solution accelerators approached the theoretical diffusion-convec- 
tion-controlled rates. To account for the much slower dissolution 
rates in bile acid-lecithin solutions, two possible kinetic interpre- 
tations were investigated. The first is based upon slow crystal-mi- 
cellar solution interfacial kinetics, and the second is based upon a 
slow rate of cholesterol solubilization in the aqueous diffusion 

.layer. For the latter, an analytical mathematical solution was ob- 
tained. 
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Results of studies on the dissolution rate of human 
cholesterol gallstones and cholesterol monohydrate 
pellets in bile acid-lecithin solutions simulating bile 
were reported recently (1-4). An important finding 
was that there is a significant interfacial barrier for 
cholesterol gallstone and cholesterol monohydrate 
pellet dissolution in these bile-lecithin solutions. 
These studies also showed that when quaternary am- 
monium compounds were added to the solutions, the 
dissolution rates were enhanced dramatically and ap- 
proached diffusion-controlled rates at sufficiently 
high concentrations. 

These past studies involved experiments in which 
the gallstone and the cholesterol pellets were statical- 
ly mounted in an assembly and solution agitation was 
accomplished by a paddle stirrer. The data were then 
analyzed by means of the conventional, semiempiri- 
cal Nernst and Berthoud theories, involving the con- 
cept of an effective stagnant diffusion layer. 

The purpose of the present report is to define more 
critically the baseline in bile acid-lecithin systems 
with and without the added dissolution rate accelera- 
tors. This approach is necessary for quantitative 
study of the structure-activity relationships for vari- 
ous medicinal agents capable of enhancing gallstone 
dissolution in uiuo. 

The rotating-disk method (5) and the accompa- 
nying Levich theory for analyzing the data are well 

suited for quantifying the contributions of the diffu- 
sion-convection mass transfer resistance and of the 
interfacial barrier and/or the solubilization kinetics 
in the diffusion layer to the overall kinetics. Thus, 
this experiment-theory combination was chosen for 
these baseline studies. Together with other indepen- 
dent experiments, this approach has been able to es- 
tablish quantitatively the limiting kinetic behavior 
for cholesterol in bile acid-lecithin solutions. 

THEORY 

The dissolution process for a nonionic, nonreactive solid in- 
volves (a) the contact of the solvent with the solid interface, where 
(b )  a physical reaction takes place. This reaction is followed by ( c )  
the transport of the solute or products away from the interface. 
into the bulk solution. In most cases of interest, since solvent con- 
tact occurs rapidly, steps ( b )  andlor ( c )  are generally considered to 
be rate determining. 

The following discussion considers diffusion-controlled dissolu- 
tion, interfacially controlled dissolution, and the situation when 
both may be important. An equation was derived (6) to account for 
both the interfacial resistance and the resistance for the transfer of 
the solute in solution from the vicinity of the solid surface into the 
bulk solvent under steady-state conditions: 

(Eq. 1) 
where: 

W = total amount of solid dissolved into solution at  time t 
J = dissolution rate 
A = surface area of solid exposed to solution 
D = diffusion coefficient of solute in the solvent 
C ,  = saturated concentration of solute 
Cb = concentration of solute in the bulk 
P = effective interfacial permeability coefficient 
h = Nernst effective diffusion layer thickness 

When surface equilibrium is rapid, 11P is negligible and Eq. 1 

(Eq. 2) 

and the dissolution rate is determined by bulk transport only. 
When, on the other hand, equilibrium at  the surface takes place 
slowly, 1/P is much greater than hlD a n d  

J = AP(Cs - cb) (Eq. 3) 

Then the dissolution rate is determined by the rate of solute trans- 
fer a t  or near the solid-solution interface, and it is interfacially 
controlled. 

In the context of the Nernst diffusion layer theory, the total re- 
sistance for solute transfer from the solution immediately adjacent 
to the solid surface into the bulk is given by hlD, a purely diffu- 
sional term. In moat dissolution situations, both convection and 
diffusion are expected to  be important. Therefore, for the rotating- 
disk case, the effective diffusional resistance, hlD, may be equated 
to an appropriate function which includes the consideration of 
both processes. Thus, for the rotating-disk situation in which only 
diffusion and convection are important, the mass flux was given by 
Levich (5) as: 

J I O.62AD2/3v-'fsw'f2(C. - cb) (Eq. 4) 

becomes: 
~ ( C S  - cb) 

h J =  
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Figure 1-Rotating-disk apparatus for dissolution rate studies. 
Key: A, constant-speed motor; B, rotating shaft; C, water outlet; 
D, removable disk containing pellet; E, water-jacketed beaker; F, 
water inlet; and G ,  sample port. 

where v is the kinematic viscosity, and w is the angular velocity of 
rotation. 

The corresponding effective diffusion boundary layer thickness 
may be written as: 

h = 1.612D1/3u1/6~-1/2 0%. 5)  

A closer approximation for the rotating-disk problem by Gregory 
and Riddiford (7) gives: 

h = 1.805[0.8934 + 0.316(D/w)o~36]01~3~1~6w-1~2 (Eq. 6) 

Use of this value of h gives a 3% smaller theoretical dissolution 
rate than that predicted by Eq. 4 for Dlw N 

In a purely bulk transport-controlled case, the observed dissolu- 
tion rate should be essentially equal to the calculated flux (Eq. 4). 
If, however, the observed reaction rate is substantially lower than 
the calculated diffusion-convection flux, it may be concluded that 
the dissolution process is taking place in the interfacially con- 
trolled region. 

EXPERIMENTAL 

Materials-Sodium cholatel was used as received after the pu- 
rity was checked with TLC. Recrystallized I4C-labeled cholesterol 
monohydrate was prepared as previously described (3). A pure 
grade of egg lecithin was prepared using the method of Singleton 
et al. (8). The product was examined by TLC and shown to have 
very high purity. 

Solubility and Diffusion Coefficient Determination-The 
methods described previously (3) were applied in this study. 

Dissolution Rate Determination-Figure 1 is a schematic rep- 
resentation of the rotating-disk dissolution apparatus. It consists 
of three main parts: the outside water-jacketed beaker maintained 
at 37 0.02O, the removable disk assembly, and the controlled-ro- 
tating device2. Figure 2 shows a schematic outline of the rotating 
disk with a pellet of the material under investigation mounted in 
place. 
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Figure 2-Cross-section of removable disk assembly with pellet. 

Pellets of radioactive cholesterol monohydrate or benzoic acid 
were prepared by directly compressing 100 mg of the material in a 
die, 1.3 cm (0.5 in.) i.d., under a force of 1362 kg (3000 lb) using a 
laboratory press3. The die with the pellet was then firmly attached 
to the disk holder (Fig. 2). 

For each dissolution run, 100 ml of solvent was pipetted into the 
beaker (Fig. 1). The rotating disk containing the pellet was then 
centered a t  about 1 cm below the solvent level so that the dis- 
tances from the disk wall to the inner surface of the beaker exceed- 
ed 0.5 cm [these dimensions were shown (7) to provide adequate 
hydrodynamics within the system]. At the moment of contact be- 
tween the pellet and the solvent, the motor and a timer were start- 
ed simultaneously. Samples were withdrawn from the system by 
pipet a t  suitable time intervals for analysis in a liquid scintillation 
counter4. 

The rotational speeds tested varied from 20 to 600 rpm, corre- 
sponding to Reynolds numbers of 1100 and 32,600, respectively. 

Benzoic acid was used as a model solute compound for assessing 
the geometry effects and the hydrodynamics within the system be- 
cause benzoic acid has been known to dissolve by diffusion-con- 
vection control. 

RESULTS AND DISCUSSION 

Dissolution of Benzoic Acid-The results of the dissolution 
experiments of benzoic acid in 0.01 N hydrochloric acid are pre- 
sented irFigs. 3 and 4. Figure 3 shows the relation between the 
amounts dissolved and time. The linear plots were obtained at  all 
speeds of rotation, indicating constant rates during the time of 
each run. 

When these dissolution rates were plotted versus the square 
root of the speed bf rotation (Fig. 4), a linear relationship was ob- 
tained and was compared to the dissolution rates predicted by the 
Levich (5) theory (Q. 4). However, the experimental rates were 
found to be about 14% lower than those predicted by the theory. 
This discrepancy is consistent with Riddiford's (9) views regarding 
the performance of rotating-disk geometries of the type used in the 
present study. 

The benzoic acid data clearly show that diffusion-convection is 
the sole limiting step in the dissolution of benzoic acid in these ex- 
periments. The linear dependency of the dissolution rate J on 
w1l2, even at high speeds of rotation, indicates that a fast equilibri- 
um is taking place a t  the pellet surface. 

Dissolution of 14C-Cholesterol Monohydrate-Table I sum- 
marizes the experimental cholesterol monohydrate dissolution rate 
data together with the solubilities and diffusion coefficients in 2% 

Schwarzhlann, Orangeburg, N.Y. 
2 Servodyne laboratory stirrer, Cole-Parmer Instrument Co., Chicago, 111. 
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Beckman Instruments Inc.. Fullerton, Calif. 
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Figure 3-Dissolution of benzoic acid pellets (A = 1.27 cm2) into 
0.01 N HCl at various rotational speeds. Numbers on line refer to 
rotational speeds (revolutions per minute). 

bile acid and 2% bile acid-1% lecithin media with and without 
benzalkonium chloride. 

To present the data in a more meaningful way, Eq. 4 was rear- 
ranged to: 

J/0.62AD2/3u-'/6C, = all2 (Eq. 7) 
so that, for a diffusion-controlled dissolution, a plot of the left- 
hand side versus the right-hand side should give a straight line 
with a slope of unity. The presence of a significantly slow interfa- 
cial step should result in a significant negative deviation from lin- 
earity, and these deviations should increase with increasing all2. 

Figure 5 shows the cholesterol monohydrate dissolution rate 
data plotted according to Eq. 7. In the sodium cholate-lecithin so- 
lution (Table I and Fig. 51, the dissolution rates were essentially 
unaffected by changes in the rotation speeds; the results were close 
to those determined by the static pellet dissolution method (3). 
Thus, the interfacial resistance plays the dominant role as the 
rate-determining step in cholesterol monohydrate dissolution in 
synthetic bile, even at very low agitation. 

Addition of benzalkonium chloride to  the bile acid-lecithin sys- 
tem increased the rate of cholesterol monohydrate dissolution, as 
was found previously (4). As the concentration of benzalkonium 
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Figure 4-Comparison between observed and predicted effects of 
stirring speed on the dissolution rate of a benzoic acid pellet in 
0.01 N HC1 at 37'. Key: -0-, observed; and - - - -, predicted by 
Eq. 4. 

chloride was varied from 0.25 to 2%, the dissolution behavior grad- 
ually changed from being largely interfacially controlled to being 
essentially diffusion controlled and quantitatively predicted by the 
Levich theory and the benzoic acid dissolution data (Table I and 
Fig. 5). 

Table I1 presents the effective permeability coefficients ( P )  for 
systems showing considerable interfacial resistance to cholesterol 
monohydrate dissolution. These values were calculated from the 
experimental rates using: 

Table I-Dissolution Rates (4, Solubilities (Cs), and Diffusivities (0) of Cholesterol Monohydrate in  Test Solutions 

(Eq. 8) 

Solvent Mediaa J x lo4, mg/cma/sec 
D x lo6, 

c, % L, % BC, % m g h  cm2/sec 20 rpm 60 rpm 300 rpm 600 rpm 
c ,  

- 0.53 2.17 0.23 0.26 0.33 0.39 
2 1 1.05 1.491 0.11 0.13 0.15 0.16 
2 

2 1 0.25 1.20 1.30 1.05 1.62 2.20 2.37 
2 1 0.50 1.55 1.30 2.74 4.60 8.12 9.01 
2 1 1 .o 2.20 1.29 3.61 6.14 11.2 15.7 
2 1 2 .o 3.30 1.40 4.82 9.87 22.4 29.6 

- 
- 

a I n  0.1 M phosphate buffer, pH 7.4. C = sodium cholate, L = lecithin, and BC = benzakonium chloride. 

Table 11-Permeability Coefficient (P) of Cholesterol Monohydrate in Test Solutions 

Solvent Mediaa P X  104,cm/sec 

c, % L, % BC, % 20 rpm 60 rpm 300 rpm 600 rpm Mean +. SDb 

a In 0.1 M phosphate buffer, pH 7.4. C = sodium cholate, L = lecithin, and BC = benzalkonium chloride. b The value a t  20 rpm is not in- 
cluded, 
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Figure 5-Dissolution rates of cholesterol monohydrate in: 0, 
2% sodium cholate + 1% lecithin; 0, 2% sodium cholate + 1% 
lecithin + 0.25% benzalkonium chloride; .,2% sodium cholate + 
1 % lecithin + 0.5% benzalkonium chloride; and 0, 2% sodium 
cholate + 1 % lecithin + 2% benzalkonium chloride in 0.1 M 
phosphate buffer, p H  7.4. 

Equation 8 is obtained by substituting Eq. 5 into Eq. 1; S refers to 
the corrected rate (based upon the benzoic acid data). Except a t  20 
rpm, the P values were essentially constant for each system. When 
the average P values were used to generate theoretical dissolution 
rates of cholesterol monohydrate, a good fit with the experimental 
rates was observed (Fig. 6). 

Possible Physical Meaning of P-The permeability coeffi- 
cient, P, may be shown to be associated with transfer kinetics a t  
the crystal-olution interface or solubilization kinetics in the dif- 
fusion layer or both. When slow cholesterol transfer occurs at the 
cholesterol monohydrate crystal-solution interface, P may be con- 
sidered to be a first-order reaction rate constant associated with 
this rate-determining process (1). If the process involves the slow 
solubilization of the aqueous free cholesterol by the micelles in the 
diffusion layer, P has an entirely different meaning. 

The theoretical treatment for the latter case is presented in the 
Appendix, where it is shown that the two situations may have 
identical mathematical form from the hydrodynamic standpoint 
and may be considered to be mathematically equivalent i t  

where ki is the forward reaction rate constant, Df is the diffusion 
coefficient of free cholesterol, and K is the equilibrium constant. 

While more definitive experiments may be necessary before it 
can be determined which of the two mechanisms is more likely to 
be correct, the collective evidence strongly supports the crystal- 
solution interfacial reaction mechanism. One argument is that the 
mechanism based upon slow solubilization in the diffusion layer 
predicts that P would be proportional to the reciprocal of the 
square root of the micelle concentration. This can be seen from Eq. 
9 since both k i  and K would be expected to be approximately pro- 
portional to the micelle concentration. 

Other studies (2, 10) have shown, however, that a t  high ionic 
strength, P is either nearly constant or increases somewhat with 
increasing micelle concentrations over a 1-5% sodium cholate con- 
centration range. Therefore, these data support the mechanism in 
which the slow step is kinetics a t  the crystal-solution interface and 
not the kinetics of cholesterol solubilization in the aqueous diffu- 
sion layer. 

Other evidence supporting this viewpoint is that P has been 
found to be sensitive to electrolytes. Current studies in these labo- 
ratories indicate that P increases about fivefold when the phos- 
phate buffer concentration is increased from 0.01 to 0.1 M. Also 
Surpuriya and Higuchi (10, 11) found similar electrolyte effects in 
their kinetic studies on the oil-water transport of cholesterol. 
These results are consistent with a micelle-interface interaction 
mechanism in which the close approach of a negatively charged 
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Figure 6-Comparison of the theoretical (solid line) dissolution 
rates using average P values (Table ZI) with the experimental 
dissolution rates for cholesterol monohydrate pellets in: 0, 2% 
sodium cholate + 1% lecithin; 0, 2% sodium cholate + 1% leci- 
thin + 0.25% benzalkonium chloride; H, 2% sodium cholate + 
1 % lecithin + 0.5% benzalkonium chloride; 0, 2% sodium cho- 
late + 1 % lecithin + 1 % benzalkonium chloride; and .,2% sodi- 
um cholate + I % lecithin + 2% benzalkonium chloride. 

micelle to a negatively charged surface is facilitated by counterions 
or by increasing ionic strength in general. Also, the strong influ- 
ence of benzalkonium chloride upon P appears to be more consis- 
tent with a mechanism involving the interface than one involving 
micellar kinetics in the aqueous diffusion layer. 

APPENDIX 

The dissolution rate equation for nonequilibrium reaction kinet- 
ics in the diffusion layer is derived as follows. The reaction of cho- 
lesterol with the bile acid-lecithin micelles is given as: 

k c, c, 
Scheme I 

a n d  

K,!? 
kr 

where: 

C ,  = concentration of free cholesterol 
C ,  = concentration of micellar cholesterol 
k, = forward reaction rate constant 
k, = reverse reaction rate constant 
K = equilibrium constant 

The steady-state diffusion equations for free and micellar cho- 
lesterol in the region 0 I x I h (the diffusion layer thickness) are: 

D,%+ki dx2 ( C i - 2 )  = O  

(Eq. A2) 

(Eq. A3) 

where Di is the diffusion coefficient of free cholesterol, and D, is 
the diffusion coefficient of micellar cholesterol. 

The boundary conditions at  x = 0 are Cf = Cia, C, = Cm0, and 
(dC,/dx) = 0. A t  x = h, Cf = 0 and C, = 0. 
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Combining Eqs. A2 and A3 and intematinp: with these boundary For h d  >> 1, h. A10 can be reduced to: - -  
conditions give: 

C f - D ” C m +  (cf.+=)(l-;) 
Df Df 

for (0 5 x 5 h). 

dr2 Dm(Df  :) 
Substituting Eq. A4 into Eq. A3 and rearranging give: 

d*C,-k/ D,+- c,= 

Equation Ad can be solved analytically for C, to give: 

(%to + DmCmo) (1 - ;) 
Dm + Df/K 

where: 

(Eq. A4) 
(Eq. All)  
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Chlorpromazine Metabolism VII: New 
Quantitative Fluorometric Determination of 
Chlorpromazine and Its Sulfoxide 

PUSHKAR N. KAUL’, LLOYD R. WHITFIELD, and MERVIN L. CLARK 

Abstract A new, sensitive assay is described for chlorpromazine 
and/or its sulfoxide. The method is based on reacting the tertiary 
amine base with 9-bromomethylacridine to form a quaternary 
compound which, on photolysis, yields highly fluorescent products 
that are determinable fluorometrically. The procedural steps were 
standardized, and an optimum assay procedure was developed. 
The method shows a less than 3% coefficient of variation when ap- 
plied directly to chlorpromazine samples and is capable of deter- 
mining 15-20 ng of the drug. The method is readily adaptable to 
clinical and bioavailability studies. 

~ 

Keyphrases 0 Chlorpromazine and its sulfoxide-fluorometric 
analysis after quaternization with 9-bromomethylacridine, phar- 
maceutical formulations and blood levels 0 9-Bromomethylacri- 
dine-quaternization reagent for fluorometric analysis of chlorpro- 
mazine and its sulfoxide, pharmaceutical formulations and blood 
levels Fluorometry-analysis, chlorpromazine and its sulfoxide, 
pharmaceutical formulations and blood levels Tranquilizers- 
chlorpromazine, fluorometric analysis, pharmaceutical formula- 
tions and blood levels 

Of the many assay methods (1-12) developed for 
chlorpromazine, those possessing adequate sensitivi- 
ty to determine its levels in blood include a GC meth- 
od and its modifications (2, 3, 5) ,  in uitro radioassay 
(6), radioimmunoassay (9, lo), and GC-mass spec- 

trometry (4). The lack of precision in GC methods 
has been adequately reiterated (1 1-13). The in uitro 
radioquantitation method has not been applied suc- 
cessfully, perhaps because of its complicated nature 
and poor precision. A reported radioimmunoassay (9) 
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