CONCLUSIONS

In conclusion, within the limits discussed, the use of log S7 should make
easier and faster the search for, and the identification of, the therapeu-
tically best molecules. Log S permits selectivity forecasting by methods
and techniques analogous to the ones (quantitative structure-selectivity
relationships) utilized to forecast bhiological activity. Moreover, log S7
makes it easier and faster to compare the therapeutic characteristics of
different molecules since it permits selectivity quantification in the
presence of many side effects.
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Abstract O The spin-filter dissolution device was characterized using
a two-dimensional convective diffusion model. Experimental model
testing involved analysis of dissolution rates from nondisintegrating
salicylic acid disks. The disks were prepared as double-layer tablets, with
an ethylcellulose layer as a nondissolving surface. For each dissolution
run, the disk was positioned so that the dissolving salicylic acid surface
was parallel to the flow of the circulating fluid. Experimental variables
included the stirring speed, the tablet radius, and the distance of the
tablet from the stirring source. At the farthest distance from the stirring
source, the average numerical exponents for stirring speed and tablet
radius were 0.58 and 1.54, respectively, which compare favorably with
the values of 0.50 and 1.50 from the model. When the dissolving salicylic
acid surface was positioned closer to the stirring source, the numerical
exponent for the stirring speed increased significantly, while the average
numerical exponent for the tablet radius was lowered to 1.07, indicating
a change in dissolution mechanism as a function of distance from the
stirring source. These data indicate that dissolution rates are not nec-
essarily proportional to surface area as predicted by the Nernst equation
and that distance from the stirring source is significant.

Keyphrases 0 Hydrodynamics—dissolution devices, spin filter, salicylic
acid disks O Models, hydrodynamic—dissolution devices, spin filter,
salicylic acid disks O Dissolution devices—spin filter, hydrodynamic
analysis, models

Knowledge of critical operating variables for a dissolu-
tion device is important to the pharmaceutical scientist
interested in product development, quality control, and
research applications. A recent paper (1) discussed certain
operating variables for the spin-filter dissolution device
developed by Shah et al. (2). The results of this investi-
gation indicate that the dissolution of a tablet placed in a
basket is much more rapid from the face of the tablet
resting on the bottom of the basket than from the face in-
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side the basket. This effect was duplicated at stirring
speeds of 300 and 500 rpm.

Understanding and predicting the dissolution perfor-
mance for a given dissolution instrument require evalu-
ating the instrument with a justifiable model. The purpose
of the present study was to continue an evaluation of the
spinning-filter device via a convective diffusion model
based on a physically realistic and mathematically sound
development.

THEORY

The model chosen is a classical one involving the flow of incompressible
fluids past immersed bodies. For a nondissolving plate immersed in a fluid
where the free stream velocity is U (centimeters per second), the velocity
of the fluid in contact with the surface of the plate (y = 0) is assumed to
be zero and frictional resistance retards the moving fluid in a thin layer
near the wall. A property of the hydrodynamic boundary layer, b, (cen-
timeters), is that its thickness is a function of the length of the plate. It
is assumed that h, is zero at the leading edge of the plate (x = 0). A
functional relationship between the hydrodynamic boundary layer, h;,
the free stream velocity, U, and the length of the plate, x, is:

vx\1/2

hy =4.64 (U
Thus, k| increases as a function of the square root of the distance along
the x axis of the plate and diminishes by a factor equal to the reciprocal
square root of the free stream velocity. As Levich (3) emphasized, in re-
ality hy is not a distinct distance. Instead, it represents a transition from
viscous flow in the hydrodynamic boundary layer to inviscid flow in the
main stream and is smooth and gradual. The thickness is commonly de-
fined as the distance from the wall (y = 0) to a point where the velocity
in the x direction is 90% of the free stream velocity.
A mass transfer model under conditions of forced convection can now
be evaluated. Once again, visualize a plate immersed in a fluid stream.

(Eq. 1)
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Figure 1—Development of hydrodynamic boundary layer and diffusion
layer.

Now, however, the plate has a dissolving surface; as a fluid flows past the
immersed solid, a hydrodynamic boundary layer, k1, as well as a diffusion
layer, hg, forms (Fig. 1). The relative thickness of the two boundary layers

is given by:
ho ( D)I/S
h 1 - 14
where D is the diffusion coefficient (square centimeters per second) of
the solute and » is the kinematic viscosity (square centimeters per second)
of the dissolution fluid. For dissolving solids of pharmaceutical interest,
D is ~107% and v for water is ~10~2. Therefore, ho/h ) is expected to be
on the order of 0.05/1. The equation that relates ko and h is:

D\1/3 1/2
hy= (—) (4.46) (%)

14

(Eq. 2)

(Eq. 3)

The diffusional flux, j (grams per second square centimeter), to the

plate is:
. de
=[5

where (dc/dy) is the concentration gradient. We are interested in eval-
uating (dc/dy) at the wall, i.e., where y = 0. Differentiating a particular
concentration profile! that provides a functional relationship between

¢ and y yields:
de _ —L.5C;
(o=
Substituting the expression for h» from Eq. 3 gives the diffusional flux
for the model shown in Fig. 1:

J = (0.32)(D)(Cy) ‘—2—)"3 {ﬂ)m

yx

(Eq.4)

{Eq. 5)

(Eq. 6)

where C, is the saturation solubility (grams per cubic centimeter). This
equation expresses the physical situation where the diffusional flux de-
creases as the reciprocal of the square root of the distance from the leading
edge of the plate. As Levich (3) pointed out, different points along the
plate are not uniformly accessible to diffusion. Furthermore, Eqs. 3 and
6 express a physically and mathematically defined diffusion layer rather
than allow it to be empirically defined according to the commonly used
Nernst equation. The mechanistic inadequacy involved with the appli-
-cation of the Nernst theory was commented on previously (3, 5, 6).

The governing equations for the model shown in Fig. 1 recognize ve-
locity components and concentration gradients for both the x and y axes
(3). Under particular experimental conditions, the convection term in
one axis and the diffusional term in another axis may be equated with
zero (5). However, the present experimental design seeks to test a model
that conforms with Fig. 1.

EXPERIMENTAL

The dissolution rates were determined in a modified rotating-filter—
stationary basket dissolution device?3, In place of the stationary basket,
a nut and holder assembly was developed that would permit the disso-
lution from a constant area surface of a nondisintegrating tablet disk.

The compound selected for study was salicylic acid. Double-layer
tablets of 0.624-cm radius consisted of 150 mg of salicylic acid and 150
mg of ethylcellulose; double-layer tablets of 0.451-cm radius consisted
of 85 mg of salicylic acid and 85 mg of ethylcellulose. These two ingredi-
ents were compressed at 2273 kg of pressure for 15 sec on a hydraulic

! The concentration profile chosen was C/C, = 1 1.5(y/h2) + 0.5(y/h2)*. Details
concerning the concentration profile and analysis of two-dimensional heat (mass)
transfer models via Von Karman integral method are provided in Ref. 4.

2 Courtesy of The Upjohn Co., Kalamazoo, Mich.

3 The Virtis Co., Gardiner, NY 12525.
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Figure 2—Typical dissolution profile for the double-layer tablet: (tablet
radius of 0.624 cm, position of 1.25 cm from the stirring source, and
stirring speed of 400 rpm).

press?. All tablets were 0.194 cm thick. Epoxy glue was used to connect
the nut and double-layer tablet for use with the holder device.

The stirring speeds were controlled by a magnetic stirrer® with a ta-
chometer, and a strobe light was used to check the speeds. A 0.5-um
stainless steel filter® was used in the spinning-filter device. Temperature
was maintained at 37°. The dissolution medium consisted of an aqueous
solution buffered to pH 1.2 with hydrochloric acid buffer, maintaining
the dissolved drug in the unionized form.

The position of the tablet in the dissolution apparatus is important.
The dissolution apparatus was set up as originally described (2) with the
spinning filter in a vertical position at the center of the dissolution flask.
The vertically located spinning filter represents the y axis. The vertical
location of the tablet was kept constant at the vertical midpoint of the
spinning filter. The horizontal distance of the tablet from the spinning
filter along the x axis was varied; 2.58 cm from the center of the tablet
holder to the edge of the spinning filter was the farthest distance studied,
and 1.25 ¢cm from the center of the tablet holder to the edge of the rotating
filter was the nearest distance studied. The nondissolving ethylcellulose
side of the tablet was placed up in relation to the bottom of the flask, and
tbhe dissolving salicylic acid side was placed down and parallel to the flask

ottom.

The assay was conducted spectrophotometrically at 305 nm. All ex-
periments were conducted in the same dissolution flask, thereby elimi-
nating cell to cell variation. The ethylcellulose did not contribute to
dissolution and showed no observable change after dissolution.

The spectrophotometer was allowed to warm up for ~20 min before
the experiment was begun. Three runs were conducted for each stirring
speed, and these studies were conducted using four stirring speeds: 200,
300, 400, and 500 rpm. Samples were withdrawn automatically at known
time intervals and assayed on a spectrophotometer5. A calibration curve
confirmed linearity throughout the absorbance range used.

RESULTS AND DISCUSSION

Dissolution experiments were done in triplicate for each experimental
condition. A representative dissclution profile for a particular set of ex-
perimental conditions is provided in Fig. 2. Each point shown is the av-
erage of three experiments, and the associated standard deviation is in-
dicated by the vertical line. As anticipated, all dissolution data plotted
in this way were linear and reproducible. The dissolution rates, R, were
calculated from the data in Fig. 2 and a series of similar curves. For a
circular disk wetted on one side, Eq. 6 becomes:

1/3
R = (1.58)(D)(C,) (%) 4 (%)”2 ()1 (Eq.7)
where R is the dissolution rate (grams per second) and r is the disk radius
(centimeters). A logarithmic transformation of this expression leads
to:

mMR=mmA+%InU+15Inr (Eq. 8)

4 Model K, hydraulic equipment, Fred S. Carver Inc., Summit, N.J.
5 Hitachi Ltd., Tokyo, Japan.
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Table [—Dissolution Rates (Milligrams per Minute) for the
Salicylic Acid Disks Positioned 2.58 cm from the Stirring Source

Table II—Dissolution Rates (Milligrams per Minute) for the
Salicylic Acid Disks Positioned 1.25 cm from the Stirring Source

Numerical Numerical
Coefficient for Coefficient for
Stirring Tablet Radius, cm Tablet Radius Stirring Tablet Radius, cm Tablet Radius
Speed, rpm 0.451 0.624 (0.624/0.451) Speed, rpm 0.451 0.624 (0.624/0.451)
200 0.00400 0.00677 1.62 200 0.00406 0.00640 1.40
300 0.00485 0.00767 1.41 300 0.00638 0.00860 0.920
400 0.00591 0.01000 1.69 400 0.00734 0.00980 0.890
500 0.00687 0.01090 1.42 500 0.00846 0.01190 1.05
1.54 + 0.142 1.07 £ 0.234
where: (7) leads to a coefficient of 0.6-0.8. Therefore, the experimental stirring
coefficients at closer distances may imply that a turbulent hydrodynamic
A = (1.58)(D)23(n)~V8(C,) (Eq.9) boundary is present, with the result that the dissolution rate is more

Of initial interest is the relationship between the dissolution rate and
the stirring speed. A graphical presentation of the data is given in Fig.
3, where the natural logarithm of the mean dissolution rate® is plotted
versus the natural logarithm of the stirring speed. The salicylic acid disks
in this case were positioned 2.58 cm from the stirring source, the farthest
distance studied. According to Eq. 7, the expected slope of these data is
0.5. For a tablet with a 0.451-cm radius, the least-squares slope is 0.61 with
an assaciated standard error of 0.029; for a tablet having a 0.624-cm ra-
dius, the least-squares slope is 0.55 with an associated standard error of
0.050.

The average numerical coefficients relating the dissolution rate with
the stirring speed are 0.58 for the experimental data and 0.50 according
to theory. A deviation of 16% from the theory requires explanation. One
possihle reason is that the theory is not perfect in explaining the flow
patterns developed by the spinning-filter device. The physical picture
of the free stream flow patterns inherent in the model is a unidirectional
flow, which is laminar and which will develop a well-behaved hydrody-
namie boundary layer. The flow actually developed from the spinning-
filter device is tangential.

Figure 4 is a plot of the natural logarithm of the mean dissolution rate
versus the natural logarithm of stirring speed. These dissolution rates
were generated with the salicylic acid disk positioned 1.25 em from the
stirring source, the nearest distance studied. The distance from the
stirring source is of interest in an agitated vessel where it is reasonable
to anticipate that the power generated by the stirrer will not be equally
distributed throughout the vessel. The intensity of stirring is expected
to be greater closer to the agitator. Therefore, the stirring coefficient may
be a function of the distance of the dissolving disk from the stirring device,
and these data test this relationship. For a tablet with a 0.451-cm radius,
the least-squares slope is 0.80 with a standard error of 0.058; the least-
squares slope for a tablet with a 0.624-cm radius is 0.66 with a standard
error of 0.036. The stirring coefficients for both tablet radii are consid-
erably above the anticipated value of 0.5 and validate the idea that the
coefficient is a function of the stirring intensity or the distance of the disk
from the agitation source.

An analysis of heat transfer with turbulent flow parallel to a flat plate
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Figure 3—Natural logarithm of dissolution rate versus natural loga-
rithm of stirring speed for salicylic acid disks positioned 2.58 cm from
the stirring device. Key (tablet radius): ®, 0.451 ¢cm; and %k, 0.624 cm.

& Each point in Figs. 3 and 4 represents the average slopes from the dissolution
profiles similar to those shown in Fig. 2.
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sensitive to the stirring speed. This finding is of practical importance
because it indicates that one must be sensitive to the distance variable
to generate reproducible dissolution data.

Further analysis shows that the average numerical coefficient relating
the functional dependence of the dissolution rate with the tablet radius
for a tablet positioned farthest from the stirring source is 1.54 (Table I).
The expected value for the model is 1.5, and verification of this numerical
coefficient is particularly important with regard to understanding the
dissolution mechanism. As already discussed, the model expresses the
fact that the dissolving plate is not uniformly accessible to diffusion.

This concept is inherent in the mathematical expressions given by Eqs.
3, 5, and 6 for the diffusion layer thickness. It is also important to compare
this relationship with the commonly used Nernst theory, where one would
expect the dissolution rate to be related to area and the expected nu-
merical coefficient is 2 (area = 7wr2). As Nelson and Shah (5, 6) verified,
the Nernst theory does not provide for mechanistic insight under certain
conditions of forced convection.

The data in Table 11 are for a tablet positioned closest to the stirring
device and show that the average numerical coefficient for the tablet
radius is 1.07, which is considerably lower than the expected value for
the model of 1.5. More importantly, the coefficient varies with stirring
speed. At 200 rpm, the coefficient is 1.40 and decreases noticeably at
stirring speeds of 300, 400, and 500 rpm. Therefore, the original model
is not successful in predicting the functional relationship between the
dissolution rate and the tablet radius. The apparent lack of parallelism
between the two curves shown in Fig. 4 leads one to believe that the
original model must be modified to include an interaction term between
the stirring speed and the tablet radius’ to account for the apparent
difference in flow patterns across the entire dissolution surface.

To learn more about the flow patterns, visualization studies were ac-
complished by adding phenolphthalein to the salicylic acid portion of
the disk. The colored indicator appeared when the salicylic acid disk
dissolved in an aqueous medium alkalinized with sodium hydroxide, thus
allowing the flow pattern to be seen. In particular, patterns across the
surface of the dissolving disk could be seen in detail. Colored photographs
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Figure 4—Natural logarithm of dissolution rate versus natural loga-
rithm of stirring speed for salicylic acid disks positioned 1.25 cm from
the stirring device. Key (tablet radius): ®, 0.451 cm; and %, 0.624 cm.

7 From statistical analysis of the data, there is insufficient evidence to indicate
that the two lines are not parallel at the 0.05 level of significance, but a lack of
parallelism exists at the 0.10 level of significance.



were taken at the near and far positions with the filter turning at 300 rpm.
These photographs showed that the flow at the tablet surface was uniform
and parallel to the filter face with an even color distribution when the disk
was at the far position from the stirring source. The tailing streams of
color away from the tablet revealed the tangential nature of the stirring
patterns. This overall visualization is reasonably close to that assumed
by the model and is in keeping with the data analysis from the dissolution
experiments.

For the near position, the colored photographs showed that the flow
pattern at the surface was less uniform and in the direction of the spinning
filter rather than parallel to it. Furthermore, a concentration of color
appeared on the filter side of the tablet. The visualization procedure
combined with dissolution data confirms that the flow pattern is in-
fluenced by the distance from the rotating stirring source. Dissolution
rates measured from disintegrating tablets would presumably be in-
fluenced in a similar way, making basket placement a critical factor.

SUMMARY

At the farthest distance from the stirring source, the average numerical
exponents for stirring speed and tablet radius were 0.58 and 1.54, re-
spectively, which compares favorably with the theoretical values of 0.50
and 1.50. When the dissolving salicylic acid surface was positioned closer
to the stirring source, the numerical exponent for the tablet radius was

Linear Pharmacokinetics of

lowered to 1.07, indicating a change in dissolution as a function of distance
from the stirring source. These data indicate that dissolution rates are
not necessarily proportional to surface area, as predicted by the Nernst
equation, and that distance from the stirring source is a significant factor.
Convective diffusion models combined with easily accomplished visu-
alization techniques provide the methodology needed to characterize
various dissolution devices.
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Abstract 0 The bioavailability of fenoprofen from three different
fenoprofen calcium capsule formulations containing the equivalent of
60, 165, and 300 mg of fenoprofen was determined in two studies. In the
first study, 12 subjects received one capsule of each formulation according
to a three-period crossover design. The second study required each of 13
subjects to receive 300 mg of fenoprofen equivalent of the 60- and 300-mg
capsules and 330 mg of the 165-mg capsule. The initial study provided
information on the linearity of fenoprofen pharmacokinetics, and the
second study established that the three capsule formulations were
bioequivalent. The biocavailability parameters Cax, tmax, and AUCo 12 he
for the drug in plasma were consistent with a linear pharmacokinetic
model, as were the amounts of fenoprofen and hydroxyfenoprofen ex-
creted in the urine. These data show linearity of kinetics for fenoprofen
in plasma throughout the 60-300-mg dosage range after a single dose.
Physical measurements of each capsule formulation drug content, weight
variation, and dissolution showed the products to be uniform and readily
soluble.

Keyphrases O Fenoprofen—pharmacokinetics, oral administration,
calcium salt O Pharmacokinetics—fenoprofen calcium, oral adminis-
tration 0O Anti-inflammatory agents—fenoprofen calcium, pharmaco-
kinetics, oral administration

Fenoprofen calcium! was shown to be a useful anti-in-
flammatory agent in osteoarthritis (1-4) and rheumatoid
arthritis (5-16) in adults. To extend the therapeutic range
of the compound, drug formulations containing 60-300 mg
of fenoprofen equivalent as fenoprofen calcium? were se-
lected for juvenile rheumatoid arthritis studies. This paper

3 Nalfon, Dista Products Co. (a Division of Eli Lilly and Co.).
i" Drug weight is reported in this paper as fenoprofen equivalent of fenoprofen
calcium.
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reports the linearity of fenoprofen pharmacokinetics,
fenoprofen bioavailability, and the uniformity of drug
excretion after a single-dose oral administration of capsules
containing 60, 165, or 300 mg of fenoprofen equivalent in
an adult population.

EXPERIMENTAL

Clinical Study Protocol—Healthy adult male volunteers, 18-50 years
old, participated in the two studies. Their weight was +10% of the ideal
weight (17). The subjects had no history of significant GI disorder; he-
patic, renal, hematological, or cardiovascular disease; or chronic alco-
holism. Each subject underwent a urinalysis, hematology, and blood
analysis? as well as a physical examination to ensure inclusion of only
subjects in good health.

In the first bioavailability study, 12 subjects were placed into Groups
1,11, and I1I. Each group consisted of four subjects, each of whom received
a single capsule of 60, 165, or 300 mg of fenoprofen equivalent (Table I)
on three consecutive occasions, with a 2-day washout period between each
dose. Each subject was instructed to adhere to a standard protocol and

Table I—Fenoprofen Calcium Capsule Formulas 2

Capsule?, mg
Ingredient 60 165 300

Fenoprofen calcium 70.0 1925 350.0

Silicone fluid 350 centistokes 3.0 82 15.0

Microcrystalline cellulose with 217.0 179.2 1250
carboxymethylcellulose sodium¢

c 2 Values in milligrams. ¢ Fenoprofen equivalent. ¢ Avicel RC-591 MCC, FMC
orp.

3 SMA 12/60.
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