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Abstract O The absorption characteristics and kinetics of practically
water-insoluble drugs following subcutaneous injection of their aqueous
suspensions were investigated in intact rats by the local clearance method
and compared with those following intramuscular injection reported
previously. The plot of the cube root of the residual fraction of the drug
in the injection site versus time gave a good linear relationship under
various experimental conditions. The absorption rate constant (j) in-
creased with decreasing particle size. This increase was remarkable in
the region of mean particle diameter <2-3 um, while it was gradual or
slight in the region above this. This phenomenon was explained by the
fact that the in vivo spreading of particles of more than ~3 um was still
more limited by the network of the fibrous tissues. Between j and the
initial drug concentration (Cp) or injection volume (Vy), the practically
important relationship j « Cof Vgt (g = —0.66 and h = —0.32) could
approximately be derived from the experimental results. Comparison
of j values among various compounds with different solubility (C}) in
saline but with similar colloidal properties (particle size distribution and
sedimentation volume) showed that a log j versus log C, plot gave a nearly
straight line with a slope of ~0.5. All the results observed for the subcu-
taneous absorption were similar to those for intramuscular absorption
and could reasonably be explained by the kinetic model proposed for
intramuscular absorption.

Keyphrases O Absorption, subcutaneous—from aqueous suspensions
of practically water-insoluble drugs, rats O Water-insoluble drugs—
subcutaneous absorption from aqueous suspensions, rats O Aqueous
suspensions—subcutaneous absorption of practically water-insoluble
drugs, rats

Although subcutaneous administration of aqueous
suspensions is very popular for practically water-insoluble
drugs in preclinical animal experiments, little has been
studied on their absorption mechanisms and kinetics ex-
cept for the particle-size effect on pharmacological re-
sponses (1). Previously investigated (2, 3) were the ab-
sorption behaviors of subcutaneously implanted solid
drugs (sphere, disk, and cylindrical shapes) and the ab-
sorption kinetic process was clarified. The intramuscular
absorption characteristics of practically water-insoluble

drugs from aqueous suspension were investigated in detail,.
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and a kinetic equation was proposed for the drug absorp-
tion, which was obtained empirically and was very useful
(4).

In the present work, similar investigations for the sub-
cutaneous route were done with the local clearance method
in intact rats. The purpose of the present study was to
clarify the relationship between the absorption rate and
physicochemical properties (particle size, initial drug
concentration, injection volume, drug solubility, etc.), to
express this relationship in appropriate mathematical
terms, and to compare the results with those for the in-
tramuscular route reported previously (4).

The findings obtained in this study will offer a novel and
useful guide for more detailed screening and preclinical
testing in laboratory animals of new drugs under devel-
opment.

EXPERIMENTAL

Materials—Azo dyes (p-aminoazobenzene, p-hydroxyazobenzene,
o-aminoazotoluene, and 1-phenylazo-2-naphthylamine), sulfa drugs
(N1l-acetylsulfamethoxazole and sulfamethoxazole), and a steroid (be-
tamethasone dipropionate!) were used as models for practically water-
insoluble drugs. These azo dyes and sulfa drugs were the same as those
used in a previous study (4). Betamethasone dipropionate was of me-
dicinal grade and its purity was ascertained to be satisfactory through
elementary analysis, melting point measurement, and TLC. Methylcel-
lulose? and polysorbate 803, used as dispersing agents for preparations,
were the same as those reported previously (4). All other chemicals were
of analytical or reagent grade.

To compare the spreading area of injected particles, the following
standard particles of different sizes were also used: two polystyrene la-
texes (0.721 and 1.305 um in mean diameter based on number size dis-
tribution)?, polyvinyltoluene latex (2.956 um)*, spores (4.94 um)®, di-

1 Schering Corp., Bloomfield, N.J.

2 Metolose SM-15, Shinetsu Kagaku Kogyo Co., Ltd., Tokyo.
3 Kao Atlas Co., Ltd., Tokyo.

4 The Dow Chemical Co., Indianapolis, Ind.

5 Coulter Electronics, Ltd., Dunstable.

0022-3549/ 82/ 0500-0500$01.00/ 0
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Table I—Particle Size (D;s), Distribution Constant (n), and
Sedimentation Volume ( Veq) of Aqueous Suspensions of Test
Compounds Prepared by the Controlled Preparation Method

Table II—List of Data (Cy, Vy, and j for p-Hydroxyazobenzene
Suspension 2) Used for Estimation of Parameters g and h, and
the Values Estimated ?

Compound Dy, pum@ nb Veed, cm?/g Co, mg/m} Vg, ml J, hrt! Comment
Sulfamethoxazole 4.0 2.9 1.7 0.5 0.50 0.27 Vo: constant
N1l-Acetylsulfamethoxazole 3.5 2.6 1.7 1.0 0.50 0.14
p-Aminoazobenzene 4.2 2.7 2.0 20.0 0.50 0.025
p-Hydroxyazobenzene 3.6-4.1 2.5-2.7 2.8-3.1 50.0 0.50 0.015
o-Aminoazotoluene 3.9 2.7 2.4 0.12 Co ¢
1-Phenylazo-2-naphthylamine 4.0 2.5 2.2 gg 8(1)(5) 0.10 o: constan

@ Mean particle diameter obtained from Rosin-Rammler plot.  This value 5.0 0.50 0.046
(obtained from Rosin-Rammler plot) shows the degree of narrowness of particle 5.0 2.00 0.032
igze distribution. The larger the value, the narrower the particle size distribu- 50.0 0.050 0.020 Wo: constant
o 25.0 0.10 0.027
vinylbenzene latex (8.99 um)4, and ragweed pollen (17.95 um)5. These %25 ;gg 8%5

are nearly spherical and commonly used as size calibrators for particle
size measurements.

Preparation of Test Suspensions—Unless otherwise mentioned, the
vehicle composed of 0.5% (w/v) of methylcellulose, 0.005% of polysorbate
80, and 0.9% NaCl was used as a dispersion medium for the same reason
mentioned previously (4). This vehicle was presaturated with the drug
to be dispersed and filtered through a membrane filter®, then used for
making the various preparations. To regulate particle size, all test aqueous
suspensions were prepared by fractionation techniques using natural or
centrifugal sedimentation. The suspensions formulated according to the
controlled preparation method in which they were intended to contain
particles of ~4 um in average diameter, described in the previous report
(4), were used unless otherwise mentioned. Hereafter, these suspensions
are referred to as controlled suspensions. Colloidal properties such as
mean particle diameters (D), distribution constants (n), and sedi-
mentation volumes (Vgq) of the test suspensions prepared by this method
appear in Table 1. The suspensions other than the controlled ones were
prepared by similar methods with appropriate modifications. After ad-
justment of the drug concentration in a test suspension, it was stored at
25° until use. The syringeability for all the suspensions was good in the
same needle (25G X 2.54 cm)7 and syringe used in the absorption ex-
periment.

Procedure of Absorption Experiment—Male Wistar albino rats
(250-290 g) were used in all absorption experiments. The subcutaneous
region near the center of the dorsum of intact rat was selected as a model
injection site and the same local clearance method described in the pre-
vious paper (5) was employed for the present investigations. Since almost
all of the drug remaining in the injection site was undissolved and un-
changed, the absorption experiment adopted was considered to be ap-
propriate for understanding the true absorption phenomena from the
systems of interest.

Measurement of Physicochemical Properties of Test Compounds
and Suspensions—For the solubilities of model drugs in 0.9% (w/v) NaCl
(saline) or in pH 7.25 phosphate buffer (0.067 M NagHPO4~KH,PO,)
isotonized with NaCl, previously obtained data (4) were used. The
solubilities in 2% (w/v) bovine serum albumin® in pH 7.25 isotonic
phosphate buffer were determined according to a method similar to that
described in the previous paper (4). The density (p) of the model com-
pound, and the sedimentation volume (V.q) and particle size distribution
(Dgs and n) of each test suspension were also measured by the methods
described in the previous report (4).

Analytical Method—Samples from Absorption Experiments—The
amounts of test compounds other than betamethasone dipropionate
remaining in the injection site were determined colorimetrically as de-
scribed previously (4). Betamethasone dipropionate was analyzed by the
HPLC method under the following conditions: HPLC apparatus?® UV
detector (254 nm); column!®, 25 cm X 2.1-mm ¢; mobile phase, n-hex-
ane-isopropy! ether-ethanol-H20 (5:20:1.5:10, v/v, upper layer); flow
rate (pressure), 0.43-0.46 ml/min (84 kg/cm?).

Samples from Other Experiments—The concentrations of model
compounds other than betamethasone dipropionate in test suspensions
were analyzed spectrophotometrically as described in the previous paper
(4). For the analysis of betamethasone dipropionate, the optical density
was read at 243 nm after dilution with ethanol-H20 (1:1, v/v). The sample
solutions (filtrate or supernate) for the determination of the solubilities

6 Millipore membrane filter HA., Millipore Corp., Bedford, Mass.
7 Terumo Co., Ltd., Tokyo.

8 Sigma Chemical Co., St. Louis, Mo.

9 Dupont 830 L.C,

10 Zorbax SIL,

g = —0.656 (0.049), h = —0.315 (0.057)

s Controlled suspension. ¥ The values g and h were estimated by multiple re-
gression analysis and are given together with the standard errors in parentheses.

of azo compounds in 2% bovine serum albumin solution were assayed by
a colorimetric method similar to that reported previously (4). Those of
sulfa drugs were assayed as follows: One milliliter of the sample solution
was thoroughly mixed with 5 ml of pH 4.7 buffer [I' N HCI-1 N
CH3COONa, 3:7 (v/v)] and from this mixture the sulfa drug was extracted
with 10 ml of ethyl acetate. A portion of this extract was freed of the
solvent in vacuo then assayed colorimetrically after diazotization ac-
cording to the method described in the previous paper (4).

RESULTS AND DISCUSSION

State of the Depot and Drug Absorption Kinetics—Although the
subcutaneous region is composed of networks of loosely cross-linked fi-
brous tissues, injected solutions form a pool (depot) with lateral spread
(6, 7). This was also observed in experiments using aqueous suspensions
of some dyes and uniform latexes. In addition, the suspension particles
were confined to such networks and their spreading was not so extensive
as that of the aqueous dispersion medium (vehicle) after injection. For
example, even in the case of a 1-ml injection of 0.5% (w/v) of uniform latex
of 0.7 um in diameter (this size seems to be the approximate lower limit
for common preparations) into the dorsal subcutaneous region of rats,
the resulting lateral spreading area of the particles did not exceed ~30%
of that of the aqueous vehicle. This spreading area became smaller with
increasing particle size. These findings clearly indicated that the sub-
cutaneously injected particles were loosely agglomerated at the injection
site.

In common cases, a drug in aqueous suspension injected subcuta-
neously must first become dissolved in the tissue fluids surrounding the
particle agglomerate, diffuse into the intercellular space (or intracellular
region) of the connective tissues, and then permeate the vascular mem-
branes until it enters the blood or lymph stream. The participation of
direct absorption of the fine particles by phagocytosis or some other
mechanisms can not be completely denied (8, 9). However, their contri-
bution to the drug absorption may be much smaller than that of the above
mentioned mechanism via the dissolution process except for exceedingly
fine particles of water-insoluble drugs (10).

It was indicated previously (11) that the connective tissue ground
substance formed a diffusion barrier to the subcutaneous absorption of
carbohydrates with different molecular weights in aqueous solution. The
relationship between the absorption rates of a variety of compounds
subcutaneously implanted in rats and their physicochemical properties

Table III—Check of Experimentally Determined g and h Values
Using Betamethasone Dipropionate Aqueous Suspensions

Experiment J)/jQ)
Number Co, mg/ml Vo, ml Calculated Experimental
1¢ 2 0.05
2 0.50 0.48 0.49 (0.03)
20b 1 0.50
10 0.50 0.22 0.26 (0.03)

@ Vehicle, 0.01% (w/v) polysorbate 80 + 0.01% (w/v) benzalkonium chloride +
0.38% (w/v) NaH,PO42H,0 + 1.79% (w/v) NagHPO4-12H:0; Dy, (n), 7.1 pm (2.5).
b Vehicle, 0.5% (w/v) methylcellulose SM-15 + 0.01% (w/v) polysorbate 80 + 0.9%
(w/v) NaCl; Dy, (n), 2.5 um (2.6).
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Figure 1—Time course of p-hydroxyazobenzene absorption from subcutaneous injection site. Each point represents the mean of at least four
experiments; vertical bar shows the standard deviation. Co = 1 mg/ml; Vo = 0.5 ml.

were studied (2). It was concluded that the absorption from this system
was solution rate limited. Visual observations of present experimental
systems supported this conclusion, since the tissue fluid colored by the
dissolution of a dye was almost limited to the narrow region close to the
surface of the particles or their agglomerate except for a short period
immediately after injection.

On the basis of the above findings, it is assumed that the absorption
is controlled by diffusion from the surface of the agglomerate. The process
of this absorption seems to have a resemblance to that observed after
intramuscular injection. Thus, the absorption model proposed for the
intramuscular injection in a previous study (4) is expected to be applicable
to the subcutaneous injection as well. From that model the following
kinetic equations could be derived to describe the intramuscular ab-
sorption process (4). The fraction of the drug amount (W) remaining at
the injection site to the dose (W;) was given as a function of time (¢):

(W/Wo)t/3 =1 —jt (Eq. 1)

where j was defined as an absorption rate constant. This j could be related
to the in vivo solubility (C,), density of the drug crystal (p), in vivo dis-
solution rate constant (k), and the dose (Wy), using a correction param-
eter (¢) for the effective surface area of the particle agglomerate for the
in vivo dissolution:

j = keC,p23Wy=113/3 (Eq. 2)

In this equation the parameter ¢ was assumed to be an unknown function
of the effective particle size (D), initial volume concentration (Co/p) of
the suspended drug, injection volume (Vj), and other factors (U) con-
taining hydrodynamic factors (injection speed and pressure) and the
histological and physiological factors in the injection site:

€=F(D, Co/p, Vo, U) (Eq. 3)

The relationship between ¢ (or j) and Cy, Vo, or D was investigated ex-
perimentally (4).
In the present study, the above kinetic relationships proposed for the
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Figure 2—Effect of particle size on subcutaneous absorption of p-
hydroxyazobenzene. Each point represents the mean of at least three
experiments; vertical bar indicates the standard deviation. Cq =
mg/ml; Vo = 0.5 ml.
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intramuscular absorption were checked to ascertain their applicability
for the subcutaneous absorption and then developed to gain greater
understanding of its phenomena.

Time Course of Drug Absorption—First, the validity of Eq. 1 was
checked experimentally. Figure 1 shows a plot of the residual fraction
(W/Wo) or its cube root of the drug remaining in the injection site against
time after dorsal subcutaneous administration of the controlled aqueous
suspension of p-hydroxyazobenzene into intact rats. The initial drug
concentration (Cg) and injection volume (V) are given in the legend. The
cube root plot (B) gave a good linear relationship while the other (A)
showed an upward curvature. This tendency was common throughout
the following absorption experiments of different conditions, and the
correlation coefficient obtained by the least-squares linear regression
from the cube root plot was always larger than that from the linear plot.
These results suggest that Eq. 1 is appropriate for describing the time
course of the subcutaneous drug absorption from aqueous suspensions.
In addition, the moderate magnitude of the standard deviations shown
in Fig. 1 demonstrated that the other factors (U) in the parameter € might
be well-controlled under the experimental conditions in this study.

Effect of Particle Size on Absorption—The particle size of a sus-
pension is an important factor for intramuscular (12-14) and subcuta-
neous absorption (1) as well as for absorptions from other routes (15). If
the suspension particles are dispersed at the injection site too extensively
to aggregate with each other, and, hence, the drug transport from the
surface of each particle takes place independently, the particle size effect
on the absorption may appear most strongly. In such a case, theoretically,
€= 6(W0/p)“3/D‘f0r monodispersed spherical particles (diameter, D)
and therefore is inversely proportional to the particle size (4). However,
this is expected to be rare in practice because of the agglomerate forma-
tion in the injection site, except in an exceedingly dilute suspension with
very fine particles. Thus, the relationship between the drug absorption

0.14 _JQA
Jo.3
o.10}f
5 <
= Jo.2 =
< 2
0.06 -
do.1
0.02 k 4o
L N 1
0 8 12

4
PARTICLE SIZE, D¢, um

Figure 3—Relation between absorption rate constant (j) and particle
size (Dgs). The value of jwas estimated by the least-squares method and
is plotted with the standard error. Key: —®—, sc (Vo= 0.5ml); —0—,
im (Vg = 0.05 ml); p-hydroxyazobenzene concentration of both injec-
tions, 5 mg/ml.



Table IV—Comparison of Subcutaneous Absorption Rate Constants () with In Vitro Solubilities (C; and C’) and Values of

MW-0.55-0.34
In Vitro Solubility
Compound C,, mg/mle C,, mg/mliP MW—055-0.34 ¢ jyhr1d

Sulfamethoxazole 5.7¢ 0.0549 0.374 (0.015)
N1 Acetylsulfamethoxazole 0.076 <0.76 0.0522 0.168 (0.013)
p-Aminoazobenzene 0.049 0.41 0.0672 0.0652 (0.0037)
p-Hydroxyazobenzene 0.034 <0.69 0.0637 0.0420 (0.0035)
o-Aminoazotoluene 0.007 <0.14 0.0625 0.0193 (0.00186)
1-Phenylazo-2-naphthylamine 0.0003 0.076 0.0585 0.00241 (0.00014)

e Solubility in saline [0.9% (w/v) NaCl aqueous solution] at 37°. ® Solubility in 2% (w/v) bovine serum albumin in pH 7.25 isotonic phosphate buffer at 37°. < MW,
molecular weight; p, density. This term is defined in detail in the text. ¢ Value estimated by the least-squares method from the data shown in Fig. 6; listed with the standard
error in parentheses. ¢ Solubility in pH 7.25 isotonic phosphate buffer at 37° (solubility in saline at 37°, 0.61 mg/ml). Solubilities of other test compounds in saline agreed

well with those in the buffer.

rate and particle size seetns to be very complicated. A previous study on
the intramuscular absorption showed that the increase in the absorption
rate constant (j) with decreasing mean particle diameter (D) was re-
markable in the region of D smaller than 2-3 um, while it was gradual
or slight in the region above this (4).

Figure 2 compares subcutaneous absorption time profiles of p-hy-
droxyazobenzene from three preparations with different mean particle
diameters (D) but with similar distribution constants (n) and sedi-
mentation volumes (Vgeq): Dy (n), 7.4 um (2.5), 2.5 um (2.8), and 1.1 um
(2.9); Vieq, 2.8-3.2 cm3/g. The absorption rate constant (j) was obtained
from the slope of each linear relationship in this figure and then plotted
against Dy, in Fig. 3. For comparison, the results from similar experiments
of the intramuscular route (m. gastrocnemius) are also shown. Figure 3
suggests that the relationship between j and Dy, for the subcutaneous
route is qualitatively similar to that for the intramuscular route. The
particles smaller than 2-3 um in diameter seem to pass more easily
through the network of the fibrous tissues accompanying the spreading
of the dispersion medium during injection. This may cause a looser ag-
glomeration of the particles and result in the abrupt change in j below
this particle size.

Figure 4 shows the effect of particle size on the lateral spreading of the
particle agglomerate. Here, six water-insoluble standard particles with
different mean diameters (D, obtained from the number size distribution
curve) were used for comparison. The similarity of the form of this curve
to those in Fig. 3 may support the above speculation. The participation
of direct absorption mechanisms involving phagocytosis must be also
considered but their contributions seem to be relatively small under the
present experimental conditions. In any event, the tendency of the par-
ticle size effect appears to have a very important practical meaning.

Effect of Initial Drug Concentration and Injection Volume—If
the injected particles form no agglomerate and the drug transport from
each particle proceeds independently, and if this process is a rate-de-
termining step, the absorption rate constant (j) does not depend on the
dose and is inversely proportional to the particle size as mentioned pre-
viously. However, this was not the case for the subcutaneous injection
of ordinary aqueous suspensions. The absorption rate constant (j), given

2.4}-
€
(3]
<
w 1.8
19
<
(29
5 s
= To—p o
o
o
w
0.6 A A - e i S
0 15 20

5 10
MEAN PARTICLE (D), um

Figure 4—Effect of particle size on the lateral spreading area of the
particle agglomerate formed by subcutaneous injection of aqueous
suspension. Each point represents the mean of three experiments;
vertical bar indicates the standard deviation. These data were obtained
using water-insoluble standard particles of various sizes under the
following conditions: Cy = 5 mg/ml; Vo = 1.0 ml; measurement, 5 min
after injection.

by Eq. 2, is a function of the dose W and the parameter ¢. The term W,
is the product of the initial drug concentration (Co) and injection volume
(Vo). The parameter ¢ is assumed to depend on Co and Vg, but their re-
lationship is not known. Therefore, the quantitative relationship between
j and Cgor Vyis also not clear.

To elucidate this relationship, the absorption time courses of the
controlled suspensions of p-hydroxyazobenzene with different Co and
Vo were followed, then their absorption rate constants (j) were obtained
from the same plot as Fig. 1B. In Fig. 5 is plotted against Cy at fixed V¢
(0.5 ml) or against V at fixed Co (5 mg/ml) on a log-log scale. The linear
relationships of both plots allow the following tentative and approximate
representation:

Jj=fCEVh (Eq. 4)

where f is a constant that depends on the drug and its suspension prep-
aration.

Thus, the experimental values of g and h were estimated by multiple
regression analysis from 12 sets of data for the controlled suspensions
of p-hydroxyazobenzene. The original data used for this estimation and
resulting g and h values are summarized in Table II. Next, to ascertain
the applicability of these experimental values (g = —0.66 and h = —0.32),
additional examinations were done using aqueous suspensions of beta-
methasone dipropionate. Employing Eq. 4 and the g and £ values de-
termined above, the ratio of j(i) at Co(i) and V(i) to j(1) at Co(1) and
V(1) for suspensions with the same drug and similar colloidal properties
can be represented as:

J@/J (1) = [Coli}/Co(1)] 7088 [Vo(i)/Vi(1)] 7032 (Eq. 5)

Table III compares the calculated and experimental ratios j(:)/j (1) for
the case where Co(7)/Co(1) = 10 or V(i)/Vo(1) = 10. These comparisons
showed good mutual agreements, despite the fact that the vehicle and
the colloidal properties of the suspensions tested here differed consid-
erably from those of the controlled suspension of p-hydroxyazobenzene
used for the estimation of g and h values. Therefore, Eq. 5, obtained ex-

V,, mi
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Figure 5—Relation between absorption rate constant (j) and injection
volume (V) or initial drug concentration (Co) for the controlled sus-
pension of p-hydroxyazobenzene. The value of j was estimated by the
least-squares method. Key: —@—, constant Vy (0.5 ml); —0—, con-
stant Co (5 mg/ml).
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Figure 6—Comparison of absorption rate among various compounds
(controlled suspension). Each point represents the mean of three or four
-experiments; vertical bar indicates the standard deviation. Cy = 5
mg/ml; Vo = 0.5 ml. Key: —@—, I-phenylazo-2-naphthylamine;
—A—, o-aminoazotoluene; ——, p-hydroxyazobenzene; —O—, p-
aminoazobenzene; —A—, Nl-acetylsulfamethoxazole; —O—, sul-
famethoxazole.

perimentally, is expected to be generally applicable for aqueous sus-
pensions other than the model ones tested here.

Using the above results, the relationship between the parameter € and
Cgor Vg can be clarified empirically in the following manner:

j = fCo_0'66V0_0‘32
Employing the relationship Wo = CyV), Eq. 2 can be rewritten as:
J = kCsp—23¢Cy~13Vy~1/3/3 (Eq. 7)

(Eq. 6)

From the equivalency of Eqgs. 6 and 7, the parameter ¢ must satisfy the
following relationship:

e=F(D, Co/p, Vo, U) = 8(Cop/p) =033V ;00 (Eq. 8)

where 6 is a term that depends on the remaining factors D and U.
Equation 8 means that the parameter ¢ depends little on the injection
volume (V) but decreases by increasing initial drug concentration (Cy).
This also implies that the degree of agglomeration may tend to increase
with an increase in Co. Substitution of Eq. 8 for ¢ in Eq. 7 yields:

j = (kCs8/3)p034( 066}/ ,~032 (Eq. 9)

The above empirical equation obtained for the subcutaneous route
demonstrates a great similarity to that for the intramuscular route, which
was given by the following equation (4):

Jm = (kmCy0m/3)p=045C(=055Y/y~0.32 (Eq. 10)

It should be noted that the correlation between the absorption rate
constant and injection volume is identical for the two routes.

Although Eqs. 9 and 10 are derived empirically, they should be very
important and useful since they give relationships between the dose and
absorption rate constant which have been unknown until now.

Comparison of Absorption Rate among Various Compounds—
Equation 9 shows that the absorption rate constants (j) of different
compounds depend upon the values of k, C,, and p when the prepara-
tion-dependent parameters (6) are the same. As defined previously, p,
k, and C; represent the density of the drug, the in vivo dissolution rate
constant, and in vivo solubility in the injection site, respectively. Of these
factors, only the value of p can be determined by an in vitro experiment;
the other two (k and C;) cannot be completely estimated from such an
experiment. From a practical point of view, an attempt was made to
clarify the quantitative relationship between j and the above three factors
(or their first approximations).

Figure 6 compares the subcutaneous absorption time profiles of six test
compounds. In this comparison, the controlied suspensions with similar
colloidal properties (Table I) were used to minimize the variation in 6 in
Eq. 9. All the compounds gave good linear relationships with different
slopes. Their observed absorption rate constants (j) are summarized in
Table IV with their physicochemical factors such as in vitro solubilities
in saline and 2% (w/v) bovine serum albumin (C, and C}, respectively).
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Figure 7—Relationship between absorption rate constant (3) and in
vitro solubility (C;’). The value of j was estimated by the least-squares
method from the data shown in Fig. 6. Key: —@—, sc (Cy = 5 mg/ml;
Vo = 0.5 ml); —0—, im (Cp = 5 mg/ml; Vo = 0.05 ml), cited from a
previous study (4).

As discussed previously, the absorption is inferred to be a diffusion-
controlled process. Diffusion coefficients of compounds having low mo-
lecular weight (MW) are known to be inversely proportional to the square
root of MW (16). The in vivo dissolution rate constant (k) in Eq. 9 is
considered to be proportional to the diffusion coefficient, like that in vitro
(2, 17). Therefore, Eq. 9 can be converted to

J = (06/3)MW—05p—034C (,=0.66y/,-0.32 (Eq. 11)

where 0 is a constant. Thus, the values of MW ~%-55=0-3¢ for model drugs
were calculated and are in Table IV as the correction term. However,
these values were similar to each other for the compounds tested here.
In contrast, the in vitro solubility was a more dominant factor and had
a positive relation with the absorption rate constant.

Equation 11 means that the plot of j (or jeorr = TMW055034 if the
correction for MW and p is necessary) against in vivo solubility (C) on
a log-log scale gives a straight line with a slope of unity at the constant
initial drug concentration (Cg) and injection volume (Vy). The closed
circles in Fig. 7 show this plot using in vitro solubility (C;) in Table IV
instead of in vivo solubility (C,). This gave a nearly straight line with a
slope of 0.53 (regression equation, log j = 0.525 log C, — 0.578; correlation
coefficient, r = 0.956). Using J .o in place of j, a similar relationship was
also obtained (log jcorr = 0.534 log C;; + 0.660, r = 0.953).

In Fig. 7, similar data for the intramuscular administration (m. gas-
trocnemius), cited from a previous study (4), are also plotted with open
circles. Remarkably, the slopes of these plots for the two routes were al-
most identical. This shows a strong similarity in the absorption mecha-
nism between the two routes. The deviation of the slope from unity ob-
served in Fig. 7 may be attributed mainly to a gradual increase in the ratio
C,/C,, with decreasing C caused by the relatively larger solubilization
effect of the protein components in the body fluid for the drug having
a smaller solubility. The comparison of C;; and C, in Table IV supports
this explanation.

The good linear relationship between log j (or 1og jeorr) and log C;
mentioned previously is expected to be applicable for predicting the
subcutaneous absorption rates of other compounds in the controlled
suspensions from C. For instance, the prediction (from the regression
equation, log jeorr = 0.534 log C; + 0.660) for the test material, betam-
ethasone dipropionate (MW = 504; p = 1.23 g/cm?; C;, = 0.002 mg/ml)
gave a value of 0.007 hr~! for j (at Co = 5 mg/ml and V, = 0.5 ml), which
almost agreed with the experimental value of 0.0096 (+0.0011) hr~! ob-
served using the following controlled suspension: Dgs = 4.3 um; n = 2.6.
This satisfactory result suggests that similar prediction will be possible
for other drugs.

Comparison of Absorption Rates between Subcutaneous and
Intramuscular Routes—Hitherto, drug absorption kinetics and
mechanisms from aqueous suspensions in the subcutaneous route have
been clarified, and their strong similarity to those by the intramuscular
route, discussed previously (4), have been pointed out. A direct com-
parison of absorption rates between the two routes seems to be usable
but there has been little available data (18). Table V shows this com-



Table V—Comparison of Absorption Rate Constants (j) between
Subcutaneous (sc) and Intramuscular (im) Routes 2

j; hr_l
Compound sc? ime
Sulfamethoxazole 0.78 1.10 £ 0.07
p-Aminoazobenzene 0.14 0.18 + 0.01
p-Hydroxyazobenzene 0.090 (0.12 + 0.02)¢ 0.17 £ 0.01
o-Aminoazotoluene 0.040 0.093 % 0.005
1-Phenylazo-2-naphthyl-  0.0050 0.0093 + 0.0006

amine

2 Controlled suspension. Cy, 5 mg/ml; Vy, 0.05 ml. ¥ Estimated by extrapolation
of data shown in Table IV using Eq. 5. ¢ Experimental data (with standard error)
cited from the previous report (4). @ Experimental value (with standard error).

parison using five controlled suspensions. To compare at the same drug
concentration (Co) and injection volume (Vy), the values estimated by
extrapolation of the data shown in Table IV using Eq. 5 were used for the
absorption rate constants (j) in the subcutaneous route. This comparison
shows that the absorption rate from the subcutaneous route is slower than
that from the intramuscular route for all the test suspensions. A similar
tendency was previously observed for injections of drug-oil solutions (5).
The relationship between j and Cg in the subcutaneous route differed
slightly from that in the intramuscular route (Eqgs. 9 and 10). Therefore,
it should be noted that the difference in j shown in Table V may increase
with increasing Co.
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Abstract O In dissolution studies of whole and halved 100-mg sus-
tained-release theophylline tablets, drug release from halved tablets was
significantly higher. These differences were not reflected in the bio-
availability studies. The area under the curve (AUC) mean absorption
time and fraction-of-dose recovered in urine at 24 hr were not significantly
different following the ingestion of whole or halved 100-mg tablets. The
elimination rate constant, half-life, volume of distribution, plasma, and
renal clearance values were consistent with values reported previously.
Discrepancies were found in the 24-hr metabolite distribution as com-
pared to literature values and may be accounted for by the age and health
of the subjects and the frequency of dosing.

Keyphrases O Dissolution—whole and halved sustained-release theo-
phylline tablets O Sustained-release system—dissolution of whole and
halved theophylline tablets O Bioavailability—whole and halved sus-
tained-release theophylline tablets 0 Theophylline—bioavailability and
dissolution study of whole and halved sustained-release tablets

Breaking sustained-release theophylline tablets in half
is commonly practiced to achieve more accurate milligrams
per kilogram dosing in children. The extent to which this
affects dissolution and bioavailability is unknown.

In this investigation, 100-mg sustained-release theo-
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phylline tablets' were used to study the effect of halving
tablets on dissolution and bioavailability. No published
information about the dissolution of these tablets was
available. After oral administration of the 100-mg tablet,
however, 90% of the dose was absorbed within 14 hr and
almost 100% was absorbed by 28 hr (1). When 300-mg
tablets were dissolved, 50% of the dose entered solution by
2 hr and > 90% of the dose entered solution by 6 hr (1).

EXPERIMENTAL

Dissolution—The official USP dissolution apparatus was used {2).
Simulated gastric and intestinal fluids were used as dissolution media
(2).

Simulated gastric fluid, USP (2), was prepared by dissolving 2 g of
sodium chloride and 3.2 g of pepsin in 7 m! of HCl and diluting the solu-
tion to 1000 mi with distilled water. This test solution had a pH of 1.2.

Simulated intestinal fluid, USP (2), was prepared by dissolving 6.8 g

1 Theo-Dur, Astra Pharmaceuticals Canada Ltd., Mississauga, Canada [.4X
M4,
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