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Abstract 

The release of 52 compounds into water, loaded at their solubility limits in a filler-supported polydimethylsilox- 
ane matrix, was studied using a quantitative structure-activity relationship (QSAR) approach. Half of the compounds 
studied were benzene derivatives and half were pyridine derivatives. Solubility of all the solid compounds in the 
matrix was related to the melting point, molecular weight, partial atomic charge of the solutes and an indicator 
variable for the pyridine class. Release of the compounds from the matrix into water was matrix controlled with the 
initial release following the square root of time relationship. The slope of the linear portion of the Q vs ~/t plot was 
defined as the release coefficient. It was found that the release coefficient could be predicted by a QSAR model 
using melting point, hydrogen bonding energy group contribution, partial atomic charge and an indicator variable as 
predictors. Applicability of the model was examined by cross-validation. On the average, predicted results were 
accurate to within a factor of two for release coefficients over a 20 000-fold range. 

Keywords: Controlled release; Solubility; Quantitative structure-transportability relationship; Polydimethylsiloxane 
matrix; Melting point; Molecular weight; Atomic charge; Hydrogen bonding group contribution 

I. Introduct ion 

Controlled release of chemicals from polymer 
matrices has been extensively studied in the areas 
of pharmaceuticals,  agrochemicals, plant nutri- 
ents, veterinary drugs and flavors (Das, 1983), 
and especially for substances that are highly toxic 
and ineffective if administered by conventional 

* Corresponding author. 
t Abbott Laboratories, North Chicago, IL 60064, USA. 

means. The well-known advantages of controlled 
release techniques over conventional oral and 
parental  administration include the improvement 
of drug efficiency, bet ter  patient  compliance, and 
reduction of side effects and toxicity (Kydonieus, 
1980). Much research has been carried out on the 
controlled release of  pharmaceuticals during the 
last three decades and numerous studies have 
been published (Folkman and Long, 1964; Dziuk 
and Cook, 1966; Roseman and Higuchi, 1970; 
Haleblian et al., 1971; Roseman and Mansdorf, 
1983; Lee and Good, 1987; Carelli et al., 1989; 
Otsuka and Matsuda, 1994; Veen et al., 1994). 
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A planar matrix system, or a monolithic device 
(Roseman and Cardarelli, 1980) is one of many 
different controlled release systems that have 
been extensively studied. Mathematical expres- 
sions for drug release from a planar system have 
been derived depending on the initial physical 
states of drug in the matrix. When drug is initially 
dissolved in the matrix, exact mathematical solu- 
tions (Higuchi, 1960; Paul and McSpadden, 1976; 
Crank, 1986) as well as a simplified short time 
approximation (Higuchi, 1962; Crank and Park, 
1968) are available. These solutions are the fun- 
damental theories for studying release kinetics 
and mechanisms. Much diffusion research has 
been carried out based on the these theoretical 
solutions (Higuchi, 1962; Desai et al., 1965; Bot- 
tari et al., 1974; Morimoto et al., 1992). The short 
time approximation equation for drug release into 
a 'sink' condition from a planar matrix system, 
when drug is initially dissolved in the matrix and 
release is matrix diffusion controlled only, is given 
by (Higuchi, 1962; Crank and Park, 1968): 

~ t 
Q = 2C o (1) 

where Q is the cumulative amount released at 
time t from a unit area, C o represents the uni- 
form initial concentration in the matrix and D e 
denotes the effective diffusion coefficient in the 
matrix. Eq. 1 indicates that, for short times, the 
cumulative amount released is linear to the square 
root of time, assuming that the effective diffusion 
coefficient is a constant. The equation is valid for 
drug release less than 30% (Higuchi, 1962) or 
60% (Roseman and Cardarelli, 1980). Using re- 
lease data and the drug concentration in the 
system, Eq. 1 has been used in numerous cases to 
determine diffusion coefficients in ointments 
(Higuchi, 1962; Bottari et al., 1974; Gilbert et al., 
1986; Buckton and Tawburic, 1992; Vos et al., 
1994), polymer matrices (Crank and Park, 1968; 
Shah et al., 1992; Cassidy et al., 1993; Mitchell et 
al., 1993) and animal skins (Liron et al., 1994). 

While the release profile can be described by 
the diffusion coefficient and the amount of drug 
in the system using the theoretical equations, 
drug release has also been shown to be affected 

by the structural characteristics of the diffusant 
and the medium. It was found that salicylic acid 
releases at different rates from different lanolin 
ointment bases (Bottari et al., 1974). The release 
of benzoic acid and related compounds from a 
pluronic gel was found to be controlled by the 
physico-chemical properties of the solutes (Gil- 
bert et al., 1986). Diffusion coefficients of proges- 
terone derivatives in a silicone rubber were found 
decrease with an increasing number of hydroxy 
group in the diffusant structure (Chien et al., 
1979). Release coefficients (the slopes of the lin- 
ear Q vs ~/t plots) from a polydimethylsiloxane 
matrix for a series of pyridine compounds were 
described by a quantitative structure-transporta- 
bility relationship (QSTR) (Chen and Matheson, 
1993). These results demonstrated that drug re- 
lease could be predicted based on structural rela- 
tionships without knowing the actual diffusion 
coefficients and concentration distributions in the 
matrix. 

The purpose of this study was to extend the 
earlier structural relationship concept in order to 
develop a QSTR model for the prediction of the 
in vitro release coefficients (the slopes of the 
linear Q vs ~/t plots) of 52 substituted benzenes 
and pyridines from a polydimethylsiloxane matrix. 

2. Materials and methods 

The 52 substituted benzenes and pyridines in 
this study were used as received. All the com- 
pounds together with their melting point (°C), 
molecular weight, selected atomic charges, hydro- 
gen bonding energy group contribution, experi- 
mental log C s and log k are listed in Table 1. 
The polydimethylsiloxane (PDMS) matrix was 
Silastic ® sheeting, Medical Grade NRV at thick- 
nesses of 0.102 and 0.152 cm and was obtained 
from Dow Corning Corp., Midland, MI. 

The experimental procedures for the determi- 
nation of apparent solubility (Cs, p, mol/cm 3) in 
the PDMS matrix and release coefficient (k, 
/xmol/cm 2 per min 1/2) were the same as de- 
scribed earlier (Chen and Matheson, 1993). In 
brief, a 3 cm polymer disc was equilibrated with a 
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saturated water solution containing excess solid 
of a given compound at 30°C for 1 week. Solubil- 
ity of a drug in the matrix was determined by 
extracting the loaded matrix with isopropyl alco- 
hol and measuring the concentration of the ex- 
tract by a UV method. In vitro release into water 
at 30°C was determined using a horizontal diffu- 
sion cell with a circulating release medium. The 
receiver solution was measured continuously us- 
ing a flow-through UV cell. 

Molecular models of all compounds were gen- 
erated using molecular modeling software 
(SYBYL 6.0, Tripos Associate, Inc., St. Louis, 
MO) installed on a Silicon Graphics computer 
(4D 120GTX, Silicon Graphics,. Inc., Mountain 
View, CA). Atomic charge was computed using 
the Gast-Hiick method in the SYBYL software. 

3. Results and discussion 

The effect of the aqueous diffusion layer was 
evaluated using a permeation method (Hwang et 
al., 1971; Hunke and Matheson, 1981) using the 
same stirring rate used for the release experi- 
ments. Apparent permeability of one of the most 
hydrophobic compounds, 2-amino-4,6-dimethyl- 
pyridine, did not change as the thickness of the 
membrane was changed. Most of the compounds 
in the data set were more polar than 2-amino- 
4,6-dimethylpyridine and all the initial release 
profiles followed the linear square root of time 
relationship. Thus, it was concluded that the re- 
lease from the PDMS matrix was matrix diffusion 
controlled under the experimental conditions. 

The short time approximation given by Eq. 1 
shows that the initial Q vs ~/t plot is linear with 
the slope being described by Eq. 2: 

dQ ~/O e_ 
d~- = 2C° -rr (2) 

It can be seen from Eq. 2 that the slope will 
change as the initial concentration is changed. 
However, a specific slope, k, can be defined as a 
constant for a given system if the initial concen- 
tration in the matrix of the releasing substance is 

at its solubility limit, assuming that the diffusion 
coefficient is a constant: 

k = 2C s 7r (3) 

where k is the release coefficient and C s repre- 
sents the solubility in the matrix. The release 
coefficient, k, can be predicted if the solubility 
and the diffusion coefficient in the matrix can be 
estimated. 

Apparent solubility of structurally similar com- 
pounds in a polymer matrix has been shown to be 
related to the melting point of the solute 
(Michaels et al., 1975; Chien, 1976; Lee et al., 
1985; Chen and Matheson, 1993). The melting 
point relationship also exists for the more diversi- 
fied chemical structures of the present data set. 
Correlation results are given by Eq. 4. 

log C s = 2.515 - 0.0103mp (4) 

s=0 .389r  2=0.735 F = 1 3 8 . 6 7 n = 5 2  

where Cs is the apparent solubility in the PDMS 
matrix (/xmol/cm3), mp represents the melting 
point of the solute (in °C), s denotes the standard 
error of estimation, r z is the coefficient of deter- 
mination, F represents the variance ratio and n 
is the number of compounds. The coefficient of 
the melting point in Eq. 4 is similar to the value 
of -0.01 proposed by Yalkowsky and co-workers 
for aqueous solubility of rigid molecules (Yalkow- 
sky and Valvani, 1980; Yalkowsky and Banerjee, 
1992). The similarity indicates that melting of a 
solute can also be designated as part of the 
dissolution process of a solid compound in a 
polymer matrix. 

A scatter plot (notshown) showed that the log 
C s data of the pyridine compounds lie on a sepa- 
rate line than those for the benzene compounds. 
This indicated that solubility was affected by the 
ring structures of the two types of compounds. 
Other research in this laboratory has found that a 
pyridine derivative is capable of specific binding 
to the polymer matrix, especially by adsorption 
on the silica filler in the polymer matrix, resulting 
in an apparently higher solubility in the matrix 
than in the pure polymer. To account for the 
specific structural effect for the adsorption of 
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pyridines by the filler, an indicator variable, Iv ,  
was included for pyridine compounds as given by 
Eq. 5. 

log C~ = 2.219 - 0.010mp + 0.49910 (5) 

s = 0.298 r 2 = 0.848 F = 136.27n = 52 

Correlation was significantly improved by in- 
cluding the indicator variable for the pyridine 
compounds. However, the standard error of esti- 
mation for Eq. 5 was still fairly large. This is not 
surprising since Eq. 5 did not take the solute- 
medium interaction into account for each individ- 
ual compound. 

The solute-solvent interaction has been shown 
to be important in the estimation of solubility in 
solution (Hildebrand et al., 1970; Yalkowsky et 
al., 1975). Intermolecular interactions can be clas- 
sified into polar and nonpolar interactions (Bar- 
ton, 1983). The nonpolar interaction is due mainly 
to the dispersion force, which is proportional to 

the sizes of the interacting molecules (Levine, 
1988). For convenience, molecular weight was 
used as a rough estimator for molecular size. 
Molecular weight has been frequently used as 
one of the predictors in structural relationship 
studies for partition coefficients (Bodor et al., 
1989; Bodor and Huang, 1991), flux (Chen et al., 
1993), skin permeability coefficients (Pugh and 
Hadgraft, 1994) and pharmacokinetic parameters 
(Herman and Veng-Pedersen, 1994). The polar 
interaction may include all kinds of dipolar inter- 
actions and hydrogen bonding. Since polar inter- 
actions are electrostatic in nature, atomic charge 
may be used for correlation. In fact, partial atomic 
charges have been used in numerous cases to 
represent the electrostatic interactions for QSAR 
studies (Gasteiger and Marsili, 1980; Marsili and 
Gasteiger, 1980; Klopman and Iroff, 1981; Ger- 
hards and Mehler, 1985; Bodor and Huang, 1991, 
1992; Kantola et al., 1991; Chen et al., 1993; 
Cramer et al., 1993). 

H 0.079 O 0.382 H 0.071 

H L0"022 ~0"210/ H'181 [-k ..~0"051 H 
, ~ " ~ . / ^ ~ N  -0 299 ' 0'072 T]-0"028 ~'T 0"078 ~ H  0 " 0 6 2 ~ 0 " 0 4 ~  "000"064 

H / ~ N " /  \ H H / \ N  " /  " 0  " I  Ho253 
0086 -0.290 0.088 0.079 -0274 0.315 

A 

0.056 
9 ,,3?: H 0.058 O 0.357 

. ~-0.052 L .  ~ H ~ - ° ° 5 7  IL° ' ;  -,057 01 4 .  . . 
H 8 ~ H  o . 0 6 0 ~ H  

1~7;L 0.057 

O.~ O ~ "~ O o.113 
{I.332 H {,.248 -0.113 

c D 
Fig. 1. Calculated atomic charges of nicotinamide (A), 2-hydroxypyridine (B), 3-hydroxybenzoic acid (C), and 3-nitrobenzaldehyde 
(D). 
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There are many different methods for the 
computation of atomic charge distribution. The 
various methods will result in different charge 
values. However, it has been shown that the 
overall correlation results for partition coeffi- 
cients were similar using charges calculated from 
different methods (Klopman and Iroff, 1981; 
Kantola et al., 1991). It has also been pointed out 
that different methods could be used equally well 
as long as calculations were done consistently 
(Cramer et al., 1993). The method used in this 
study is an empirical combination of the 
Gasteiger-Marsili method and Hiickel method 
(Tripos, 1992). Atomic charges computed using 
this method have been shown to correlate with 
flux through PDMS membrane (Chen et al., 1993; 
Liu and Matheson, 1994). Examples of calculated 
atomic charges are shown in Fig. 1. 

Various criteria have been used in the selec- 
tion of atomic charges for QSAR studies (Bodor 
and Huang, 1991, 1992; Cramer et al., 1993). In 
this study, the following charges were used: 
1. The positive charge on a hydrogen atom if it 

was higher than 0.1. 
2. The positive charge of the nitrogen atom in a 

nitro group. 
3. The negative charge of all other nitrogen and 

oxygen atoms. 
The final equation for the correlation of ap- 

parent solubility in the PDMS matrix was gener- 
ated by least-square regression and is given by 
Eq. 6: 

log C~ = 3.457 - 0.00399MW - 0.992Ee+ 

- 0 . 8 6 7 E e _ -  0.00738mp + 0.38010 (6) 

s = 0.175 r 2 = 0.951 F = 177.25 n = 52 

where MW is molecular weight of solute, Ee+ 

represents the summation of the charge on hy- 
drogen atoms with a charge greater than 0.1 and 
the positive charge of a nitrogen atom in the nitro 
group, Ee_ denotes the summation of the abso- 
lute charge values of negatively charged nitrogens 
and oxygens and other terms are the same as 
those defined in Eq. 4 and 5. Inclusion of molecu- 
lar weight and charge terms significantly im- 
proved the quality of fit. The critical value for the 
regression at a 99% confidence level is F0.01(5,46) 
= 3.50. The high F value indicated that the 
relationship given by Eq. 6 was very significant. 

Applicability of Eq. 6 was examined by a 
cross-validation method (Myers, 1990). Ten com- 
pounds were removed from the data set. Half of 
the removed data was from the benzene class and 
the other half was from the pyridine class. The 
remaining data were used to generate an equa- 
tion for the prediction of the solubility of the 
removed data. The procedures were repeated five 
times until all the compounds were predicted. 
Equation coefficients of the five cross-validation 
runs are listed in Table 2. Data in the table shows 
that all the coefficients in the cross-validation 
runs are within the 95% confidence ranges for 
the coefficients in Eq. 6, indicating that the equa- 
tion coefficients are stable upon the reduction of 
sample size and the change in the data values. 
The relationship between the experimental and 
the predicted values from the cross-validations 
are given by Eq. 7: 

Exp. log C S = - 0.015 + 0.990Pred. log C s (7) 

S = 0.210 r 2 = 0.921 F = 596.33 n = 52 

Table 2 
Bonferoni joint confidence ranges for coefficients in Eq. 4 and coefficients in cross-validation runs 

Predictor Bonferroni j o i n t  Validation 1 Validation 2 Validation 3 Validation 4 Validation 5 
confidence range 

Constant 3.457 + 0.517 3.527 3.380 3.493 3.507 3.458 
MW -0.00399 + 0.00303 - 0 . 0 0 4 1 9  -0.00346 -0.00496 - 0 . 0 0 4 1 7  -0.00409 
Ee + - 0.992 + 0.704 - 0.994 - 0.987 - 1.404 - 1.181 - 0.661 
Fe_ - 0.867 + 0.391 - 0.866 - 0.898 - 0.787 - 0.791 - 0.875 
mp - 0.00738 ± 0.00133 - 0.00748 - 0.00748 - 0.00625 - 0.00748 - 0.00785 
1 o 0.380 ± 0.155 0.363 0.425 0.430 0.330 I).353 
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The standard error of prediction is greater 
than that of fitting, which is expected since pre- 
diction of unknown data is almost always more 
difficult than data fitting. The prediction residual 
includes both experimental error as well as the 
equation weakness. Experimental error was found 
to be less than 10%, which was negligible in the 
logarithmic scale. It was obvious that the predic- 
tion error reflected the weakness of the QSAR 
relationship. Some other physico-chemical prop- 
erties may be helpful for the explanation of solu- 
bility. However, on average, predicted results us- 
ing the current relationship are still accurate to 
within 1.62-times the experimental solubility. Eq. 
7 shows that 92% of the variation in log C~ can 
be predicted. Predicted log C, results from 
cross-validation are listed in Table 1. 

The apparent diffusion coefficient in the 
PDMS matrix, De, was calculated using the re- 
lease coefficient by Eq. 8, which was a rearrange- 
ment of Eq. 3: 

7rk 2 

De = 24OC s (8) 

where k is the release coefficient (/xmol/cm 2 
per mini/Z), C s represents the apparent solubility 
in the matrix (tzmol/crn 3) and 240= 4 X60 
(s/min). 

The diffusion coefficient has been found to be 
related to the activation energy of the diffusion 
process (Barrer, 1939). It is determined by the 
properties of and the degree of interaction be- 
tween the diffusant and the diffusion medium 
(Flynn et al., 1974). PDMS has been shown to be 
capable of hydrogen bonding (West et al., 1961). 
Thus, hydrogen bonding energy should be part of 
the interaction energy. In this study, the hydro- 
gen bonding energy group contributions were 
taken from the literature (Barton, 1983) and are 
listed in Table 1. Regression analysis showed that 
the apparent diffusion coefficient in the PDMS 
was related to the hydrogen bonding energy group 
contribution, molecular weight and melting point 
as given by Eq. 9: 

log D e = -5.781 + 0.0116MW - 0.00782mp 

- 0.0137v~znB (9) 

s = 0.348 r 2 = 0.852 F = 92.23 n = 52 

Regression statistics showed that It[ > 6.09 for 
all the predictors in Eq. 9, indicating that all the 
terms were significantly related to apparent diffu- 
sion coefficient. The sign for the MW in Eq. 9, 
however, was not as expected. Diffusion coeffi- 
cients in solutions usually decrease as molecular 
weight is increased (Jacobs, 1967). However, the 
relationship has been shown not to exist among 
compounds of different classes or functional 
groups, and the polymer-drug interaction is more 
important in determining diffusion coefficient 
than size (Morimoto et al., 1992). The positive 
relationship may also be due to the existence of 
other predictors. In the presence of melting point 
and the hydrogen bonding energy group contribu- 
tion, the primary effect of molecular weight on 
diffusion coefficient may have been changed from 
a logical representation of size to merely accom- 
modating the combination of parameters. 

It is interesting to note that apparent diffusion 
coefficient was also related to melting point. Ap- 
parent diffusion coefficient was calculated based 
on the apparent solubility in the matrix. It has 
been shown that fillers in the PDMS membrane 
could adsorb diffusant (Flynn and Roseman, 
1971). A separate experiment in our study has 
verified this adsorption effect. As a result, appar- 
ent solubility in the PDMS matrix included both 
the results of partitioning and adsorption by the 
filler, which was determined by the equilibrium 
concentration, or the true solubility under the 
conditions in this study. Solubility is related to 
melting point. Consequently, apparent diffusion 
coefficient was related to melting point by the 
inclusion of the effect of adsorption. 

Release coefficient is determined by both the 
solubility and the apparent diffusion coefficient 
as given by Eq. 3. Thus, parameters related to 
solubility and apparent diffusion coefficient 
should also be related to release coefficient. The 
parameters in Eq. 6 and 9 were combined and 
related to log k. Results are given by Eq. 10: 

log k = 1.955 - 1.212,~e+- 0 .970 ,~e-  0.0108mp 

- 0.0072fl~ZHB + 0.23710 (10) 

s = 0.216 r z = 0.963 F = 232.79 n = 52 
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Table 3 
Bonferoni joint confidence ranges  for coefficients in Eq. 8 and coefficients in cross-validation runs 
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Predictor Bonferroni joint Validation 1 Validation 2 Validation 3 Validation 4 Validation 5 
confidence range 

Constant  1.955 + 0.390 2.178 1.908 1.817 1.955 1.903 
Y~e+ - 1.212 + 1.042 -0 .774  - 1.413 - 1.276 - 1.419 - 1.160 
Y~e_ - 0.970 + 0.516 - 1.114 - 0.989 - 0.898 - 0.866 - 0.925 
mp - 0.0108 +_ 0.0016 - 0.0110 - 0.0108 - 0.0100 - 0.0109 - 0.0113 
~/~ HB - 0.00720 _+ 0.00339 - 0.00860 - 0.00663 - 0.00737 - 0.00673 - 0.00683 
Pyridine 0.237 _+ 0.166 0.245 0.284 0.271 0.156 0.252 

As expected, molecular weight is no longer 
important for log k since molecular weight has 
opposite effects on solubility and apparent diffu- 
sion coefficient. Regression statistics showed that 
It] >_ 3.21 for all the predictors in Eq. 10, indicat- 
ing that all the terms are significantly related to 
log k. Variance inflation factors (VIF) were less 
than 2.4 for all terms. Thus, collinearity among 
predictors was not a problem. The critical value 
for the overall significance of the regression is 
F0.01(5,46) = 3.50. The F value of 232.79 is much 
greater than the critical value. Thus, the relation- 
ship given by Eq. 10 is very significant. 

Cross-validations with 10 or 11 compounds ex- 
cluded in each run showed that Eq. 10 was robust 
and reliable. Bonferroni joint confidence range 
(Myers, 1990) for regression coefficients in Eq. 10 
and the respective coefficient values for each 
cross-validation run are listed in Table 3. The 
results in Table 3 show that equation coefficients 
in cross-validation runs are within the 95% confi- 
dence ranges. Predicted log k values resulted 
from cross-validations are listed in Table 1. Over 
a 20000-fold range, average release coefficients 
were predicted within 1.79-times the experimen- 
tal value on average. 

It has been shown that the apparent solubility 
of structurally different compounds in a PDMS 
matrix is related to the structural properties of 
solutes and can be predicted using a quantitative 
structure-solubility relationship approach. Appar- 
ent diffusion coefficient in the matrix was also 
related to the structural characteristics of diffu- 
sant. Short time release coefficients of solutes 
into water, when loaded at their solubility limits 
in the PDMS matrix, can be predicted without 

knowing their actual diffusion coefficients in the 
matrix. The QSAR concept may be applicable for 
drug release from other polymer matrices though 
the exact QSAR relationship may vary from one 
polymer system to another, depending on the 
specific interactions involved. Thus, QSAR may 
be worth consideration in the development of 
controlled release formulations. 
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