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Evaluation of a Dynamic Permeation Technique for 
Studying Drug-Macromolecule Interactions 
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M. F. SAETTONE, and M. F. SERAFINI 

Abstract The applicability of a permeation rate technique to 
the determination of drug-macromolecule interactions was tested 
by measuring the extent of interaction of methylparaben with 
polyvinylpyrrolidone and polysorbate 80. Results were in agree- 
ment with literature data obtained by other techniques. The pres- 
ent method, although restricted to permeant molecules that dif- 
fuse readily through nonporous nylon membranes, is of potential 
value for investigations of drug binding by macromolecules not re- 
tained by porous dialysis membranes. 
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The phenomena of drug-macromolecule interac- 
tions have received wide attention in recent years in 
view of their relevance to drug absorption, transport, 
and overall availability. Dynamic dialysis’ techniques 
have been successfully applied to the study of such 
interactions (1-3). These methods consist of the mea- 
surement of the rate of disappearance of a small mol- 
ecule from a macromolecule-containing compartment 
under quasi-steady-state conditions. Their applica- 
tion purportedly offers some advantages (rapidity, 
economy, simplicity, etc. ) over other time-honored 
techniques but is limited by the fact that porous dial- 
ysis membranes are pervious to many macromole- 
cules of pharmaceutical interest. 

Analogous techniques involving nonporous, lipid- 
like membranes have been proposed. Permeation 
rate methods (using nylon and dimethylpolysiloxane 
membranes) were applied to the study of complex 
formation between small molecules (4, 5). Nakano (6) 
investigated the interaction of chlorpromazine with 
several macromolecules, using a permeation rate 
method with dimethylpolysiloxane membranes, but 

’ The term dialysis is reserved here for a process involving diffusion 
through porous membranes, while permeation refers to diffusion through 
nonporous membranes. 

his experimental system did not allow quantitative 
estimates of free and bound drug. 

Nylon, whose permeability characteristics have 
been described (7), appeared to be an interesting 
membrane material for the study of drug-macromol- 
ecule interactions by a quasi-steady-state permeation 
rate technique. The purposes of this preliminary in- 
vestigation were to evaluate the technique and to 
compare the results with literature data obtained by 
equilibrium dialysis. 

EXPERIMENTAL 

Materials-Methyl p-hydroxybenzoate‘ was recrystallized 
from methanol to a constant melting point of 127-128’. Polysor- 
bate 80:’ and poly~inylpyrrolidone~ were used as received. Nylon 6 
(polycaprolactam) film from a single roll5, in a labeled thickness of 
0.5 mil (0.00127 cm), was used. 

Apparatus-The permeation rate experiments were run with a 
specially designed cell (Fig. 1). The cell interior could be easily 
cleaned between experiments by removing the upper part (A) 
without disturbing the membrane. The nylon membrane was se- 
curely kept in place by a circular metal plate (C). Fluid tightness 
was ensured by two O-ring gaskets fitted in machined dies in the 
upper and lower part of the cell body (B). All parts in contact with 
the solution were either stainless steel or polytetrafluoroethylenefi 
to avoid absorption of the diffusant by the cell material. 

The approximate internal volume was 30 ml, and the diameter 
of the area available for diffusion was 6.0 cm. For use, the cell was 
placed in a jacketed beaker (internal height of 10.0 cm, internal di- 
ameter of 12.0 cm) connected to a thermostatted (30 f 0.1O) water 
bath and circulator. Both the “internal” (cell) and “external” (bea- 
ker) solutions were stirred by synchronous motors’. One motor (60 
rpm) was connected to the cell stirrer; the other (500 rpm) oper- 
ated a magnetic stirrer. 

T o  obtain reproducible results, newly cut membranes were 
soaked for a t  least 3 days in several changes of distilled water at  
35’. Soaking a t  lower temperatures or for shorter times resulted in 
progressively decreasing permeation rates until an apparent stabi- 
lization occurred. This phenomenon resulted probably from insuf- 
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figure 1-Cell used for the permeation experiments; see text 
for details. 

ficient hydration and/or removal of leachable constituents from 
the membrane. An increase in the density of polycaprolactam fi- 
bers on washing, due to  removal of low molecular weight compo- 
nents, was reported previously (8). 

Permeation Rate Studies-The cell was positioned in the bea- 
ker containing 200 ml of distilled water. After equilibration, a t  t = 
0, a 15-ml portion of prewarmed (30") diffusing solution was intro- 
duced into the cell and stirring was initiated. A 100-ml portion of 
the external solution was periodically removed and immediately 
replaced with an equal amount of prewarmed water. T o  approxi- 
mate sink conditions, care was taken that the external concentra- 
tion never exceeded one-tenth of the concentration of the diffu- 
sant inside the cell. 

The removed samples were analyzed spectrophotometricallfl 
(255 nm) for methylparaben. The concentration of the diffusing 
solution (C,) a t  different times was calculated by difference from a 
knowledge of the initial concentration (C;") and of the cumulative 
amount that had appeared in the receiving solution. In the present 
case, analysis of the diffusing solution a t  the end of several prelim- 
inary runs proved that absorption of the diffusant by the cell- 
membrane complex was minimal or a t  least within the range of ex- 
perimental error. It was calculated, using data of Patel and Naga- 
bushan (9) for the interaction of methylparaben with nylon film, 
that  the amount of permeant sorbed by the membrane under the 
present experimental conditions should not exceed 2.6% of the 
total. 

Data  Treatment-Each experiment was repeated a t  least four 
times. In the case of linear plots, the data were fed to a desk elec- 
tronic computerg fitted with a linear regression program for com- 
putation of regression parameters and statistics. All linear regres- 
sions were highly significant ( p  < 0.005), and deviations from line- 

Beckman DU spectrophntometer 
9 Olivetti Programma 101. 

arity were not significant. The coefficient of variation for the 
slopes of replicate permeation experiments, carried out on consec- 
utive days with the same membrane, was in all cases within the 
range of 4-1 1%, thus indicating a satisfactory reproducibility. 

For nonlinear plots, the C, uersus time data were fitted to a 
four-parameter biexponential equation (e.g., C, = ae-bi + ce-di) 
with the aid of a digital computer'". Differentiation of the equa- 
tion allowed calculation of the concentration of unbound diffusant 
(C,) a t  various values of C, (cf., Eq. 3 ) .  The procedure is essentially 
similar to that described by Meyer and Guttman (1). 

RESULTS AND DISCUSSION 

Figure 2 shows the results of permeation rate experiments in 
which methylparaben (initial Concentration of 400 mg/liter, about 
2.63 X mole/liter) alone or in the presence of polyvinylpyrro- 
lidone [concentration range of 1-4% (w/v)] was allowed to escape 
through nylon film. The plots are expressed as log C,/C," uersus 
time, C, being the concentration of diffusant a t  time = t ,  and C,O 
being the concentration at t = 0. A linear relationship between log 
C,/C,, and time was observed in all cases. 

In the absence of the macromolecule, the following expression of 
Fick's law applied to the transfer of a solute through a nonporous 
membrane, under quasi-steady-state conditions, may be consid- 
ered valid: 

where D', the permeability coefficient, is a function of the diffu- 
sion coefficient of the solute within the membrane and of the par- 
tition coefficient of the solute between the membrane and the so- 
lution; A and X are the area and thickness of membrane, respec- 
tively; and V, is the volume of solution inside the cell. 

The value of the permeability coefficient (D') of methylparaben 
through nylon film a t  30°, calculated from the permeation data in 
the absence of a macromolecule using Eq. 1, is 37.4 X cm2/sec, 
which is in good agreement with values reported by Kostenbauder 
et al .  ( 7 ) ,  36.8-38.8 X 

As shown by the graphs in Fig. 2, in the presence of increasing 
concentrations of polyvinylpyrrolidone, a linear relationship be- 
tween log fC,/C!") and time was always observed; the lines showed 
progressively decreasing slopes with an increasing macromolecule 
concentration. Similar graphs, showing the effect of an increasing 
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Figure 2-Plots for the rate of permeation of rnethylparaben 
alone ( A )  and in the presence of 1.0% (w/v)  ( B ) ,  2.0% ( W / U )  
(c), 3.0% (w/v)  (D), and 4.0% (w/u) (E)  polyvinylpyrroli- 
done. The initial concentration of methylparaben was 2.63 X 

molelliter. 

") IBM 370/158; nonlinear least-squares regression program BMDX85 (W. 
d.  Dixon, "Biomedical Computer Program, X-Series Supplement," Universi- 
ty of California Press, Berkeley. Calif., 1970). 

Vol. 64, No. 6, June 1975 I 9 4 7  



1.2 
1.3 i 

1 2 3 4 5 6 7 8  
HOURS 

Figure 3-Plots for the rate of permeation of methylparaben 
alone ( A )  and in the presence of 0.5% (w/u) ( B ) ,  1.0% (w/u)  
(C), 1.5% (w/u) (D),,2.0% (w/u) ( E l ,  and 2.5% ( w / u )  ( F )  
polysorbate 80. The inrtaal concentration of methylparaben ww 
2.63 X molelliter. 

polysorbate 80 concentration [0.5-2.5% (w/v)] on the permeation 
rate of methylparaben, a t  the same initial concentration (400 mg/ 
liter), are presented in Fig. 3. The decreased slopes observed in the 
presence of macromolecules provide evidence of an interaction of 
the diffusant with the macromolecules. Indeed, the permeation 
rate in the absence of the macromolecule can be described by the 
following equation: 

- dC,/dt = K,C, 0%. 2) 

where K ,  = D'A/V,X (Eq. l ) ,  and C, is the total concentration of 
methylparaben in the diffusing solution. In the presence of the 
macromolecule, Eq. 2 becomes: 

- dC,/dt = K,Cf 0%. 3) 
where C, is the concentration of unbound diffusant inside the cell. 
The experimental results in the presence of the macromolecule can 
be described by an equation of the type: 

- dC,/dt = K,'C, (Eq. 4) 

where K,' is the experimentally observed slope. Combination of 
Eqs. 3 and 4 gives the following: 

cflc, = K,'/K, 

which shows the relationship existing between the relative amount 
of unbound diffusant (C//C,) and the ratio (R) of the slope ob- 
served in the presence of the macromolecule to the slope observed 
in the absence of the macromolecule. The ratio of the concentra- 
tions of total to free p-hydroxybenzoate (C,/C/), calculated from 
the experimental data using Eq. 5, is plotted in Fig. 4 as a function 
of the concentration of polyvinylpyrrolidone and of polysorbate 80. 
Data obtained for polyvinylpyrrolidone (10, 11) and for polysor- 
bate 80 (12) are also reported for comparison. The agreement be- 
tween the present data and the previously reported data, obtained 
by equilibrium dialysis techniques, appears quite good. The some- 
what lower binding values reported by Jurgensen Eide and Speiser 
(11) are probably due to the lower temperature (22O) of their ex- 
periments. The same investigators (1 1) observed an increasing 
binding tendency of propylparaben with polyvinylpyrrolidone with 
rising temperature. 

The following expression, which describes the rate of disappear- 
ance of diffusant from the cell as a function of its total (Ct), bound 
f c b ) ,  and free ((21) concentrations can be obtained from Eq. 3, con- 
sidering that c, = CI + c b :  

(Eq. 6) 

As shown by Eq. 6, the permeation process in the presence of a 
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Figure 4-Plots of the Ci/Cf ratio of methylparaben versus 
polyvinylpyrrolidone ( A )  and polysorbate 80 ( B )  concentra- 
tions. Key:  + + +, data of Jurgensen Eide and Speiser (11);  
A, data of Miyawaki et al. (10);  0, present experimental data; 
----, data of Pate1 and Kostenbauder (12); and and the 
uertical lines, present experimental data. 

binding macromolecule follows first-order kinetics only if cb /c / ,  
the ratio of concentrations of bound to free permeant, remains 
constant during each experiment. The linearity of the graphs in 
Figs. 2 and 3 points, in fact, to a constant cb/c/ ratio. In the case of 
the interaction of methylparaben with polyvinylpyrrolidone, this 
finding appears to agree with previous data (10, 11). Data for the 
interaction of methylparaben with polysorbate 80 (12), however, 
indicate a constant cb/c/ ratio only at  a low total permeant con- 
centration (up to about 6.0 X mole/liter). The observed con- 
stancy of this ratio in the present experiments might, therefore, 
depend on the low total concentration range of methylparaben ex- 
plored in each permeation run. 
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Figure 5-Plots for the rate of permeation of methylparaben 
alone (A ,  initial concentration of 1.0 X rnole/liter) and 
in the presence of 3.0% (w/u) ( B )  and 5.0% (w/u) (C) poly- 
sorbate 80. In the latter two cases, the initial concentration was 
2.96 X mole/liter. 
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Figure 6-A Cb versm Cf plot for methylparaben i n  the pres- 
ence of 3.0% (w/v) ( A )  and 5.0% (w/v) ( B )  polysorbate 80. 
K e y :  0, data of Patel and Kostenbauder (12); and -, present 
experimental data (cf., plots of Fig. 5) .  

The results of permeation experiments, in which a higher initial 
concentration of methylparaben (1.0 X mole/liter in the ab- 
sence and 2.96 X molehiter in the presence of the macromole- 
cule) and higher concentrations of polysorbate 13.0 and 5.0% (w/v)] 
were used, are illustrated in Fig. 5. As shown by the graphs, under 
these conditions a linear relationship between log (C,/C,d and 
time was no longer observed. On the basis of Eq. 6, this finding in- 
dicates a variation of the cb/cf ratio in the course of the perme- 
ation experiments. The values of cb and C/ corresponding to dif- 
ferent values of C, were calculated in this case by treating the data 
as indicated in the Experimental section. The values obtained are 
reported in Fig. 6 as a c b  versus Cf plot, together with the corre- 
sponding data from Patel and Kostenbauder (12). The agreement 
appears satisfactory. 

The graphs in Fig. 6 show, for each permeation experiment in 
the presence of the macromolecule, a CJC, range rather than the 
constant value observed in the experiments a t  lower permeant con- 
centration. Such CJCf ranges are indicated in Fig. 4 as vertical 
lines. It is quite possible that the CJC, ratio might vary within a 
small range also a t  low methylparaben concentrations; the present 
experimental technique, however, could not detect such variation, 
as shown by the apparent linearity of the graphs in Figs. 2 and 3. 

Graphs of the type illustrated in Fig. 4 have been proposed to fa- 
cilitate the determination of the quantity of preservative to be 
added to systems containing known concentrations of surfactants. 
Appropriate use of such plots is made if the user recognizes that 
the CJC, ratio is a linear function of the macromolecule concentra- 

tion only at that fixed concentration of free preservative (Cf) that  
corresponds to the minimum effective concentration required for 
the desired biological activity. As shown, an  apparent linear rela- 
tionship between the Ci/C/ ratio and S, the surfactant concentra- 
tion, may be observed only when the CdCI ratio is practically con- 
stant for each given S value over a range of total preservative con- 
centrations (CA. This may occur either a t  low C, values (as in the 
present case) or at constant Cf. Full discussions of the problems in- 
volved and the methods for expressing the preservative-surfactant 
interactions can be found in Refs. 13 and 14. 

In conclusion, the present data point to the utility of quasi- 
steady-state permeation rate techniques for reasonably fast and 
accurate quantitative determinations of binding of drugs by mac- 
romolecules. These techniques, although restricted to permeants 
that  diffusg readily through nonporous membranes, can be useful 
for studies of binding by macromolecules not retained by porous 
dialysis membranes. Further work, aimed at a fuller evaluation of 
the scope and limitations of this experimental approach, is now 
underway. 
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