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Abstract 0 The rate of penetration of propionic and butyric acids through 
excised porcine skin was determined in vitro in specific apparatus allowing 
optimal control of operational conditions. In one technique, the rate was fol- 
lowed by continuous pH-stat titration of acid appearing in the perfusate, in 
another, by periodic monitoring of [I4C]propionic acid in the perfusate. With 
the assumption that Fick‘s equation applies to the process of penetration, it 
was found that the permeability coefficient, K ,  increases with increasing mass 
of neat penetrant applied per unit area to the donor side, increases with in- 
creasing concentration of penetrant in n-heptane as vehicle, increases with 
increasing temperature, E ,  = 1 1.4 kcal/mol, and decreases with decreasing 
perfusion rate of the acceptor side when this rate is smaller than 60 mL/h. 

Keyphrases 0 Absorption, percutaneous-alkanoic acids in vitro, porcine 
skin, permeability coefficients, operational conditions 0 Alkanoic acids- 
percutaneous absorption in vitro, porcine skin, permeability coefficients, 
operational conditions 0 Permeability coefficients-alkanoic acids through 
porcine skin, in vitro percutaneous absorption, operational conditions 

The process of transdermal drug absorption is a subject of 
current interest in the areas of pharmaceutics, applied phar- 
macology, and toxicology. For passage through the skin, the 
penetrating molecule must move first through the stratum 
corneum, then into the viable epidermis, the papillary dermis, 
and the capillary walls into the bloodstream. Scheuplein and 
Blank (1) analyzed the diffusional resistance of the different 
skin layers, and it was shown clearly that the stratum corneum 
is overwhelmingly dominant. 

This and the passive nature of the stratum corneum enabled 
application of Fick‘s equation to the transport process across 
the skin. A passive system has two main characteristics: ( a )  
a delay period following contact of the penetrant with the 
surface, during which time the membrane itself becomes 
charged with the penetrant and (b) flow across the bulk of the 
membrane barrier at a steady rate, which lasts as long as the 
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To Reservoir 

Figure 1-Schematic representation of the pH-stat assembly. Key: (B) bath; 
(C) cooler; (0) diffusion cell; ( I )  immersion coil; (P) peristaltic pump; (T) 
thermostat. 

penetrant remains in adequate supply on one side and is being 
removed from the other. The steady-state flux of penetration, 
J ,  is given by: 

where K, = KmD/X. K, is the permeability coefficient, D is 
the diffusion coefficient, Km is the membrane-solution par- 
tition coefficient, and X is the thickness of the membrane. AC, 
expresses the concentration difference under steady-state 
conditions between the two phases at either side of the mem- 
brane. The permeability coefficient, K,, is physically equiva- 
lent to the solute permeability coefficient at zero-volume flow, 
w, as shown by Kedem and Katchalsky (2); the relationship 
is given by K ,  = RTw. It was shown by many workers (1) that 
Fick‘s law holds fairly well for skin whether the penetrating 
substance is a gas, an ion, or a nonelectrolyte. 

For optimal control of operational conditions, the penetra- 
tion process is usually studied in uitro. Excised skin is used in 
diffusion cells in which a barrier of animal or human skin is 
interposed between two compartments, and the passage of 
compounds is measured ffom the epidermal surface on one side 
into a bathing fluid on the other side. 

The present work is a pilot study of operational factors that 
affect the percutaneous absorption of propionic and butyric 
acids through excised porcine skin in uitro. Its main objective 
has been the generation of adequate knowledge to allow a 
systematic investigation of the permeation process by these and 
other members of this class of compounds. Concern with the 
alkanoic acids stems from an interest in the applicability of 
regular solution theory (3) to pharmaceutical sciences in 
general and to percutaneous drug application in particular. 
Recent accurate data (4) on the solubility parameter and molal 
volumes of a wide range of alkanoic acids suggested their use 
as candidates of choice in such a study, in preference to other 
potential permeating species, such as the series of alcohols used 
by Scheuplein ( 5 ) .  Compliance of the alkanoic acids with this 
theory is being presented in the second paper of this series 

The methodology used in this study is a modified extension 
of procedures that had been adequately described by earlier 
workers in this field, notably Ainsworth (7), Blank (8, 9), 
Wurster and Kramer (lo), Scheuplein ( 5 ) ,  Polano and Ponec 

( 6 ) .  
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Figure 2-Schematic representation of the automatic sampling skin penr- 
tration system. using radioisotope-labeled penetrant. Key: (B) bath; (C) cooler; 
(D)  dijfision cell; ( I )  immersion coil; (M) centrijugal pump, ( P )  peristaltic 
pump; (R)  perfusate reservoir; (T) thermostat; ( y ) T-ualue, time actuated; 
(d  ) collecting vial. 

( 1  l ) ,  and others (12). The main improvements over earlier 
procedures consisted in the design of the diffusion cells, which 
allowed much flexibility in the choice of experimental condi- 
tions, and in the automation of the perfusate sampling proce- 
dure, which was based on either of two independent methods: 
pH-stat titration of acid or the monitoring of isotope-labeled 
acid in the perfusate. Occasionally, both sampling procedures 
were used jointly, with remarkable agreement. 

EXPERIMENTAL 

Apparatus-Two procedures were used in the skin penetration studies. In  
one the penetration process could be followed directly by recording the titration 
of the acid appearing in  the perfusate over a given period. This procedure 
however. was limited to relatively high concentrations of penetrants and to 
one diffusion cell at a time. In the automatic sampling system. using a radio- 
isotope-labeled penetrant. one could use four diffusion cells in parallel and 
much lower concentrations of penetrant. The diffusion cells used in either 
procedure were almost identical, differing only in some external features. 

pH-Star System --This consisted of the diffusion cell assembly and the 
analyzing or titration assembly. The diffusion cell assembly is schematically 
shown in Fig. I .  The diffusion cell (I)) was immersed in a thermostatic bath 
(B). The perfusate was made to flow i n  a closed circuit, being continuously 
sucked from the reservoir by a peristaltic pump (P), through an immersion 
coil ( I ) .  into the lower entrance of the diffusion cell, and through the exit of 
thediffusion cell. back to the reservoir. The flow rate in all theseexperiments 

'OOr  I 

MINUTES 

Figure 3---Penetration of butyric acid through porcine skin at 37°C by the 
pH-stat procedure showing acid mass effect. Points and bars are means and 
SE from 3-5 runs. Key: ( 0 )  80 p L ,  860 pmol; ( 0 )  40 p L ,  430 pmol; ( A )  20 
p L ,  215 pmol; (0 )  10 p L .  112 pmol. 

Table I-Penetration of Neat Rutyric Acid Through Porcine Skin at 
37°C * 

Permeability 
Flux at Coefficient 

Steady State ( K P  X lo3), Breakthrough 
Acid Applied. p L  ( J s ) ,  pmol/cm2/min cm/min Time, min 

10 0.95 0.09 10 
20 1.33 0.12 10 
40 2.68 0.25 10 
80 3.50 0.33 10 

Applied amount effect. determined by the titrimetric procedure 

was 1 mL/min. The temperature of the bath was controlled by a thermostat 
(T), equipped with a pump which was connected to the heating mantle of the 
reservoir. In cases where the room tempcraturc was higher than the working 
temperature. a cooler (C) was used. The temperature in the bath was measured 
with a Brand thermometer, 0.IoC scale division. 

The titration assembly was used in its pH-stat mode of operation. At that 
mode, the apparatus recorded the supply of the corresponding base required 
to keep the reservoir a t  a constant pH as  a function of time. The equipment' 
included the following parts: recorder. pH meter, titrator. autoburet, stirring 
motor, and a reservoir equipped with a heating mantle and a combined mi- 
croclectrode2. Nitrogen was bubbled into the reservoir to minimize access to 
atmospheric carbon dioxide. 

The diffusion cell was of polytef and consisted of two parts assembled to- 
gether to hold the skin sample. The lower part had a cylindrical hollow I-cm2 
crosscircular area and I-mL volume. Two stainless steel pipes of 1 mm i.d. 
entered the hollow, one at the bottom and one at the upper edge of the cylinder. 
Buffered solution flowing from the reservoir entered the diffusion cell through 
the lower pipe and left the cell. now with penetrant, through the upper pipe 
and back to the reservoir for titration. The skin to be tested was mounted on 
needle tips so that it constituted a tight barrier betwccn the two compartments 
of the diffusion cell. The upper part of the diffusion cell contained suitable 
holes through which the needles passed, leading metal pins for convenience 
and accurate closing of the cell, and three screws for tightening the two parts 
of the cell to each other. The upper part was equipped also with a screw cap 
and a neoprene O-ring which enabled water-tight closure and immersion of 
the whole diffusion cell in the thermostatic bath. 

Automatic Radioisotope Sampling Svstem- -A diagram of this system 
is shown in Fig. 2. The perfusate was contained in the reservoir (K) at  a con- 
stant temperature maintained by the thermostat (T). When working at lower 
temperatures, the cooler (C) was used. The perfusate was sucked in parallel 
through four channels by the peristaltic pump and it was delivered into the 
lower entrance of each of the four diffusion cells. The perfirsate containing 
the penetrant left each cell through the upper exit tube into thc proper col- 
lecting vial. When working at high perfusate flow ratcs, the effliient from each 
diffusion cell was divided by a T-valve, electro-pneumatic actuated in  a pre- 
determined time cycle so that the proper amounts were in the vials and the 
rest was discarded. The 4-ml. collecting vials were held in a special tray, in 
four rows of 24 vials each. The tray was shifted to each of its 24 positions, 
according to a predetermined time cycle. The tray shifting was activated by 
an electro-pneumatic system composed of a solenoid valve, a feeder. and two 
synchronic motorsof I and 2 rph. When the tray reached its last position the 
whole system. including the peristaltic pump. was ailtomatically switched 
off. 

This experimental system was planned to work also at low perfusate flow 
rates and it became important to shorten. as much as  possible, the distance 
from the exit of the diffusion cell to thc sampling vial. This requirement could 
not be fulfilled when the cells had to be dipped into a thermostated bath. 
Therefore, it was decided to use diffusion cells of similar construction and 
design, but also equipped with a jacket for temperature control. To achieve 
good heat transfer. and yet work with noninteracting materials. the diffusion 
cells were made of stainless steel. In principle. each of the two parts of the 
diffusion cell could he temperature controlled independently. simulating the 
condition of the skin in r:ico. In experiments in which the whole cell was kept 
at a single temperature. the jackets of the two parts of the diffusion cell were 
connected in series. The thermostatic fluid flowing through two diffusion cells 
was driven by the pump of the thermostat (T). The two other cells got their 
thermostatic fluid through the pump (M). The four diffuqion cells were placed 
on a special tray, over and near the sampling vials tray. 

Skin Samples-Intact porcine skin was used in all the experiments. Skin 
was clipped from the backs of male minipigs (Kibbutz Lahav strain) weighing 

I Radiometer. Copenhagen * Ingold,type 2293. 
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Table 11-Penetration of Propionic Acid (1 M n-Heptane Solution) 
Through Porcine Skin 

Permeability 
Temperaturea, Coefficient Breakthrough 

“C ( K ,  x lo3). cmlmin Time. min 

n 

0 400t I 

50 
37 
30 
25 
15 

6.72 
3.00 
1.64 
1.25 
0.81 

4 
8 

10 
20 
40 iu I f  

Temperature effect determined by titrimetric procedure. 

-15 kg each. The skin was fastened to a hard board, enclosed in a plastic bag, 
and stored at --2OoC until used. In preliminary tests, it was found that 
storage under these conditions for 2 months did not affect the penetration rate 
of propionic acid through the skin. The fat was carefully removed with a scalpel 
just before the skin sample was fastened in the diffusion cell. All samples of 
new skin were standardized before use by running a penetration experiment 
with 1 M propionic acid in n-heptane and by measuring the thickness of the 
stratum corneum, using the frozen-section technique (1 3). 

Materials-All the compounds used in this study were of the highest ana- 
lytical grade available commercially. The specific activity of [14C]propionic 
acid was about 55 mCi/mmol; as a marker, it was diluted with “cold” propi- 
onic acid, to suitable working concentrations. The scintillation medium was 
prepared by mixing the following reagents, all scintillation grade: xylene (1 
L), triton X-100 (0.5 L), 2.5-diphenyloxazole (6 g), and 1,4-bis-2-(4- 
methyl-5-phenyloxazoly1)benzene (0.15 9). The perfusate medium was 
phosphate buffer, pH 7.4, composed of 140 mM NaCI, 0.4 mM KH2PO4, and 
2 mM K2HP04. 

Operating Procedure-At the beginning of each experiment the titration 
assembly was calibrated with two buffer solutions, pH 7.0 and 4.0. A 25.0-mL 
volume of the corresponding phosphate buffer solution was introduced into 
the reservoir, and uia the peristaltic pump the buffer solution flowed into the 
open diffusion cell and created a dome over the cylindrical hollow. The skin 
was mounted on the needles, pressed by the upper part of the diffusion cell, 
and fastened by screws into the proper position. In mounting the skin into the 
diffusion cell, care was taken to exclude air bubbles. The diffusion cell was 
then closed by its screw cap, dipped into the thermostatic bath, and precon- 
ditioned for 2 h to wash away the intrinsic acidity of the skin. This point, when 
reached, could be inspected easily from the trace of the recorder. In general, 
during the last half-hour of the preconditioning time no acid entered the 
perfusate. 

After the preconditioning period, the diffusion cell was taken out of the bath, 
the cap was removed, and the proper amount of penetrant was applied to the 
skin. In all experiments except those in which the influence of the neat acid 
was studied, the penetrating medium was applied in a volume of 0.3 mL. The 
cap was replaced and the diffusion cell was returned to the thermostatic bath. 
As the penetrating acid entered the titration reservoir, it was automatically 
measured by titration with base. This allowed for direct recording of the 
penetration curve. In experiments where titration and radioactive analysis 
were simultaneously performed as a cross-check, 100-pL samples were taken 
from the reservoir at  half-hour intervals. A 3-mL volume of scintillation 
medium was added, and the samples were counted in a scintillation counter. 
Triplicate runs were made for a given set of penetration conditions. 

l . O r  
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CS, mol/L 
Figure 4-Penetration of propionic acid from n-heptane solution through 
porcine skin at 25”Cand at a perfusate $ow rate of 3 mL/h by the radioiso- 
tope and pH-stat procedures, showing concentration effect. Points and bars 
are mean and SE from 3-5 runs. 

Figure 5-Penetration of propionic acid ( I  M n-heptane solution) through 
porcine skin by the pH-stat procedure, showing temperature effect. Points 
and bars are mean and SE from 3-5 runs. Key: ( 0 )  IYC;  (0) 25°C; (0) 
30°C; (A) 37°C; (a) 50°C. 

In the automatic sampling system the main procedure was essentially 
similar. The four diffusion cells were connected to the perfusate reservoir and 
the thermostatic fluid uia flexible tygon tubing. The skin samples were 
mounted into the diffusion cell, the system was equilibrated for 2 h, and the 
penetrant was added to each of the diffusion cells. At the end of the penetration 
process the sampling vials were removed, and their contents were mixed with 
scintillation medium and counted. A 10-mL aliquot of scintillation liquid was 
added to 3 mL of sample; these proportions were found to give reproducible 
counting efficiencies. The first two samples were used as blanks for background 
counting immediately after the preconditioning period and before application 
of the penetrant. 

The two techniques gave almost identical penetration curves and were 
complementary to each other. The titration assembly offered the advantage 
of direct recording of a continuous breakthrough curve and the convenience 
of following the penetration process in  “real time.” The system was simple 
to operate, but required use of relatively high donor phase concentrations. 

In the automatic sampling system, use of radiolabeled penetrant increased 
the sensitivity of detection and estimation, making possible operation at  low 
concentrations of the penetrant in the donor medium. But in this case, pene- 
tration analysis was not a continuous process as in the titration method. 
Samples of the perfusate were taken at distinct time intervals for analysis, the 
cumulative penetrating mass was calculated, and the penetration curve was 
drawn accordingly. 

RESULTS AND DISCUSSION 

Applied Mass Effect-The influence of the applied mass of the neat acid 
on the penetration characteristics was tested with butyric acid at  37°C. Ex- 
periments were done with 10,20,40, and 80 pL applied to the upper part of 
the skin; the corresponding penetration curves are shown in Fig. 3. The rates 
of penetration at steady state (J,) and the corresponding permeability coef- 
ficients (Kp) are given in Table I; the values of K, were calculated from Eq. 
1 setting AC, equal to the reciprocal molal volume of the neat acid. Break- 
through time was defined as the period taken for the first detectable pene- 
trating molecules to appear in the perfusate. 

With penetrating agents that do not interact with the skin membrane, it 
would be reasonable to assume that as long as the exposed skin area in the 
diffusion cell was covered with penetrant, the amount applied would not 
change the penetration curve. However, if the penetration rate depended on 
the amount of penetrant, as was indeed observed, then it could be reasoned 
that there occurred an interaction between the stratum corneum and the 
penetrant. From Fig. 3 it can be clearly seen that, in the early phase of pene- 
tration, the breakthrough time was similar for all amounts of acid applied. 
But as the process of penetration advanced further, the rate of penetration 
appeared to increase with the amount applied to the donor side. It is con- 
ceivable that butyric acid eventually affected the integrity of the stratum 
corneum barrier, which became less resistant as a barrier to the flow of the 
penetrant. The present finding agrees with those of Allenby et al. (14) who 
measured skin impedance changes after applying neat acids, Changes in im- 
pedance were found for neat acids, but almost nochange was found for formic 
acid aqueous solutions (<80%). 

Further insight into the effect of neat acid may be sought from a careful 
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Figure 6-Arrhenius plot of the dependence on temperature of the penetration 
of propionic acid (I M n-heptane solulion) through porcine skin: log K, = 
6.69 - 2.87 X 103/T (r = 0.99). 

consideration of the penetration curves (Fig. 3). There is first an exponential 
transient region, followed by a steady-state region. then an exponential decay 
region. The relative length of time for each region appears todepend on the 
amount of applied acid. 

From the recovered fraction of the amount applied at  the end of the 
steady-state region, it is conceivable that the eventual decline in penetration 
rate was due to the combined effect of depletion and a water back-diffusion 
process through which the acid on the donor side had bccome diluted to an 
extent that decreased its penetration. Such a process could also explain the 
apparent dependence of the penetration curves on the amount of compound 
applied, because it is expected to have a greater effect for smaller amounts 
of applied penetrant. 

Concentration Effect-The effect of concentration was studied in the au- 
tomatic sampling system using labeled propionic acid. The experiments were 
done at 25OC and at a perfusate flow rate of 3 mL/h; n-heptane solutions in 
the range of 0.001 -1 M were uscd. Typical penetration curves were obtained, 
and the permeability coefficients. K ,  were calculatcd and plotted as a function 
of the penetrant concentration (Fig. 4). For convenience, the concentrations 
were drawn on a log scale. It can be seen that there is a smooth increase in the 
permeability coefficient as the concentration is increased. The increase in the 
permeability coefficient over a concentration range of three orders of mag- 
nitude is -4.5. 

The effect of concentration has b w n  reportcd in many papers, but not much 
fundamental work has been done. It is generally taken as obvious that as the 
concentration increases, the flux also increases. Scheuplein and Blank ( I )  
measured the penetration of butanol from aqueous solutions, in a concentration 
range of 0.01 -0.3 M, and their results arcconsistant with the present findings; 
namely. there was a slight but continuous increase in the permeability coef- 
ficient as the penetrant concentration in  the donor phase increased. The rate 
of change in K, was larger for the higher concentrations. This change could 
be ascribed to altercd barrier function as presumcd to occur with large amounts 
of applied acid. 

Temperature Effect-The effect of temperature on skin penetrations was 
studied for 1 M propionic acid in  n-hcptane. The experiments were carried 
out at I5”C, 2 5 T .  30°C, 3 7 T ,  and 50°C. The corresponding permeability 
coefficients are listed in  Table 11, and the penetration curves at these tem- 
peratures are shown in Fig. 5. A plot of log permeability coefficients against 
the absolute temperature reciprocal (Fig. 6) gave a straight line, the slope of 
which was used to derive the corresponding Arrhenius activation energy. Thc 
activation energy for propionic acid was found to be 11.4 kcal/mol. For 
comparison, Scheuplein and Blank ( I )  found values of 16.5 and 10 kcal/mol 
for the polar and nonpolar alcohols, respectively. It should be recalled that 

0.6 I I 1 1 
0 50 100 180 
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Figure ’I-Penetration of propionic acid (I M n-heptane solutions) through 
porcine skin at  25°C by the pH-stat procedure. showing the effect ofperfusion 
flow rate. Points and bars represent the mean and SE of 3-5 runs. 

they used a single membrane for the whole range of temperatures studied, in 
a procedure that took as long as 2 weeks to perform. In the present procedure, 
use was made of new skin samples for each experimcnt. The f i t  of results to 
a straight line (Fig. 6) is very good ( r  = 0.99). 

This relationship, while useful, does not allow direct extrapolation tocon- 
ditions that occur in iiioo, where there is a temperature gradient across the 
skin. The sharp dependence of K ,  on temperature implies a corresponding 
dependence of either K ,  or D or both (Eq. 1)  on the same variable. A tcm- 
perature rise (or drop) across the skin may have a differential effect on each 
of the partitioning and diffusion steps in the overall permeation process. 

Perfusate Flow Rate Effect--The perfusate flow rate is an operational factor 
which must be considered, especially if one intends to extrapolate from in oitro 
to in vioo conditions and also for a proper comparison of experimental data 
obtained from different sources. In a transport process whcre the diffusion 
through the membrane is the rate-limiting factor. it would be reasonable to 
assume that the penetration profile would not be affected by a change in the 
perfusate flow rate. But this would be true only for a certain range; the sit- 
uation would change when the perfusate flow rate approaches zero, especially 
for the fast penetrants. In view of this, the effect of perfusate flow rate was 
considered in more detail. Accordingly, a study was made of the effect of the 
perfusate flow rate in the range of 3-1 20 mL/h, on the penetration rate of 
propionic acid (1 M in n-heptanc). The results are shown in Fig. 7. As ex- 
pected. the effect was pronounced at the lower perfusate flow rates, but a t  a 
now rate of -60 mL/h there was no further effect on permeability. Similar 
results were obtained by Tregear (15)  for the penetration of tri-n-butyl 
phosphate through perfused porcine skin. 
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