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Abstract: Skin permeation experiments have been broadly done since 1970s to 1980s as 

an evaluation method for transdermal drug delivery systems. In topically applied drug and 

cosmetic formulations, skin concentration of chemical compounds is more important than 

their skin permeations, because primary target site of the chemical compounds is skin 

surface or skin tissues. Furthermore, the direct pharmacological reaction of a metabolically 

stable drug that binds with specific receptors of known expression levels in an organ can be 

determined by Hill’s equation. Nevertheless, little investigation was carried out on the test 

method of skin concentration after topically application of chemical compounds. Recently 

we investigated an estimating method of skin concentration of the chemical compounds 

from their skin permeation profiles. In the study, we took care of “3Rs” issues for animal 

experiments. We have proposed an equation which was capable to estimate animal skin 

concentration from permeation profile through the artificial membrane (silicone membrane) 

and animal skin. This new approach may allow the skin concentration of a drug to be 

predicted using Fick’s second law of diffusion. The silicone membrane was found to be 

useful as an alternative membrane to animal skin for predicting skin concentration of 

chemical compounds, because an extremely excellent extrapolation to animal skin 

concentration was attained by calculation using the silicone membrane permeation data. In 

this chapter, we aimed to establish an accurate and convenient method for predicting the 

concentration profiles of drugs in the skin based on the skin permeation parameters of 

topically active drugs derived from steady-state skin permeation experiments. 
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1. Introduction 

Skin has been the focus as an application site of cosmetics and therapeutic drugs. Many transdermal 

drug delivery systems and topical drug formulations as well as cosmetics are on the market and 

determining the percutaneous absorption of drugs and cosmetic ingredients is important for develop 

good topical formulations; however, percutaneous absorption or skin permeation itself is not always 

important for topical formulations [1]. The concentration-dependent pharmacological activity of a 

metabolically stable drug that binds with specific receptors of known expression levels in an organ can 

be determined by Hill’s equation [2]. However, predicting the biological effects, either therapeutic or 

toxic, of a drug whose bio-disposition is complicated by metabolic events is based on its concentration 

at its site of action. The efficacy of topical drug delivery to the peripheral blood circulation is based on 

the concentration of the drug in the blood [3–5]. On the other hand, the blood concentration-time 

course can be predicted using skin permeation parameters, such as flux and permeability coefficients, 

obtained from in vitro skin permeation experiments [6–8]. 

Several techniques have been developed to measure the sectional skin concentrations of drugs, 

including suction blisters [9], punch and shave biopsies [10], heating [11], autoradiography [12], and 

tape-stripping [13–15]. However, measuring drug concentrations in small well-defined segments of the 

skin is very challenging. 

A few studies have determined drug levels in small segments of the skin using radiolabeled drugs. 

To our knowledge, no attempts have been made to predict drug concentrations in depth-dependent sections 

of the skin, except for one [16] in which already published results were fitted to selected models. 

Recently, criticism against animal experiments has greatly increased from the viewpoint of animal 

welfare. In the EU, animal experiments to the production and import of cosmetic formulations are 

banned from 2009 to 2013 [17–20]. Scientists have to be aware of the spirit of the 3Rs for animal 

experiments, where the 3Rs are “Reduction”, referring to methods that enable researchers to obtain 

comparable levels of information from fewer animals, or to obtain more information from the same 

number of animals, “Refinement” refers to methods that alleviate or minimize potential pain, suffering 

or distress, and enhance the welfare of the animals used, and “Replacement” refers to the preferred use of 

non-animal methods over animal methods whenever it is possible to achieve the same scientific aims. 

We therefore used silicone membrane as an alternative to skin membrane to determine the skin 

concentration of cosmetic ingredients or drugs, from the viewpoints of the great necessity of estimating 

their concentration in the skin in the development of cosmetics or topical formulations as well as 

animal experiment alternatives. Silicone membrane has been used as an alternative to skin membrane 

and the permeation of cosmetic ingredients and drugs through the silicone membranes was compared 

with that through animal skin [21–24]. Few experiments have been performed, however, on their skin 

or membrane concentration. In the present chapter, a method for estimating skin concentration was 

established using silicone membrane permeability. A series of parabens (methyl, ethyl, n-propyl,  
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n-butyl esters) were used as model penetrants, since they have very different lipophilicities (i.e.,  

n-octanol/water partition coefficient) in spite of having a similar molecular weight (152–194 Da).  

2. Theoretical  

2.1. One-Layered Diffusion Model  

2.1.1. Determination of Membrane Concentration 

The diffusion of chemical compounds in the membrane is expressed theoretically by Fick’s 2nd law 

of diffusion, 
డ஼

డ௧
ൌ ܦ డమ஼

డ௫మ
, under the assumption that the membrane is a homogeneous single layer, 

where C is the penetrant concentration in the membrane at position, x, and time, t [25–27]. When a 

sink condition is assumed on the receiver side of the membrane, i.e., x = L, a set of initial conditions  

(C = 0 at t = 0 and 0 < x < L) and boundary conditions (C = KCv at x = 0 and C = 0 at x = L, where K is 

the partition coefficient of the penetrant from the vehicle to membrane and Cv is the penetrant 

concentration in the vehicle) are obtained (see Figure 1a). 

Figure 1. Schematic diagram of concentration-distance profile in one layered (a) and two 

layered (b) diffusion membrane models in membrane permeation experiments. Membrane 

thickness is L and Lsc + Lved for one- and two-layered diffusion membranes models, 

respectively. Cv is the donor concentration of parabens and K and Ksc are partition 

coefficients to membranes.  

  

Then, membrane concentration, C, and its steady-state level at an infinite time, Css, are expressed  

as follows [28]: 
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Further, the mean membrane concentration of penetrant,  and are obtained by integrating C in 

Equations (1) and (2) from x = 0 to L: 

 (3)

 (4)

As shown in Equation (4), the mean membrane concentration of the penetrant can be determined by 

K and Cv, not by D. Because Cv is a known parameter, a parameter, K, is the only determinant of the 

mean membrane concentration of the penetrant. 

2.1.2. Determination of Membrane Permeation 

Since the silicone membrane can be supposed to be homogenous in one layer, the permeation 

profiles of parabens throughout the membrane were analyzed using a one-layered diffusion model [29,30]. 

Under the initial and boundary conditions shown as above, the amount of drug permeating the unit area 

of the silicone membrane at time t, Q, can be represented as, 

 (5)

The partition parameter (KL) and diffusion parameter (D/L2) were obtained by curve fitting the 

obtained data to Equation (5) using the least squares method. In the calculation of D and K, the 

thickness of the silicone membrane was fixed at 68 m. Permeability coefficient, P, was calculated by 

an Equation, P	=	 KD

L
. 

Stripped hairless rat skin was treated as a homogeneous layer, the same as the silicone membrane. 

2.2. Two-Layered Diffusion Model 

2.2.1. Determination of Membrane Concentration Using Two-Layered Diffusion Model 

Figure 1b shows a typical two-layered diffusion model of skin. Penetrant concentration in the first 

layer of skin, the stratum corneum, Csc, and that in the 2nd layer, the viable epidermis and dermis of 

skin, Cved, can be expressed by Fick’s 2nd law of diffusion. Similarly, initial conditions and boundary 

conditions are represented. Boundary condition between the first and second layer is Cved = KscKvedCsc 

and DSC
dCSC

dx
	=	Dved

dCved

dx
, where Ksc and Kved are partition coefficients of the penetrant from the vehicle 

to stratum corneum and to the viable epidermis and dermis, and Dsc and Dved are diffusion coefficients 

in the stratum corneum and viable epidermis and dermis, respectively. 

In the two-layered diffusion model, the overall permeability coefficient, Ptot, can be expressed  

by that in the stratum corneum, Psc, and in the viable epidermis and dermis, Pved, as follows,  

in Equation (6) [31]: 

 (6)
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In addition, the reciprocal of the permeability coefficient can be replaced with permeation resistant, 

R and the following equation can be derived, as Equation (7). 

 (7)

The permeation resistance of the penetrants can be represented as in the electric circuit. Two 

resistances, Rsc and Rved exist in the skin membrane, as shown in Figure 1b. The ratio of the Line 

segment ab against bc at the surface between the stratum corneum and viable epidermis, x = 0, should 

be the ratio of Rsc against Rved. Thus, the penetrant concentration at point b, Cb, can be represented by: 

 (8)

The amount of penetrant in the unit area of the stratum corneum, Msc, can be represented using 

Equation (8) as Equation (9). 

 
(9)

Since the partition coefficient of the penetrant from the stratum corneum to the viable epidermis and 

dermis is represented as Ksc/Kved, the amount of penetrant in the unit area of the viable epidermis and 

dermis, Mved, can be represented as,  

 (10)

By summation of Equations (9) and (10), Mtot, the drug amount in the unit area of the skin can be 

represented as follows: 

 (11)

By dividing Mtot in Equation (11) by skin thickness, Ltot, the average drug concentration in the skin, 

, is  

 (12)

When resistances, R are changed to permeability coefficients, P, finally Equation (13) was derived, 

 (13)
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2.2.2. Determination of Membrane Permeation Using Two-Layered Diffusion Model  

Two diffusion coefficients, Dsc and Dved and two partition coefficients, Ksc and Kved were obtained 

by curve fitting the cumulative amount of parabens that permeated through the full-thickness skin and 

stripped skin to the theoretical values using the least squares method, where theoretical values were 

expressed by two diffusion equations (Fick’s 2nd law) showing the diffusion profiles in the stratum 

corneum and viable epidermis and dermis. Differential equations describing Fick’s 2nd law are  

as follows: 

 (14)

 (15)

Mathematical treatment for determining the skin permeation using two-layered diffusion model was 

the same as in our previous method [26]. 

2.3. Calculation of Permeation Parameters 

Generally, most resistance against drug permeation throughout hairless rat skin is in the stratum 

corneum [31]. Rat skin was also treated as a single-layered membrane, the same as the silicone 

membrane. Parameters D and K were calculated under the assumption that the stratum corneum is a 

homogeneous membrane with a thickness of 15 m. 

2.4. Calculation of Theoretical Membrane Concentration of Parabens 

The theoretical membrane concentration of parabens was calculated by Equation (6) and the  

K value obtained from the membrane permeation study.  

3. Materials and Methods 

3.1. Reagents and Materials 

Parabens:methyl paraben (MP), ethyl paraben (EP), n-propyl paraben (PP), n-butyl paraben (BP), 

were obtained from Tokyo Kasei Chemical Co., Ltd. (Tokyo, Japan). An esterase inhibitor, diisopropyl 

fluorophosphate (DFP), and a deproteinization agent, trichloroacetic acid (TCA), were obtained from 

Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Other reagents and solvents were liquid 

chromatograph and special grade chemicals. 

The silicone membrane (Dow Corning 7-4107) was a gift from Nagase & Co., Ltd. (Tokyo, Japan). 

3.2. Experimental Animals 

Male hairless rats (WBM/ILA-Ht, 230–280 g) were obtained from the Life Science Research 

Center, Josai University (Sakado, Saitama, Japan) or Ishikawa Experimental Animal Laboratories 

(Fukaya, Saitama, Japan). All animal experiments were performed according to the ethics committee 

of Josai University. 
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3.3. Membrane Permeation Experiments of Parabens 

The silicone membrane was set on a Franz-type diffusion cell (receiver cell volume: 6.0 mL, 

effective diffusion area: 1.77 cm2) using cyanoacrylate glue [19–22]. Phosphate-buffered saline  

(pH 7.4, PBS) was applied to the receiver cell and maintained at 32 C for 15 min. Aliquots (0.5 mL) 

of different concentrations of parabens (MP 10 mM, EP 5 mM, PP 1 mM, BP 0.5 mM) in PBS were 

applied to the donor cell to start the permeation experiment. The experimental setup is shown in Figure 2. 

The receiver solution was stirred on a magnetic stirrer with a bar, the experiment was performed at  

32 C. At predetermined intervals, 400 L of the receiver solution was sampled, and the same volume 

of PBS was added to the receiver cell to keep the volume constant. Paraben concentration was 

determined by HPLC.  

Figure 2. Schematic representation of permeation experiment using silicone membrane and 

hairless rat skin. 

 

Abdominal skin (full-thickness skin or stripped skin) was excised from hairless rats under 

pentobarbital (25 mg/kg, i.p.) anesthesia and debris and excess fat were trimmed off the excised skin. 

Stripped skin was made by tape-stripping the stratum corneum 20 times before excising from rats. The 

obtained skin piece was then set on the Franz-type diffusion cell, as above. DFP (2.7 mol/mL in PBS) 

was applied to the receiver cell for half an hour in order to inhibit esterase enzymes activity [12,24–26]. 

After rinsing off the reagent, paraben solution (0.5 mL) in PBS and DFP in PBS (0.54 mol/mL,  

6.0 mL) were added to the donor and receiver cells, respectively, to start the skin permeation 

experiment. Other procedures were as in the silicone membrane permeation experiments. 

3.4. Determination of Extraction Ratio of Parabens 

3.4.1. Silicone Membrane 

Silicone membrane was loaded with parabens in chloroform and dried. Fresh chloroform (1 mL) 

was then applied to the silicone membrane piece. After agitating for 15 min, the resulting chloroform 

was sampled and fresh chloroform was again added for the second extraction of parabens. Total 
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chloroform containing parabens was evaporated to dryness and the sample was reconstituted with  

1.0 mL acetonitrile. The sample was injected onto HPLC to determine the paraben concentration. The 

extraction ratio of parabens from silicone membrane was almost 1.0.  

3.4.2. Hairless Rat Skin 

Hairless rat skin was loaded with parabens in water, and the skin piece was minced with scissors 

and homogenized at 12,000 rpm using a homogenizer (Polytron PT-MR 3000; Kinematica Inc., Littau, 

Switzerland) for 5 min at 4 C. The homogenate was incubated for 1 h at 32 C. The same volume of 

16% TCA was added to the skin homogenate and agitated for 15 min. The supernatant after 

centrifugation (15,000 rpm, 5 min, 4 C) was injected onto HPLC. Parabens were extracted from the 

skin homogenate using chloroform, as in the silicone membrane experiment. The extraction ratio of 

parabens was almost 1.0. 

3.5. Determination of Paraben Concentration in Silicone Membrane and Hairless Rat Skin 

3.5.1. Silicone Membrane 

After the permeation experiment, the donor solution was removed and the silicone membrane was 

washed with PBS (1 mL). Chloroform (1 mL) was added to the silicone membrane in the Franz-type 

diffusion cell (permeation area: 1.77 cm2) and agitated for 15 min to extract parabens from the 

membrane. The subsequent procedure was as in Section 3.4. 

3.5.2. Hairless Rat Skin 

After the permeation experiment, the donor solution was removed and the stratum corneum side of 

hairless rat skin was washed two times with PBS (1 mL). The rat skin was taken from the diffusion 

cell, and the permeation area of the skin (1.77 cm2) was kept in a freezer (−15 C) before determining 

the skin concentration. This frozen skin was minced with scissors and PBS (1 mL) was added to 

homogenize the minced skin (12,000 rpm, 5 min, 4 C). The subsequent procedure was as in Section 3.4. 

3.6. Determination Methods of Parabens 

The same volume of acetonitrile containing an internal standard (another paraben) was added to the 

paraben samples. After slight mixing, the sample was injected onto HPLC. The HPLC system consists 

of a pump (LC-10AD; Shimadzu, Kyoto, Japan), Chromatopac (C-R6A; Shimadzu), UV detector 

(SPD-6A; Shimadzu), system controller (SCL-6B; Shimadzu) and an auto-injector (SIL-7A; 

Shimadzu). The column was LiChroCART®250-4 (KGaA·64271; Merck, Darmstadt, Germany) kept at 

40 C during the eluting mobile phase, 0.1% phosphoric acid:acetonitrile = 75:25 for MP and EP,  

0.1% phosphoric acid:acetonitrile = 55:45 for PP and BP. The flow rate was 1.0 mL/min. The injection 

volume was 20 L, and detection was performed at 260 nm. 
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4. Results and Discussions 

4.1. Partition Coefficient and Concentration of Parabens into and in the Silicone Membrane 

Since drug distribution in the skin membrane is a physical phenomenon, it can be evaluated using 

artificial membranes as well as animal skin. A silicone membrane was used in this experiment due to 

its cost and easy availability. 

The direct measurement of drug concentration in the membrane has several problems. Generally, 

only one data point is obtained from one membrane after drug application. In addition, controlling the 

removal of the drug formulation from the membrane surface is very difficult. Hard cleaning of the 

membrane surface decreases the membrane concentration, whereas inadequate cleaning may leave the 

drug formulation on the membrane. We first performed the membrane permeation experiment and 

permeation parameters were obtained. The membrane concentration can be calculated using the 

partition coefficient, K, of the applied drug from the vehicle to the membrane, as shown in Equation (6). 

Next, the calculated values were compared with the directly observed membrane concentration. The 

membrane was obtained after the membrane permeation experiments. 

Figure 3 shows the cumulative amount of parabens that permeated the silicone membrane.  

Figure 3a,b show raw and normalized data (raw data divided by application concentration of 

parabens), respectively. The permeation ratio of BP against the application amount was highest, 

followed by PP, EP and MP. The increase in the lipophilicity of parabens increased the permeability, as 

shown in Figure 3b. 

Figure 3. Time course of the cumulative amount of parabens that permeated the silicone 

membrane. (a) raw data; (b) normalized data. ●: 10 mM MP; ◊: 3 mM EP; ▲: 1 mM PP; 

□: 0.5 mM BP. Each data point represents the mean ± S.E. (n = 4–8). 

 

Generally, high permeability and solubility of chemicals through and in the membrane are observed 

when the solubility parameter of chemicals is close to that of membrane. The solubility parameter 

values of parabens were calculated by Feder’s equation. The solubility parameter of BP,  

10.9 (cal/cm3)1/2, is closest to that of the silicone membrane (7.3–7.5 (cal/cm3)1/2) among the parabens 

(MP: 11.5 (cal/cm3)1/2, EP: 11.3 (cal/cm3)1/2, PP: 11.1 (cal/cm3)1/2) used in this experiment. 
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Figure 4a,b show the observed concentration and normalized concentration corrected using the 

application concentration of parabens in the silicone membrane, respectively. Each concentration is 

that at the steady state after starting the permeation experiments. An increase in Ko/w of parabens 

increases the membrane concentration. 

Figure 4. Raw data (a) and normalized date [(silicone membrane concentration)/ 

(donor concentration)] (b) for steady-state silicone membrane concentration of parabens. 

Each column represents the mean ± S.E. (n = 4–8). 

 

Figure 5 shows the relationship between the theoretical and observed values of paraben 

concentration in the silicone membrane. This figure shows almost a 1:1 relationship between them, 

suggesting that the silicone membrane can be assumed to be one homogenous layer and that the 

membrane concentration of parabens can be theoretically determined by Cv and K. These results also 

suggest that the permeation experiment is useful to determine the membrane concentration. The figure 

also contains the permeation parameters of parabens in the legend. The permeation parameters were 

obtained by curve-fitting the permeation profiles to Fick’s law of diffusion using the nonlinear least 

squares method, under the assumption that the silicone membrane is one homogenous layer. The 

permeability coefficient, P, of MP and BP was lowest and highest among the parabens used in this 

experiment. The diffusion coefficient, D, of these parabens in the silicone membranes was not so 

different (only 2–3 times different), whereas partition coefficient, K, was very different among these 

parabens (26 times different between MP and BP). A very different permeability coefficient, P, is 

closely related to the K of parabens. Since the p-value of parabens throughout the silicone membrane 

was very high (about 10−5 cm/s), the permeation profiles can be evaluated in a short experimental 

period. The theoretical membrane concentration of parabens, calculated from the K-value was very 

close to the observed membrane concentration. 
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Figure 5. Relationship between theoretical and observed steady-state silicone membrane 

concentration of parabens. Normalized data were used (see Figure 4). One-layered diffusion 

membrane model was used to obtain theoretical steady-state membrane concentration of 

parabens. ●: 10 mM MP; ◊: 3 mM EP; ▲: 1 mM PP; □: 0.5 mM BP. The observed data 

represent the mean ± S.D. (n = 4–8). Almost 1:1 correlation was found. P values were  

listed below. 

Parabens P Value (×10−5 cm/s) 

MP 1.53 ± 0.102 
EP 3.47 ± 0.998 
PP 8.76 ± 2.18 
BP 16.1 ± 1.11 

 

 

 

 

 

 

 

 

 

4.2. Membrane Permeation and Concentration: Comparison between Silicone Membrane and Animal Skin 

The theoretical concentration of parabens in silicone membrane, which was calculated from 

partition coefficient, K, was close to the observed concentration. A similar trial was carried out for the 

paraben concentration in hairless rat skin. Partition and skin concentration of parabens in rat skin were 

compared to those in the silicone membrane. 

Figure 6 shows the cumulative amount of parabens that permeated the excised hairless rat skin. 

Figure 6a,b show the mean raw data and normalized permeation data. The latter was normalized by the 

application amount of parabens. The raw skin permeation data of parabens, as shown in Figure 6a, are 

similar to silicone membrane permeation; however, the permeability coefficient ratio of BP against MP 

in hairless rat skin was much larger than that in the silicone membrane. This may have been due to the 

different permeation pathways between the silicone membrane and rat skin. The silicone membrane is 

a homogeneous membrane, whereas hairless rat skin has appendages such as hair follicles as well as 

the stratum corneum pathway. Interestingly, BP permeation through the silicone membrane was highest 

in the normalized data (Figure 3b) among the parabens used in the present study, whereas PP 

permeation through rat skin was highest (Figure 6b). These data are probably due to similar solubility 

parameter of BP or PP to that of the silicone membrane or rat skin, respectively. 
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Figure 6. Time course of the cumulative amount of parabens that permeated hairless rat 

intact skin. (a) raw data; (b) normalized data. Symbols: ●: 10 mM MP; ◊: 3 mM EP;  

▲: 1 mM PP; □: 0.5 mM BP. Each data point represents the mean ± S.E. (n = 5–11). 

 

Figure 7a,b show the observed and normalized concentrations of parabens corrected using their 

application concentrations in hairless rat skin, respectively. Each paraben concentration in rat skin was 

that at the steady state after starting the skin permeation experiment. As in the silicone membrane, the 

increase in partition coefficient, K, of parabens increased the skin concentration. The increment, 

however, was marked in the silicone membrane concentration, not in rat skin, except MP. This is due to 

the similar solubility parameter of parabens to that in the silicone membrane. 

Figure 7. Raw data (a) and normalized data (b) [(skin concentration)/(donor concentration)] 

for steady-state hairless rat skin concentration of parabens. Each column represents the 

mean ± S.E. (n = 5–11).  

 

Figure 8 shows the relation between the theoretical and observed skin concentrations of parabens. 

Although no 1:1 relationship was observed, a linear relation was found. When skin permeation data of 

a series of compounds are obtained, the skin concentration of the compounds may be theoretically 

calculated. The figure also contains the obtained permeation parameters of parabens in the figure 

legend, under the assumption that the skin membrane is one homogenous layer. Compared to the 

silicone membrane, lower P and D and higher K were observed in the rat skin. Unfortunately, the 

theoretical skin concentration of parabens was much higher than the observed skin concentration. This 

lack of a 1:1 relationship is due to the assumption that the skin is one homogenous layer. 
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Figure 8. Relationship between theoretical and observed steady-state hairless rat skin 

concentration of parabens. Normalized data were used (see Figure 7). One-layered diffusion 

membrane model was used to obtain theoretical steady-state membrane concentration of 

parabens. ●: 10 mM MP; ◊: 3 mM EP; ▲: 1 mM PP; □: 0.5 mM BP. The observed data 

represent the mean ± S.D. (n = 5–11). The obtained line was very different from 1:1 

correlation. P values were listed below. 

Parabens P Value (×10−6 cm/s) 

MP 2.03 ± 0.483 
EP 3.15 ± 0.552 
PP 3.84 ± 0.217 
BP 1.26 ± 0.512 

 

 

 

 

 

 

Figure 9 illustrates the relationship between K and silicone membrane and rat skin. The two  

K values have a linear relation. These results suggest that the skin concentration of parabens cannot be 

easily predicted by calculating the skin permeation profiles because of the simple assumption about the 

skin membrane. 

Figure 9. Relationship between K to silicone membrane and K to rat skin (one-layered 

diffusion model). ●: 10 mM MP; ◊: 3 mM EP; ▲: 1 mM PP; □: 0.5 mM BP. Each data point 

represents the mean ± S.E. (n = 4–8 in silicone membrane data and 5–11 in rat skin data). 
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4.3. Simulation of Skin Concentration of Parabens 

We then assumed that skin consists of two diffusion layers, of which the first layer is the stratum 

corneum and the second layer is the viable epidermis and dermis. The partition coefficient from the 

vehicle to the stratum corneum and that to the viable epidermis and dermis was obtained from 

permeation data through full-thickness and stripped skin. 

First, the stripped skin permeability of parabens was measured. Figure 10a,b show raw and 

normalized permeation profiles through stripped skin. Tape stripping of the stratum corneum increased 

the skin permeation of parabens, especially hydrophilic parabens such as MP. 

Figure 10. Time course of the cumulative amount of parabens that permeated hairless rat 

stripped skin. (a) raw data; (b) normalized data. ●: 10 mM MP; ◊: 3 mM EP; ▲: 1 mM PP; 

□: 0.5 mM BP. Each data point represents the mean ± S.E. (n = 3). 

 

Figure 11 shows the relation between the observed and calculated skin concentrations. The figure 

also summarizes the obtained permeation parameters of parabens in the legend. The theoretical values 

are close to the observed values, although little difference was found, which may be dependent on the 

process of washing the skin surface. The two-layered model predicts the skin concentration of 

parabens from skin permeation experiments much better than the one-layered model of hairless rat 

skin. Animal skin has appendages such as hair follicles and sweat ducts as additional permeation 

pathways to the primary permeation pathway, the stratum corneum [21]. The hydrophilic pathway as 

well as the lipophillic pathway play a role in the overall skin permeation of several compounds. The 

contribution of appendages and the hydrophilic pathway must be taken into account to better predict 

the skin concentration of materials from skin permeation profiles. 
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Figure 11. Relationship between theoretical and observed Css in hairless rat skin. 

Normalized data were used (see Figure 7). Two-layered diffusion membrane model was 

used to obtain theoretical steady-state skin concentration of parabens. Symbols: as in 

Figure 3. The observed data represent the mean ± S.D. (n = 3–8). Almost 1:1 correlation 

was found. Ptot and Pved values were listed below. 

Parabens Ptot Value (×10−6 cm/s) Pved Value (×10−5 cm/s) 

MP 2.46 ± 0.483 1.85 ± 0.239 
EP 5.73 ± 0.552 1.96 ± 0.3 
PP 3.18 ± 0.032 0.628 ± 0.067 
BP 1.25 ± 0.431 0.348 ± 0.179 

 

 

 

 

 

 

Figure 12 shows the relationship between the theoretical concentration of parabens in the silicone 

membrane and the normalized observed concentration of parabens in hairless rat skin. The very high 

correlation coefficient, 0.997, between them suggests the high predictability of the skin concentration 

of parabens using silicone membrane permeation experiments. 

Figure 12. Relationship between theoretical Css in silicone membrane/donor concentration 

and observed Css in rat skin/donor concentration. ●: 10 mM MP; ◊: 3 mM EP; ▲: 1 mM PP; 

□: 0.5 mM BP. Each data point represents the mean ± S.D. (n = 3–8). 
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We supposed a homogenous one-layered model for the silicone membrane and two-layered model 

consisted of stratum corneum and the following layer for the rat skin. Although these membrane 

models were different, their concentration-distance profiles and theoretical concentrations of drug or 

cosmetic ingredient in both the membranes can be expressed only by physical diffusion model. Thus, 

membrane concentration in the two-layered diffusion model can be easily replaced by that in the  

one-layered model using a mathematical approach. This is a reason why diffusion profile through 

silicone membrane is useful to predict the skin concentration of drugs or cosmetic ingredients. 

In the near future, we plan to use broad compounds other than parabens, which is a simple series of 

compounds. We also plan to use several topical formulations, such as creams, ointments and patches. A 

silicone membrane permeation study using broad compounds from several formulations will produce a 

monogram of how to estimate the skin concentration of materials. All topical drugs have different 

target sites in skin tissues. Distribution of the skin concentration must be clarified from the shallow to 

deep layer in the near future. Since this is an alternative method to animal studies, it can be easily used 

by pharmaceutical and cosmetic companies to estimate the skin concentration after applying topical 

drug formulations and cosmetics. 

5. Conclusions 

The drug concentration in the silicone membrane and animal skin can be easily predicted using 

diffusion equations and membrane permeation data. This method can be applied to the design of 

cosmetic and topical pharmaceutical formulations. A silicone membrane can be used as an alternative 

membrane to animal skin. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Knepp, V.M.; Hadgraft, J.; Guy, R.H. Transdermal drug delivery: Problems and possibilities.  

Crit. Rev. Ther. Drug Carr. Syst. 1987, 4, 13–37.  

2. Kano, S.; Sugibayashi, K. Kinetic analysis on the skin disposition of cytotoxicity as an index of 

skin irritation produced by cetylpyridinium chloride: Comparison of in vitro data using a  

three-dimensional cultured human skin model with in vivo results in hairless mice. Pharm. Res. 

2006, 23, 329–335. 

3. Huffman, D.H.; Crow, J.W.; Pentikäinen, P.; Azarnoff, D.L. Association between clinical cardiac 

status, laboratory parameters, and digoxin usage. Am. Heart J. 1976, 91, 28–34. 

4. Sheiner, L.B.; Rosenberg, B.; Marathe, W. Estimation of population characteristics of 

pharmacokinetic parameters from routine clinical data. J. Pharmacokin. Biopharm. 1977, 5,  

445–479. 

5. Vozeh, S.; Hillman, R.; Wandell, M.; Ludden, T.; Sheiner, L. Computer-assisted drug assay 

interpretation based on Bayesian estimation of individual pharmacokinetics: Application to 

lidocaine. Ther. Drug Monit. 1985, 7, 66–73. 



Pharmaceutics 2013, 5 650 

 

 

6. Sato, K.; Oda, T.; Sugibayashi, K.; Morimoto, Y. Estimation of blood concentration of drugs after 

topical application from in vitro skin permeation data. I. Prediction by convolution and 

confirmation by deconvolution. Chem. Pharm. Bull. 1988, 36, 2232–2238. 

7. Sato, K.; Oda, T.; Sugibayashi, K.; Morimoto, Y. Estimation of blood concentration of drugs after 

topical application from in vitro skin permeation data. II. Approach by using diffusion model and 

compartment model. Chem. Pharm. Bull. 1988, 36, 2624–2632. 

8. Hatanaka, T.; Katayama, K.; Koizumi, T.; Sugibayashi, K.; Morimoto, Y. In vitro–in vivo 

correlation of percutaneous absorption: Isosorbide dinitrate and morphine hydrochloride.  

Biol. Pharm. Bull. 1994, 17, 826–830. 

9. Kiistala, U. Suction blister device for separation of viable epidermis from dermis. J. Invest. 

Dermatol. 1968, 50, 129–137. 

10. Surber, C.; Wilhelm, K.P.; Bermann, D.; Maibach, H.I. In vivo skin penetration of acitretin in 

volunteers using three sampling techniques. Pharm. Res. 1993, 10, 1291–1294. 

11. Surber, C.; Wilhelm, K.P.; Hori, M.; Maibach, H.I.; Guy, R.H. Optimization of topical therapy: 

Partitioning of drugs into stratum corneum. Pharm. Res. 1990, 7, 1320–1324. 

12. Schaefer, H.; Stüttgen, G.; Zesch, A.; Schalla, W.; Gazith, J. Quantitative determination of 

percutaneous absorption of radiolabeled drugs in vitro and in vivo by human skin. Curr. Probl. 

Dermatol. 1978, 7, 80–94. 

13. Pershing, L.K.; Silver, B.S.; Krueger, G.G.; Shah, V.P.; Skelley, J.P. Feasibility of measuring the 

bioavailability of topical betamethasone dipropionate in commercial formulations using drug 

content in skin and a skin blanching bioassay. Pharm. Res. 1992, 9, 45–51. 

14. Rougier, A.; Dupuis, D.; Lotte, C.; Roguet, R.; Schaefer, H. In vivo correlation between  

stratum corneum reservoir function and percutaneous absorption. J. Invest. Dermatol. 1983, 81, 

275–278. 

15. N’Dri-Stempfer, B.; Navidi, W.C.; Guy, R.H.; Bunge, A.L. Improved bioequivalence assessment 

of topical dermatological drug products using dermatopharmacokinetics. Pharm. Res. 2009, 26, 

316–328. 

16. Anissimov, Y.G.; Roberts, M.S. Modelling dermal drug distribution after topical application in 

human. Pharm Res. 2011, 28, 2119–2129. 

17. Lodén, M.; Ungerth, L.; Serup, J. Changes in European legislation make it timely to introduce a 

transparent market surveillance system for cosmetics. Acta Derm. Venereol. 2007, 87, 485–492.  

18. Toyoda, H. Regulation of the animal experiments and testing in EU. Envir. Mutagen. Res. 2005, 

27, 125–128. 

19. Kolar, R. Animal experimentation. Sci. Eng. Ethics 2006, 12, 111–122.  

20. Spielmann, H. Animal use in the safety evaluation of chemicals: Harmonization and emerging 

needs. ILAR J. 2002, 43, S11–S17. 

21. Leveque, N.; Raghavan, S.L.; Lane, M.E.; Hadgraft, J. Use of a molecular form technique for the 

penetration of supersaturated solutions of salicylic acid across silicone membranes and human 

skin in vitro. Int. J. Pharm. 2006, 318, 49–54.  

22. Ottaviani, G.; Martel, S.; Carrupt, P. Parallel artificial membrane permeability assay: A new 

membrane for the fast prediction of passive human skin permeability. J. Med. Chem. 2006, 49, 

3948–3954.  



Pharmaceutics 2013, 5 651 

 

 

23. Hatanaka, T.; Inuma, M.; Sugibayashi, K.; Morimoto, Y. Prediction of skin permeability of drugs. 

I. Comparison with artificial membrane. Chem. Pharm. Bull. 1990, 38, 3452–3459. 

24. Geinoz, S.; Rey, S.; Boss, G.; Bunge, A.L.; Guy, R.H.; Carrupt, P.A.; Reist, M.; Testa, B. 

Quantitative structure: Permeation relationships for solute transport across silicone membranes. 

Pharm. Res. 2002, 19, 1622–1629. 

25. Herkenne, C.; Naik, A.; Kalia, Y.N.; Hadgraft, J.; Guy, R.H. Ibuprofen transport into and through 

skin from topical formulations: In vitro–in vivo comparison. J. Investig. Dermatol. 2007, 127,  

135–142.  

26. Hada, N.; Hasegawa, T.; Takahashi, H.; Ishibashi, T.; Sugibayashi, K. Cultured skin loaded with 

tetracycline HCl and chloramphenicol as dermal delivery system: Mathematical evaluation of the 

cultured skin containing antibiotics. J. Control. Release 2005, 108, 341–350.  

27. Scheuplein, R.J.; Blank, I.H. Mechanism of percutaneous absorption. IV. Penetration of 

nonelectrolytes (alcohols) from aqueous solutions and from pure liquids. J. Investig. Dermatol. 

1973, 60, 286–296. 

28. Hasegawa, T.; Kim, S.; Tsuchida, M.; Isshiki, Y.; Kondo, S.; Sugibayashi, K. Decrease in skin 

permeation and antibacterial effect of parabens by a polymeric additive, poly(2-methacryloyloxyethyl 

phosphorylcholine-cobutylmetacrylate). Chem. Pharm. Bull. 2005, 53, 271–276. 

29. Scheuplein, R.J. Mechanism of percutaneous absorption: Transient diffusion and the relative 

importance of various routes of skin penetration. J. Investig. Dermatol. 1967, 48, 79–88. 

30. Watanabe, T.; Hasegawa, T.; Takahashi, H.; Ishibashi, T.; Sugibayashi, K. Utility of  

three-dimensional cultured human skin model as a tool to evaluate skin permeation drugs.  

Altern. Anim. Test. Exp. 2001, 8, 1–14. 

31. Ghanem, A.H.; Mahmoud, H.; Higuchi, W.I.; Liu, P. The effects of ethanol on the transport of 

lipophilic and polar permeants across hairless mouse skin: Methods/validation of a novel 

approach. Int. J. Pharm. 1992, 78, 137–156. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


