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ABSTRACT — Cosmetics containing rhododendrol (RD) were voluntarily recalled after incidents of 
leukoderma related to their use. Users reported using up to five different RD-containing products by lay-
ered application. In this study, we investigated the effects of layered application, formulations, and their 
components on the skin permeation of cosmetics containing RD. Experiments were designed to simulate 
actual in-use conditions, such as varying application volumes, physical mixing of formulations, sequence 
of cosmetics application and time interval between applications, to establish their effect on the skin per-
meation of RD. Milk and lotion RD-containing cosmetics (2%), 1% aqueous RD, and preparations of for-
mulation components were applied as the first or second layers as finite doses of 10 or 20 µL/cm2. Per-
meation experiments were performed through excised porcine ear skin using Franz diffusion cells with an 
effective diffusion area of 1.77 cm2. Cosmetics applied by layered application exhibited lower skin per-
meation of RD compared with a single application despite having the same application dose. High initial 
volume (20 µL at 0 or 5 sec) did not exhibit any significant reduction in the permeation of RD. Formula-
tions and their components caused varying reductions in RD permeation, probably due to changes in ther-
modynamic activity of the active component. Layered application, formulation components, application 
volume, time interval and sequence of application had significant influences on the skin permeation of the 
active component. Moreover, this study established a method of investigating the influence of formula-
tions and their components on the skin permeation of actives after layered application.
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INTRODUCTION

Cosmetics containing rhododendrol (RD) were vol-
untarily recalled from the market after incidents of leu-
koderma related to their use. Users who experienced 
RD-induced leukoderma reported using up to five dif-
ferent RD-containing products concurrently (Yamaguchi 
et al., 2017) suggesting a link between the incident and 
the applied dose of cosmetics. Habits related to cosmet-
ics use along with the amount of cosmetics applied may 
have predisposed users to product-use related toxicities. 
Sasaki et al. (2014) reported that RD exhibits cytotoxic-
ity against cultured human melanocytes at high concen-
trations. In fact, skin permeation and skin concentration 

of topically applied drugs and cosmetics often deter-
mine their efficacy or toxicity (Oshizaka et al., 2014). It 
was hypothesized that layered application of RD, that is, 
increasing the number of applied products on the skin, 
increased the skin permeation of RD, resulting in leuko-
derma (Sugibayashi et al., 2016). Several studies attempt-
ed to clarify the cause of leukoderma and suggested 
the role of tyrosinase inhibition and melanocyte cyto-
toxicity of RD (Arase et al., 2016; Okura et al., 2015;  
Aoyama et al., 2014). From a pharmaceutical point of 
view, these results provide very limited insights into the 
influence of formulations and their components, and the 
manner of cosmetics application (i.e., single or layered 
application, sequence of product application, application 

Vol. 44 No. 1

1The Journal of Toxicological Sciences (J. Toxicol. Sci.)

Original Article

Vol.44, No.1, 1-11, 2019



time interval, etc.) on the skin permeation of cosmetic 
active components.

Layered application is described as the application of 
a second or succeeding dose (layer) of cosmetics on the 
same region after an initial application. Quasi-drug for-
mulated as medicated cosmetics are pharmacologically or 
cosmetologically active, and they are commonly sold in 
sets to elicit their purported effects synergistically. These 
cosmetics are in fact recommended to be applied sequen-
tially and in layers. Moreover, cosmetics have additional 
esthetic requirements of the active components and vehi-
cles where excipients are added for reasons unrelated to 
dermal permeation yet may have effects on the penetra-
tion of the active components (Karadzovska et al., 2013).

Our previous work revealed that RD permeation after 
layered application resulted in a dramatic decrease in its 
permeation (Sugibayashi et al., 2016). Cumulative amounts 
of RD permeated in infinite doses (1.0 mL/1.77 cm2)  
of aqueous RD was much higher than those of finite doses 
(10 and 20 µL/cm2) due to depletion of RD in finite dose 
models. Interestingly, layered application (20 µL/cm2 × 2) 
of RD in a lotion formulation resulted in lower permea-
tion than a single application (40 µL/cm2) despite having 
the same total volume applied. The mechanistic explana-
tion on how layered application of RD cosmetics could 
cause a decreased permeation profile and leukoderma 
remains unresolved. Although numerous studies on cos-
metics safety and testing procedures have been performed 
(Zhang et al., 2017; Hojerová et al., 2017), the safety of 
practicing layered application as in most cosmetics and 
topical drugs has never been investigated before. Further-
more, no studies have evaluated the actual manner (lay-
ered application) in which consumers use these medicat-
ed cosmetics. Also, there are no studies clearly depicting 
a mechanism on how actives would permeate following 
layered application.

Recently, actual consumption of cosmetic products 
reflecting Japanese cosmetics habits has been reported, 
prompting the need to conduct risk assessments of cos-
metics products and their reported consumption dose. 
Also, the reported habit of using up to 5 different RD 
products simultaneously indicated that the amount of cos-
metics consumed may be a predisposing factor for its tox-
icity (Yamaguchi et al., 2017). In addition, changes in 
skin permeation of cosmetic active components as influ-
enced by the manner of application should be considered 
in the development of cosmetic formulations.

In order to accurately assess the safety of chemical sub-
stances, it is important to simulate exposure as realistical-
ly as possible. Hence, in the present study, we designed 
experiments simulating actual in-use conditions and mul-

tiple “practices” such as varying sequences of cosmetics 
application, layered application, varying application vol-
umes, and time intervals between applications to establish 
its effect on the skin permeation of cosmetic active com-
ponents. In addition, the effects of formulations and their 
components on the skin permeation of cosmetic active 
component (RD) were also investigated.

MATERIALS AND METHODS

Chemicals
Rhododendrol (CAS no. 501-96-2; ≥ 99%) (Fig. 1 and 

Table 1) was provided by Kanebo Cosmetics Inc. (Tokyo, 
Japan). Methyl paraben, glycerin, dipropylene glycol 
(DPG), and sorbitol were purchased from Wako Pure  
Chemicals Industries, Ltd. (Osaka, Japan). 1,3 - Buty-
lene glycol (BG) was purchased from Tokyo Chemical  
Industry, Co. Ltd. (Tokyo, Japan) and propylene gly-
col (PG) was purchased from Kanto Chemical Co. Inc. 
(Tokyo, Japan). Previously marketed and recalled RD 
products (lotion and milk, 2%) were provided by Kanebo  
Cosmetics Inc. (Tokyo, Japan).

Preparation of rhododendrol formulations
Table 2 shows the primary components of RD cosmet-

ic formulations. Aqueous RD solution (1%) was prepared 
by dissolving a sufficient amount of RD in purified water 
to reach the desired concentration. Aqueous RD solution 
(1%) was prepared instead of 2% owing to its poor solu-
bility. Lotion containing no RD was prepared using pri-
mary components, glycerin, DPG, BG, water, and sorbi-
tol at defined proportions. A physical mixture of milk and 
lotion cosmetics was prepared by mixing equal amounts 
of milk and lotion using vortex mixer for 5 min prior  
to application.

Table 1.   Physicochemical properties of RD.
Parameters Values
Molecular weight 166.22
ClogP 1.9
pKa 6.2
logKow 1.4

Fig. 1. 	 Structural formula of rhododendrol.
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RD solubility studies
Solubility of RD in each primary component (water, 5 

and 10% BG solution, BG, DPG, glycerin, sorbitol, PG) 
was determined by adding excess amount of RD with 
constant stirring at 30°C for 24-48 hr. The preparation 
was filtered and the obtained filtrate was injected into an 
HPLC system to determine the concentration of RD.

In vitro skin permeation experiment
Frozen edible porcine ears (Central Institute for Feed 

and Livestock, JA Zen-Noh, Tsukuba, Ibaraki, Japan) 
were thawed with warm water (32°C) and rinsed with 
purified water. Hairs were shaved off and excess subcuta-
neous fats were trimmed off from the excised intact skin. 
Excised skin of similar thickness was derived from the 
same region (central dorsal) of the porcine ear. Prior to 
the excision of skin, visual inspection was performed to 
ensure intact and damage free skin was utilized. The pre-
pared porcine ear skin was directly set on a vertical-type 
Franz diffusion cells with an effective diffusion area of 
1.77 cm2 and the skin surface temperature was thermostat-
ically maintained at 32°C. Hydration was done by appli-
cation of 1 mL purified water to the epidermis side and 
6 mL purified water was applied to dermis side (receiver 
compartment) to reach an equilibration state for 1 hr. Puri-
fied water on the epidermis side was removed and excess 
water was blotted with cotton swab. Then, RD formula-
tion was applied with a micropipette (see Table 3). Sam-
pling was performed by withdrawing 500 µL of receiv-
er solution every hour for 8 hr. Samples were analyzed by 
high-performance liquid chromatography (HPLC).

Experimental design for layered application
Factors such as formulations and other preparations 

investigated in the permeation experiments are described 
in this section. The sequence of application (which was 
applied as the first or second layer), the interval between 
application of the layers and application volume are also 
presented.

Study codes for applied formulations
The factors investigated are represented using specific 

study codes. As a case in point, L-L10B, refers to 10 µL of 
lotion applied as the first layer onto the prepared porcine 
ear skin followed by a second layer of 10 µL of lotion 
after 5 min. The first code (i.e., L, So, etc.) denotes the 
formulation of the first layer followed by a “-” symbol 
denoting layered application, then the code for the sec-
ond layer applied. Applications utilizing mixtures of milk 
and lotion include a “+” symbol. Application volumes of 
10, 20, and 40 µL are indicated by 10, 20 and 40 in sub-
script format, respectively. The application time interval 
between layers is indicated by letters - A for 5 sec, B for 
5 min, and C for 10 min, also in subscript format. Non-
layered or single applications include the letter “s”. Com-
plete study codes on the factors investigated are listed in 
Table 3.

Application volume
RD preparations (2% RD lotion and milk formulations, 

1% aq. RD) and formulation components were applied as 
finite doses. For layered application, 10 and 20 µL/cm2 
volumes were used as application doses for the first and 
second layers of cosmetics in the experiments. Single 
application experiments were carried out at either 20 or 
40 µL/cm2.

Sequence of application and physical mixture
In actual use, the application of cosmetics follows a 

defined sequence as to which formulation is applied first. 
Lotion is often recommended to be applied as a base cos-
metic or first layer, whereas milk is used to a lesser extent. 
In the present experiment, milk and lotion formulations 
were applied either as the first or second layers. Table 3 
summarizes the experimental design for the layered appli-
cation of cosmetics.

Application time interval
Application time interval for layered application was 

observed at 5 sec, 5 min, and 10 min. The intended inter-
val time was allowed to elapse prior to the application 
of the second layer of cosmetics. Actual interval time 
of application among consumers has not been reported, 
hence, 5 sec, 5 min and 10 min application intervals were 
arbitrarily selected to reveal its effect on RD permeation. 
Applied formulations were spread using a spatula over the 
effective permeation area to ensure uniform distribution.

Formulation components
Effect of formulation and individual components on 

RD permeation was also investigated using identical lay-

Table 2.   �Primary components of RD cosmetic formulations.
Components Lotion Milk
Glycerin + +
Dipropylene glycol (DPG) + +
1,3-Butylene glycol (BG) + +
Water + +
Sorbitol + +
Propylene glycol (PG) - +
* Concentration of formulation components was not indicated with the 
intent of Kanebo Cosmetics Inc. and Kao Corporation.
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ered application experiments to those described above. 
DPG, BG, PG, sorbitol, glycerin and water were the for-
mulation components investigated in the present study. 
Lotion formulation containing no RD was also prepared. 
Formulation components were applied as the first or sec-
ond layer together with lotion or 1% aq. RD.

HPLC analysis
Samples (100 µL) were added with an equal volume 

of internal standard (methyl paraben) and centrifuged at 
4°C for 5 min. Each sample was analyzed using an HPLC 
system (Shimadzu Co., Kyoto, Japan) consisting of col-
umn (Inertsil® ODS-3 4.6 mm × 150 mm, GL Sciences 
Inc., Tokyo, Japan), system controller (SCL-10A), pump 
(LC-20AD), degasser (DGU-20A3), auto – injector (SIL-
20A), column oven (CTO-20A), UV detector (SPD-20A), 
and analysis software (LC Solution). The column was 
maintained at 40°C with a flow rate of mobile phase (ace-
tonitrile: water = 25:75) at 1.0 mL/min. Detection of RD 
was made at 280 nm.

Measurement of transepidermal water loss 
(TEWL) at application site

Measurement of water loss at each time-point was per-
formed to estimate cumulative amount of water which 

evaporated from the applied formulation. Evaporation of 
water from applied formulation (10 µL/cm2) on porcine 
ear skin was monitored using Vapo Scan (AS-VT100RS, 
Asahi Techno Lab., Kanagawa, Japan) over a 20 min 
observation period. The TEWL measurement was per-
formed at ambient temperature (20-25°C) and RH of  
30% ± 2.

Statistical analysis
Experimental data on the skin permeation of RD were 

tested for statistical significance (p < 0.05) using one-
way ANOVA and Tukey’s HSD post hoc analysis. Water 
loss data were tested for statistical significance (p < 0.05) 
using Student’s t-Test.

RESULTS

Effect of layered application, volume, and 
time interval between applications on the skin 
permeation of RD

Figures 2a and b show the effect of interval time in 
layered application of either lotion or milk formulation, 
respectively, on the skin permeation of RD. When 40 µL 
of lotion in total was applied in portions (20 µL × 2, lay-
ered application) at time intervals of 5 sec and 5 min, 

Fig. 2. 	 Effect of layered application, interval time and initial application volume of lotion (a) and milk (b) formulations on the skin 
permeation of RD. a) L-L10A (○), L-L10B (□), L-L10C (◊), L-L20A (▲), L-L20B (∆), Ls (●); b) M-M10A (○), M-M10B (□), M-M10C 
(◊), M-M20A (▲), M-M20B (∆), Ms (●). Each value represents the mean ± S.E. (n = 3-5). *p < 0.05. Study code L-L10A re-
fers to layered application of 10 µL lotion with 5 sec interval time of application prior to the second application of lotion  
(10 µL). A, B and C represents interval time of application 5 sec, 5 min and 10 min, respectively. Complete details in Table 
3 and section on experimental design for layered application.
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almost the same permeation profile was observed which 
was approximately two-fold higher compared with a sin-
gle application of 20 µL lotion (Fig. 2a). In contrast, a 
lower RD permeation profile was observed with the lay-
ered applications of 10 µL lotion (10 µL × 2) with increas-
ing interval time of 5 sec, and 5 and 10 min, accordingly  
(Fig. 2a). With prolongation of time interval between 
application, a greater reduction in RD permeation was 
observed. A similar tendency was observed in RD per-
meations from milk formulations (Fig. 2b). However, 
the decrease in the RD permeation from milk formula-
tions (Fig. 2b) was less than those from lotion applica-
tions (Fig. 2a).

Skin permeation of RD was then evaluated from phys-
ical mixture of lotion and milk. The physical mixture cor-
responds to layered application with an interval time of  
0 sec. Figure 3 shows the results. For the physical mix-
ture of lotion and milk, larger volumes (> 20 µL) applied 
at the beginning (within 0-5 sec) did not result in a reduc-
tion in RD permeation compared with a single application 
of the physical mixture.

Effect of sequence of cosmetics application 
(lotion to milk and vice versa) on the skin 
permeation of RD

Figure 4 shows the skin permeation of RD after appli-
cation of lotion or milk as the first layer prior to the addi-
tion of the second layer of milk or lotion, respectively. A 
physical mixture containing equal amounts of lotion and 
milk was applied as the first layer and served as the basis 
for comparison. The skin permeation of RD after the 
application of lotion as the first layer and milk as the sec-
ond layer and vice versa, with a 5 sec interval time exhib-
ited a lower skin permeation compared with the physi-
cal mixture. A similar pattern was noticed wherein longer 
time interval between applications resulted in lower RD 
permeation in experiments using lotion as the first layer 
and milk as second layer, and vice versa. Milk applied as 
first layer exhibited lower permeation as compared with 
lotion being applied as the first layer.

Effect of cosmetic formulations and formulation 
components on the skin permeation of RD

Figure 5a shows the effect of formulation on the skin 
permeation of RD when applied in layers. Layered appli-
cation of aqueous solution containing 1% RD exhibited a 

Fig. 3. 	 Effect of initial application volume of the physical 
mixture of lotion and milk on the skin permeation of 
RD. L+M - L+M10A (○), L+M – L+M20A (▲), L+Ms10 
(∆), L+Ms20 (●), L+Ms40 (□). Each value represents 
the mean ± S.E. (n = 3-5). Study code L+M - L+M10A, 
refers to layered application of physical mixture of lo-
tion and milk (L+M) and L+M with 5 sec interval time 
of application. L+Ms refers to single application of 
physical mixture of lotion and milk. Complete details 
in Table 3 and section on experimental design for lay-
ered application.

Fig. 4. 	 Effect of sequence of application (lotion to milk and 
milk to lotion) on the skin permeation of RD. L-M10A 
(○), L-M10B (□), M-L10A (▲), M-L10B (■), L+Ms20 (●). 
Each value represents the mean ± S.E. (n = 3-5). Study 
code L-M10A refers to layered application of lotion as 
first layer and milk as second layer with 5 sec interval 
time of application. Complete details in Table 3 and 
section on experimental design for layered application.
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3.4-fold higher permeation compared with its formulated 
counterparts containing 2% RD, even at a half concentra-
tion of RD. It was noticeable that the skin permeation of 
RD from milk and lotion formulations was significantly 
lower. This indicated that the type of formulation marked-
ly affected the skin permeation of RD.

Both the lotion and milk formulations used in the 
present study contained glycerin, DPG, BG, water and 
sorbitol as the primary formulation components (Table 2). 

Thus, the effect on the skin permeation of RD by pretreat-
ment with these primary components when applied as the 
first layer was evaluated. Figure 5b shows the effect of 
pretreatment with primary components applied as the first 
layer on RD permeation. Formulation of lotion without 
RD (containing primary components only) was applied 
as the first layer and followed by application of lotion 
with 5 min interval resulted to the greatest reduction in 
the skin permeation of RD. Higher RD permeations were 

Fig. 5. 	 Effect of formulations and formulation components on the skin permeation of RD. a) R-R10B (●), L-L10B (■), M-M10B (♦), 
(-)RD-L10B (▲); b) So-L10B (○), W-L10B (■), 4B-L10B (♦), DP-L10B (∆), G-L10B (□), (-)RD-L10B (▲); c) R-R10B (●), W-R10B (♦), 
R-4B10B (□), 4B-R10A (▲), BG-R10B (∆), R-BG10B (○). Each value represents the mean ± S.E. (n = 3-5). *p  < 0.05. Study 
code So-L10B refers to layered application of sorbitol as first layer and lotion as second layer with 5 sec interval time of ap-
plication. 4B, BG, G, and DP refers to 4% 1,3-butylene glycol (BG), 100% BG, glycerin, and dipropylene glycol (DPG), 
respectively. Complete details in Table 3 and section on experimental design for layered application.
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observed when sorbitol and water were applied as the first 
layers. On the other hand, decreased RD permeation was 
observed when BG, DPG and glycerin were applied as 
the first layers compared with sorbitol and water.

Figure 5c shows the skin permeation of RD for the 
two cases of treatment. An aqueous solution of RD was 
applied as the first layer followed by application of the 
same aqueous RD solution, 4% BG or BG for the first 
case. Aqueous RD solution, water or BG solution was 
applied as the first layer and followed by application of 
aqueous RD solution at an interval of 5 min, for the sec-
ond case. The second layer applied, 4% BG or BG mark-
edly decreased RD permeation in contrast with the sec-
ond application of aqueous RD solution. Of note, low to 
no skin permeation of RD was observed with the applica-
tion of BG as first and second layer.

Effect of application of lotion and milk on the 
TEWL at application site

Figure 6 presents the changes in water loss values after 
application of lotion or milk. The method directly meas-
ured water loss from each time-points as well as detecting 
total water loss from applied formulations. The applica-
tion of lotion and milk as the first layer had TEWL val-
ues of 60 g/m2/hr and 55 g/m2/hr, respectively, at 0.5 min. 

Water loss at 0-10 min was significantly higher when 
compared with those prior to application and 10 min 
onwards for both formulations. The rate of TEWL for 
applied lotion was significantly faster than milk. A simi-
lar controlled monitoring of evaporation was performed 
by 10 µL water on stacks (4 layers) of filter paper sta-
bilized on a petri dish and was thermostatically main-
tained at 32°C. Cumulative amount of water evaporated 
after 30 min practically reflects the initial volume applied. 
Notably, TEWL values for both porcine ear skin and fil-
ter paper (data not shown) decreased over time with water 
loss highest at 0-10 min.

RD Solubility
Table 4 shows the saturated solubility of RD in prima-

ry components of the lotion and milk formulations. Con-
sistently, RD had higher solubility with BG along with 
DPG, and lower solubility with water.

DISCUSSION

In the present study, we focused on understanding how 
cosmetic active components, when applied onto the skin 
as finite dose would permeate the skin in a similar manner 
in daily practice, that is applying it in layers of various 
formulations. Layered application of cosmetics was pre-
viously established to reduce the skin permeation of RD, 
but the mechanism of how “layers” influence the permea-
tion of active components remain poorly understood.

Evaluation of dermal absorption of cosmetic products 
using skin from mammalian species including humans 
have long been established; however, due to obvious con-
straints in availability and ethical concerns associated 
with the use of human skin, alternatives are widely sought 
(OECD, 2004a). Edible porcine skin is regarded as being 
physiologically and morphologically similar (Flaten et 
al., 2015; Todo, 2017) and is recognized by dermatolog-
ical scientists to possessing good correlation coefficient  
(r = 0.88), for the permeation of a great number of chem-

Fig. 6. 	 Changes in percent TEWL. TEWL of single applica-
tion (10 µL/cm2) of milk (○) and lotion (∆). Each 
value represents the mean ± S.E. (n = 3-5). Significant 
difference (*p < 0.05) between water loss for milk and 
lotion at 10 min.

Table 4.   Solubility of RD with primary components.
Components Solubility at 30°C (mg/g)
Water 17.28
Aqueous RD, 1% 9.48
BG, 100% 550.16
BG, 5% 16.549
BG, 10% 18.151
DPG 537.62
Glycerin 117.08
Sorbitol, 70% 3.90
PG 85.34
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icals, to human skin (Barbero and Frasch, 2009; OECD, 
2004b; Hojerová et al., 2017). Also, the assessment of 
dermal absorption of cosmetics is ascribed to be per-
formed on porcine skin (SCCS, 2010; OECD, 2011). 
Hence, edible porcine skin was used to evaluate the effect 
of cosmetics layered application on the skin permeation 
of RD.

The results in the present study implicated sever-
al mechanisms that can influence the permeation of 
an active component. Since the application volume of  
10 µL/cm2 was sufficient to uniformly cover the effec-
tive skin permeation area, the application volumes of 10 
and 20 µL/cm2 were used to elucidate the effect of lay-
ered application on the skin permeation of RD. Of note, 
the application of lotion as the first layer with a longer 
interval time between applications, 5 and 10 min, exhib-
ited a significant reduction in RD permeation (Fig. 2a). 
Moreover, short application intervals (5 sec) of cosmet-
ics yielded similar results as for permeation after a single 
application (Fig. 2a, b). On the other hand, evidence sug-
gested that large volumes (20 µL) of cosmetics applied 
at the beginning of the permeation experiment resulted in 
the higher permeation of the active components (Fig. 2a, 
b).

When layered application was performed with differ-
ent formulations, changes in the composition of the first 
and second layer occurred upon mixing at the applica-
tion site. Physical mixing or addition of other compo-
nents to formulations comprising oil-in-water or water-in-
oil emulsion might cause instability. Even when the same 
formulation is applied, the composition of the first layer 
becomes non-identical with the second layer due to the 
evaporation of solvents (Fig. 3).

In general, elevated skin temperature enhances drug 
permeation primarily related to increased diffusivity 
attributed to the increase in the fluidity of stratum cor-
neum lipids leading to increase (expansion) in intercel-
lular space (Akomeah et al., 2004; Hao et al., 2016). 
However, the effect of temperature on evaporation and 
permeation of actives in layered application is not clearly 
understood. Water loss data revealed that water evapora-
tion occurred immediately after application of the cosmet-
ics regardless of the type of formulation. High evapora-
tion rates take place within 0-10 min (Fig. 6) suggesting 
rapid supersaturation of the applied layer and effectively 
reduced permeation of active component possibly due to 
crystallization (Coldman et al., 1969; Santos et al., 2010). 
Although polyols such as DPG, BG and glycerin in the 
formulation are known chemical enhancers for topical-
ly applied drugs by increasing their partition coefficient 
from the formulation into the stratum corneum, permea-

tion of RD after layered application of 10 µL/cm2 exhib-
ited lower permeation compared with a single applica-
tion despite having the same application volume (Fig. 4). 
Moreover, an increase in the concentration of non-vola-
tile components such as DPG, BG and glycerin occurs in 
the residual phase after the high evaporation rate of water 
at the time of application. The influence of formulation 
components on the skin permeation of the active com-
ponent was confirmed in terms of its effects on solubili-
ty and consequential RD permeability. BG (4%) and BG 
(100%) applied as the first layers resulted to a reduction 
in RD permeation by 1.6-fold and 80-folds, respectively 
(Fig. 5). Saturated solubility of RD in BG, DPG and glyc-
erin was much higher compared with water (Table 4). A 
two-fold increase in RD solubility in water in the pres-
ence of 5-10% BG and a 58-fold increase with 100% BG 
was observed. An increase in concentration of polyols is 
presupposed to promote the solubility of the permeating 
RD in the residual phase, thereby reducing its thermo-
dynamic activity and consequently the skin permeation 
of RD. This concept was emphasized by Lane and col-
leagues (2010) describing the importance of high amount 
of solvent (i.e., water) in the residual phase that should 
remain on the skin in order to maintain the thermody-
namic activity as high as possible to aid in the permea-
tion of the active component. Similarly, the significant-
ly higher solvent evaporation from the lotion could result 
in an increase in the concentration of RD and/or produce 
a supersaturated state in formulation which is a possi-
ble mechanism of its increased permeation after a single 
application and large application volumes (20 µL/cm2) 
(Oliveira et al., 2012). Differences in the skin permeation 
of model compounds in previous studies were attributed 
to changes in drug solubility/ thermodynamic activity in 
the residual phase induced by the evaporation of solvents 
(i.e., water) from the formulation (Oliveira et al., 2012; 
Tanaka et al., 1985).

The sequence of application affects the skin perme-
ation wherein milk applied as the first layer resulted in 
decreased skin permeation of RD (Fig. 4). Lotion, on the 
other hand, having more water content than milk, pro-
duced a less viscous mixture (lower viscosity) rendering 
RD with a better diffusion environment and subsequent-
ly higher permeation extent (Wang et al., 2006). Rheolog-
ical and mechanical properties of formulation are known 
to affect penetration of actives wherein increase in viscos-
ity results in a reduction in permeation (Gu et al., 2005; 
Ross and Shah, 2000; Karakatsani et al., 2010).

With a lotion formulation containing no RD applied it 
as the first layer, it was found that components of lotion 
formulation altogether resulted in a 2.6-fold decrease in 
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RD permeation (Fig. 5). Furthermore, formulation com-
ponents were prepared reflective of their respective con-
centrations in the formulation and applied as the first lay-
ers. Formulation components, 4% BG, DPG, and glycerin 
resulted in 1.3-, 1.5-, and 1.6- fold decrease in RD perme-
ation, respectively (Fig. 5a). In addition, milk formulation 
contains an exclusive component, PG. PG was previous-
ly reported to rapidly permeate, thereby promoting crys-
tallization of the active components further supporting 
the lower permeation of RD in milk as opposed to lotion 
(Hadgraft and Lane, 2016). Our findings indicate that to 
minimize undesired permeation profiles of RD after lay-
ered application, lotion should be applied as the first layer 
with a short interval (< 1 min) with respect to its second 
layer. In addition, it is desirable to have a large initial vol-
ume to be applied rather than distantly spaced and applied 
in divided doses. The design of the formulations should 
be reviewed with respect to the active component’s solu-
bility and its consequential thermodynamic activity.

As calculated from the 90th percentile of respond-
ents, the amount of lotion used per application, 1.62 g  
(Yamaguchi et al., 2017) and total facial skin area,  
565 cm2 (SCCS/1416/11, 2012) suggested that approxi-
mately 2.8 µL/cm2 of lotion is the practical amount used 
per application. Water evaporation rate constant (kevap) 
was reported to be 2340 × 10-10 ms-1 (Gadjjar et al., 
2013). This would theoretically mean that about 70% of 
the water in a topically applied formulation at 10 µL/cm2 
would evaporate in 5 min, and about 65% of the water 
from an applied formulation at 20 µL/cm2 would remain. 
Thus, in the case of application with doses lower than 10 
µL/cm2, layered application would induce reduction in 
the skin permeation of RD.

The need for ensuring safety of cosmetic products 
was recently raised by a group of cosmetic scientists as 
a large population of women utilize these products on a 
daily basis over an extended period of time (Yamaguchi 
et al., 2017). We have established, for the first time, that 
layered application and components of a formulation can 
be investigated with regard to their influence on the skin 
permeation of actives thus, assessing safety of cosmetics 
used concurrently or in layers.
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