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Abstract 

A fractal dimension of skin structure was determined in order to evaluate the pathological damages evoked by 
percutaneous absorption promoters such as d-limonene and Azone in the hairless rat. As a model dermatological 
system, indomethacin hydrogels containing each of these enhancers were applied to the hairless rat abdominal skin. 
The application site of the skin was excised, fixed with glutaraldehyde and osmic acid, and then lyophilized. Boundary 
lines between the outermost lipid layer and the underlying protein parts in the skin cross section were taken by the 
CCD camera as image data, and these images were fed into a computer to estimate the fractal dimension. The 
boundary line of the skin cross section was observed to be a typical fractal morphology and the structure changes of 
skin evoked by the promoters could be quantified as a non-integral fractal dimension. A linear relationship between 
the fractal dimension and pathological irritation score was clearly observed, suggesting the usefulness and reliability 
of the fractal dimension as a novel method for evaluating the skin damage. 
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1. Introduction 

A transdermal drug delivery system, which pro- 
vides a desirable route of  drug administration, can 
be developed by promoting the permeability of  
drugs through the skin. Many compounds such as 
Azone and its analogues (Okamoto  et al., 1988; 
Okamoto  et al., 1990; Michniak et al., 1993), 
polyunsaturated fatty acids (Cooper, 1984), 
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sulphoxides and cyclic monoterpenes (Okabe et 
al., 1989; Okabe et al., 1992; Obata  et al., 1990) 
have been found to be effective as percutaneous 
absorption promoters  (Santus and Baker, 1993). 
However, serious skin damage is often caused by 
the application of these absorption promoters. 
Thus, the skin irritation evoked by these pro- 
moters should be evaluated in detail in addition to 
their enhancing activity. Primary irritation scores 
judged by the naked eyes or microscopic findings 
of  the skin cross section have widely been used as 
a direct index in order to evaluate the skin irrita- 
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tion (Okabe et al., 1990; Takayama and Nagai, 
1991; Quanet  al., 1991). One of the shortcomings 
of these methods is the subjectivity of judging the 
skin damages as an irritation score. Namely, it is 
difficult to obtain objective and quantitative in- 
dices by using such methods. 

Visual assessments for the skin irritation are 
roughly classified into two categories; erythema 
and eschar formation, and edema formation. The 
skin damage such as the hydration and/or edema 
formation induced by the application of absorp- 
tion promoters may be accompanied with the 
morphological change of skin surface in a greater 
or lesser degree. In this study, we applied the 
fractal geometry introduced by Mandelbrot, 1983 
to quantify the morphology of boundary lines 
between outermost lipid layers and underlying 
protein parts in the skin vertical cross section. In 
the fractal image analysis, a general concept of 
integral dimensions is extended so as to include 
non-integral dimensions which account more ac- 
curately for the irregularities of boundary images 
often observed in nature. The concept of fractal 
dimension has widely been used to quantify the 
irregular morphology in the pharmaceutical sci- 
ences (Koch, 1993; EI-Arini, 1993; Bonny and 
Leuenberger, 1993). A possibility of fractal analy- 
sis which can objectively and quantitatively assess 
skin damages such as the hydration and/or edema 
formation was investigated, To estimate the frac- 
tal dimension of skin cross sectional image data, 
we employed a box-counting algorithm (Koch, 
1993). If the boundary line being analyzed is 
covered with squares of different sizes (r), then the 
number of boxes (N) required to cover the 
boundary line increases indefinitely according to 
the relation N oc r-D, where D is the fractal 
dimension. Thus, the fractal dimension could be 
used as an index of roughness in the cross sec- 
tional skin structure. Further, color changes on 
the skin surface brought about by the application 
of promoters were monitored with a chromame- 
ter, since the skin color reflectance has been re- 
ported as suited for quantification of erythema 
(Wilhelm et al., 1989; Serup and Agner, 1990; 
Lahti et al., 1993). As a model dermatological 
system, indomethacin hydrogels containing d- 
limonene or Azone were applied to the hairless rat 

abdominal skin. Finally, the applicability of these 
indices such as the fractal dimension and the skin 
color reflectance was examined by comparison 
with the microscopic observation of the skin dam- 
age caused by the .application of these promoters. 

2. Materials and method 

2.1. Materials 

d-Limonene was purchased from Tokyo Chem- 
ical Industries Co. Ltd., Tokyo, Japan; Azone 
(1-dodecylazacycloheptan-2-one) was supplied 
from Sumisho-Nelson, Tokyo, Japan. The car- 
boxyvinyl polymer, marketed as 'Hiviswako 105' 
was purchased from Wako Pure Chemical Indus- 
tries Ltd., Osaka, Japan. Indomethacin (IMC) 
was purchased from Sigma Co. (St. Louis, MO, 
USA). Other chemicals used were of reagent 
grade. 

2.2. Preparation o f  hydrogel ointments 

The alcoholic hydrogel ointments were pre- 
pared as follows: 2% of carboxyvinyl polymer was 
first dissolved in 51.5 --~ 54.5% of distilled water 
and 2.5% of triethanolamine was then added to 
this gel solution. Separately, 1% of IMC was 
dissolved in 40% ethanol with 0 ~ 3% of pro- 
moters. Both components were then mixed thor- 
oughly. 

2.3. Application o f  hydrogel ointments 

Male WBN ILA-Ht hairless rats weighing 180- 
200 g were used. After anesthetization with ethyl 
carbamate saline solution, glass cells (12 mm in- 
ner diameter, 15 mm height) were attached to the 
abdominal part of hairless rats. The alcoholic 
hydrogels (0.7 ml) under test were applied and 
glass cells were covered with parafilm to prevent 
evaporation of volatile components in the hy- 
drogels. At 6 h after application, hydrogels were 
removed and then abdominal skin was excised. 
The excised skin was washed with 0.1 M phos- 
phate buffer solution (pH 7.3) several times and 
then used for further treatments. 
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Fig. 1. Microphotographs of vertical section of hairless rat abdominal skin at 6 h after application of indomethacin hydrogels. H 
and E stain, x 100. (a) without promoter, (b) 2% d-limonene (c) 2% Azone. 

2.4. Pathological study 

The separa ted  skin was fixed in 10% neut ra l  
ca rbona te -buf fe red  fo rmal in  for  at  least  24 h be 

fore rou t ine  process ing and  then cut  vert ical ly 
agains t  the  skin surface at  the centra l  region in 
4 -mm widths.  Each  sect ion was d e h y d r a t e d  using 
a g raded  series o f  e thano l  so lu t ions  and  e m b e d d e d  
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Table 1 
Pathological findings of hairless rat abdominal skin at 6 h after application of indomethacin hydrogels containing 0-3% d-limonene 
and 40% ethanol 

Pathological findings Concentration of d-limonene in hydrogels (%) 

0 1 2 3 

Epidermis: liquefaction 0 0 0 0 0  2 2 2 2 3  3 3 3 3 3  3 3 3 3 3  
Subepidermis:edema 0 0 0 0 0  2 2 2 2 2  3 3 2 2 3  3 3 3 2 2  
Dermis: collagen fiber swelling 0 0 0 0 0  2 2 2 2 2  2 3 2 2 3  3 3 3 3 3  
Hypodermis: collagen fiber 0 0 0 0 0  0 2 1 0 2  2 3 2 3 3  4 4 3 3 3  
swelling 
Hypodermis: inflammatory cell 0 0 0 0 0  0 0 0 0 0  1 2 0 2 2  2 2 2 1 2  
infiltration 
Skin appendages: degeneration 0 0 0 0 0  0 0 0 0 0  1 2 0 2 3  3 3 2 2 2  
Total irratation score: mean ± 0 7.2 + 1.3 13.8 _+_ 3.3 16.2 + 1.8 
S.D. 

0, No change; 1, very slight; 2, slight; 3, moderate; 4, marked. 

Table 2 
Pathological findings of hairless rat abdominal skin at 6 h after application of indomethacin hydrogels containing 0-3% Azone and 
40% ethanol 

Pathological findings Concentration of Azone in hydrogels (%) 

0 1 2 3 

Epidermis: liquefaction 0 0 0 0 0  
Subepidermis: edema 0 0 0 0 0  
Dermis: collagen fiber swelling 0 0 0 0 0  
Hypodermis: collagen fiber 0 0 0 0 0  
swelling 
Hypodermis: inflammatory cell 0 0 0 0 0  
infiltration 
Skin appendages: degeneration 0 0 0 0 0  
Total irritation score: 0 
mean _+ S.D. 

4 3 3 1 4  3 4 4 4 4  4 4 4 4 4  
4 3 3 1 3  3 2 3 3 4  4 3 2 2 2  
3 3 3 2 3  3 3 3 3 4  4 4 4 4 4  
3 0 0 0 2  3 3 3 3 4  4 4 4 4 4  

0 2 1 0 3  2 1 3 3 3  1 2 2 3 3  

3 2 0 0 3  3 3 3 3 3  4 4 3 4 4  
12.4 ± 5.7 18.6 ± 2.3 20.6 ± 0.9 

o, No change; 1, very slight; 2, slight; 3, moderate; 4, marked. 

in paraff in wax. Tissues were d iv ided  into  small  
pieces ( abou t  3 /~m in thickness)  and  s ta ined  with  
hematoxy l in  and  eosin. Al l  sect ions were exam-  
ined by  opt±photo l ight microscopy .  

2.5. Determination o f  f rac ta l  dimension 

The excised skin samples  were immersed  in 2% 
g lu ta ra ldehyde  so lu t ion  for  the p ro te in  f ixat ion 
for  2 h. Af te r  being soaked  in 7.5% saccharose  

buffer so lu t ion  for  24 h, the samples  were again  
immersed  in 1% osmic acid  so lu t ion  for  the fixa- 
t ion o f  l ipid layer  (mainly  s t r a tum corneum)  for 2 
h. The  samples  were d e h y d r a t e d  using a g raded  
series o f  e thano l  so lu t ion  (60 ~ 100%) and  then 
e thano l  was replaced  with t -bu tano l .  Af te r  
lyophi l iza t ion  (ES-2030, Hi tach i  Ltd,  Tokyo ,  
Japan) ,  the vert ical  cross sect ion o f  the skin was 
p repa red  with  a mic ro tome.  The  b o u n d a r y  line 
be tween the ou t e rmos t  l ipid layer  and  the lower 
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Fig. 2. Microphotographs and boundary images of vertical section of hairless rat abdominal skin at 6 h after application of 
indomethacin hydrogels containing 0 3% d-limonene. Control means untreated skin. 

protein part of the skin cross section was moni- 
tored with a CCD camera. Image data taken by 
the CCD camera were fed into a desk-top digital 
computer (PC-9801 BA2, NEC Corp., Tokyo, 
Japan) with a scanner (Image Scanner HS60F, 
OMRON,  Tokyo, Japan) and then analyzed by a 
self-made computer program developed for the 
data processing. 

2.6. Determination o f  skin color reflectance 

The color change on the skin surface after the 
application of promoters was measured by a Mi- 
nolta chromameter (CR-200, Minolta, Tokyo, 
Japan). A Minolta chromameter has recently been 
used for the quantification of  surfactant-induced 

erythema (Agner and Serup, 1990; Wilhelm et al., 
1994) and the erythema in a soap chamber test 
(Babulak et al., 1986). Color is expressed in a 
3-dimensional space, L*a*b* as recommended by 
Commission Internationale de l'Eclairage, CIE 
(Robertson, 1976). The L* value (luminance) ex- 
presses the relative brightness of the color, rang- 
ing from completely black (L* = 0) to white (L* 
= 100). The a* value gives the balance between 
red and green ( + 100 to - 100) and b* represents 
the color spectrum from blue ( +  100) to yellow 
( - 1 0 0 ) .  Before starting the experiment, the in- 
strument was calibrated to a standard white plate. 
The change of  skin color reflectance brought 
about by the application of  hydrogels containing 
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each promoter  was defined by the following equa- 
tion: AE*ab = x / A L  .2 + Aa .2 + Ab .2, where 

means the difference between colorimetric val- 
ues (L*, a* and b*) of  the abdominal skin before 
and after the application of hydrogels. 

3. Results and discussion 

3.1. Pathological findings 

In general, the skin is described in term of  three 
tissue layers: the stratified, avascular, cellular epi- 
dermis, the underlying dermis of connective tissue 
and the subcutaneous fat layer. In addition, the 
highly vascularized dermis and the epidermis sup- 
port several skin appendages: eccrine, apocrine, 
sebaceous glands and hair follicles. The patholog- 
ical findings of  the above-mentioned three tissue 
layers were discussed. For  example, Fig. 1 shows 
a microscopic photo of  hairless rat skin at 6 h 
after application of indomethacin hydrogels con- 
taining d-limonene or Azone. The three layers of 
skin tissue (epidermis, dermis and hypodermis) 
showed almost no change at 6 h after application 
of  hydrogels not containing promoters (Fig. l a). 
However, the hairless rat skin treated with hy- 
drogel containing 2% d-limonene, showed moder- 
ate liquefaction in the epidermis and collagen 
fiber swelling in the dermis. Furthermore, collagen 
fiber swelling and inflammatory cell infiltration 
were observed in the hypodermis (Fig. 1 b). As did 
d-limonene, 2% Azone in the hydrogel also caused 
skin damages such as liquefaction, edema and 
collagen fiber swelling (Fig. lc). Pathologically, 
the skin section was divided into several parts; 
epidermis, dermis, hypodermis and appendages. 
As Table 1 and Table 2 show, the damage to each 
part evoked by d-limonene and Azone was 
classified into five levels, i.e., no change (0), very 
slight (1), slight (2), moderate (3) and marked (4). 
The total irritation score (TIS) was defined as the 
summation of  damage levels in every part. The 
extent of  skin damage increased with increasing 
concentration of  promoters although each pro- 
moter exhibited a different tendency. The skin 
irritation of  Azone was relatively stronger than 
that of d-limonene. In both promoters, the in- 

crease of  the applied concentration led to an 
increase of  TIS values. 

3.2. Fractal dimension 

Fig. 2 shows microphotographs and boundary 
images of  the vertical cross section of hairless rat 
abdominal skin at 6 h after application of in- 
domethacin hydrogels containing 0 ~ 3% d- 
limonene. The boundary line of  untreated hairless 
rat skin was observed to be extremely rough. 
However, the roughness of the boundary line was 
gradually decreased with an increasing concentra- 
tion of  d-limonene. A similar result was obtained 
with Azone. Fig. 3 shows a double logarithmic 
plot of  the number of squares, N, entered as a 
function of square size, r, on the boundary line of 
untreated hairless rat skin (control), based on the 
box-counting algorithm. The excellent linearity 
with a significantly high correlation coefficient (r 
= -0 .999)  suggested that the skin cross section 
characterized by the boundary line was a typical 
fractal. The fractal dimension, D, for the control 
skin was estimated to be 1.120. Thus, the irregu- 
larity of  cross sectional skin structure was 
quantified as a non-integral fractal dimension. 
Fig. 4 shows the fractal dimension of hairless rat 
skin at 6 h after application of indomethacin 

2.5 

2.3 

i!2 
8,= 
~ ~" 1.7 

1.5 , i 
0.5 0.7 0.9 1.1 1.3 

Log size of squares 

Fig. 3. Double logarithmic plot of the number of squares 
entered as a function of square size on the boundary line of 
untreated hairless rat abdominal skin. r = -0.999. D = 
1.120. 
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Fig. 4. Fractal dimension of hairless rat abdominal skin at 6 h after application of indomethacin hydrogels. Each column represents 
the mean + S.E. (n = 11 ~ 17). Control means untreated skin. *P < 0.05, **P < 0.01. 

hydrogels containing d-limonene and Azone. 
The fractal dimension markedly decreased when 
the skin was treated with hydrogels not con- 
taining promoters. Then the fractal dimension 
significantly decreased with increasing d- 
limonene concentration, compared to the hy- 
drogel without d-limonene (p < 0.01). 
However, the degree of decrease in fractal di- 
mension was poor when Azone was applied to 
the skin. Only in the case of 2% Azone, was 
fractal dimension significantly decreased, com- 
pared to the hydrogel without Azone (P < 
0.05). Fig. 5 shows the relationship between the 
fractal dimension and the TIS values. A fairly 
good linear relation was observed with d- 
limonene with a significantly high correlation 
coefficient, but, the relation was rather poor 
with Azone. The decrease of fractal dimension 
may be attributed to the smoothing of cross 
sectional structure, which will be caused by the 
hydration and/or edema formation in the shal- 
low part of the skin. This suggests that pri- 
mary damage evoked by d-limonene is the 
hydration and/or edema formation and, there- 
fore, well quantified as a change of fractal di- 
mension of the skin. 

3.3. Skin color reflectance 

Skin color reflectance measured with a chro- 
mameter using the CIE system has been reported 
to be useful for the quantification of erythema 
induced by several surfactants (Agner and Serup, 
1990; Wilhelm et al., 1994). As we described 
above, the fractal dimension is effective to evalu- 
ate the hydration and edema formation of skin, 
however, it may not be applicable to the evalua- 
tion of the erythema of the skin. Therefore, the 
skin color reflectance (A E*ab) was applied to the 
quantitative evaluation of the erythema formation 
evoked by d-limonene and Azone (Fig. 6). The 
A E*ab value increased with increasing concentra- 
tions of each promoter in the hydrogels. At 3% of 
d-limonene, the erythema formation was clearly 
observed with the naked eyes and the A E*ab 
value significantly increased, compared with the 
values measured at 0 ~ 2% d-limonene (P < 
0.01). In the case of Azone, the erythema forma- 
tion was partly observed even at the lower con- 
centration (1%) and the 3E*ab value markedly 
increased, compared with the control not contain- 
ing Azone (P < 0.01). Fig. 7 shows the relation- 
ship between the A E*ab and TIS values. No 
linear relation was observed with d-limonene. On 
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Fig. 5. Relationship between fractal dimension and total irritation score at 6 h after application of indomethacin hydrogels. 

the o the r  hand,  an excellent  l inear i ty  was ob ta ined  
when the skin was t rea ted  with  Azone .  As  a 
result ,  measu remen t  o f  the skin co lor  reflectance 
was qui te  useful to evalua te  the  e r y t h e m a  fo rma-  
t ion caused  by  Azone .  

In  conclus ion,  the skin damages  such as edema  
and  e ry thema  are  object ively quant i f ied  by  means  

o f  the f rac ta l  d imens ion  o f  the skin cross  sect ional  
s t ructure  and  the change  o f  co lor  reflectance on  
the skin surface. The  difference between the skin 
damages  caused  by  d - l imonene  and  Azone  was 
quan t i t a t ive ly  d i sc r imina ted  by  the app l ica t ion  o f  
f racta l  geomet ry  and  co lor  reflectance measure-  
ment .  

d-Limonene Azone 

1.15 1.15 
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"e 1.1o 1.1o I 

~ 1.05 1.05 

1.00 1.1~ 
control 0% 1% 2% 3% control 0% 1% 2% 3"/0 

Concentration of promoters 
Fig. 6. AE*ab of hairless rat abdominal skin at 6 h after application of indomethacin hydrogels. Each column represents mean + 
S.E. (n = 6 ~ 10).*P < 0.05,**P < 0.01. 
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Fig. 7. Relationship between A E*ab and total irritation score at 6 h after application of indomethacin hydrogels. 
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