
Delivery of macromolecular compounds and nano-/mi-
croparticles has become more realistic due to the recent de-
velopment of new tools and nanotechnologies for delivery
enhancement.1,2) The administration sites of such macromol-
ecules and nano-/microparticles are supposed to be the mu-
cosa, such as the gastrointestinal (GI) tract,3) and ophthalmic,
nasal and pulmonary4) mucosa and skin.5,6) Skin has been
paid particular attention as an attractive administration site of
these compounds because of its accessibility and easy appli-
cation. Emulsion droplets, liposomes and other lipophilic
carriers7) containing small molecular active ingredients have
already been investigated in the cosmetic field as well as
therapeutic drug areas; however, the stratum corneum, the
outermost layer of skin, has a primary function to protect the
invasion and skin penetration of exogenous substances. Gen-
erally, only small molecular compounds less than 500 Da
molecular weight are capable of significant passive perme-
ation through the skin barrier (known as the 500 Dalton
rule).8) Thus, skin permeation of macromolecular compounds
or nano-/microparticles is very difficult or impossible. Many
reports have suggested that large molecules are likely to ac-
cumulate on the skin surface or appendages such as hair fol-
licles.9—12) Nevertheless, few reports have shown a quantita-
tive approach for hair follicular penetration using quantita-
tive skin permeation parameters.

Hairless rat and pig ear skins and three-dimensional cul-
tured human skin model would be useful skin models with
and without hair follicles, respectively, to clarify the contri-
bution of hair follicles to skin permeation or the distribution
of macromolecules and nanospheres.

In the present study, we selected fluorescent isothiocyanate
(FITC)-dextran (average MW, 4 kDa) (FD-4) as a model
macromolecular weight compound and 500 nm fluorescent
polystyrene latex spheres as model nanospheres, and their
potential for skin delivery was investigated by calculating
skin permeation parameters or measuring the skin distribu-
tion of FD-4 and fluorescent polystyrene latex nanospheres
in hairless rat abdominal skin and porcine ear skin as well as
a three-dimensional cultured human skin model. Tables 1 and

2 summarize the model penetrant compounds and skin mem-
branes used in this experiment. A low molecular hydrophilic
compound, sodium fluorescein (FL) (MW 376 Da), was also
used for comparison.

Theoretical Skin permeation kinetics is usually evalu-
ated under an assumption that the skin consists of a single
barrier membrane against drug permeation; however, gener-
ally, the drug-permeable membrane must be classed into
three membranes: dissolution–diffusion membrane (Type 1
membrane), porous membrane (Type 2 membrane) and com-
posite membrane (Type 3 membrane) of Type 1 and 2 mem-
branes. Under the assumption that a single barrier of skin is
one of these three membranes, the steady state skin perme-
ation rate per unit application area, dQ/dt, is expressed using
Fick’s first law of diffusion as follows:

Type 1 membrane (dissolution–diffusion membrane)

(1)

Type 2 membrane (porous membrane)

(2)

Type 3 membrane (composite membrane)

(3)

where Cv is the initial concentration of the applied com-
pound, D, K and L are diffusion coefficient, partition coeffi-
cient and barrier thickness of the membrane, respectively,
and Dp, e and t are diffusion coefficients in water-filled
pores, average fraction of diffusion area of pores, and tortu-
osity of the membrane, respectively. In examples 1 and 2,
partition parameters and diffusion parameters of the pene-
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Permeation Pathway of Macromolecules and Nanospheres through Skin
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The permeation pathway of macromolecules and nanospheres through skin was evaluated using fluorescent
isothiocyanate (FITC)-dextran (average MW, 4 kDa) (FD-4) and nanospheres (500 nm in diameter) in hairless rat
abdominal skin and porcine ear skin as well as a three-dimensional cultured human skin model (cultured skin
model). A low molecular hydrophilic compound, sodium fluorescein (FL) (MW, 376 Da), was used for compari-
son. FL penetrated the stratum corneum and permeated the viable epidermis of hairless rat skin, whereas less
permeation of FL was observed through the cultured skin model, suggesting that the primary permeation path-
way for the hydrophilic material may be skin appendages through the rat skin. A macromolecular compound,
FD-4, was distributed through the hair follicles of the rat skin. In addition, nanospheres were detected in the hair
follicles of porcine skin, although no skin permeation was detected. These findings suggest that appendage routes
such as hair follicles can be a penetration pathway of macromolecules and nanospheres through skin.
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trant are KL and DL�2 for the Type 1 membrane and eL and
Dpt�1L�2 for the Type 2 membrane, respectively. The perme-
ability coefficient, P, can be obtained as a product of the par-
tition parameter and diffusion parameter. Diffusion lag time
was obtained by dividing six by the diffusion parameter.

MATERIALS AND METHODS

Materials and Animals Both FL and FD-4 were ob-
tained from Sigma-Aldrich Co., Ltd. (St. Louis, MO,
U.S.A.). Fluorescent polystyrene latex nanospheres, Fluores-
brite® yellow green carboxylate microspheres (500 nm in av-
erage diameter), were purchased as model nanospheres from
Polysciences, Inc. (Warrington, PA, U.S.A.). All other rea-
gents and solvents were of reagent grade or HPLC grade, and
used without further purification.

Male hairless rats (WBN/ILA-Ht, ca. 200—250 g) were
supplied either from Life Science Research Center, Josai
University (Sakado, Saitama, Japan) or Ishikawa Experimen-
tal Animal Laboratory (Fukaya, Saitama, Japan). Porcine ear
skins were from Saitama Experimental Animal Laboratory
(Sugito, Saitama, Japan). A three-dimensional cultured
human skin model, Living Skin Equivalent-high (LSE-high),
was obtained from Toyobo (Osaka, Japan).

Determination of n-Octanol–Water Partition Coeffi-
cient n-Octanol–water partition coefficient (Ko/w) of each
fluorescent compound (FL or FD-4) was measured using dis-
tilled water–saturated n-octanol and n-octanol–saturated pH
7.4 phosphate buffered saline (PBS) at 32 °C. n-Octanol was
added to the same volume of pH 7.4 PBS containing
10 mg/ml of each fluorescent, and the thoroughly mixed solu-
tion was equilibrated for 24 h. The aqueous phase was then
analyzed using a fluorescence spectrophotometer (RF
5300PC; Shimadzu, Kyoto, Japan) at excitation and emi-
ssion wavelengths of 490 and 520 nm, respectively. Logarith-
mic values of the partition coefficients are shown in Table 1.

In Vitro Skin Permeation Study The skin permeation
of FL and FD-4 was assessed using excised hairless rat ab-
dominal skin and LSE-high. After the rats had been anes-
thetized by intraperitoneal injection of sodium pentobarbital
(50 mg/kg), the abdominal skin was excised as described in
our previous paper.14) Stripped hairless rat skin was also used
after removing the stratum corneum from the abdominal area
by stripping 20 times with adhesive tape (Cellophane tape;
Nichiban Co., Ltd., Tokyo, Japan). LSE-high was used after
removing cultured skin pieces from the plastic insert with a
knife. Each skin membrane was mounted in the side-by-side
diffusion cell (effective diffusion area: 0.95 cm2)),15,16) and
1.0 mM FL or 0.25 mM FD-4 (2.5 ml each) was applied to the
stratum corneum side and the same volume of PBS was ap-
plied to the dermal side. Samples of 0.40 ml were taken peri-
odically from the dermal side compartment, and then the
same volume of the same solvent was added to keep the vol-
ume constant. FL or FD-4 concentration of each sample was
determined using a fluorescence spectrophotometer, as ex-
plained above. The hairless rat skin and LSE-high surfaces
were carefully rinsed with PBS several times to remove FL
or FD-4 attached to the stratum corneum 6 h after starting the
experiment. The obtained skin sample was embedded in Tis-
sue-Tek® OTC compound (Miles, Inc., Elkhart, IN, U.S.A.)
and stored at �80 °C until slicing.

The skin permeation property of fluorescent polystyrene
latex spheres (Fluoresbrite) was evaluated using excised hair-
less rat skin and excised porcine ear skin, which had been
carefully shaved and the underlying excess fatty tissues re-
moved from the dermis. LSE-high was also used to evaluate
whether Fluoresbrite permeates the cultured skin. The ob-
tained skin membranes were mounted in a Franz-type diffu-
sion cell14) (effective diffusion area: 1.77 cm2). Then, 1.0 ml
PBS-suspended solution containing Fluoresbrite (3.64�
1010 particles/ml for 500 nm spheres) was applied to the stra-
tum corneum surface, whereas 6.0 ml PBS was applied to the
dermal side. The skin permeation test was performed at
32 °C over 12 h through hairless rat skin, porcine ear skin and
LSE-high, while the receiver solution was continuously
stirred with a star-head-type magnetic stirrer. The receiver
solution was withdrawn 12 h after beginning the permeation
experiment. The skins were then carefully rinsed with PBS
several times to remove polystyrene spheres attached to the
stratum corneum 12 h after starting the experiment. The ob-
tained skin sample was embedded in Tissue-Tek® OTC com-
pound (Miles, Inc., Elkhart, IN, U.S.A.) and stored at �80 °C
until slicing.

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Josai University.

Evaluation of Skin Permeation Kinetics Steady-state
flux was calculated by linear regression of the linear portion
of normalized cumulative amount of penetrant permeated
versus the time-curve (steady state; reached 4—6 h after
starting the experiment), and the lag time was calculated
from the intercept on the time axis by extrapolation from the
steady state skin permeation profile. The normalized cumula-
tive amount of penetrant permeated, Qn, was calculated by
dividing the cumulative amount permeated per unit area of
skin by the initial concentration of the applied fluorescent
compound in the donor compartment.17) The permeation pa-
rameters were obtained by curve fitting the skin permeation
data by Scheuplein’s equation,18) which comes from Fick’s
second law of diffusion. The least squares curve fitting
method was performed using Microsoft® Excel Solver.19) The
calculation condition was 100 s for the calculation limit, 100
times for repeated calculation, 10�6 for accuracy, 5% basic
tolerance and 10�3 for convergence. The pseudo-Newtonian
method was used as an algorithm.

Sectioning of Hairless Rat Skin, Porcine Ear Skin and
LSE-High Hairless rat skin, porcine ear skin and LSE-high
embedded in Tissue-Tek® OTC compound were sequentially
sliced with a cryostat (CM3050S; Leica, Wetzlar, Germany)
to obtain horizontal and vertical 20 mm-thick sections. The
prepared skin sections were observed with a fluorescence mi-
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Table 1. Physicochemical Properties of Model Compounds

Model compounds Molecular Mean particle size or Log
(abbreviation) weight (Da) molecular radius Ko/w

a)

Sodium fluorescein 376 0.45 nm13) �0.615
(FL) (Stokes radius)

FITC-dextran 4000 1.4 nm �0.773
(FD-4) (Stokes radius)13)

Fluorescent polystyrene latex
— 500 nm —

nanospheres (Fluoresbrite)

a) Ko/w: n-octanol–water partition coefficient.



croscope (CK40; Olympus Corp., Tokyo, Japan).
Measurement of Thickness in LSE-High and Porcine

Skin The thicknesses of the stratum corneum, epidermis,
and whole skin in LSE-high and porcine skin were micro-
scopically determined from microtomed sections after hema-
toxylin–eosin staining. Five good sections from each speci-
men were used to measure the stratum corneum, and whole
skin thicknesses were measured by a light micrograph (IX71;
Olympus Corp., Tokyo, Japan) and a calibrated ocular mi-
crometer. The thickness of the epidermis was calculated by
subtracting the stratum corneum thickness from the whole
skin thickness. The thickness of hairless rat skin was cited
from our previous paper.20)

Observation of Skin Surface Shaved hairless rat and
porcine ear skins were mounted with adhesive tape on a
scanning microscopy (SEM) stage, and the skin surface was
observed without coating by a low-vacuum SEM (S-3000N;
Hitachi Ltd., Tokyo, Japan).

RESULTS

Many reports have shown that nano-/microspheres could
not permeate the healthy stratum corneum.21) In our study,
therefore, the penetration pathway of hydrophilic fluorescent
markers, FL and FD-4, was observed to evaluate the poten-
tial penetration of these mal-absorptive materials into skin
and the delivery pathway through the skin barrier. The char-
acteristics of model skin membranes (excised hairless rat
skin, pig ear skin and LSE-high) are shown in Table 2. The
stratum corneum in LSE-high was much thicker than the 
others. In addition, skin appendages such as sweat ducts and
hair follicles could not be observed in LSE-high. Although
many structural differences could be found between LSE-
high and the others, and the permeation of several com-
pounds (MW 122—236, �1.5�log Ko/w�2.1) through LSE-
high was about 10 times higher than through hairless rat and
human skins, and the permeation rate through LSE-high
showed a linear relationship to that through hairless rat and
human skins.14)

Figure 1a and b show the time course of the normalized
cumulative amount of FL and FD-4 that permeated the unit
area of excised hairless rat skin and LSE-high, respectively.
In these experiments, 1.0 mM FL or 0.25 mM FD-4 (2.5 ml
each) was applied to the skin surface to follow skin perme-
ation. Interestingly, both fluorescent markers permeated hair-
less rat skin, whereas less permeation of FL and no perme-
ation of FD-4 were observed through LSE-high. The Qn of
FL through hairless rat skin was 30-fold higher than through
LSE-high.

The typical lag time and subsequent steady state perme-
ation were observed for the permeation of both fluorescents
through hairless rat skin. Permeability coefficients of FL and

FD-4 were calculated by two methods using steady-state flux
(observed value) and the curve fitting method (estimated
value). These values are summarized in Table 3. The esti-
mated vales were almost equal to the corresponding observed
values and no significant differences appeared in hairless rat
data. The calculated values of the permeability coefficient
and Qn of FL through LSE-high were about one-twelfth and
one-thirtieth through hairless rat skin, respectively; further-
more, the lag time of FL through LSE-high (estimated value)
was about three-fold of that through hairless rat skin. On the
other hand, lag times of FL and FD-4 through hairless rat
skin were almost the same as those through LSE-high.

Fluoresbrite was also applied to hairless rat skin and LSE-
high. Although a Franz-type diffusion cell was used for
measuring the skin permeation of Fluoresbrite, no perme-
ation of the nanospheres was detected 12 h after starting the
skin permeation experiment (see Fig. 1). No skin permeation
was detected when Fluoresbrite was applied to porcine ear
skin (data not shown).

Figure 2 shows fluorescent photographs illustrating the
skin distribution of FL and FD-4 in hairless rat skin and
LSE-high after topical application of these fluorescent mark-
ers. High-intensity FL was detected both in the stratum
corneum and hair follicles of hairless rat (Fig. 2a), whereas
FD-4 was mainly observed in the hair follicles (Fig. 2b). On
the other hand, with LSE-high, FL was detected mostly in the
stratum corneum and slightly in the viable epidermis (Fig.
2c) and FD-4 was found only on the skin surface (no skin
penetration was observed for FD-4) (Fig. 2d). These results
also suggest the high contribution of the transfollicular path-
way to the transport of mal-absorptive hydrophilic com-
pounds across the skin. In addition, this tendency was more
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Table 2. Comparison of Skin Thickness and Presence or Absence of Hair Follicles in Several Skin Models

Skin Skin structure Stratum corneum Epidermis Whole skin Skin Relationship to human
model constitution thickness (mm) thickness (mm) thickness (mm) appendage skin permeation

Hairless rat skin Epidermis/dermis 15.4�3.320) 23.8�5.320) 0.86�0.0620) Yes High
Pig skin Epidermis/dermis 10.6�0.5 52.5�4.1 1.2�0.002 Yes High
LSE-high Epidermis/dermis 27.0�0.7 31.4�1.3 0.12�0.001 No High

Fig. 1. Cumulative Amount of Hydrophilic Fluorescent Compounds, FL
(�), FD-4 (�) and 500 nm Fluoresbrite (�) through Hairless Rat Skin (a)
and LSE-High (b)

Normalized cumulative amount of the compounds permeating a percent per unit ap-
plication area (%/cm2)17) was plotted on the vertical axis. Each data point represents the
mean�S.E. of 3—4 experiments.



marked when using the macromolecular compound. Thus,
skin appendages such as hair follicles must be very important
for the skin permeation of malabsorptive compounds.

Next, the skin distribution of Fluoresbrite (500 nm in di-
ameter) was investigated after topical application to excised
hairless rat skin, excised porcine ear skin and LSE-high.
Nanospheres were detected only on the surface of the stratum
corneum (data not shown) for hairless rat skin and LSE-high;
therefore, a detailed observation was performed using ex-
cised porcine skin, since it has much larger hair follicles.
Figure 3a shows a light microphotograph of porcine skin
(vertical slice of hair follicle area) 12 h after the application
of Fluoresbrite, and Figure 3b and c show fluorescent mi-
crophotographs of specific parts of the hair follicle area, as
explained in Fig. 3a. Many nanospheres were found around
the openings of the hair follicle, especially close to the epi-
dermis side and around the hair shaft, as shown in Fig. 3b
and c. The penetration depth of Fluoresbrite in the hair folli-
cles was investigated by preparing horizontal slices of the
hair follicle area of skin. The thickness of each skin section
was adjusted to 20 mm. Figure 4 shows typical cross-section
images of the hair follicle area from the skin surface (0—
20 mm) to dermis side (200—220 mm) 12 h after application
of Fluoresbrite to the excised porcine ear skin. In accordance

with the photograph in Fig. 3, nanospheres could be detected
in hair follicles, such as the surface of the hair shaft and con-
nective tissue follicles, and the intensity due to nanospheres
in the hair follicle gradually decreased with increasing pene-
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Fig. 2. Histological Observation of Hairless Rat Intact Skin (a, b) and
LSE-High (c, d) after Application of FL (a, c) and FD-4 (b, d)

S.C.: Stratum corneum; H.F.: hair follicle. White bars�100 mm. (a, b): Fluorescence
derived from FL or FD-4 was observed on the skin surface of skin and in hair follicles,
(c, d): fluorescence derived from FL or FD-4 was observed in shallow areas or only on
the surface, respectively, of LSE-high.

Table 3. Lag Time and Permeability Coefficients of FL and FD-4 through Excised Hairless Rat Skin or LSE-High

FL FD-4

Lag time Permeability coefficient Lag time Permeability coefficient
(h) (cm/s) (h) (cm/s)

Hairless rat Estimated valuea) 2.0�0.16 (1.1�0.5)�10�8 2.2�0.01 (3.6�0.2)�10�9

Observed valueb) 1.8�0.20 (1.2�0.5)�10�8 2.1�0.01 (3.4�0.2)�10�9

LSE-high Estimated valuea) 5.4�0.4 (9.4�2.4)�10�10 — ��1.21�10�10 d)

Observed valueb) —c) —c) —c) —c)

a) Estimated value was calculated by curve-fitting the time course of the cumulative amount of skin permeation of compounds using Scheuplein’s equation.25) b) Observed
value was obtained by the slope of steady-state flux and time–axis intercept of the time course of the cumulative amount of skin permeation of compounds. c) No steady state
permeation was obtained until 6 h in the skin permeation study. d) Estimated value was calculated from lower quantitative limit of FD-4 in receiver cell 6 h after skin permeation
study.

Fig. 3. Histological Observation of Excised Porcine Ear Skin 12 h after
Application of 500 nm Fluoresbrite

a: Light micrograph of vertical slice. b and c: Fluorescent micrograph of area b and c
in Fig. 3a. Bar�200 mm. (b, c): Fluoresbrite was observed in infundibulum of the hair
follicle and surface of the hair shaft.

Fig. 4. Localization of 500 nm Fluoresbrite Penetrating the Hair Follicle

Fluorescence images (a—d) are horizontal slices at different depths from the skin
surface of excised porcine ear skin 12 h after application of particles. a: ca. 20 mm, b:
40—60 mm, c: 80—100 mm, d: 200—220 mm. Bar�100 mm. (a): Fluoresbrite was de-
tected on the surface of hair shaft and connective tissue in the follicle, (b, c): number of
particles gradually decreased with an increase in depth from the skin surface, (d) only
autofluorescence was observed.



tration depth; however, nanospheres could not be detected in
connective tissue follicles below 200-mm depth from the skin
surface. Only greenish-yellow autofluorescence derived from
keratin and melanin was observed in Fig. 4d. This result
clearly identified that the nanospheres were distributed or
penetrated until about 100-mm depth, but did not penetrate as
far as 200-mm depth from the skin surface 12 h after applica-
tion. Thus, macromolecular compounds, such as FD-4 and
nanospheres, are probably distributed or penetrate through
the transfollicular pathway, although the extent is very mar-
ginal.

DISCUSSION

Three kinds of membranes are frequently utilized to de-
scribe the membrane permeation profiles of compounds, as
explained in the theoretical section. In the dissolution–diffu-
sion membrane (Type 1 membrane), compounds are dis-
solved and distributed into the membrane and then diffused
in the homogeneous membrane. In the microporous mem-
brane (Type 2 membrane), compounds are diffused across
solvent (usually aqueous)-filled pores in the membrane. The
third membrane (composite membrane) is the previous two
membranes combined.

In the case of hairless rat and porcine skins, the stratum
corneum and skin appendage may be the permeation path-
way of compounds, especially for low molecular compounds
(�500 Da). Thus, these animal skins would be assumed to be
the third membrane. On the other hand, LSE-high would be
classified as a dissolution–diffusion membrane, since three-
dimensional cultured human skin model has no appendages,
such as hair follicles and sweat ducts.

Although LSE-high is such a skin appendage-deficiency
model, it was observed in our previous study14) that logarith-
mic values of the permeability coefficient, log P, of seven
drugs through LSE-high were fairly proportional to those
through excised hairless rat, pig and human skins, and the
partition parameters of LSE-high were almost the same as in
other skins. For FL and FD-4 applied to LSE-high, low per-
meation and no permeation were observed in the present
study, while permeation through hairless rat skin was ob-
served. The permeability coefficient, P, of FD-4 through
LSE-high was calculated from the lower quantitative limit of
FD-4 in receiver solution (Table 3). The estimated value was
about thirtieth of that of FD-4 through hairless rats. FL (pKa

1: 4.32, pKa 2: 6.5)22) predominantly exists as an ionized
form in pH 7.4 PBS, and FD-4 has a high molecular weight;
therefore, the P-value of FL and FD-4 through LSE-high was
much lower than through hairless rat skin.

The P-value is a product of the partition parameter (KL or
eL) and diffusion parameter (DL�2 or Dpt�1L�2).23) To clar-
ify the differences of skin permeation profiles between hair-
less rat skin and LSE-high, the partition parameter and diffu-
sion parameter were compared.

Table 4 shows the partition and diffusion parameters,
which were calculated from curve-fitting the time course of
the cumulative amount of FL and FD-4 permeating hairless
rat skin and LSE-high. Interestingly, both parameters of
LSE-high calculated from FL permeation were not the same
as those of hairless rat skin. These differences might reflect
the different permeation routes of FL between these skins.

Increased partition and diffusion parameters of FL in hairless
rat skin might mean that FL was mainly partitioned in pore
routes and permeated the pore routes of skin; therefore, skin
appendages, such as hair follicles, are the predominant per-
meation route of FL.

The diffusion parameters of FL and FD-4 in hairless rat
skin showed almost the same value due to the slight differ-
ence in the cubic root of the molecular weight of these com-
pounds, because the diffusion coefficient is proportional to
the reciprocal of the cubic root, which is given by the
Stokes–Einstein equation. Therefore, FL and FD-4 must per-
meate through almost the same permeation pathway of skin.
On the other hand, the partition parameter of FD-4 was about
one-third that of FL, indicating that FD-4 permeated skin
through a more restricted pathway, such as hair follicles, than
the FL pathway. In addition to this assumption, the present
fluorescence images strongly supported the skin appendage
route as a useful pathway for skin permeation and/or the dis-
tribution of such macromolecular compounds.

Fluoresbrite did not permeate hairless rat skin or LSE-
high. Thus, porcine skin was selected to observe its skin dis-
tribution because the pores of hair follicles in porcine skin

1398 Vol. 33, No. 8

Table 4. Comparison of Partition Parameter and Diffusion Parameter be-
tween Hairless Rat Skin and LSE-High

Partition parameter Diffusion parameter
Compound Membrane (KL or eL) (DL�2 or Dpt�1L�2)

(cm) (s�1)

FL Hairless rat (4.7�1.8)�10�4 (2.3�0.18)�10�5

LSE-high (1.1�0.31)�10�4 (8.6�0.75)�10�6

FD-4 Hairless rat (1.7�0.13)�10�4 (2.0�0.06)�10�5

LSE-high — —

KL and DL�2 or eL and Dpt�1L�2 were calculated by curve-fitting the skin perme-
ation profile of FL and FD-4 through hairless rat skin and LSE-high.

Fig. 5. SEM Observation of Hairless Rat Skin (a) and Porcine Ear Skin
(b)

Bar�300 mm.



are larger than in hairless rat skin (see Fig. 5). Fluoresbrite
was especially observed in the infundibulum of hair follicles
of porcine skin and no spheres were observed more than 100-
mm depth from the skin surface (Fig. 4). It is reasonable that
Fluoresbrite was detected only in the hair follicle because
even FD-4, having a smaller molecular radius than nano-
spheres, was mainly detected in hair follicles.

This indicated that hair follicles are expected to be a useful
pathway, not only for macromolecular compounds, but also
nanospheres, through the skin barrier. Scheuplein18) reported
that the contribution of the transappendage route to the skin
permeation of low molecular compounds must be very low,
although the transfollicular pathway would play a very im-
portant role in the early stage of skin permeation and distri-
bution. This is because the skin appendage area is only 0.1%
of the total skin surface area.18,24) Further study is necessary
to fully elucidate the contribution of hair follicles to the skin
permeation or distribution of hydrophilic compounds and
nano-/microspheres. This contribution of hair follicles can be
assessed using skin permeation parameters, such as e ·L and
D/t ·L2 as above.

CONCLUSION

The present study revealed that important role of hair folli-
cles as a permeation pathway or distribution pathway for hy-
drophilic compounds and nanospheres. Although not only
skin features, such as hair density and follicle size, but also
physicochemical properties, such as molecular size and n-
octanol/water partition coefficient of compounds, affect 
their transfollicular permeation,25) analysis of the hair follicle
contribution to the overall skin permeation of compounds
using permeation parameters will help to understand efficient
compound targeting of hair follicles.
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