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The aim of the present study was to quantitatively evaluate the skin permeation/penetration of nano-
materials and to consider their penetration pathway through skin. Firstly, penetration/permeation of a
model fluorescent nanoparticle, Fluoresbrite®, was determined through intact rat skin and several damaged
skins. Fluoresbrite® permeated through only needle-punctured skin. The permeation profiles of soluble high
molecular compounds, fluorescein isothiocyanate-dextrans (FITC-dextrans, FDs), with different molecular
weights were also measured for comparison. The effects of molecular sizes and different skin pretreatments
on the skin barrier were determined on the skin penetration/permeation of Fluoresbrite® and FDs. Fluores-
brite® was not permeated the intact skin, but FDs were permeated the skin. The skin distribution of titanium
dioxide and zinc oxide nanoparticles was also observed after topical application of commercial cosmetics.
Nanoparticles in sunscreen cosmetics were easily distributed into the groove and hair follicles after their
topical application, but seldom migrated from the groove or follicles to viable epidermis and dermis. The
obtained results suggested that nanoparticles did not permeate intact skin, but permeated pore-created skin.
No or little permeation was observed for these nanomaterials through the stratum corneum.
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Recently, nanotechnology has been a focus as a useful
technology producing new nanometer-sized materials with
new functions and properties.” Many nanomaterials have
been developed using this technology, and various commercial
products, such as medicines, foods, cosmetics and chemicals,
are available on a global basis. Nanomaterials have been
defined as nanometer-sized chemicals or nanometer-scaled
aggregates with a one-dimensional length of 1-100nm.?
There are two kinds of nanomaterials: non-intentional and
intentional nanomaterials. The former is exemplified by ash
rising from volcanos and mountain fires as well as nanopar-
ticles exhausted from diesel fumes, and the latter is indus-
trial nanomaterials produced with several aims. Exposure
of humans to non-intentional nanomaterials may be reduced
by the progress of science and technology regarding human
safety. Since many nanomaterials have been produced very
rapidly, particular care should be taken regarding intensive or
industrial nanomaterials, which are divided into biodegradable
and non-biodegradable.” Liposomes, niosomes and nanosized
emulsions are biodegradable nanomaterials. Toxicity may be
a concern for monomers and metabolites of nanomaterials.
Fullerenes and titanium dioxide (TiO,) nanoparticles are ex-
amples of non-biodegradable nanomaterials. The toxicity and
bioaccumulation of these compounds should be evaluated to
confirm their safety.

Possible exposure sites of nanomaterial are the trachea,
gastrointestinal tracts and skin. Cosmetics are commercial
products that contain many nanomaterials, and many sun-
screen cosmetics and foundations sometimes contain titanium
dioxide (TiO,) and zinc oxide (ZnO) nanoparticles. Since
these cosmetics are applied daily to the skin surface, the skin
penetration and safety of these nanomaterials are a concern.
Wu et al reported that titanium dioxide nanoparticles were
migrated into other organs after permeated through the skin
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by continuous apply.? It is urgent to determine the skin pen-
etration/permeation rate and to clarify the penetration/per-
meation pathway of the materials. Many reports have already
suggested that these nanoparticles do not permeat the skin.>®
However, it is very difficult to quantitatively measure the skin
permeation rate of titanium dioxide and zinc oxide nanopar-
ticles through intact and healthy human and animal skin.” In
addition, few reports have shown a quantitative penetration/
permeation of titanium dioxide and zinc oxide nanoparticles
through skin.

In the present study, Fluoresbrite® (fluorescent polystyrene
latex spheres, particle size: 50nm) was used as an easily
detectable and non-dissolved model nanoparticle, and in vi-
tro permeation experiments of the spheres were carried out
through intact and wounded rat skin with different pretreat-
ments. The permeation profiles of soluble high molecular com-
pounds, fluorescein isothiocyanate-dextrans (FITC-dextrans,
FDs) with different molecular weights through skin were also
measured for comparison. The effects of different molecular
sizes and pretreatments on the skin barrier were determined
for the skin penetration/permeation of Fluoresbrite® and FDs.
In addition, the skin surface distribution of titanium dioxide
and zinc oxide nanoparticles was observed after topical appli-
cation of commercial cosmetics.

THEORETICAL

Type of Material-Permeable Membranes Material-
permeable membranes can be classed into three groups.” Type
I is a dissolution-diffusion membrane in which materials dis-
solve and permeate through the membrane. A silicone mem-
brane is an example of Type I membrane that is sometimes
used as an alternative to human or animal stratum corneum.
Type II is a porous membrane through which materials small-
er than the pore size can permeate, for example, a dialysis
membrane. Type III is a composite of dissolution-diffusion
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and porous membranes.

Permeation through skin mainly occurs by the dissolution-
diffusion phenomenon; that is, materials must dissolve in the
membrane so that they can permeate the skin; however, it was
reported recently that hair follicles must be an important skin
permeation pathway for hydrophilic and macromolecular com-
pounds.” Hair follicles are assumed to have a porous route as
a Type II membrane. High molecular weight compounds and
nanomaterials that are not dissolved in the skin may permeate
through the hair follicular pathway.

Skin Permeability Coefficient and Desquamation Rate
The permeability coefficient (P, cm/s) is a quantitative index
of the skin penetration and permeation of materials. The stra-
tum corneum generally consists of about 20 corneocyte layers
with a thickness of about 20 um. If a 1 um corneocyte layer is
desquamated from the outermost stratum corneum per day, the
desquamation ratio (P,,) is 1.0 u4m/d, that is, about 10~?cm/s.
If the permeability coefficient of a certain material is less than
the P;.,, material that moved through the first corneocyte layer
over 24h is not further transferred to the second layer due to
desquamation of the first layer.!” Thus, material with P less
than P, is not theoretically transferred to the lower layer of
the stratum corneum when the dominant permeation route is
through the stratum corneum. Three categories can be estab-
lished by the relationship between the magnitude of P and P,
as follows: (i) when P—P; >0, material permeates the skin,
(ii) when P=P, , material penetrates the skin, and (iii) when
P—P,. <0, material does not permeate or penetrate the skin.

Generally, materials diffuse through and permeate the skin
according to their concentration gradient though the skin bar-
rier (stratum corneum). The skin permeation rate (dQ/df) of
material per unit area is expressed by the following Eq. (1),
Fick’s 1st law of diffusion in the steady state.

d0 D-K-Cy
o L )

In addition, the permeability coefficient (P) is expressed as
follows:

p="" )

where D is the diffusion coefficient in the skin barrier, K is
the partition coefficient between the skin barrier and vehicle,
C, is the concentration of the applied compound and L is the
barrier thickness of the skin.

MATERIALS AND METHODS

Materials Fluoresbrite® yellow green plain microspheres
(50nm in average diameter) were purchased from Polyscience,
Inc. (Warrington, PA, U.S.A)). FDs (FD-4, FD-20, FD-40,
FD-70, FD-250, FD-2000) were purchased from Sigma Al-
drich Co. (St. Louis, MO, U.S.A)). Table 1 summarizes the
physicochemical properties of FDs. Sunscreen (Allie Com-
fortable Protector EX) was purchased from Kanebo Cosmetic
Inc. (Tokyo, Japan). All other reagents and solvents were of
reagent grade and used without further purification.

Animals Male hairless rats (WBN/ILA-Ht, ca. 200-250 g)
were supplied by Life Science Research Center, Josai Univer-
sity (Sakado, Saitama, Japan). Porcine ear skins (LWD strain)
were from Saitama Experimental Animal Laboratory (Sugito,
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Saitama, Japan). All animal experiments were approved by
the Institutional Animal Care and Use Committee of Josai
University.

In Vitro SKkin Permeation Experiment The skin perme-
ation of Fluoresbrite® and FDs was assessed using excised
hairless rat abdominal skin. After the rats had been anes-
thetized by intraperitoneal injection of sodium pentobarbital
(50mg/kg), the left and right abdominal skin was excised.
The skin samples have ca. 0.6—0.7mm. 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). Needle-
punctured skin was treated one time with a 20-30G needle
(20 G; regular-beveled, 23-27 G; short-beveled, and 30G; used
in dentistry; all from Terumo Co., Tokyo, Japan) to puncture
skin to 10mm depth from the skin surface in the effective
permeation area (One pore was created in the effective per-
meation area.). In the preparation of needle-punctured skin,
the abdominal skin was excised and set on the diffusion cell
using Aron Alpha® (Toagosei Co., Ltd., Tokyo, Japan). We
confirmed that the needle had completely penetrated the skin.
Razor-treated skin with two wounds at Smm distance and
0.5mm depth was made using a razor (Feather double-edged
razor S; Feather Safety Razor Co., Ltd., Osaka, Japan) on the
stratum corneum side. The depth (0.5mm) was selected to
reach the wound at top dermis and not to penetrate the cut
through the excised skin. In the preparation of razor-treated
skin, a razor was sandwiched between wooden chopsticks and
pulled at constant pressure to make two parallel wounds at a
distance of 0.5mm in the effective permeation area. Razor-
treated skin was prepared under anesthesia. Fat on the dermis
side was carefully trimmed off with scissors.

These skin membranes were mounted on a side-by-side
diffusion cell (effective diffusion area: 0.95cm?). Phosphate-
buffered saline (PBS, pH 7.4) (3.0mL) was applied to the
epidermal and dermal sides and left for one hour to remove
autogenic fluorescence from skin and to hydrate the stratum
corneum. Skin resistance was then measured using an im-
pedance meter (Advance, Tokyo, Japan) with Ag and AgCl
electrodes at 10Hz for the alternating current supply. After
PBS had been removed from the epidermal and dermal sides,
0.26% Fluoresbrite® suspension in PBS or FDs solution in
PBS (1.0mg/mL FD-4, 1.0mg/mL FD-20, 7.5mg/mL FD-40,
7.5mg/mL FD-70, and 10mg/mL FD-250, 10 mg/mL FD-2000
on the intact skin: 1.0mg/mL FDs on the stripped skin, razor-
treated skin and needle-punctured skin) was applied to the
epidermal side and 3.0mL fresh PBS was again applied to the
dermal side. The receiver solution (0.50mL) was sampled Oh
from the dermal side compartment, and the same volume of

Table 1. Physicochemical Properties of FITC-Dextrans (FDs)

Stokes diameter,

FDs M.W. (kDa) d (nm) Logd (nm in d)
FD-4 3.38—4.40 2.8 0.45
FD-20 212 6.6'" 0.82
FD-40 35.6—38.5 9.0'M 0.95
FD-70 69.8 12.0'" 1.08
FD-250 250 21.0'2 1.32
FD-2000 2000 41.6" 1.62

Refer to the references for the number in brackets.
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Effect of Needle-Puncture on the Skin Permeation of Fluoresbrite®

a: Time course of changes in the cumulative fraction of Fluoresbrite® that permeated through needle-punctured hairless rat skin, b: relationship between external diam-
eter and the cumulative amount of Fluoresbrite® that permeated needle-punctured skin over Smin (Q,), and c: relationship between pore area by needle-puncture and the
cumulative amount of Fluoresbrite” that permeated through needle-punctured skin over 5min (Qs). Symbols: O: 20G needle (external diameter: 0.9mm), [1: 23G needle
(0.6mm), A: 27G needle (0.4mm), <: 30G needle (0.3 mm). Each point represents the mean*S.E. (n=3—-4).

fresh PBS was added to continue the permeation experiments.
Polysorbate 80/PBS solution (0.1%) was used to prevent air
from entering the pore in the needle-punctured skin. It was
confirmed that the permeation rate was not changed through
other damaged skins using polysorbate 80/PBS solution.
The experiment was performed at 32°C, and the epidermal
and dermal sides were stirred by magnetic stirrers. Aliquots
(0.50mL) were periodically withdrawn from the dermal side
compartment, and the same volume of fresh PBS was added to
keep the volume constant. Fluoresbrite®™ or FDs concentration
in each sample was determined by a fluorescence spectropho-
tometer (RF5300; Shimadzu, Kyoto, Japan) at excitation and
emission wavelengths of 441 and 486nm (Fluoresbrite®) or
490nm and 520nm (FDs).

Morphological Evaluation of Skin The skin surface of
hairless rats was carefully rinsed with PBS several times to
remove Fluoresbrite® attached to the skin after the perme-
ation experiments. The skin specimens were embedded in
Super Cryoembedding Medium (Leica Microsystems, Wetzlar,
Germany) and frozen in isopentane at —80°C. The embedded
skins were sliced using a cryostat (CM3050; Leica Microsys-
tems, Wetzler, Germany) to obtain vertical 20um-thick sec-
tions. The prepared skin sections were observed with a confo-
cal laser scanning microscope (CLSM; FV1000; Olympus Co.,
Tokyo, Japan).

Surface Distribution of Nanoparticles on Skin After
commercial sunscreen containing titanium dioxide and zinc
oxide nanoparticles had been applied to the excised porcine

ear skin (2mg/em?). TiO, and ZnO concentrations were 3.4%
and 8.1%, respectively. The skin surface was observed using a
scanning electron microscope (SEM, S-3400N; Hitachi High-
Technologies Co., Tokyo, Japan). In addition, the skin distri-
bution of carbon (C), titanium (Ti) and zinc (Zn) was observed
using elemental mapping (EDX, X-Max50; Horiba Ltd.,
Kyoto, Japan). In this study, we used porcine ear skin, which
is found to be similar barrier function to human skin'*'® and
have larger the hair follicles than hairless rats.

RESULTS

In Vitro Skin Permeation of Fluoresbrite® Figure
la shows the permeation profiles of Fluoresbrite® through
needle-punctured skin. No permeation of Fluoresbrite® was
observed not only through intact skin but also through stratum
corneum-stripped skin over 24h. In addition, interestingly,
no permeation was found through the skin with deep razor
wounds. On the other hand, Fluoresbrite® permeation into the
receiver compartment was observed through needle-punctured
skin treated by 20 to 30G needles (Fig. 1a). A decreased G
number (i.e. increase in needle diameter) increased the skin
permeation of Fluoresbrite® (Fig. la). The relation between
Fluoresbrite® permeation and the external diameter and cross
area of the needle was evaluated, and the results are shown in
Figs. 1b and c, respectively. The result in Fig. 1b is a concave
upward curve. The permeation of Fluoresbrite® through nee-
dle-punctured skin was almost proportional to the pore area
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Fig. 2. CLSM Images of Vertical Slice of Hairless Rat Skin after Application of Fluoresbrite®

a: Stripped skin 24h after application of Fluoresbrite®, b: razor-treated skin 5min after application of Fluoresbrite®, and c: needle-punctured skin 10min after applica-
tion of Fluoresbrite®. Each bar represents 200 um. Arrows in b and ¢ show sites of razor-treated and needle-punctured skin, respectively.
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Fig. 3. CLSM Images of the Epidermis Side (a) and Dermis Side (b) of Needle-Punctured Hairless Rat Skin 5min after Application of Fluores-
brite®

Arrows show pores created by needle puncture.
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Relationship between Permeability Coefficients (P) of Fluoresbrite® and Heywood Diameter (a,b) and Area (c,d) of Pores Prepared by

Heywood diameter was calculated by CLSM observation from the epidermis side* and dermis side** of needle-punctured skin. The pore area was determined by
X (Heywood diameter/2)’. Intercepts in x-axis in Figs. 4c and d are 79 and 77nm, respectively. The correlation coefficient was calculated by the liner regression. Each

point represents the mean*S.E. (n=3).

made by the needle, as shown in Fig. Ic. The intercept of the
abscissa axis was about 0.056 mm?.

Figure 2 shows CLSM images of a vertical slice of hairless
rat skin after application of Fluoresbrite®. High fluorescence
was found in the skin surface 24 h after application to stripped
skin (Fig. 2a). Detailed observation showed that the fluores-
cence was on the skin surface, not in the epidermis. Light
fluorescence in the hair and around the hair follicles was prob-
ably related to autogenic fluorescence caused by hair protein.
Since no fluorescence was found in the dermis, Fluoresbrite®
did not permeate the viable epidermis and dermis. When
Fluoresbrite® was applied to razor-treated skin, fluorescence
was observed around the wound (Fig. 2b). When Fluoresbrite®
was applied to needle-punctured skin, however, fluorescence
was found across the pore made by the needle 10min after
application (Fig. 2c). Fluoresbrite® could permeate skin very
quickly via the perforating pathway. The width of the fluo-
rescence in the deep skin site was much narrower than on the
skin surface.

Figures 3a and b show CLSM images of the epidermis sur-
face (a) and dermis surface (b) of needle-punctured excised
hairless rat skin Smin after application of Fluoresbrite®. An
increase in the external diameter of the needle from 30 to
20G increased the perforating pores made by the needles.
Figures 4a and b show the effect of the Heywood diameter of
the pores in the epidermal and dermal surfaces, respectively,
made by needles on the permeability coefficient, P, of Fluo-
resbrite® through the skin. The P values increased with an
increase in the Heywood diameter of the pores. These figures

(Figs. 4a,b) showed a concave upward curve, the same as in
Fig. 1b. The relation between the P value and pore area was
determined, and the results are shown in Figs. 4c and d. An
almost straight line with an intercept of the abscissa axis was
observed between the P value of Fluoresbrite® through the
skin and pores made by needles, similar to Fig. 1c. The diam-
eter was calculated to be about 80 xm from this intercept area.
This size range may be needed for clear permeation of Fluo-
resbrite® of 0.05 4m (50nm) in diameter through porous skin.

Figures 4a and b resemble Fig. 1b, and Figs. 4c and d also
resemble Fig. lc. Intercept of the abscissa axis in Fig. lc was
about 0.056mm?, indicating 130 um in diameter. The differ-
ence between 130 and 80 um suggests shrinking of the pores
in the skin after pulling out the needles.

Distribution of Nanoparticles on Skin after Application
of Sunscreen Figures 5 and 6 show SEM photographs of
the porcine skin surface after the application of commercial
sunscreen cosmetics. Figure 5 compares a wide to narrow field
of view of the skin surface. Each bar in Figs. 5a, b and c is
1.0mm, 200 #m and 50 um, respectively. White dots indicate
sunscreen. Nanoparticles in sunscreen cosmetics were easily
distributed in the groove, as shown in Fig. 5b, and hair fol-
licles, as shown in Fig. 5c, after topical application.

Figure 6 shows SEM photographs and their elemental map-
ping on skin after the application of sunscreen cosmetics to
porcine skin. Figures 6a—f show photographs of the same site
containing hair follicles. Figure 6a is the original SEM photo-
graph. Black areas in the figure are concentrated sunscreen.
Figure 6b shows the distribution of carbon (C) on the skin in



September 2012 1481

Fig. 5. SEM Images of Porcine Skin Surface after Application of Commercial Sunscreen

Arrow shows aggregated nanoparticles irrupting into hair follicles. Each white bar represents 1.0mm (a), 200 um (b), and 50 um (c).

Fig. 6. SEM-EDX Elemental Mapping Images of Porcine Skin Surface after Application of Commercial Sunscreen

Original SEM image (a), carbon mapping (b), titanium mapping (c), zinc mapping (d), merged carbon and titanium mapping (e), and merged carbon and zinc mapping (f)
of the same site of skin surface. A hair follicle was found almost center of the figure as clearly shown in Fig. 6a. Bar represents 300 zm.
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Fig. 7. Time Course of Changes in Cumulative Amount of FDs That Permeated Intact Hairless Rat Skin

Each point represents the mean*S.E. (n=3—-4).

red, determined by elemental analysis. The red region is very
similar to the black region in Fig. 6a, indicating low concen-
tration of sunscreen. On the other hand, the distribution of Ti
and Zn, as shown in Figs. 6¢ and d, respectively, is very simi-
lar, indicating a high concentration of sunscreen. In addition,
these sites are very similar to the white region (high concen-
tration of sunscreen) in Fig. 6a. Merged photographs of C+Ti
and C+Zn, as shown in Figs. 6e and f, respectively, clearly
suggest that titanium dioxide and zinc oxide nanoparticles are
distributed in relatively deep regions, such as the groove and
hair follicle infundibulum.

In Vitro Skin Permeation of FDs Skin permeation of
model high molecular compounds, FDs, was also determined
similarly to that of Fluoresbrite®, and their permeability was
compared. Figure 7 illustrates the time course of the cumu-
lative amount of FD-4 to -2000 that permeated intact skin.
FD-4 to -250 permeated intact skin, unlike the skin perme-
ation of Fluoresbrite®. Intact skin permeability decreased
with an increase in the molecular weight of FDs. A gradual
increase over time was observed in the skin permeation of
higher molecular weight FDs, which made it difficult to deter-
mine steady-state flux. FD-2000, with a solute diameter very
similar to Fluoresbrite®, did not permeate intact skin.

Figure 8 shows the permeation of FDs through stripped

skin or razor-treated skin. No change in the cumulative
amount of FD-4 permeation over 8h was observed through
stripped skin and razor-treated skin, whereas higher perme-
ation of FD-40 and FD-70 through razor-treated skin was
observed than through stripped skin. The lack of difference in
the permeation of FD-2000 through both types of skin may be
due to low quantitative sensitivity.

Figure 9 shows a double logarithmic plot of the perme-
ability coefficient, P, of FDs in cm/s, and the Stokes diameter,
d, in nm of FDs. LogP of FDs through intact skin, stripped
skin and razor-treated skin had a tendency to decrease with
an increase in logd. The reason why logP of FD-70 was
higher than FD-40, although there was not significant, is still
unknown. Average P values for 22-36h were used for intact
skin, whereas steady-state P values were used for stripped-
skin and razor-treated skin. The calculated maximum P value
of FD-2000 was plotted for intact skin, since the receiver con-
centration was less than the quantification limit.

Figure 10 shows the effect of several treatments on the
electric resistance of skin. The resistance of stripped skin was
one twentieth that of intact skin. Similar data were observed
for razor-treated skin. Interestingly, on the other hand, the
electric resistance of needle-punctured skin was much higher
than stripped skin and razor-treated skin. Fluoresbrite® only
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Fig. 8. Time Course of Changes in Cumulative Amount of FDs That Permeated Stripped and Razor-Treated Hairless Rat Skin
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Fig. 10. Comparison of Electric Resistance in Several Hairless Rat

Skin Samples 1h after Hydration
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1484

FD-4 (1.0 mg/mL)

Vol. 35, No. 9

80000 4000
‘E 60000 % 3000 4
2
3 8 §
g 40000 % % 2000 i 4
20000 8 § [f v 1000 5 4
< A
0 “ﬁ Q A A A A A A 0 cA & 8 =)
0 2 4 6 8 0 2 4 6 8
Time (h) Time (h)

Fig. 11. Cumulative Amount in Several Skin Samples of FD-4

Symbols: O: intact skin, [: stripped skin, &: razor-treated skin, A: needle-punctured skin. Each value represents the mean*S.E. (n=3-4).

a) FD-4
4
2 3
£
S
i
= 2
X
A
1
10><10-4bA
0 2 4 6 8 10

1/R (k' =m?2)

Fig. 12.
Samples

Relationship between Permeability Coefficients (P) of FD-4 (a) or Fluoresbrite

b) Fluoresbrite®

5
- 4
<
g
2 3
g
X 2
A
1
0 lo—— o5—

0 2 4 6 8 10
1/R (kQ' =m?2)

® (b) and Reciprocal of Electric Resistance in Several Skin

Symbols: O: intact skin, [: stripped skin, : razor-treated skin, A: needle-punctured skin. Each value represents the mean*S.E. (n=3-4).

permeated needle-punctured skin, suggesting that its skin per-
meation was not reversely proportional to electric resistance.

Figure 11 shows the cumulative amount of FD-4 that per-
meated intact, stripped, razor-treated and needle-punctured
skins. Unlike the skin permeation of Fluoresbrite®, FD perme-
ation of skin increased with decreased skin resistance. Figure
12a shows the relation between the P value of FD-4 and the
reciprocal of skin resistance. The figure shows that FD perme-
ation of skin was almost proportional to the reciprocal of the
electric resistance of skin. On the other hand, Fluoresbrite®
permeation of skin was not dependent on skin resistance, as
shown in Fig. 12b.

DISCUSSION

In Vitro Skin Permeation of Fluoresbrite® Since Fluo-
resbrite® did not permeate intact hairless rat skin, the P value
of the nanomaterial through intact skin was calculated from
the quantification lower limit. The calculated P value was less
than 2.4X107"%cm/s. This calculated P value is less than P, ,
as shown in the theoretical section, and must be categorized
as P—P, <0, suggesting that this type of nanomaterial does
not permeate the greatest skin barrier, the stratum corneum.
Furthermore, Fluoresbrite® did not permeate the viable epi-
dermis and dermis, so-called stripped skin (Figs. la, 2a).
Fluoresbrite® is not soluble in the majority of media; thus, it
probably does not permeate a dissolution-diffusion membrane,
a Type I membrane, explained in the theoretical section, al-
though the nanomaterials may penetrate a cracked stratum

corneum, which may be a Type Il membrane (porous mem-
brane). A CLSM image of a vertical slice of hairless rat skin
(Fig. 2a) showed that the fluorescence caused by Fluoresbrite®
did not permeate stripped skin. In addition, fluorescence was
observed on the wound surface after topical application to
razor-treated skin (Fig. 2b). On the other hand, Fluoresbrite®
could permeate the perforating pores made by needles (Figs.
la, 2c). Fluoresbrite® permeation increased with an increase
in the external diameter and cross sectional area of the needle
(Figs. 1b,c) and the pore size (Fig. 4), indicating that the
permeability of Fluoresbrite® was closely related to the pore
area. CLSM images indicated that an increase in the external
diameter of the needle from 30 to 20G increased the pore area
made by the needles (Fig. 3). It was suggested from the results
in Fig. 4 that about 1000-fold greater pore size may be needed
for sufficient penetration of Fluoresbrite® (50nm in diameter).
Thus, Fluoresbrite® did not permeate stripped skin or razor-
treated skin, but permeated needle-punctured skin. The viable
epidermis and dermis layer must be a significant barrier, as
well as the stratum corneum, in the overall skin permeation
of Fluoresbrite®. Zhang et al. reported that poly(p,L-lactic-co-
glycolic acid) (PLGA) nanosphere did not permeate the holes-
formed skin produced by micro-needles.”” They concluded
that these nanoparticles were distributed into the holes. Our
results with their report suggest that insoluble nanoparticles
may be permeated through big pores-existing skin membrane.

Distribution of Nanoparticles on Skin after Application
of Sunscreen According to SEM images of the skin surface
and elementary mapping, titanium dioxide and zinc oxide
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nanoparticles tended to distribute around the groove and hair
follicles after application of commercial sunscreen products
(Figs. 5, 6). The results suggest that these nanoparticles must
accumulate in the lower level of the average skin surface.'®
Recent papers'®?? indicated that nanoparticles do not perme-
ate skin; however, Jeong et al.,*V Lademann et al.*® and Vogt
et al.*® reported selective penetration of nanoparticles into
hair follicles.! 2* Our present data support these results.

In Vitro SKin Permeation of FDs FD-2000 with a simi-
lar solute diameter (41.6nm) to Fluoresbrite® (50nm) did not
permeate intact skin (Fig. 7). This difference in the skin per-
meation of FD-2000 and Fluoresbrite® was probably due to
different dissolution properties of these materials in applica-
tion vehicles and skin: FD-2000 is soluble, but Fluoresbrite®
is not. On the other hand, the permeability coefficient of
FD-4 (solute diameter 3nm) through intact skin was around
1X10cm/s, similar to the desquamation rate of the upper
corneocyte layer. As explained in the theoretical section,
chemical materials with P<1X10~?cm/s did not permeate the
stratum corneum under in vivo conditions; however, FD-4
permeated not only needle-punctured skin but also razor-
treated and stripped skins (Figs. 7, 8). These results suggest
that the primary barrier to the skin permeation of FD-4 is per-
meation of the stratum corneum. It was confirmed that the log
P of FDs through the skin decreased with an increase in the
logarithm of the molecular diameter of FD or log d (Fig. 9).

FD-4 was permeated through the intact skin as well as
the damaged skin. The cumulative amount of FD-4 per-
meated through skin over 8h was in an order of razor-
treated>stripped>needle-punctured>intact skin (Fig. 11).
The result was similar to the electric resistance, as illustrated
in Fig. 10. Fluoresbrite® did not permeate stripped skin or
razor-treated skin with low skin electric resistance, but pen-
etrated needle-punctured skin with high skin resistance. In
other words, the skin permeation of FDs well correlated with
the reciprocal of skin resistance, whereas the skin permeation
of Fluoresbrite® did not correlate with the reciprocal of skin
resistance (Figs. 12a,b). Other FDs showed a similar tenden-
cies as in FD-4. Therefore, soluble high molecular compounds
slightly permeated skin, whereas insoluble nanoparticles did
not permeate the viable epidermis or dermis. It is very impor-
tant to be aware that insoluble nanoparticles may enter porous
pathways, such as hair follicles and sweat glands.

CONCLUSION

Nanoparticles, which are considered not to dissolve in
dispersion media or skin tissues, permeated only the porous
pathway of skin to penetrate into the deep skin. Although
they are distributed in the grooves and hair follicles, such
insoluble nanoparticles can hardly diffuse in the viable epider-
mis and dermis. In conclusion, when considering the skin as a
dissolution-diffusion membrane, nanoparticles (50nm in aver-
age diameter) do not permeate or penetrate the skin; however,
such nanoparticles may permeate a cracked stratum corneum
and razor-treated skin. Thus, nanomaterials may affect viable
cutaneous cells and, therefore, skin integrity is very important
when nanomaterials are applied to the skin.
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