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comprehension of analyses such as the 1:1 rela-
tionship, KL and DL between human skin and
cultured human skin will help clarify the char-
acteristics of cultured skin models in skin per-
meation experiments.

Conclusion

Evaluation of a 1:1 relationship in P values be-
tween excised human cadaver skin and cultured
skin model is crucial if we want to use a cultured
human skin model as an alternative membrane
for skin permeation experiments. A few cultured
human skin models showed a fairly good

relationship in P values compared to human skin.

The difference in P and KL values in a cultured
skin model compared to human skin may lead a
false positive or negative in skin corro-
sion/irritation experiments because the chemical
compound concentration in skin is determined
by the parameterd (Sugibayashi er al., 2009).
The reason for the difference in P values com-
pared to excised human skin remains unclear, so
further experiments will need to clarify not only
skin permeation experiments, but also total ex-
tracellular lipid constitution determined by
X-ray small angle scattering analysis (Ponec et
al., 2000, Hatta et al., 2001) and transmission
electron microscopy observation.
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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.

Key words macromolecule; nanosphere; skin permeation pathway; transdermal drug delivery; hair follicle

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.? The administration sites of such macromol-
ecules and nano-/microparticles are supposed to be the mu-
cosa, such as the gastrointestinal (GI) tract,” and ophthalmic,
nasal and pulmonary? mucosa and skin.>® 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
carriers” 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).” 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.”'? 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, 4kDa) (FD-4) as a model
macromolecular weight compound and 500nm 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

# To whom correspondence should be addressed.  e-mail: sugib@josai.ac.jp

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 Tvpe 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)

@© _p KC _ e[ L
i ”‘”[LZJC“ v

Type 2 membrane (porous membrane)

do gD C D
= =P Y o (gl)| =2
dt T L T[?

)Cv @

Type 3 membrane (composite membrane)

o K-C, eD, C,
E=(l-g) D+ T Ty
dt L T L
D D

where C, 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, € and 7 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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trant are KL and DL™? for the Type 1 membrane and £L and
D_77'L™? 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—250g) 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 (K,,,) 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.'® 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: 0.95cm?),'>'® and
1.0mm 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.
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Table 1. Physicochemical Properties of Model Compounds
Model compounds Molecular Mean particle size or Log
(abbreviation) weight (Da)  molecular radius K0
Sodium fluorescein 376 0.45nm' —0.615
(FL) (Stokes radius)
FITC-dextran 4000 1.4 nm —-0.773
(FD-4) (Stokes radius)'?
Fluorescent polystyrene latex o 500 am .

nanospheres (Fluoresbrite)

a) K, n-octanol-water partition coefficient.

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 cell'” (effective diffusion area: 1.77 cm®). Then, 1.0 ml
PBS-suspended solution containing Fluoresbrite (3.64X
10" 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—6h 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, O,, 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.'” The permeation pa-
rameters were obtained by curve fitting the skin permeation
data by Scheuplein’s equation,' which comes from Fick’s
second law of diffusion. The least squares curve fitting
method was performed using Microsoft® Excel Solver.'” The
calculation condition was 100 s for the calculation limit, 100
times for repeated calculation, 107 for accuracy, 5% basic
tolerance and 107> 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 um-thick sections. The
prepared skin sections were observed with a fluorescence mi-
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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 (um) thickness (um) thickness (mm) appendage skin permeation
Hairless rat skin ~ Epidermis/dermis 15.4+3.3% 23.8+5.3% 0.86=0.06*" 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=0.7 314%1.3 0.12£0.001 No High
croscope (CK40; Olympus Corp., Tokyo, Japan). (a) ®)
Measurement of Thickness in LSE-High and Porcine 0.030 0.0008 1
Skin The thicknesses of the stratum corneum, epidermis, —_—" T
and whole skin in LSE-high and porcine skin were micro- 0.0006 ‘
scopically determined from microtomed sections after hema- ~ ~ 0.020 T l - ‘
toxylin—eosin staining. Five good sections from each speci- 5 1515 | | E 0.0004 | J
men were used to measure the stratum corneum, and whole g ' T T l § ‘ T
skin thicknesses were measured by a light micrograph (1X71; 0.010 @ ®
Olympus Corp., Tokyo, Japan) and a calibrated ocular mi- 0,005 - ® ! %0002 Ul
crometer. The thickness of the epidermis was calculated by ' 00 4
subtracting the stratum corneum thickness from the whole 0 @(;O_g.Q_L.,_,/A 0 O-Or 4D
skin thickness. The thickness of hairless rat skin was cited oz 46 ¢ 2 & b 12
from our previous paper.>” b Time ()
Observation of Skin Surface Shaved hairless rat and Fig. 1. Cumulative Amount of Hydrophilic Fluorescent Compounds, FL

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.”” 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<logK,,<<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.'?

Figure la 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, 1.0mm FL or 0.25mm FD-4 (2.5ml
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 O, 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 (O) and 500 nm Fluoresbrite (A) through Hairless Rat Skin (a)
and LSE-High (b)

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

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 Q, 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.
2¢) 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 3. Lag Time and Permeability Coefficients of FL and FD-4 through Excised Hairless Rat Skin or LSE-High

1397

FL FD-4
Lag time Permeability coefficient Lag time Permeability coefficient
(h) (cm/s) (h) (cm/s)
Hairless rat Estimated value® 2.0+0.16 (1.1£0.5)x1078 2.2+0.01 (3.6+0.2)x107°
Observed value? 1.8+0.20 (1.2+0.5)x1078 2.120.01 (3.4+0.2)x107°
LSE-high Estimated value? 54+0.4 (9.4=2.4)x1071° — << 1.21x107109
Observed value® — —9 2 °)

a) Estimated value was calculated by curve-fitting the time course of the cumulative amount of skin permeation of compounds using Scheuplein’s equation.” ) 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. ¢) 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. 2. Histological Observation of Hairless Rat Intact Skin (a,b) and
LSE-High (c, d) after Application of FL (a, ¢) and FD-4 (b, d)

S.C.: Stratum corneum; H.E.: hair follicle. White bars=100 um. (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.

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 ¢ 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 um. Figure 4 shows typical cross-section
images of the hair follicle area from the skin surface (0—
20 pgm) to dermis side (200—220 um) 12 h after application
of Fluoresbrite to the excised porcine ear skin. In accordance

312

Fig. 3. Histological Observation of Excised Porcine Ear Skin 12h after
Application of 500 nm Fluoresbrite :
a: Light micrograph of vertical slice. b and c¢: Fluorescent micrograph of area b and ¢

in Fig. 3a. Bar=200 um. (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 um, b:
40—60 um, c: 80—100 um, d: 200—220 um. Bar=100 um. (a): Fluoresbrite was de-
tected on the surface of hair shaft and connective tissue in the follicle, (b, ¢): number of
particles gradually decreased with an increase in depth from the skin surface, (d) only
autofluorescence was observed.

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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tration depth; however, nanospheres could not be detected in
connective tissue follicles below 200-um 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-um depth, but did not penetrate as
far as 200-um 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 study'® 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 (pK,
1: 432, pK, 2: 6.5)” 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~ or D,7~'L™%).*) 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.
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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 L) (DL or D77 'L7?%)
(cm) 7
FL Hairless rat (4.7=x1.8)x107* (2.3+0.18)x107°
LSE-high (1.1%£0.31)x107* (8.6=0.75)x107¢
FD-4 Hairless rat ~ (1.7=0.13)x107* (2.0:0.06))(10‘5
LSE-high — —

KL and DL or €L and D,7~'L™* 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 um.

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
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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-
um 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. Scheuplein'® 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.'®?¥ 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 £-L and
D/t L? 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, 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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ABSTRACT: Considerable interest has been focused on curcumin due to its use to treat a
wide variety of disorders, however, the therapeutic potential of curcumin could often be
limited by its poor solubility, bicavailability, and photostability. To overcome these
drawbacks, efficacious formulations of curcumin, including nanocrystal solid dispersion
(CSD-Cur), amorphous solid dispersion (ASD-Cur), and nanoemulsion (NE-Cur), were
designed with the aim of improving physicochemical and pharmacokinetic properties.
Physicochemical properties of the prepared formulations were characterized by
scanning/transmission electron microscope for morphological analysis, laser diffraction,
and dynamic light scattering for particle size analysis, and polarized light microscope,
powder X-ray diffraction and differential scanning calorimetry for crystallinity assess-
ment. In dissolution tests, all curcumin formulations exhibited marked improvement in
the dissolution behavior when compared with crystalline curcumin. Significant improve-
ment in pharmacokinetic behavior was observed in the newly developed formulations, as
evidenced by 12- (ASD-Cur), 16- (CSD-Cur), and 9-fold (NE-Cur) increase of oral
bioavailability. Upon photochemical characterization, curcumin was found to be photo-
reactive and photodegradable in the solution state, possibly via type 2 photochemical
reaction, whereas high photochemical stability was seen in the solid formulations,
especially CSD-Cur. On the basis of these observations, taken together with dissolution
and pharmacokinetic behaviors, CSD strategy would be efficacious to enhance bio-
availability of curcumin with high photochemical stability. © 2009 Wiley-Liss, Inc. and the
American Pharmacists Association J Pharm Sci 99:1871-1881, 2010
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Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,
6-heptadiene-3,5-dione] is a naturally occurring
polyphenol, derived from the
rhizomes of turmeric (Curcuma longa L.).' Tt
has been widely used as a yellow pigment to color
food, drugs, and cosmetics, and it is also inter-
esting from a medical point of view, because of its
potential use for treatment of various chronic
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diseases.? A growing body of experimental evi-
dence suggests various beneficial pharmacological
effects of curcumin, including anti-oxidant, anti-
inflammatory, anti-carcinogenic, anti-bacterial,
and anti-coagulant.?>® In spite of these attractive
activities of curcumin, the therapeutic efficiency
of curcumin has been highly limited, partly due to
its low oral bioavailability (1% or much lower).”8
Curcumin was found to be poorly soluble in water,
the maximum solubility of which in aqueous
buffer (pH 5.0) was reported to be as low as
11ng/mL.° The limited solubility of curcumin, as
well as extensive systemic metabolism, could be
responsible for the low bioavailability of curcumin
after oral delivery.'%!! In addition, curcumin in
solution state could be sensitive to UV light, so
that marked photochemical degradation could
occur under UV exposure,’® leading to the
difficulty in its handling for clinical use.

A number of efforts have been made to design
soluble formulations of curcumin, which include
liposomal formulation,'® curcumin—phospholipid
complex,'® curcumin-CD complex,'* and micel-
lar formulation.'® So far, suitable delivery options
have not been optimized, however, the use of CD
strategies for solubilization led to a marked
decrease in compound photostability.® In this
context, there have been considerable interests in
developing alternative oral delivery systems of
curcumin with the aim of overcoming several
drawbacks and enhancing its pharmacological
effects. In general, different strategies such as salt
formulation and particle size reduction have been
commonly used in order to increase dissolution
rates of poorly soluble drugs.'® There are practical
limitations with these techniques, however, and
the desired bioavailability enhancement might
not always be achieved. Attention has been drawn
to solid dispersion systems, demonstrating the
promising results in increasing bioavailability of
poorly water-soluble drugs, in which the drug is
dispersed in solid water-soluble matrices either
molecularly or as fine particles.”

The main purpose of the present investigation is
to develop soluble formulations of curcumin with
enhanced bioavailability and photostability. Solid
dispersion formulations of curcumin including
crystalline and ASD were prepared as well as a
NE and a liquid formulation for comparative
purposes. Physicochemical properties of the for-
mulations were characterized with emphasis on
surface morphology, size distribution, crystal-
linity, thermal property, and dissolution behavior.
As curcumin is susceptible to photodegradation,
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photochemical properties of curcumin formula-
tions were assessed by a photostability study and
a ROS assay as proposed in previous investiga-
tions.'® Pharmacokinetic profiling of curcumin
after oral administration of soluble formulations
was carried out with the use of UPLC/ESI-MS.

MATERIALS AND METHODS

Chemicals

Curcumin was purchased from Sabinsa Japan
Corporation (Tokyo, Japan). Hydroxypropyl cel-
lulose SL (HPC-SL) and hydroxypropyl methyl-
cellulose acetate succinate (HPMC-AS) were
kindly provided from Shin-Etsu Chemical (Tokyo,
Japan). Ammonium acetate, dimethyl sulfoxide
(DMSO), dioxane, Polyethylene glycol 400
(PEG400), propylene glycol, sodium dodecy! sul-
fate (SDS), and Tween-80 were purchased from
Wako Pure Chemical Industries (Osaka, Japan).
Benzocaine was purchased from Tokyo Chemical
Industry (Tokyo, Japan). All other chemicals were
purchased from various commercial sources.

Preparation of Nanocrystal Solid
Dispersion (CSD-Cur)

The wet-milled curcumin formulation was pre-
pared with NanoMill™-01 system (Elan Drug
Technologies, Dublin, Ireland). Briefly, 882.0 mg
of curcumin was weighed and added to a 100 mL
stainless chamber. Polystyrene beads (46.7g)
with diameter of 0.5mm were placed into the
chamber and 44.1 mL of 5 mg/mL HPC-SL solu-
tion with 0.2 mg/mL SDS was added. The curcu-
min colloidal suspension was micronized at
3600 rpm for 90 min with a NanoMill *-01 system
in the chamber kept at 5°C. After micronization
with the wet-milling process, the curcumin
suspension was collected with a syringe and
freeze-dried with freeze dryer FD-1000 (Tokyo
Rikakikai, Tokyo, Japan).

Preparation of Amorphous Solid
Dispersion (ASD-Cur)

Curcumin (200 mg) and HPMC-AS (800 mg) were
dissolved in 90% (v/v) dioxane solution. The
solution was mixed well and frozen at —80°C.
The sample was freeze-dried with a freeze dryer
LyoStar II (SP Industries, Warminster, PA). After
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drying, the sample was sieved with two different
mesh sizes of sieves (1 and 2 mm).

Preparation of Nanoemulsion Formulation (NE-Cur)

For the preparation of an emulsion preconcen-
trate, curcumin (6 mg) was dissolved in a solvent
mixture consisting of 200 p.L of PEG400, 100 p.L of
propylene glycol, 50 uL of ethanol, and 10 pL of
Tween-80, and sonicated thoroughly at room
temperature. Upon contact with the aqueous
medium, an emulsion preconcentrate sponta-
neously formed as a fine dispersion.

Polarized Light Microscope (PLM)

PLM images were taken using an ECLIPSE E600
POL microscope (Nikon, Tokyo, Japan). Curcumin
samples were examined under various conditions
including differential interference contrast,
slightly uncrossed polars, and using a red wave
compensator.

Scanning Electron Microscope (SEM)

Representative SEM images of curcumin solid
formulations were taken using SEM, VE-7800
(Keyence, Osaka, Japan), without Au or Pt
coating. For the SEM observations, each sample
was fixed on an aluminum sample holder using a
double-sided carbon tape.

Transmission Electron Microscopy (TEM)

An aliquot (2 pL) of the curcumin liquid formula-
tion was placed on a carbon-coated Formvar
200 mesh nickel grid. The sample was allowed
to stand for 15-30s, and then any excess of
solution was removed by blotting. The samples
were negatively stained with 2% (w/v) uranyl
acetate and allowed to dry. The samples were then
visualized under as H-7600 transmission electron
microscope (Hitachi, Tokyo, Japan) operating at
75kV.

Laser Diffraction

Particle size of curcumin was measured by a laser
diffraction scattering method using a Microtrac
HRA X-100 (Nikkiso, Tokyo, Japan). For mea-

surement, curcumin was suspended in distilled
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water. The particle size distribution was
expressed as the volume median diameter and
SPAN factor defined as SPAN = (dgo — d10)/d50,
where d19, dso, and dg are the particle diameters
at 10%, 50%, and 90% of the cumulative volume,
respectively. A high SPAN value indicates a wide
size distribution.

Dynamic Light Scattering (DLS)

Particle size of wet-milled or emulsified curcumin
was measured by DLS method using a N5
submicron particle size analyzer (Beckman
Coulter, Tokyo, Japan). For measurement, one
drop of curcumin suspension was diluted with
4mL distilled water and dispersed homoge-
neously. Mean diameter was calculated using
the photon correlation from light scattering. All
measurements were performed at 25°C at a
measurement angle of 90°. The size distribution,
which was calculated by histogram analysis of
scattering intensity, was evaluated at cumulative
values of 10%, 50%, and 90%.

X-Ray Powder Diffraction (XRPD)

The powder X-ray diffraction pattern was col-
lected with D8 ADVANCE (Bruker AXS GmbH,
Karlsruhe, Germany) with Cu Ka radiation
generated at 40mA and 35kV. Data were
obtained from 4° to 40° (26) at a step size of
0.014° and scanning speed of 4°/min.

Thermal Analysis

DSC was performed using a DSC Q1000 (TA
instruments, New Castle, DE). The DSC thermo-
grams were collected in an aluminum close-pan
system using a sample weight of ca. Three
milligrams and a heating rate of 5°C/min with
nitrogen purge at 70 mL/min. The temperature

axis was calibrated with indium (ca. 5mg,
99.999% pure, onset at 156.6°C).

Dissolution Test

Dissolution tests were carried out for 180 min in
900 mL distilled water containing 0.05% Tween-
80 with constant stirring of 200 rpm in a dissolu-
tion test apparatus DE-1S (Tokyo Rikakikai) at
37°C. One milligram of the curcumin formulation
was weighed to the dissolution vessel. Samples
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were collected at the indicated periods (5, 10, 20,
30, 40, 60, 90, 120, and 180 min) and centrifuged
at 15,000g to remove insoluble materials. For
determination of curcumin concentration in the
supernatant, fluorescence (excitation, 430 nm and
emission, 550 nm) of each supernatant (200 pL)
in a 96-well microplate was measured with a
microplate reader, Safire (Tecan, Méinnedorf,
Switzerland).

Animals and Drug Administration

Male Sprague-Dawley rats (Japan SLC,
Shizuoka, Japan), weighing 357 +59g, were
housed two per cage in the laboratory with free
access to food and water, and maintained on a 12-h
dark/light cycle in a réom with controlled tem-
perature (24 =1°C) and humidity (55 +£5%). All
the procedures used in the present study were
conducted according to the guidelines approved by
the Institutional Animal Care and Ethical Com-
mittee of the University of Shizuoka. For oral
administration, each curcumin formulation was
suspended in distilled water. Rats were fasted for
~18h before drug administration, and received
orally curcumin (100 mg/kg body weight) or
curcumin formulations (20 mg curcumin/kg body
weight). For intravenous injection, 2 mg of curcu-
min were dissolved in 1 mL of DMSO, and 100 p.L.
of DMSO solution of curcumin was diluted to 1 mL
with PBS containing 0.5% (v/v) Tween-80 (final
concentration of curcumin, 200 pg/mL). The cur-
cumin solution was filtered through a 0.22 pm
membrane filter (Millipore, Tokyo, Japan), and
injected intravenously to rats (0.5 mg/kg body
weight).

Plasma Concentration of Curcumin

Blood samples were taken in a volume of 200 pL
from the tail vein in the indicated periods after
oral administration of curcumin or curcumin
formulations. The blood samples were centrifuged
at 10,000 g to prepare plasma samples. The plasma
samples were kept frozen at below —20°C until
they were analyzed. Curcumin concentrations in
plasma were estimated by internal standard
method using UPLC/ESI-MS. Briefly, 250 pL of
acetonitrile and internal standard (benzocaine)
were added to 100 pL of plasma sample and
centrifuged at 2000rpm for 1min. The super-
natant was analyzed by Waters Acquity UPLC
system (Waters, Milford, MA), that include the

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 4, APRIL 2010

318

binary solvent manager, sample manager,
column compartment, and SQD connected with
MassLynx software. An Acquity UPLC BEH C
18 column (particle size: 1.7 um, column size:
2.1 mm x 50 mm; Waters), also from Waters, was
used, and column temperature was maintained
at 40°C. The samples were separated using a
gradient mobile phase consisting of 5 mM ammo-
nium acetate (A) and acetonitrile (B) with the flow
rate of 0.25mL/min, and the retention time of
curcumin was 3.1min. The gradient condition
of mobile phase was 0-0.5min, 30% B; and 0.5—
3.5 min, 30-70% B.

Photostability Study

Each curcumin formulation was stored in an Atlas
Suntest CPS+ solar simulator (Atlas Material
Technology LLC, Chicago, IL), equipped with a
xenon arc lamp. UV special filter and window
glass filter were installed to adapt the spectrum of
the artificial light source to natural daylight. The
irradiation test was carried out at 25°C with an
irradiance of 750 W/m?. Each curcumin formula-
tion was stored in a clear glass vial and irradiated
with UVA/B light for 1h (2700kJ/m?), and the
remaining curcumin in the sample was deter-
mined by UPLC/ESI-MS, as described in Plasma
Concentration of Curcumin Section.

Reactive Oxygen Species (ROS) Assay

ROS assay on curcumin solution was carried out
according to our previous reports with some
modifications.'®'® Briefly, singlet oxygen was
measured in an aqueous solution by spectro-
photometrically monitoring the bleaching of RNO
at 440 nm using imidazole as a selective acceptor
of singlet oxygen. Samples containing the com-
pounds under examination, RNO (50 pM) and
imidazole (50 pM) in 20mM sodium phosphate
buffer (NaPB, pH 7.4) were irradiated with
UVA/B (250W/m?) for the indicated periods,
followed by measurements of UV absorption at
440 nm with a SpectraMax plus 384 microplate
spectrophotometer (Molecular Devices, Kobe,
Japan). For measurement of superoxide anion,
samples containing the compounds under exami-
nation and NBT (50pM) in 20mM NaPB were
irradiated with UVA/B (250W/m?), and the
reduction of NBT was measured by the increase
of the absorbance at 560 nm, using a SpectraMax
plus 384 microplate spectrophotometer.

DOI 10.1002/jps
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Statistical Analysis

For statistical comparisons, a one-way analysis of
variance (ANOVA) with the pairwise comparison
by Fisher’s least significant difference procedure
was used. A p-value of <0.05 was considered
significant for all analyses.

RESULTS AND DISCUSSION

Solid Dispersions of Curcumin

Solid dispersion can be defined as a distribution of
active ingredients in molecular, amorphous, and/
or microcrystalline forms surrounded by inert
carriers.'” In the present investigation, two
types of solid dispersion were prepared, such as
CSD- and ASD-Cur, and both solid dispersions
appeared as light yellow, dry, and fine powder.
Representative SEM and PLM images of solid
dispersions are shown in Figure 1. In SEM
images, crystalline curcumin showed the particles
to be predominantly dispersed and irregularly
shaped, with sizes ranging over about 10-100 wm
(Fig. 1A-I), whereas the solid dispersions exhi-
bited the appearance of typical, flaky freeze-dried

Figure 1. Microscopic images of curcumin samples,
including curcumin (A), CSD-Cur (B), and ASD-Cur (C).
Surface morphology of each sample was evaluated by
scanning electron microscopy (left) and polarized light
microscopy (right).

DOI 10.1002/jps

material (Fig. 1B-I and C-I). These observations
revealed clear changes in the morphology of the
powder particles due to the evident formation of
solid dispersions, and there seemed to be marked
increase in the surface area of the material when
compared with curcumin alone. According to PLM
appearance, intense birefringence was observed
in curcumin (Fig. 1A-II), suggesting its high
crystallinity. In contrast, solid dispersions, even
CSD-Cur, showed no birefringence (Fig. 1B-II and
C-II) that could be reasonable for the theoretical
physical state of ASD-Cur, but not for CSD-Cur.
The lack of birefringence in CSD-Cur might be
caused by marked reduction in particle size of
crystalline curcumin down to the submicron
range. Afterwards, the particle size of curcumin
and CSD-Cur suspended in water was evaluated
by laser diffraction and DLS, respectively (Fig. 2).
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Figure 2. Size distributions of curcumin and CSD-
Cur. Particle size of curcumin (A) and CSD-Cur (B) was
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The mean diameter of crystalline curcumin
(A) was calculated to be 22 pm with SPAN factor
of 2.7, and CSD-Cur suspension (B) exhibited the
mean diameter of as low as 250 nm, indicating
that wet-milling of curcumin led to ca. 10%fold
reduction of particle size. The polydispersity index
of CSD-Cur suspension ranged from 0.3 to 0.4,
suggesting that the milled particles were moder-
ately homogeneous.

Further characterization on physicochemical
properties of curcumin formulations was made
with use of XRPD and DSC. The XRPD pattern of
crystalline curcumin indicated several charac-
teristic peaks, and the similar diffraction pattern
was also seen in CSD-Cur (Fig. 3A). This could be
indicative of high crystallinity of curcumin in
the formulation, and the crystal habit might be
attributed to the slight transition of diffraction
pattern between crystalline curcumin and CSD-
Cur. In contrast, ASD-Cur was found to be
amorphous, as indicated by a halo diffraction
pattern, and this was consistent with the PLM
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Figure 3. Physicochemical characterization of curcu-
min samples, including (I) curcumin (crystalline), (IT)
CSD-Cur, and (III) ASD-Cur. (A) Powder X-ray dif-
fraction patterns and (B) DSC thermograms.
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observation. In addition to the XRPD data, the
thermal behavior of drug formulations are also of
importance in pharmaceutical technologies, since
the obtained information such as melting, recrys-
tallization, decomposition, or a change in heat
capacity could help to ascertain the physicochemi-
cal status of the entrapped drug inside the
excipient. The DSC thermograms of curcumin
formulations are provided in Figure 3B. Both
crystalline curcumin and CSD-Cur produced an
intense melting endotherm at ca. 180°C, support-
ing the results obtained during XRPD analysis.
However, ASD-Cur did not show any thermal
event in the examined temperature range
(30-250°C), and these data suggested that curcu-
min in ASD-Cur exists in an amorphous form as
observed in other assessments. On the basis of
morphological observations and physicochemical
characterization, amorphous, and crystal solid
dispersions of curcumin were successfully
developed with the aim of controlling the mole-
cular properties of curcumin.

Nanoemulsion Formulation of Curcumin

For improvement of solubility and bioavailability
of poorly soluble drugs, one of the most popular
and commercially viable formulation approaches
is emulsification. Recently, the preparation of
submicron emulsions, called NE or mini-emul-
sions, has emerged as a promising alternative
dosage form,*® because of their long-term stabi-
lity, ease of preparation, and high solubilization of
drug molecules. As they have found wide applica-
tion in oral drug delivery to enhance the solubility
and bioavailability of the lipophilic drugs, a NE-
Cur was prepared to compare its physicochemical
and pharmacokinetic behaviors to other curcumin
formulations in the present study. An emulsion
preconcentrate of curcumin was prepared con-
sisting of curcumin, PEG400, Tween-80, and
propylene glycol which formed a spontaneous
and fine dispersion upon contact with the aqueous
media. Morphology of NE-Cur was characterized
by TEM observation, indicating that all the NE
particles were evenly distributed and spherical
(Fig. 4A). The emulsion preconcentrate of curcu-
min formed a NE where particle sizes were less
than at least 500 pm. No precipitation was
observed at 40°C for at least 2h after emulsifica-
tion (data not shown). In addition, NE-Cur was
subjected to DLS analysis, and the average
particle size of NE-Cur was found to be 196 nm
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(Fig. 4B). The particle size was approximately the
same as the diameters observed by TEM. Thus, a
nanoemulsified dispersion of curcumin was pro-
duced by the addition of an emulsion preconcen-
trate into the aqueous solution.

Dissolution Properties of Curcumin Formulations

To demonstrate the improved solubility of each
curcumin formulation, the drug dissolution profiles
of crystalline curcumin, CSD-Cur, ASD-Cur, and
NE-Cur were examined up to 180 min (Fig. 5). Of all
curcumin formulations tested, NE-Cur showed the
fastest dispersion with formation of NE as deter-
mined by DLS, although dissolution of crystalline
curcumin into water was found to be much slower
than the tested curcumin formulations. Both solid
dispersions of curcumin exhibited the improved
dissolution/dispersion behavior, as evidenced by ca.
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Figure 5. Dissolution profiles of curcumin samples,
differently treated in deionized water. O, curcumin
(crystalline); [J, CSD-Cur; ¢, ASD-Cur; and t7, NE-
Cur. Each bar represents mean + SE of three indepen-
dent experiments.

95% (ASD-Cur) and 80% (CSD-Cur) release at
180 min. According to the dissolution curve, the
dissolution rates of curcumin, ASD- and CSD-Cur
were estimated to be 0.16h™' (95% confidence
interval; 95% CI, 0.13-0.19), 0.93 h~* (95% CI, 0.90—
0.97),and 0.60 h~* (95% CI, 0.53—0.68), respectively.
These observations were consistent with previous
reports, showing that formulation of poorly soluble
drugs as solid dispersions could lead to a marked
improvement in the dissolution properties.?! It is
well established that for poorly water-soluble drugs,
even a small increase in their dissolution rate could
result in a large increase in bioavailability, as the
bioavailability of a poorly soluble drug is largely
dependent on its dissolution rate.?? Based on the
dissolution profiles, as well as the physicochemical
characteristics of the newly developed curcumin
formulations, solid dispersion approach might be
one of potential options for oral preparations
because of their improved dissolution properties
in water.

Pharmacokinetic Behaviors
of Curcumin Formulations

The observations of the dissolution properties of
curcumin formulations prompted us to clarify
the possible improvement in the bioavailability of
curcumin by the assessment of the pharma-
cokinetic behaviors of curcumin formulations in
rats. Figure 6 shows the blood concentration—time
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Figure 6. Plasma curcumin concentrations in rats
after oral administration of curcumin formulations.
O, curcumin (crystalline) at 100 mg/kg body weight of
rat; [], CSD-Cur at 20 mg/kg; <, ASD-Cur at 20 mg/kg;
and 77, NE-Cur at 20 mg/kg. The inset highlights the
concentration values obtained after oral administration
of curcumin formulations. Data represent mean + SE of
4-5 experiments.

profiles of curcumin in rats after an oral adminis-
tration of the newly developed curcumin for-
mulations (20 mg curcumin/kg) and curcumin
(100 mg/kg), and relevant pharmacokinetic para-
meters including Cihax, Tmax, T1/2, AUCq ins, and
absolute bioavailability as listed in Table 1. Oral
administration of NE-Cur (20 mg/kg curcumin)
resulted in a rapid elevation of curcumin blood
levels up to Cpax 451 ng/mL within 10 min, and
the AUC value was calculated to be 20 pg/mL min.
The plasma concentration of curcumin decreased
rapidly with elimination half-life of 39 min. On the
contrary, curcumin levels in the blood were found
to be very low when the curcumin (100 mg/kg) was
administered orally, and the Cy,,x and AUC values
were 35ng/mL and 11 pg/mL min, respectively.
Thus, there appeared to be a marked enhance-
ment in Cp,x of curcumin with the use of NE

technology, whereas NE-Cur exhibited much
faster elimination than curcumin. Generally,
curcumin undergoes extensive metabolism,
mainly conjugation reaction like sulfation and
glucuronidation, in the liver and intestinal wall.?
So, rapid systemic elimination or clearance of
curcumin was attributable to the rapid metabo-
lism. Although curcumin is remarkably well
tolerated in animals®* and humans,® a high
concentration of curcumin could stimulate the
apoptotic signaling pathways in several tissues.?®
In this context, the NE approach to curcumin
formulation might not be suitable because of its
rapid elimination and the transient high levels of
curcumin in plasma that could possibly lead to its
limited duration of action and concomitant toxic
risk. With respect to solid dispersions, CSD- and
ASD-Cur exhibited an improved pharmacokinetic
behavior as compared to crystalline curcumin.
Both solid dispersions (20 mg curcumin/kg) were
three- to fivefold higher in C,,,,, and AUC values of
plasma curcumin levels than curcumin (100 mg/
kg), whereas similar T, and half-lives were
observed for curcumin and solid dispersions. Upon
these findings, both solid dispersion formulations
of curcumin could provide wider therapeutic
safety margins when compared to NE-Cur. As
shown in Table 1, absolute bioavailability of
curcumin and its formulations were calculated
to be 0.9% (curcumin), 7.9% (NE-Cur), 10.7%
(ASD-Cur), and 14.3% (CSD-Cur) on the basis
of AUC value of intravenously administered
curcumin (0.5mg/kg, data not shown). Rapid
elimination of curcumin, possibly due to extensive
metabolism, was seen in rats treated with NE-
Cur, although both SD formulations exhibited the
prolonged retention in blood after oral adminis-
tration. According to the results from dissolution
study, both SD approaches for curcumin allowed
to obtain a prolonged release of curcumin, as
compared with NE-Cur. The marked differences
in pharmacokinetic behavior between SD and NE

Table 1. Pharmacokinetic Parameters of Curcumin Formulations Following Oral Administration

Formulations Dose (mg/kg) Cpnax g/mL) Tha (min) Ty (min)  AUC)_jnr (pg/mLmin)  BA (%)
Curcumin (crystalline) 100 35+8.0 80+10 207+94 11.0+0.5 0.9
CSD-Cur 20 194 + 58 55 +24 173 £68 36.2+10.8 14.3
ASD-Cur 20 147 £53 60+12 221454 27.1+6.7 10.7
NE-Cur 20 451 + 166 8.7+25 39+10 20.0+6.4 79

Cinax, maximum concentration; 7y ax, time to maximum concentration; T’y 2, half-life; and AUC,, ., area under the curve of plasma
concentration versus time from ¢ =0 to ¢ = oo after administration.

Values are expressed as means + SE from 4-5 experiments.
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formulations might be partly attributed to the
different release behavior. Upon these findings,
solid dispersion strategies, and especially crystal
solid dispersion, might be a simple and efficacious
method to improve the pharmacokinetic behavior
of curcumin.

Currently, curcumin is under active investiga-
tion for its clinical benefit, although clinical trials
are still in relatively early phases.?” In a clinical
study with healthy volunteers where curcumin
was administered as a single daily oral dose
ranging from 0.5 to 12 g,%® low levels of curcumin
were detected only in the serum of volunteers
receiving high doses of curcumin (10 or 12 g/day).
The use of such a large dose in a bulky tablet or
alternative dosage options would not always be an
acceptable form of delivery to patients. On the
basis of the oral bioavailability data on curcumin
and its formulations in rats, there is a probability
that the use of solid dispersion approaches to
curcumin as was demonstrated here could reduce
the daily oral dose of curcumin.

Photochemical Behavior of Curcumin Formulations

According to the first law of photochemistry,
alternatively referred to as the Grotthus—Draper
law,?® chemicals could be activated by the
absorption of photon energy, if those chemicals
have UV spectral patterns which overlap with the
sunlight spectrum. Curcumin showed strong
absorption in the UVA/VIS range,®® so that
curcumin may absorb photon energy and be
excited under exposure to sunlight. Previously,
our group proposed that a ROS assay system for
monitoring ROS generation from test compounds
irradiated with UVA/B could be predictive of
the photoreactivity and/or phototoxic potential of
drug candidates.'® In the present study, the ROS
assay was carried out on curcumin to assess its
photochemical behavior. According to the results
of ROS assay for curcumin at 20 uM (Fig. 7TA),
generation of ROS, especially singlet oxygen, from
curcumin irradiated with UVA/B were observed,
whereas curcumin kept in the dark did not show
any RNO bleaching or NBT reduction (data not
shown). In comparison with ROS data on other
photosensitive chemicals, the ability of curcumin
to generate singlet oxygen and superoxide was
found to be similar to that of sulfamethoxazole
(singlet oxygen, AAgnm x 10% 66; and super-
oxide, AAsgonm x 10%: 4) at the concentration of
20 wM; the phototoxicity of sulfamethoxazole has
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mulations. (A) Generation of singlet oxygen (O) and
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light. Curcumin was dissolved in 20 mM NaPB (pH 7.4)
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been well characterized in in vitro and in vivo
models.?! Based on the results of the ROS assay,
as well as UV spectral data, curcumin was
identified to have photoreactive potential through
the type II photochemical reactions, possibly
leading to photodegradation.

For further investigation of the photochemical
responses of curcumin, photochemical stability
of each curcumin formulation was assessed.
Exposure of curcumin, dissolved in DMSO, and
NE-Cur to simulated sunlight at the indicated
irradiance resulted in gradual degradation of
curcumin, and UPLC/ESI-MS analysis indicated
ca. 70% decrease of potency after UV irradiation
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(2700 kJ/m?) (Fig. 7B). On the contrary, crystal-
line curcumin was found to be photochemically
stable with no color changes after UV irradiation
(450kJ/m?, data not shown). Only 15% degrada-
tion was observed when crystalline curcumin was
exposed to very intense UV light with total
irradiation energy of 2700 kJ/m? These observa-
tions could be consistent with our previous
observation, demonstrating that photodegrada-
tion of a crystalline dihydropyridine derivative
was much slower than in its solution state.?? With
respect to other solid formulation, ca. 50%
reduction of potency was observed in ASD-Cur
at the same irradiation condition (2700kJ/m?),
although CSD-Cur exhibited similar photostabil-
ity as crystalline curcumin, as evidenced by 17%
degradation. Generally, crystalline chemicals
tend to be more stable as compared to their
amorphous forms, and this could be a part of the
reasons for the differences observed in photo-
stability between ASD-Cur and CSD-Cur. Thus,
solid dispersions of curcumin, in particular CSD-
Cur, could be photochemically stable while in the
solid state, however, once solubilized, they could
be susceptible to photochemical degradation
under intense UVA/B irradiation. On the basis
of these findings, taken together with dissolution
and pharmacokinetic profiles, crystal solid dis-
persion approaches would be effective for develop-
ing a water-soluble formulation of curcumin with
improved bioavailability and high photostability.

CONCLUSION

In the present investigation, the water-soluble
formulations of curcumin, including crystal/
amorphous solid dispersions and NE, were pre-
pared, and they showed rapid dissolution/
dispersion behavior as compared to crystalline
curcumin. The mean particle size of curcumin in
crystal solid dispersion, prepared by wet-milling
and subsequent freeze-drying, was found to be ca.
250 nm with small polydispersity index, suggest-
ing that the powder formulation contains nano-
sized crystal of curcumin. There appeared to be
marked improvement in pharmacokinetic be-
havior of the newly developed formulations, as
evidenced by 12- (ASD-Cur), 16- (CSD-Cur), and
9-fold (NE-Cur) increase in oral bioavailability.
Although curcumin in the solution state was
found to be photoreactive and photodegradable,
high photochemical stability was seen in the
crystal solid dispersion of curcumin and crystal-
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line curcumin. Upon these observations on
stability, dissolution, and pharmacokinetic
behaviors, crystal solid dispersion approach
would be efficacious to enhance bioavailability
of curcumin with high photostability, and this
could be advantageous for the safe therapy of
inflammatory or other chronic diseases.
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ABSTRACT

Tranilast (TL) is an anti-allergic agent and widely used in the clinical treatment of bronchial asthma,
atopic rhinitis, atopic dermatitis and keloids. However, therapeutic potential of TL could be partly limited
because of its poor solubility, bioavailability, and photostability. To overcome these drawbacks, crystalline
solid dispersion of TL (CSD/TL) was prepared by wet-milling technique with aim of improving physico-
chemical and pharmacokinetic properties. Physicochemical properties of the formulations prepared were
characterized by laser diffraction and dynamic light scattering for particle size analysis, scanning electron
microscope for morphological analysis, and powder X-ray diffraction and differential scanning calorime-
try for crystallinity assessment. TL particles in CSD/TL appeared to be crystalline with diameter of 122 nm,
and CSD/TL exhibited marked improvement in the dissolution behavior as compared to crystalline TL.
Under irradiation of UVA/B (250 W/m?), solution and amorphous solid dispersion of TL were found to be
highly photodegradable, whereas high photochemical stability was seen in CSD/TL. After oral adminis-
tration of CSD/TL, enhanced TL exposure was observed with increase of Cpnax and AUC by 60- and 32-fold,
respectively, as compared to crystalline TL. According to these observations, taken together with dissolu-
tion and pharmacokinetic behaviors, crystalline solid dispersion strategy would be efficacious to enhance
bioavailability of TL with high photochemical stability.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Tranilast (TL), N-(3,4-dimethoxycinnamoyl) anthranilic acid, is
an anti-allergic agent that inhibits the release of the substances
such as histamine and prostaglandins from mast cells and basophils
(Koda et al,, 1976; Suzawa et al., 1992b). It has been used clin-
ically for the treatment of bronchial asthma, atopic rhinitis and
atopic dermatitis. TL has been reported to inhibit the action of
transforming growth factor beta (TGF-B), and used clinically for
keloids and hypertrophic scar (Suzawa et al., 1992a). Several stud-
ies revealed that TL has the beneficial pharmacological effects for
various chronic diseases, including hepatic fibrosis (Ikeda et al.,
1996; Uno et al., 2008), pulmonary fibrosis (Mori et al., 1991, 1995),
and cancer (Izumi et al., 2009; Nie et al., 1997; Noguchi et al., 2003).
In spite of these attractive pharmacological effects, TL exhibits
the poor dissolution behavior and poor solubility (14.5 wg/ml in
water), particularly in acidic condition (0.7 wg/ml in buffer solu-
tion of pH 1.2) (The Society of Japanese Pharmacopoeia, 2002), so
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that the daily dose of TL is relatively high (300 mg/day). This could
be a part of reasons for adverse side effects of TL at 300 mg/day
in digestive system (Tamai et al., 1999). In addition, because of
its chemical structure having a photoreactive cinnamoyl group,
TL in the solution state is photochemically unstable, transforming
into cis-isomer and dimer forms under light exposure (Hori et al.,
1999). Thus, the low potency and photostability of TL might limit
the clinical use, and these drawbacks need to be improved.
Toincrease dissolution rate of poorly water-soluble compounds,
salt formation (Berge et al., 1977; Serajuddin, 2007) and parti-
cle size reduction approaches have been commonly used. Various
delivery options, including co-solvents, emulsions (Talegaonkar
et al,, 2008), and cyclodextrins (Brewster and Loftsson, 2007),
were also investigated to improve the dissolution properties of
poorly water-soluble drugs. Recently, attention has been drawn
to solid dispersion systems, demonstrating the promising results
in increasing bioavailability of poorly water-soluble drugs (Onoue
et al., 2009), in which the drug is dispersed in solid water-soluble
matrices either molecularly or as fine crystalline particles (Chiou
and Riegelman, 1971). Several efforts have been made to design
highly bioavailable dosage forms for TL by modification of crys-
talline form or gastroretentive technology (Kawashima et al., 1992,



