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a  b  s  t  r  a  c  t

This  study  explored  the  utility  of topically  applied  polymeric  nanoparticle  suspensions  to  tar-
get  delivery  of poorly  water-soluble  drugs  to hair  follicles.  Several  formulations  of  amorphous
drug/polymer  nanoparticles  were  prepared  from  ethyl  cellulose  and  UK-157,147  (systematic  name
(3S,4R)-[6-(3-hydroxyphenyl)sulfonyl]-2,2,3-trimethyl-4-(2-methyl-3-oxo-2,3-dihydropyridazin-6-
yloxy)-3-chromanol),  a potassium  channel  opener,  using  sodium  glycocholate  (NaGC)  as  a  surface
stabilizer.  Nanoparticle  suspensions  were  evaluated  to determine  if targeted  drug  delivery  to sebaceous
glands  and  hair  follicles  could  be  achieved.  In  in  vitro  testing  with  rabbit  ear  tissue,  delivery  of  UK-
157,147  to  the  follicles  was  demonstrated  with  limited  distribution  to the  surrounding  dermis.  Delivery
to hair  follicles  was  also  demonstrated  in  vivo, based  on  stimulation  of hair  growth  in  tests  of  100-nm
nanoparticles  with  a C3H  mouse  model.  The  nanoparticles  were  well-tolerated,  with  no  visible  skin

irritation.  In vivo  tests  of  smaller  nanoparticles  with  a hamster  ear  model  also  indicated  targeted  delivery
to sebaceous  glands.  The  nanoparticles  released  drug  rapidly  in  in  vitro  nonsink  dissolution  tests  and
were  stable  in  suspension  for  3  months.

The present  results  show  selective  drug  delivery  to  the  follicle  by follicular  transport  of nanoparticles
and  rapid  release  of  a poorly  water-soluble  drug.  Thus,  nanoparticles  represent  a  promising  approach  for

of  low
targeted topical  delivery  

. Introduction

Nanoparticles represent an attractive means to achieve prefer-
ntial delivery of therapeutic agents to target tissues in the human

ody, achieving the desired drug release profile at the site without
he use of organic solvents (Moghimi et al., 2001; Yih and Al-Fandi,
006). Nanoparticles have been successfully used to target drug

Abbreviations: Dfr , dissolved free drug; Dp, drug in nanoparticle; Kp, poly-
er/aqueous partition coefficient; Vp, volume fraction of ethyl cellulose in the

uspension.
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delivery, improve bioavailability, sustain drug release, and increase
dissolved drug levels for poorly water-soluble compounds (Singh
and Lillard, 2009).

This article describes the results of studies to investigate
the feasibility of using suspensions containing drug/polymer
nanoparticles to achieve targeted delivery to hair follicles
of UK-157,147 (systematic name (3S,4R)-[6-(3-hydroxy-
phenyl)sulfonyl]-2,2,3-trimethyl-4-(2-methyl-3-oxo-2,3-dihy-
dropyridazin-6-yloxy)-3-chromanol), a potassium channel opener
with low aqueous solubility. The structure of this compound is
shown in Fig. 1.

Successful drug targeting requires increasing the proportion of
drug delivered to the target tissue relative to the systemic expo-
sure (Knorr et al., 2009). For treatment of some dermatological
indications, this requires delivering a higher proportion of drug to
the hair follicles and sebaceous glands. Restricting the amount of
drug travelling through the transepidermal pathway to systemic
circulation can be important for increasing the drug’s therapeu-

tic index, particularly for drugs that require chronic use or drugs
that produce significant adverse events in other locations within
the body. For example, severe side effects occur when podophyl-
lotoxin is absorbed systemically, but no such effects occur when

dx.doi.org/10.1016/j.ijpharm.2011.06.019
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:guang.w.lu@pfizer.com
dx.doi.org/10.1016/j.ijpharm.2011.06.019
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Fig. 1. Chemical structure of UK-157,147 (systematic name (3S,4R)-[6-(3-hydroxy-
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2.2. Nanoparticle preparation methods
henyl)sulfonyl]-2,2,3-trimethyl-4-(2-methyl-3-oxo-2,3-dihydropyridazin-6-
loxy)-3-chromanol).

75-nm solid lipid nanoparticles containing podophyllotoxin are
elivered with epidermal targeting (Chen et al., 2006).

In principle, topically applied agents can reach the lower portion
f the hair follicles by either the transfollicular or the transepider-
al  route. The former pathway involves drug diffusion through

he upper reaches of the pilosebaceous gland, whereas the latter
athway involves secondary local/systemic distribution into hair
ollicles. The relative importance of the two routes depends on the
rug and the formulation.

In many cases, delivery occurs simultaneously via both transepi-
ermal and transfollicular pathways. For example, caffeine appears

n systemic circulation within 5 min  after it is topically applied as
 solution, but takes 20 min  to appear if the same formulation is
pplied to skin in which the hair follicles are blocked. These results
emonstrate the importance of the transfollicular route (Otberg
t al., 2008).

Significant research has been focused on drug transport via the
ransfollicular route using various topical dosage forms (Rolland
t al., 1993; Lademann et al., 2005; Jung et al., 2006; Chourasia and
ain, 2009). Many different nanoparticle systems, including those
ased on metal oxides (Lekki et al., 2007), liposomes (Jung et al.,
006), and polymeric materials (Shim et al., 2004; Alvarez-Roman
t al., 2004; Tsujimoto et al., 2007) have been investigated for use
s follicular drug-delivery carriers.

Several studies have demonstrated that nanoparticles can reach
he deep hair follicles after topical application to human and ani-

al  skin, with some research suggesting that follicular delivery
s more efficient with smaller nanoparticles—generally, those less
han about 300 nm in diameter—than larger nanoparticles (Chen
t al., 2006; Shim et al., 2004; Alvarez-Roman et al., 2004; Vogt
t al., 2006). For example, Vogt et al. (2006) found that 40-nm
anoparticles were internalized by Langerhans cells found around
air follicles of human skin, but 750-nm and 1500-nm nanoparti-
les were not.

Lademann et al. (2005) clearly showed the penetration of
20-nm poly(lactide-co-glycolide) (PLGA) nanoparticles into hair
ollicles in porcine and human skin. With massage after topi-
al application, the nanoparticles penetrated much deeper and
emained in the hair follicles much longer than a formulation that
id not contain nanoparticles (Lademann et al., 2007). Similarly,
ancan et al. (2009) reported that 228-nm and 365-nm polylac-
ic acid (PLA) nanoparticles penetrated human hair follicles and
eleased loaded dyes into the surrounding tissues, indicating the
otential of targeted drug delivery using nanoparticle systems.

Although biodegradable and nonbiodegradable nanoparticles
ave been reported, biodegradability may  not be essential, because

t is likely nanoparticles will be eliminated from the skin sur-

ace (e.g., due to hair growth, outflow of sebum, and epidermal
urnover). In addition, evidence exists that nanoparticles larger
han 100 nm do not pass out of the follicles into living tissue
Pharmaceutics 416 (2011) 314– 322 315

(Lademann et al., 2007). Another study suggests that polymeric
nanoparticles ranging in size from approximately 30 to 100 nm
did not penetrate beyond the superficial stratum corneum (Wu
et al., 2009). One study showed 20-nm titanium oxide nanopar-
ticles penetrated 400 �m into the hair follicles, but no evidence
of nanoparticles in vital tissue or sebaceous glands was  observed
(Lekki et al., 2007).

On the other hand, a recent study in mice suggested that 40- and
200-nm polystyrene nanoparticles taken up into hair diffused into
the surrounding tissue and were transported to the draining lymph
nodes (Mahe et al., 2009). Additional studies would be valuable to
assess the potential for transport of nanoparticles into surrounding
tissue from hair follicles.

In this study, we  investigated the feasibility of using a suspen-
sion of drug/polymer nanoparticles to achieve targeted delivery of
UK-157,147, a low-solubility compound, to hair follicles. For this
study, ethyl cellulose—which is known to solubilize a large number
of hydrophobic drugs—was chosen as the matrix for the UK-
157,147 nanoparticles. (It is likely that similar solubilization can be
achieved using other polymeric materials, including biodegradable
polymers if desired.)

The nanoparticles were characterized, and their performance
was  evaluated in (1) an in vitro test to evaluate drug distribu-
tion within the skin (using rabbit ear tissue); (2) an in vivo test to
evaluate drug delivery to sebaceous glands (using a Golden Syrian
hamster ear model); and (3) an in vivo test to evaluate hair-growth
efficacy (using a C3H mouse model).

In this study, delivery of UK-157,147 was demonstrated to
the sebaceous glands in a hamster ear model using an aqueous
nanoparticle suspension. Similar formulations with larger nanopar-
ticles also stimulated hair growth in the C3H mouse model, caused
no visible skin irritation and were well-tolerated. In vitro imaging
of rabbit ear tissue suggests that aqueous nanoparticle suspensions
successfully limit distribution of small-molecule drugs to the der-
mis  while delivering drug to the follicles.

These results suggest that nanoparticle suspensions can effec-
tively deliver low-molecular-weight drugs to the follicles through
the transfollicular route, while limiting distribution to the rest of
the skin and to systemic circulation. By targeting delivery to the
hair follicles, nanoparticles have the potential to improve the ther-
apeutic index for a number of topically applied drugs.

2. Materials and methods

2.1. Materials

UK-157,147 was  provided by Pfizer Inc. (Groton, CT). Ethyl
cellulose (Ethocel® Viscosity 4) was  a generous gift from
the Dow Chemical Co. (Midland, MI). Sodium glycocholate
(NaGC) (Product No. G7132), poly[methyl methacrylate-co-
(fluorecein-o-methacrylate)] (PMMA)(Product No. 56,888-0), and
poly[2-methoxy-b-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) (Product No. 541435) were purchased from Sigma
Aldrich Corp. (St. Louis, MO). Methylene chloride (Product No.
BDH1113) was purchased from VWR  International LLC (Radnor,
PA). Syringe filters (1-�m glass-microfiber membrane and 0.2-�m
polyethersulfone [PES] Supor filters) were purchased from Pall
Corp. (Port Washington, NY). Molecular-weight-cutoff (MWCO)
filters (100 kDa, Microcon Ultracel YM-100) were purchased from
Millipore Corp. (Billerica, MA).
For the in vitro tests to evaluate distribution within the skin
using rabbit ear tissue, 19:1:0.6 ethyl cellulose: MEH-PPV:NaGC
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anoparticles were prepared by dissolving (1) 594 mg  of ethyl
ellulose and 31 mg  of MEH-PPV in 5 ml  of methylene chlo-
ide; and (2) 19 mg  of NaGC in 20 ml  of water. The methylene
hloride solution containing dissolved polymers and drug was
ixed with the NaGC solution using a rotor stator (Polytron

100, Kinematica Inc., Bohemia, NY) at 10,000 rpm for 3 min. This
oarse emulsion was further emulsified at 12,500 psi for 6 min
sing a microfluidizer (Microfluidics M110S, Newton, MA) fitted
ith a Z-shaped interaction chamber with a 100-�m-diameter

hannel. The emulsion was then placed on a rotoevaporator,
here the methylene chloride was removed under reduced
ressure at approximately 25 ◦C. The resulting aqueous sus-
ension was filtered through a 1-�m glass-microfiber syringe
lter and potency was measured using the method described
elow.

A placebo second nanoparticle suspension, in which Nile Red
ye was incorporated into nanoparticles, was made using the emul-
ion process described above. For these nanoparticles, solutions
hat were prepared by dissolving 1200 mg  of ethyl cellulose and
2 mg  of Nile Red in 9 ml  of methylene chloride, while 20 mg
f NaGC was dissolved in 20 ml  of Milli-QTM water, yielding
0:0.1:0.17 ethyl cellulose:Nile Red:NaGC nanoparticles.

An organic solution to evaluate drug distribution within the
kin in vitro using a rabbit ear model was made by dissolving Nile
ed dye in 60:20:20 ethanol:propylene glycol:isopropyl myristate,
hich is a typical vehicle used for topical drug delivery. The solu-

ion was made by mixing 6 ml  of ethanol, 2 ml  of propylene glycol,
nd 2 ml  of isopropyl myristate, and then adding 10 mg  of Nile Red.

For the study to evaluate drug delivery to sebaceous glands
n vivo using a Golden Syrian hamster ear model, 1:3:2 UK-
57,147:ethyl cellulose:NaGC/PMMA fluorescent nanoparticles
ere made by emulsion. Solutions were prepared by dissolving (1)

00 mg  of UK-157,147, 1.2 g of ethyl cellulose, and 80 mg  of PMMA
n 9 ml  of methylene chloride; and (2) 800 mg  of NaGC in 20 ml
f Milli-Q water. The two solutions were mixed and the nanopar-
icles were made using an emulsion procedure similar to the one
escribed above. The suspension was filtered through a 1-�m glass-
icrofiber syringe filter. Potency was measured using the method

escribed below, and the suspension was then diluted to 10 mg
ctive per ml  (mg  A/ml).

For the in vivo hair-growth efficacy tests in the C3H mouse
odel, 1:3:0.06 UK-157,147:ethyl cellulose:NaGC nanoparticles
ere prepared. The amount of surfactant (i.e., NaGC) was reduced

elative to that used in the hamster model to minimize the potential
or skin irritation during a longer study. The resulting nanoparticles
ere larger than those used in the hamster ear study. The nanopar-

icles were prepared by dissolving (1) 400 mg  of UK-157,147 and
.2 g of ethyl cellulose in 9 ml  of methylene chloride; and (2) 25 mg
f NaGC in 20 ml  of water. The two solutions were mixed and the
anoparticles were made using an emulsion procedure similar to
he one described above, except that the 10-mg A/ml suspension
as passed through a 0.2-�m filter.

.3. Nanoparticle sizing

Nanoparticle size was measured by dynamic light scattering
DLS) using a BI-200SM nanoparticle size analyzer with a BI-
000AT correlator (Brookhaven Instruments Corp., Long Island,
Y). Nanoparticle size is reported as the effective hydrodynamic
iameter determined using the cumulant cubic algorithm. Size was
ypically measured in duplicate or triplicate and the average value
eported. The width of the particle-size distribution is reported in

erms of the polydispersity from the second cumulant.

Nanoparticle morphology and size heterogeneity was assessed
sing cryo-transmission electron microscopy (cryo-TEM) imaging.
he solutions were sampled and prepared for cryo-TEM analysis
Pharmaceutics 416 (2011) 314– 322

using an FEI VitrobotTM (FEI Company, Hillsboro, OR) and the fol-
lowing method. A 10-�l sample of solution was applied to a Lacey
Carbon TEM grid in a Vitrobot chamber equilibrated to 90% rel-
ative humidity (RH). The grid was blotted once for 2 s and then
immediately plunged into freezing liquid ethane. The grid was then
transferred to a Taylor-Wharton liquid-nitrogen storage dewar
until imaging could be performed. Imaging was carried out at
200 kV using a thermionic LaB6 electron source in the FEI Tec-
nai 20 Sphera TEM instrument using a Gatan Model 626 cryogenic
holder (Gatan Inc., Pleasanton, CA) in the low-dose imaging mode
facilitated by an FEI Tecnai user interface. The TEM instrument
was  equipped with a Gatan Multiscan CCD Model 794 camera, and
images were captured using a Gatan digital micrograph.

The storage stability of two nanoparticle suspensions was
tested: (1) the 1:3:2 UK-157,147:ethyl cellulose:NaGC/PMMA
nanoparticles used in the in vivo tests to evaluate drug delivery
to sebaceous glands; and (2) the 1:3:0.06 UK-157,147:ethyl cel-
lulose:NaGC nanoparticles used for the hair-growth efficacy tests.
Nanoparticles were stored as 10-mg A/ml suspensions for 3 months
at room temperature, and particle sizes were measured by DLS. The
suspensions were then filtered through a 0.2-�m syringe filter, and
the UK-157,147 concentration was  measured by high performance
liquid chromatography (HPLC) analysis to test for aggregation of
drug-containing particles into larger structures.

2.4. Nanoparticle suspension potency

The potency of the nanoparticle suspensions was measured to
determine the total of encapsulated and dissolved drug. For this
test, 50 �l of the nanoparticle suspension was  diluted into 1 ml
of acetonitrile to dissolve the nanoparticles. The drug concentra-
tion was then analyzed by HPLC using an Alltech Hypersil BDS
C18 column (5 �m,  4.6 mm  × 250 mm,  1 ml/min of 60:40 50-mM
ammonium formate [pH 5]:acetonitrile; 20-�l injection volume;
25 ◦C column temperature; absorbance at 265 nm).

2.5. In vitro dissolution testing

The dissolution performance of the suspensions was evalu-
ated as a function of nanoparticle concentration in a nonsink
dissolution test. For this test, 1:3:2 UK-157,147:ethyl cellu-
lose:NaGC/PMMA fluorescently labeled nanoparticles were man-
ufactured as described above for those used in the hamster model.
The total potency of the suspension was measured using the
method described above.

The fraction of drug encapsulated in the nanoparticles was
determined by subtracting the dissolved (i.e., unentrapped) drug
from the total measured potency of the nanoparticle suspensions.
The concentration of dissolved drug was  measured by placing
250 �l of nanoparticle suspension in a microcentrifuge tube fit-
ted with a 100-kDa MWCO  filter, and centrifuging at 15,800 × g
for 3 min  to separate dissolved drug from drug entrapped in
nanoparticles. Fifty microliters of the filtrate was diluted with
1 ml  of acetonitrile and the drug concentration was analyzed by
HPLC as described above. The fraction of drug entrapped in the
nanoparticles was  determined by subtracting the dissolved drug
concentration from the total potency of the nanoparticle suspen-
sion. The analysis was performed in triplicate and the values were
averaged.

The suspension was  diluted to three concentrations – 18, 39, and
77 �gA/ml – and the rate and extent of dissolution was measured

as a function of dilution into phosphate buffer solution (PBS) at pH
7.4. Diluted suspensions were placed in glass scintillation vials and
stirred at 100 rpm using a magnetic stir bar. At each time point,
duplicate 500-�l aliquots were removed from the vials, placed into
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icrocentrifuge tubes fitted with 100-kDa MWCO  filters and spun
t 15,800 × g for 3 min. After spinning, 100 �l of the filtrate was
ixed with 500 �l of acetonitrile and analyzed by HPLC.

.6. In vitro distribution in skin using a rabbit ear model

For this test, fresh rabbit ear tissue was used as a convenient
odel. The tissue was cut into pieces measuring approximately

 cm × 1 cm,  and the fur was trimmed to several millimeters
n length. One hundred microliters of a suspension containing
he 19:1:0.6 ethyl cellulose:MEH-PPV:NaGC fluorescently labeled
anoparticles described above (at a 30-mg/ml solids content) was
pplied to the tissue using a pipette. Tissue massage was not used to
romote transport of nanoparticles into the follicles. The samples
ere incubated for 2 h in an ESPEC LH-113 temperature/humidity

abinet at 37 ◦C/50% RH (ESPEC Corp., Osaka, Japan). The tissue was
hen embedded in Tissue-Tek® OCTTM compound and microtomed
nto 5-�m-thick sections cut at −24 ◦C with a Leica 1850 cryo-
tat. Sections were mounted on glass slides. Fluorescence imaging
as performed with a Nikon Eclipse E600 microscope equipped
ith a Clemex LU11363-CLX camera and an epifluorescence filter

lock (G-2A) (excitation filter 510–560 nm,  dichroic mirror 575 nm,
mission filter 590 nm)  with 2.0-s exposure time. The MEH-PPV
xcitation wavelength was 490 nm.

A 60:20:20 ethanol:propylene glycol:isopropyl myristate
rganic solution containing 1 mg/ml  Nile Red was  applied to
abbit ear tissue, as was an aqueous suspension containing
1-nm 10:0.1:0.17 ethyl cellulose:Nile Red:NaGC nanoparticles.
pproximately 600 �l of solution or suspension was applied to

 cm2 of tissue, the tissue was massaged lightly for 10 s, and then
quilibrated for 1 h at 40 ◦C/100% RH. The tissue was  embedded in
issue-Tek OCT compound for cryo-TEM analysis (sections were

 �m,  cut at −24 ◦C with a Leica 1310 Cryostat). Fluorescence
maging was performed using a Nikon Eclipse E600 microscope
quipped with a Clemex LU11363-CLX camera and an epifluores-
ence filter block (G-2A) (excitation filter 510–560 nm,  dichroic
irror 575 nm,  emission filter 590 nm), with exposure times of

.5 s for the solution and 1.0 s for the nanoparticle suspension. The
ile Red excitation wavelength was 460 nm.

.7. In vivo delivery to sebaceous glands using a hamster ear
odel

For this test, three formulations were tested in vivo using a ham-
ter ear model at 1% (w/v) UK-157,147:

1) 60:20:20 alcohol:propylene glycol:isopropyl myristate (con-
trol);

2) 1:3:2 UK-157,147:ethyl cellulose:NaGC/PMMA nanoparticles;
and

3) bulk crystals of UK-157,147.

Golden Syrian hamsters (body weight 110–115 g, supplied by
harles River) were anesthetized with isoflurane, transferred to a
eated, temperature-controlled (37 ◦C) platform, and fitted with a
ose-cone breathing apparatus that allowed controlled delivery of

soflurane to keep the animal moderately anesthetized to prevent
ovement. The animal and the chamber’s heated platform were

nclosed by a large PlexiglassTM cover.
A positive-displacement pipette was used to apply 20 �l of for-

ulation to the ventral surface of an ear of the lightly anesthetized

nimal. Each formulation was applied to two ears, one left and one
ight from different animals, assigned randomly. The formulations
ere carefully spread over the central portion of the ear surface

o minimize runoff. After 2 h, the animal was sacrificed and the
Pharmaceutics 416 (2011) 314– 322 317

ears were removed and carefully dissected to isolate the sebaceous
glands (Niemiec et al., 1995).

The dissection procedure was  as follows. The ears were cut off
as close as possible to the skull and mounted, ventral side up, on
a dissection board with pins. A Kimwipe® was  used to dab excess
formulation from the ear surface. The surface was stripped with
transparent tape 25 times. Ears were cut along the body to separate
the ventral and dorsal surfaces. The dermis on the ventral surface
was  peeled with forceps to reveal the follicle bulbs and sebaceous
glands, which were scraped from the surface using 100 �l of HPLC-
quality water. Scrapings were collected using Q-Tips®, which were
placed in a container and extracted with 3.0 ml  of a 50:50 acetoni-
trile:water solution by sonication for 30 min.

An aliquot from each vial was centrifuged for 10 min, and
the supernatant was  assayed for UK-157,147 by reverse-phase
HPLC. HPLC was performed using an Agilent 1100 system, using
a Luna C18(2) Phenomenex® reversed-phase column (3 �m,  100 Å,
150 mm × 4.6 mm)  with a flow rate of 1.0 ml/min at ambient tem-
perature. Detection was  at 210 nm using an injection volume of
20.0 �l. The run time was 10 min. The mobile phase was 40:60 (v/v)
acetonitrile:0.05 M ammonium formate at pH 5.0.

The results were analyzed using a two-sided Student’s t-test to
assess the significance of differences in uptake of drug from the two
formulations.

2.8. Hair-growth efficacy using a C3H mouse model

Male C3H mice were used to assess hair growth. In this model
(Hamada and Suzuki, 1996), the first few anagen (hair-growth)
phases are synchronized, and the second telogen (resting-follicle)
phase lasts for more than 4 weeks.

To assess the hair-growth effect of UK-157,147, various formu-
lations containing 1% UK-157,417 were applied topically to the
shaved lower back of age-matched male mice in the second telogen
phase of the hair cycle. Ten animals per formulation were treated.
Hair-growth was monitored by the onset of the anagen phase and
grades of hair growth. The grades of hair growth were defined as
0 = no hair growth, 1 = initiation of hair growth, 2 = partial or sparse
hair growth, and 3 = full hair growth. Twenty microliters of placebo
vehicle or the various UK-157,417 formulations were applied twice
daily, 5 days per week for 4 weeks, covering approximately 1 cm2

on the shaved lower back. The hair growth was graded daily in the
morning before dosing. After 4 weeks of dosing, the hair growth
was  monitored and graded daily for another week.

The in vivo experimental work reported in the present study
was  conducted under Institutional Animal Care and Use Committee
(IACUC)-approved protocols and in compliance with the Guide for
the Care and Use of Laboratory Animals (National Research Council,
2010).

3. Results

3.1. Nanoparticle size and entrapped drug

Because particle size can affect distribution of the nanopar-
ticles when they are applied topically, particle diameters were
determined by DLS for all formulations. Measurements were
typically made in either duplicate or triplicate. In all cases,
replicate measurements gave effective diameters that agreed
to within <3%. DLS analysis showed that the diameters of the
19:1:0.6 ethyl cellulose:MEH-PPV:NaGC and 10:0.1:0.17 ethyl

cellulose:Nile Red:NaGC nanoparticles used for the in vitro skin-
distribution tests with rabbit ear tissue were 96 and 91 nm,
respectively, with polydispersities of 0.18 and 0.10, respectively.
The 1:3:2 UK-157,147:ethyl cellulose:NaGC/PMMA nanoparticles
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Fig. 2. Cryo-TEM image of 1:3:2 UK-157,147:ethyl cellulose:NaGC/P

sed to evaluate drug delivery to sebaceous glands using the ham-
ter ear model in vivo were 30 nm in diameter with a polydispersity
f 0.14. The nanoparticle size was confirmed for formulations
osed in vivo using cryo-TEM imaging (Fig. 2). In previous studies,
anoparticle suspensions using this same formulation showed no
hange in size after storage at ambient temperature for 3 months.

Based on DLS measurements, the 1:3:0.06 UK-157,147:ethyl
ellulose:NaGC nanoparticles dosed in the mouse efficacy model
ere 100 nm in diameter and had a polydispersity of 0.07. After

torage for 3 months at room temperature at a concentration of
0 mg  A/ml, these nanoparticles showed no significant change in
ize (diameter of 100 nm,  polydispersity of 0.05) and little loss in
otency (9.8 mg  A/ml) after filtration through a membrane with a
ominal pore size of 0.2 �m.  These results confirm that no signif-

cant aggregation of nanoparticles into larger structures occurred
uring storage.

The total potency of the 1:3:2 UK-157,147:ethyl cellu-
ose:NaGC/PMMA nanoparticles was 12.9 mg  A/ml, whereas the
issolved drug measured by centrifuging the suspension through
00-kDa MWCO  filters was 1.29 mg  A/ml, resulting in an encap-

ulated fraction of 90%. The encapsulated fraction varies with
anoparticle concentration, as described in the partitioning model
escribed below.

ig. 3. Fluorescent (left) and bright-field (right) microscopy images of rabbit ear tissue in
icles.
(a) and 1:3:0.06 UK-157,147:ethyl cellulose:NaGC (b) nanoparticles.

3.2. In vitro distribution within the skin using rabbit ear tissue

A fluorescently labeled placebo suspension containing 19:1:0.6
ethyl cellulose:MEH-PPV:NaGC nanoparticles was applied in vitro
to rabbit ear tissue as described above to qualitatively assess
the penetration of nanoparticles into the follicles. Fig. 3 shows
representative bright-field and fluorescent images obtained after
incubation of the samples for 2 h at 37 ◦C/50% RH. As the figure
shows, substantial fluorescence was observed on the surface of
the stratum corneum, as expected. However, the image also clearly
shows delivery of nanoparticles to the hair follicles, with little or no
fluorescence observed elsewhere in the epidermal or dermal layers.

To assess the ability of an aqueous nanoparticle suspension to
limit the distribution of drug to the bulk dermal tissue (and, there-
fore, to the systemic circulation), placebo nanoparticles containing
Nile Red, a poorly water-soluble lipophilic dye were prepared. The
dye was  used as a model of a small-molecule low-solubility drug
that could typically be delivered topically using an organic solution.
The nanoparticles containing the Nile Red dye were dosed as a sus-
pension to rabbit ear tissue in vitro, and the tissue samples were

sectioned for imaging. An organic solution containing Nile Red was
likewise dosed as a control.

cubated for 2 h with 19:1:0.6 ethyl cellulose:MEH-PPV:NaGC fluorescent nanopar-
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ig. 4. Rabbit ear tissue dosed with 60% EtOH:20% propylene glycol:20% isoprop
anoparticles (right).

The bright-field and fluorescent images in Fig. 4 show the dis-
ribution of Nile Red dye within the tissue for the nanoparticles
nd the organic solution. As the figure shows, the dye from the
anoparticle formulation is located almost exclusively on the skin
urface and in the hair follicle. In contrast, results for the organic
olution—which represents a type typically used for topical drug
elivery—show substantial amounts of dye distributed throughout
he skin layers.

.3. Drug delivery to sebaceous glands using a hamster ear model

A suspension containing 1:3:2 UK-157,147:ethyl cellu-
ose:NaGC/PMMA nanoparticles (10 mg  A/ml or 1% w/v) was
osed to hamster ears, and the concentration of UK-157,147 in
he sebaceous glands was measured at 1- and 2-h time points, as
escribed above. The concentrations were compared with those

easured after application of a similar amount of UK-157,147 in

 60:20:20 ethanol:propylene glycol:isopropyl myristate solution.
 third formulation, consisting of bulk crystals of UK-157,147 in
0 mg/ml  NaGC, was also tested.
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ig. 5. Dose recovered from sebaceous glands of hamster ears for three UK-157,147
ormulations.
yristate (1 mg/ml  Nile Red) (left), and 10:0.1:0.17 ethyl cellulose:Nile Red:NaGC

Fig. 5 shows the concentrations of UK-157,147 in the glands
at the 2-h time point. As the figure shows, comparable amounts
of drug were delivered using the nanoparticle suspension and the
organic solution, even though the amount of dissolved drug was
much different. The differences in uptake did not meet the P < 0.05
criterion for significance. Conversely, the amount of drug delivered
by the bulk crystalline suspension was much less than for the other
two  formulations.

3.4. Efficacy in a C3H mouse model

In a previous study (unpublished data), we demonstrated that
UK-157,147 in 70:30 ethanol:propylene glycol formulation (w/v)
stimulated hair growth in the C3H mouse model. In this study, we
used 1% UK-157,147 in a 70:30 ethanol:propylene glycol formula-
tion as a positive control. This study showed that hair growth was
stimulated by a suspension containing 1:3:0.06 UK-157,147:ethyl

cellulose:NaGC nanoparticles. As shown in Fig. 6, the efficacy of UK-
157,147 in the nanoparticle suspension was  comparable to that of
the ethanol:propylene glycol formulation. The onset of hair growth
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Fig. 6. Effect of 1% UK-157,147 formulated in a nanoparticle suspension or
an  organic solution on hair growth (1:3:0.06 UK-157,147:ethyl cellulose:NaGC
nanoparticles).
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ticles possible (30 nm in diameter). This was  done based on the
hypothesis that smaller nanoparticles would penetrate the follicle
and sebaceous glands more easily than larger nanoparticles.
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ig. 7. Photographic images of mice treatment with a solution control (A), UK-157,1
uspension (D).

ccurred at similar times for the two formulations. The vehicle
ontrols in the study did not stimulate hair growth.

Fig. 7 shows photographs of the hair growth in mice on day
5 of the study. Fifty percent of the mice treated with the 1% UK-
57,147 nanoparticle suspension had visible hair growth on the

ower back areas, whereas 70% of the mice treated with 1% UK-
57,147 ethanol/propylene glycol had hair growth. At end of the
tudy (day 35), hair growth was observed for 70% of the mice treated
ith the 1% UK-157,147 nanoparticle suspension and 80% of the
ice treated with 1% UK-157,147 ethanol/propylene glycol. The
ice treated with control vehicles had no hair growth in the treated

reas.

.5. Dissolution testing

The dissolution performance of 1:3:2 UK-157,147:ethyl cellu-
ose:NaGC/PMMA nanoparticles was tested using various nanopar-
icle concentrations in PBS at pH 7.4. As shown in Fig. 8, the active
oncentration in PBS reached a constant value within 5 min  and
he extent of dissolution increased monotonically with decreasing
anoparticle concentration.
. Discussion

The size of the nanoparticles made using NaGC can be adjusted
y varying the concentration of NaGC, with higher NaGC concentra-
ution (B), placebo nanoparticle suspension control (C) and UK-157,147 nanoparticle

tions resulting in smaller nanoparticles. This is likely because larger
amounts of surfactant stabilize the larger surface area associated
with the smaller emulsion droplets used to make the nanoparticles.
In addition, the surfactant helps stabilize the solid nanoparticles to
prevent aggregation in suspension once they are formed.

In tests with the hamster ear model, a relatively high level of
NaGC (333 mg/g solids) was used to make the smallest nanopar-
Time (min)

Fig. 8. Dissolution results for 1:3:2 UK-157,147:ethyl cellulose:NaGC/PMMA
nanoparticles dosed at 18, 39, and 77 �gA/ml in PBS at pH 7.4.
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ersus ethyl cellulose volume fraction measured for 1:3:2 UK-157,147:ethyl cel-
ulose:NaGC/PMMA nanoparticles in nonsink dissolution testing.

For tests with the mouse model, we sought to avoid use of large
mounts of surfactant because the nanoparticles would be dosed
ver a longer treatment period. The lower NaGC concentrations
15 mg/g solids) used for the nanoparticles in these tests resulted
n larger (100 nm diameter) nanoparticles. More work would be
equired to assess the effect of nanoparticle size on penetration
nto the sebaceous glands in the hamster model and hair-growth
fficacy in the mouse model.

During nonsink dissolution testing of the nanoparticles (Fig. 8),
fter dilution in the dissolution medium, the concentration of free
rug essentially reached its steady-state value by the first time
oint (i.e., at 5 min). The fraction of drug released in the test was

nversely related to the nanoparticle concentration. The rapid dis-
olution is due to the short diffusion distance of drug from inside the
anoparticle core to its surface. The rapid release from the nanopar-
icles to reach a concentration that is in equilibrium with the active
emaining in the nanoparticles indicates that the drug is not kinet-
cally trapped within the polymeric matrix of the nanoparticle
ut resides within the nanoparticle due to a high thermodynamic
olubility. The dissolution data suggest that thermodynamic parti-
ioning of the drug occurs between the core of the nanoparticle and
he aqueous medium.

The partition coefficient can be calculated by comparing the
atio of drug in the polymeric nanoparticle to dissolved (free) drug
t steady state using

Dp

Dfr
= KpVp,

here Dp is drug in the nanoparticle, Dfr is dissolved “free” drug, Kp

s the polymer/aqueous partition coefficient, and Vp is the volume
raction of ethyl cellulose in the suspension.

Fig. 9 plots the ratio of drug in the nanoparticle to the drug
issolved in the aqueous solution as a function of ethyl cellulose
olume fraction for a given drug loading at several total drug con-
entrations. The partitioning model is validated by the approximate
inearity of the plot (dashed line). An average partition coefficient
f 3900 can be calculated from a linear fit to the data and suggests a
olubility of UK-157,147 in ethyl cellulose of approximately 50 wt.%

assuming an ethyl cellulose density of 1.14 g/ml). Therefore, UK-
57,147 is supersaturated in the core of the nanoparticle for all

oadings greater than 50 wt.%. The slight curvature of the line plot-
Pharmaceutics 416 (2011) 314– 322 321

ted in Fig. 9 suggests that as drug loading increases, the partition
coefficient into the ethyl cellulose core decreases.

Based on this analysis, for drug loadings lower than about
50 wt.% in ethyl cellulose, the activity of drug in the nanoparticles
and the corresponding free-drug concentration in aqueous solution
is less than the crystalline solubility. These low-activity nanoparti-
cles can be advantageous for follicular delivery in that they provide
small, rapidly sourcing drug carriers that can effectively penetrate
the follicles and act as a depot, but do not provide high activity in
terms of dissolved drug concentration that will drive drug into the
rest of the skin tissue from the follicles.

The in vitro imaging of rabbit ear tissue dosed with fluores-
cent nanoparticles clearly shows the potential advantage of the
nanoparticles for targeted delivery to the follicles, limiting adverse
events due to systemic exposure and, thereby, raising the therapeu-
tic index. The images in Figs. 3 and 4 suggest minimal exposure to
the dermis for the nanoparticles and their cargo, the lipophilic dye
Nile Red, which is a reasonable model for a low-solubility lipophilic
small-molecule drug. As the images show, during this 2-h exposure
time, nanoparticle distribution is limited to the surface of the skin
and the follicles, because the 100-nm nanoparticles are too large to
penetrate the stratum corneum.

Likewise, the lipophilic Nile Red cargo does not appreciably
distribute throughout the skin from the aqueous nanoparticle sus-
pension during the 2-h exposure. Its distribution is also limited
largely to the top surface of the skin and the hair follicle. Conversely,
when administered using a typical organic vehicle for topical drug
delivery, the dye shows significant penetration throughout the epi-
dermal and dermal layers of the skin during the 2-h experiment.
This is due to the large permeation-enhancing capability of the
organic solution from a variety of mechanisms, including disrup-
tion of the barrier layer of skin and the solvent’s ability to carry
drug with it into the skin as it penetrates (Williams and Barry,
2004).

Hamster ear models are commonly used to evaluate the effect
of drug on sebaceous glands as well as follicular drug deliv-
ery after topical applications (Plewig and Luderschmidt, 1977;
Lieb et al., 1994). As shown in Fig. 5, the relative amount of
UK-157,147 in sebaceous glands are aqueous (bulk crystal) suspen-
sion < aqueous nanoparticles < ethanol/propylene glycol/isopropyl
myristate solution. It is known that the delivery of the com-
pound is more efficient from the ethanol-based solution, because
this organic vehicle enhances permeation through transepidermal
and transfollicular pathways, producing higher drug concen-
trations in local tissues and, consequently, higher systemic
exposure.

Interestingly, compared with an aqueous (bulk crystal) suspen-
sion, the aqueous nanoparticle suspension produced a substantially
higher drug concentration in the sebaceous glands, indicating
the predominance of transfollicular delivery over transepidermal
delivery. In a previous study using liposomal formulation for top-
ical administration, Lieb et al. (1994) showed that the ratio of
local efficacy versus systemic efficacy was higher from a liposo-
mal  formulation than from 50% ethanol, possibly reflecting reduced
systemic exposure from the nanoparticle formulation. Similar to
liposomes the nanoparticle formulation reduced drug systemic
exposure even though the drug concentration in sebaceous glands
was  comparable to that obtained using an ethanol solution.

Drug deposition in sebaceous glands appears to correlate well
with efficacy, as shown in Figs. 3 and 4. The hair growth from
the nanoparticles was  significantly faster than from the aque-
ous vehicle control, even though it was  slightly slower than from
the ethanol-based solution. Based on these results, nanoparticle
suspensions offer an attractive alternative to organic solutions,

especially for drugs with a low therapeutic index due to systemic
toxicity.
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. Conclusions

Based on the results of these studies, an aqueous nanoparticle
uspension can be used to deliver UK-157,147 to the sebaceous
lands in a hamster ear model. Similar formulations also stimu-
ated hair growth in the C3H mouse model, caused no visible skin
rritation, and were well-tolerated. In vitro imaging of rabbit ear
issue suggested that aqueous nanoparticle suspensions can limit
istribution of small-molecule drugs to the dermis while delivering
rug to the follicles.

In aggregate, these results support the idea that nanoparticle
uspensions can effectively deliver low-molecular-weight active
harmaceutical ingredients to hair follicles through the transfol-

icular route, while limiting distribution to the rest of the skin and
o systemic circulation. By targeting delivery to the hair follicles,
anoparticles have the potential to improve the therapeutic index

or a number of topically applied drugs.
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